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SUMMARY

Norman J. PATTENDEN

International Union of Radioecologists
73B Essex Street, Newbury, Berkshire RG14 6RA, UK






This summary is based on the reports presented for the paneil discussion
chaired by G. Polikarpov. The chairmen of the previous sessions were
asked to summarize the information presented and conclusions of their
own seéssions.

NOSSACH/GUD IKSEN (Session 2):

The environmental source terms for the Kyshtym ({Romanov, Trabalka),
Windscale (Eggleton), Chernobyl (Borovoi, Gudiksen) and Three Mile
Isiand (Gudiksen) accidents were discussed. The Kyshtym accident took
place on 29 September 1957, in a factory which produced piutonium for
military purposes. Liquid radioactive material was stored in cooled
metal storage tanks surrounded by concrete. A tank overheated, and
there was a chemical explosion due to acetates and nitrates, of
strength about 70-100 T of THT equivalent. The downwind environment was
heavily contaminated with about 2 MCi of radionuclides (10% of the
cohtents), principally S8r-90. The interpretation of the Kyshtym
accident by western scientists was described (Trabalka). It was
suggested that the environmental contamination Iis due to severai
accidents which may have occurred over a considerabie period of time.

Concerning the Chernoby! accident source term, much more information
has now become available since the original reports in 19856. |In
addition to the dispersion of votlatile material (such as caesium),
particles of fuel containing transuranic slements were also emitted,
which have deposited mainly within a 30 km radius. These are known as
“hot" particles. They are considered to present a larger hazard than
was originally estimated. The collaboration with scientists from other
countries on the source term analysis was welcomed, and shouid be
extended. The estimates of the Chernoby! source term from global
environmental measurements was described.

For the Windscale accident, the fire started during a semi-routine
cperation to release stored (Wigner) energy in the graphite moderator.
It was finally quenched by pumping water into the reactor. Some fuel
element cans were ruptured and radioactivity was emitted from the
cooling air chimney stack. From subseguent environmental measurements
it was estimated that this included 27 kCi of 1311, 1 kCi Cs~-137 and
Po-210. The Three Mile Island accident was discussed; the environmental
impact was negligible.

LINSLEY/APSIMON/YICTOROVA (Session 3) :
{This report was presented by G. Linsley, Mrs. Apsimon being unabie to
attend the panel session)

The atmeospheric dispersion and deposition of material relieased from
Chernobyl was described (Borzilov, Rumiantsev, Petryaev, Kerekes,
Victorova, Eggleton (for Garland, Stukin), together with a model
comparison of the Windscale and Chernoby! dispersions (Apsimon). The
Windscale dispersion pattern has been re-analysed (Apsimon) with
present-day atmospheric dispersion models, which estimate a release of
30kCi of 1-131 with a dry deposition velocity of 0.3 cm/s. Wet
deposition was important in both accidents, but it is more difficutt teo
model. Hot particles from Chernobyl were observed in deposit in
Byelorussia (Victorova) and in Sweden (Kerekes). They were observed on
leaf surfaces by autoradiographic methods, which showed that some
material could translocate into the leaf. Some particles appeared to be
from fuel elements containing fission products and aipha emitters,



whereas others contained no alpha emitters but mainly Ru-103 and
Ru- 106. Littie assessment of the risks from hot particles has been
made so far.

The resuspension of Chernobyl radiocassium dsposited over Europe was
discussed (Garland, dslivered by Eggleton). The concentration of
resuspended material was related to the iocal deposition, which variesd
according to the Ilocal rain scavenging of the contaminated cloud.
However, the calculated resuspension factor was lower at locations
receiving higher deposits, suggesting that other effects were also
involved, such as contributions from resuspension from distant high
deposits, or perhaps from a stratospheric reservoir.

The resuspension around Chaernobyl was also discussed by Stukin. The
fractions of radiocaesium refeased in the accident which was initially
deposited in different regions was estimated. Betwean 1987 and 1989,
further measurements were made to assess the possibie redistribution of
the deposited material. in this way, estimates of the resuspension were
made. It was also noted that ploughing the soii and the occurrence of
forest fires affected the amounts resuspended.

COUGHTREY/SENIN (Session 4) :

The accumuliated deposit of radionuclides in soils and their uptake by
plants were discussed, reiating to Windscale (Chamberlain), Chernobyl
(Korobova, Davydchuk, Kulikov, Yushkov, Davidov, HNovikova, Kulakov,
Grebenshchikova), Kyshtym (Konoplyov, Pavlotskaya, Romanov, Prister),
the comparative effects of Windscale and Chernobyl in Cumbria, UK
(Coughtrey), and the global radiation dose from Chernoby! (Bennett).
The soil contamination from 137Cs around Windscale was discussed
(Chamber tain), although at the time of the accident the main concern
was with 1311, and the effects of the Windscale and Chernobyl accidents
in areas around Windscale were compared (Coughtrey): by chance, both
accidents gave comparable radiocaesium deposits in some areas. The
deposition of radiocaesium, Sr-90 and Ce-144, and Ru-106 on to the soil
and vegetation around Chernobyl, and its subsequent migration was
discussed by several authors (Korobova, Davydchuk, Kulikov, Yushkov,
Davydov and Novikova).

These showed that much new information on migration through soils is
now available. In some cases, penetration to more than 10 c¢m depth in
months was observed. Uncertainties are still concerned with the role of
organic matter, the movement of discrete particies and ground water
leaching. However, the distribution pattern around Chernoby! has not
changed much since the accident, indicating that the mobility is not
large. The cycling of radiocaesium and Sr-90 by trees tends to maintain
the soil surface retention in woodlands. The uptake into crops was also
described (Grsbenshchikova). Plutonium deposition around Chernoby! was
described (Kulakov), by measurement of Ce-144 in hot particles and the
use of a conversion factor. Of the 600 kg of Pu in the reactor, it is
estimated that about 20 kg were released.

Comparative studies of the deposition and migration of radionuclides at
Kyshtym and Chernobyl were described (Konopiev, Paviotskavya and
Prister), which indicated that the plant uptake factors were fairly
~similar. For Pu, the migration through soil depended on its form and on
the soil typs..



The assessment of ithe worid-wide radiation doses due to Chernobyl, made
by UNSCEAR (1988), was described (Bennsatt).

It was ciear that although much new data with application to bio-
geochemical theories had bscoms available, some questions remained to
be answered.

FOULOQUIER/SOBOTOVITCH (Ssession 5) :

In this session papers were presented on aquatic systems. New data on
hydrographic networks including uptake by fish and other organisms
around Chernoby! were described (Voitcekhovitch, Rjabov, Senin,
Khitrov, Pugachsvskiy and Kuzmenko), together with a mode! description
of the Pripyat and Dnieper rivers system {Zhelsznyak). A review of the
impact of Charnoby! deposit on Europsan fresh water environments
(Scandinavia, Germany, Austria, northern 1taly, northwest United
Kingdom) was given (Foulquier). The vector mechanism was wet
deposition, with great variability in distribution. Cs-137 became the
most significant long-term contaminant. The transfer through different
trophic chains showed different rates, and Cs-137 biological residence
times in fish were 200-500 days. Cs-137 depositions from Windscale and
Chernoby| were compared in their effects on sediments of a lake near
Windscale (Bennett) showing that the accumulation mechanisms werae
complex.

Marine environmental studies (Baltic and Black Seas) were also
described (Kuznetsov, Kulsbakina), together with a model of 137Cs in
the Biack Sea (Egorov). Because of recycling through the food chain,
some Cs-137 concentrations in fish were higher in 1988 than in 1987.

The amount of aguatic data is now very large. The main requirements for
the future are to assimilate the data, to bring them together in some
cohesive way, and to produce interpretations and models, which can be
validated.

The intsractions of hot particles from Chernoby! with the aguatic
environment was discussed {(Voitcekhovitch, Sobotovich). Hot particle
leaching in different chemical systems and the transfer of 90Sr from
hot particles were described. Radionuclides are initialiy bound in hot
particles with relatively insoluble material (eg. U0s). In podsol and
peaty soils this materiat will be dissolved and radionuctide transfer
to the water phase can occur. it is expected that this will peak
between 1991 and 1995, providing a new hazard from $r~90 and Pu. Such
poilution will be very long-lived.

KONOPLYA/PARETZIKE (Ssssion 8) :

The medical aspects of the three accidents were discussed and compared
(Balonov, Buldakov, Dushutin, Konoplya). Many of the conclusions from
Chernoby! are still preliminary, since deleterious effects to health
can occur many years after the releass. The geheral statement that if
humans are protected then the environment is also protscted must be
regarded with caution. The relative scale of the collective doses from
the Windscaie, Kyshtym and Chernobyl accidents was estimated to be
1:5:600 respectively. At Chernobyl, increases in the incidence of
diseases of the alimentary canal and the osteo-muscular system were
hoted among those who assisted in clean-up operations.
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The effects of the accidents on the terrestrial environment were
discussed (Romanov, Rjabtsev, Shevchenko, Yushkov, Tihomirov,
Kut tahmedov), and on aquatic¢ organisms in rivers and seas (Tsytsugina).

In general, the session demonstrated that many new data had been
obtained, but these must be made more cohesive and |inked with modeis
for better evaluation. In studying the affects on human hesalth, it is
difficult to discriminate between the effects of the accidents and the
baselines, which can be further confused by the effects of chemical
pollutants. There is a lack of epidemiological data. More attention
should be also paid to the estimates of risks.

TIHKHOMIROV/AARKROG (Session 7) :

The effectiveness of countermeasures used in the Kyshtym and Chernobyl
accidents was discussed (Rumiantsev, Romanov, Tikhomirov, Arkhipov,
Ilyazov), and in the Windscale accident (Baverstock, Jackson).
Countermeasures taken in the UK weres discussed (Robinson), and a
compar ison of countsrmeasures for rural areas (Millan}.

Countermeasures can be divided between short-term and long-term. Under
short-term comes evacuation of the population, which, in the case of
Charnobyl, reduced the doses received by a factor of 10. It aiso
includes decontamination of skin and fur, control of foodstuffs and
efforts to reduce environmentai migration. Long-term countermeasures
include removal of top soil, ploughing, erection of barriers to prevent
migration to rivers, stopping agricultural production in contaminated
areas. Many methods developed at Kyshtym were subsequently used at
Chernobyi, inciuding deep ploughing, using chemical additives to soil
inctuding P and K, repiacement of one crop by another. The agro-
technological methods used at Kyshtym were estimated to have reduced
the overall dose by a factor of 100.

SCHELL (Poster sessions) :

Three poster sessions were arrangsd, including forest ecosystems
(presentations by Berg, Sombre, Thiry, Schell), other ecosystems food
transfer (presentations by Crout, Xanyar, Gil Corisco, Sandalls), and
impact assessments, remediai action (presentations by Mascanzoni,
Baeza, McDonough, Ertandsson, Pearce, Bucina)..

Rapporteurs of the poster sessions were respectively W.R. Scheil, C.
Van De Casteele and V.F. Demin.

The field covered was very diverse, and thus not easy to summarize. The
effects on forest ecosystems were considered by models. Soil-to-plant
transfer was discussed for winter wheat, and for pastures, followed by
uptake in smail mammals. In aquatic systems, the Cs-137 transfer to
organisms by water was shown to be more important than the transfer via
the food chain. Counter-measures taken in contaminated zones were
described. Man should be considered as part of the environment, but
with the ability to control and modify the environment. The need for
more and better predictive models, which also include cost and benefit
components, was sitressed.

A more extended rapporteur summary iIs given at the end of volume 1.



GENERAL DISCUSSION.

Many speakers made points in the ensuing general discussion, some of
which are mentioned below:

Khitrov: Soviet estimates of the Chernobyl Cs-137 source term now agree
with those of Livermore. More comparisons between Chernoby! and nuciear
bomb measurements shouid be made. The Chernobyl explosive power is
estimated as 10 MT of TNT equivalent, ie. 500 Hiroshimas. Very little
migration of the deposited Cs-137 has been observed in the USSR. Most
of the activity is with the hot particles; these could be the subject
of another conference. The political! aspects of the Chernobyl accident
have a strong influsence on practical scientific solutions. The USSR
presentations at the meeting were the work of individuals, and did not
represent the views of a single delegation.

Foufguier: it is important not to base radioecological conclusions
solely on field observations. Laboratory research must also be done and
inctuded in interpretation if fundamental mechanism are to be
understood.

Sandalls: A great deal of radioecological information on Cs-137 can be
obtained from the study of the disposal of radicactive waste. This
should be inciuded in assessment in addition to the effects of
accidents.

Eggleton: This meeting has been unigue in that western scientists have
been able to have free discussions with their Soviet colleagues, who
have attended in large numbers and have given their resuits and
opinions without having to follow any imposed rules. Perhaps the
Chernoby! accident must be given a iittle credit for this situation. We
feave the meeting with a desire to learn more of the Russion {anguage.

Sinnaeve: There should be future meetings to consolidate and folliow up
the information presented at this one. We understand that international
research centres at Chernobyl and Obninsk are proposed, where
scientists from many countries can collaborate in their work on
radioecological problems.
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G.G. POLIKARPOV

Institute of Biology of South Seas, Department of Radiation
2, prospekt Nakhimova, Sevastopol 335000 USSR



Mr Chairman, colleagues of the International Union of Radioecologists,
officials of the Commission of the European Communities, our Luxembourg

hosts,

Cn behalf of the Soviet branch of the International Union of
Radioecologists, | warmly welcome all participants in the Seminar, the
first of its kind to deal with comparative radiocecology of the most
serious and yet dissimilar nuclear accidents (Kyshtym, Windscale and
Chernobyl), and | would I|ike to congratulate the organizers of the
seminar for the considerable pains they have taken in preparing and
organizing this meeting, which brings together the world’'s most eminent

scientists in this fieid.

it would have been difficult to find a better and more significant
place for the Seminar than Luxembourg. Luxembourg is situated between
the first and second major nuclear accidents (Kyshtym, Windscaie} and
between the second and third such accidents (Windscale, Chernobyi).
Luxembourg is also a seat of the Commission of the European
Communities. The Grand Duchy of Luxembourg has one of the highest
standards of living in the world, and has long been "active in
international! cooperation and the solving of complicated world
problems. Luxembourg is the first country to host such a large group
of Soviet scientigts from three sovereign Republiics: Russia, which
suffered from the Kyshtym accident in the Urals in September 1957 and
whose western regions were hit by the after-effects of the Chernobyl
accident in Aprii and May 1986; and the Ukraine and Byelorussia, which
were ecologically cohtaminated more or less in their entirety following

the Chernobyl accident.

trrespective of radioecologists themselves, two approaches to
information on nuclear accidents have been used in the past: firstiy,
complete openness about the radioecologicai situation, together with
full compensation for the population which has been, or may be,
affected by the nuclear accident in question and, secondly, complete

secrecy with only partial compensation.



It is now clear to everyone, not only to radicecologists but also to
politicians, that the main enemy is secrecy, lack of glasnost and
bureaucratic attempts to shroud in secrecy events and their
conseguences which by their very nature cannot be kept secret. There
is a Russian proverb to the effect that there are some problems you
cannot sweep under the carpet, particulariy if the problem is a major

nuclear one affecting places up to 100 km away (in the case of Kyshtym

and Windscaie) or on a global scale (in the case of Chernobyl). In the
case of the Windscale accident; however, soon - aithough not
immediately - afterwards the popuiation was provided with full

information, costly measures were taken and the permissible radiation
exposure level for the population was considerably reduced (0.07 Sv
over 70 years instead of 0.35 Sv). This healed the relationship
between the population and the nuclear energy industry in the United
Kingdom. The experience following the Kyshtym accident was precisely
the reverse, because such matters were treated unnecessarity and
spuriously as ‘top secret’ in the Soviet Uniton untii 1989, including
after the Chernobyl accident to a considerable extent. The reaction of
the public was not iong in coming: operating nuciear power plants are
being closed down, and building work on a number of new nuclear power
plants in the Soviet Union has been stopped. Glasnost is developing
and it is to be hoped that it wilii eventually become a part of everyday
tife. This is important so that no attempts are made to sweep even
just one nuclear accident under the national “carpet". |In this way it
will be possible to establish a healthy relationship between the

general public and the nuctear energy industry.

Although various specialized Ministries exist, there is no reason why
individuais shouid not become members of national and international

non-governmental organizations, in which all the specialists are equal

and the only thing that matters is their competence in their field of

radioecoiogy.

For a tong time | suffered from “isoiation" in that up to 1989 1 was
the onty Soviet member of the International Union of Radioecotogists.
On 8 November 1989, an initial orientation meeting of the Internaticnai
Union of Radicecologists (IUR) was held in Sevastopol with the
participation of Prof. René Kirchmann (its Secretary), Felix Luykx (a

member of its Board of Council), and radioecologists from the Urais



(Sverdlovsk), Kiev (Institute of Cytology and Genetic Engineering) and
Sevastopol (institute of Biology of the Southern Seas).

The meeting decided to set up a Soviet Branch of the IUR with its
headquarters in Sevastopo! on the shore of the international Black Sea,
at the seat of the "“A. 0. Kovalevsky" Institute of Biology of the
Southern Seas under the Academy of Sciences of the Ukraine. This
Institute has been conducting broad international research on the World
Ocean since late last century (1871). The formation of the Soviet
Branch of the IUR was supported by the Scientific Committee of the
Academy of Sciences of the Soviet Union with responsibility for
Radiobiology, the Radicobiological Society of the USSR, the Academy of
Sciences of the USSR, the Academy of Sciences of the Ukraine and other
organizations. Soon afterwards people began appliying to be active
members of the Soviet Branch of the IUR, and so far 73 peopie have been

'accepted as active members; we congratulate them on this.

It is clear that the very size of the Soviet Union lends itself to the
creation of regioné[ sub-branches of the Soviet Branch of the IUR. The
following have been set up so far: one for the European part of the
Russian Federation (Chairman: Prof. F. A. Tikhomirov, Moscow), one for
the Asian part of the USSR (Chairman: Prof. N. V. Kulikov, Sverdliovsk)
and one for the European Republics of the USSR other than Russia
(Chairman: Prof. Yu. A. Kutiakhmedov, Kiev). MNaturally, it will be
important to subdivide further by Republics to create branches for
Byelorussia (a proposa! to this effect is expected from E. F. Konoplya
of the Byelorussian Academy of Sciences, Minsk), the Ukraine and

possibly other sovereign Republics of the USSR.

The Soviet Branch of the IUR has undertaken a number of initiatives,
the most important being its participation in organizing this Seminar.
A General Assembly of the Soviet Branch of the IUR is planned for Aprii
1981 to deal with routine matters of organization and to discuss
scientific problems (it may be held in Xiev and possibly partly in
Sevastopol - this is a matter which will need to be discussed). The
IUR leadership will participate in this Genera! Assembily, which will
provide a good opportunity to discuss the results of joint projects
with scientists from various countries, as wel! as ways of training

young researchers in the field of radicecoliogy.



| would like to express my admiration for the results of the work
carried out over the past four years by the tInternational Union of
Radioecologists, and to thank the entire IUR leadership team for their
splendid contribution - especially the President (Dr Asker Aarkrog),
the Secretary (Prof. René Kirchmann), the Vice-Presidents and the
members of the Board of Council. If it had not been for their
helpfulness and concern for mutually beneficial cooperation to the
common good in the fieid of radioecology, our achievements would not

have been as positive and substantial.

| wish the participants in the Seminar success in their work. | also
wish the newiy elected President of the 1UR, Prof. C. Myttenaere, every

success in his work over the next four years.

Thank you.

1 Qctober 1990 G. G. Polikarpov
Welcoming address at the Seminar
on behalf of the Soviet Branch of the [UR,

Luxembourg.
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g Address

F. LUYKX

Commission of the European Communities
DG XI-A-1, Wagner Building C-354, [-2920 LUXEMBOURG
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When on the 2nd December 1942 at 3.48 p.m., on a squash court of the
University of Chicago Enrico Fermi announced to his team that "The pile
had gone criticai™, it was the first time in human history that man had
controlied the release of energy from the atomic nucleus.

Now, 48 years later controlied release of nuclear energy has become
part of our daily life, since over the world more than 400 nuclear
power plants are operating and in the European Community 36% of the
electricity is of nuclear origin.

But, as for all human activities, also nuclear energy production is
tinked with risks. Since the beginning of the nhuclear age, several
accidents have occurred in nuclear installations. Most of these were
limited to in-plant consequences and had no impact on the external
worid.

However three accidents have occurred which had severe consequences for
the environment.

The first of these happened on 29 September 1957 in Kyshtym, in the
Southern Urals in a nuclear fuel reprocessing plant, where a tank
containing highly radioactive waste explioded. in the Western worid this
accident was unknown until 1976 when Dr. Zhores Medvedav, who s
present at this meeting, published his first article on this accident
in "The New Scientist".

The second accident occurred about two weeks tater on the
T1th October 1957 at Windscale, now called Sellafield, in a plutonium
producing air-cooled graphite reactor. During a Wigner release of the
graphite there was an uncontrolled temperature increase to such a level
that the graphite caught fire.

The third accident, known to all of you, happened on the
26th April 1986 in a nuclear power plant at Chernoby!, where as a
result of a nuclear excursion reactor-unit no. 4 exploded and the
graphite caught fire.

These three accidents have one fact In common: they ali resulted in the
release of large aquantities of radioactive substances into the
environment causing contamination of large areas in the WNorthern
hemisphere.

Many studies, especially over the last years, have investigated the
nature and the consequences of these accidents.

The Seminar of this week will provide an opportunity to present and to
compare the nature of these accidental releases, their atmospheric
dispersion and deposition and especially the subsequent transfer of
contamination through terrestrial and aquatic ecosystems and the
resuiting implications for man and his environment.

The specific conditions of each accident being quite different, the
seminar will give us the opportunity to put the enormous amount of
radioecological data gathered after the Chernobyl accident in
perspective with the results obtained after the earlier accidents.
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This Seminar, which is organized by the Commission of {the European
Communities, Directorate-General X! and XII, together with the
International Union of Radioecologists and with the coopsration of
SCOPE-RADPATH wil! be of particular interest in that it will provide a
considerable amount of information from the USSR, information which
previously was either not available or oniy accessibie with great
difficultiy outside of that country.

About 50 Soviet scientists, coming from the different Republics
involved or concerned by the 2 accidents in the USSR, are participating
at this mesting to present the latest information available.

On behalf of the Commission of the European Communities and on behalf
of the organizers of this seminar it is a honour and a real pleasure
for me to welcome our Soviet colleagues here today. | think it is the
first time that at a scientific meeting in the E.C. 'so many Soviet
experts are participating. We are convinced that the world-wide
exchange of information on the subject, covered at this seminar, will
contribute considerably to a better knowledge and understanding of the
impact on men of nuclear accidents and, therefore, to a safer and
healthier environment.

The -importance of the Seminar is reflected by the fact that scientists
from over 20 countries are present here today. On behalf of the
organizers | wish you all hearty welcome to this meeting. 1 am
convinced that we will have a fruitful Seminar.



.....20__




- 2] -

Opening Address

A, AARKROG

International Union of Radioecologists
Risz Nationdl Laboratory, Roskilde4000, Denmark



M. A. AARKROG, President of the IUR

Ladies and Gentlemen, on behalif of the International Union of
Radicecologists, | wish you all a hearty welcome to this CEC-1UR
seminar on major nuclear accidents. Nobody |ikes accidents to happen,
those human and economic costs can be very serious indeed. But when
nuclear accidents happen, it is the obligation of radiocecologists to
extract as much information as possible from such an svent. This
seminar should be seen in this context. If we look at the three
accidents mentioned to us by F. LUYKX, we will notice that from a
pedagogical point of view they are very useful. The first accident will
learn us a lot about ths behaviour of Strontium—90 in the environment,
that was the Kyshtym accident in the Urals. The Windscale accident told
us abcout iodine-131. The behaviour of this radionuclide in the
environment and the Chernobyl accident has first of all learnsed us
about the bhehaviour of caesium-137 in the environment. I{UR 1is in
particular hapbpy to see the 46 soviet scientists attending this meeting
because international cooperation within radioecology is one of our
major aims. | hope that we shall spent 5 fruitful days together here in
Luxembourg.
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The Kyshtym Accident:
Causes, Scale and Radiation
Characteristics

G.MN. ROMANOV, B.V. NIKIPELOV, E.G. DROZHKO



STRACT

The Kyshtym accident took place on 29 September 1957 at a plutonium
separation pfant., The accident was caused by the explosion of dry
hitrate and acetate salts in a tank containing highly radioactive
wastes as a result of a failure in the cooling system and the
consequent seif-heating of the wastes. The explosion dispersed
approximately 2 million curies of nuclear fission products, of which
144ce and 95zr accounted for 91%. Long-lived 903r accounted for
only 2.7% of the dispersed mixture but was responsible for the long-
term radiological hazard within what became known as the Eastern Urals
radioactive trail. An area of 300 x 50 km received a minimum
contamination level of 0.1 Ci of 90Sr/km,, and an area 105 x 9 km a
minimum leve!l of 2 Ci 90Sr/kmz. The spatial distribution of the
contamination was fairiy typical of modeis of single-point discharge
and dry atmospheric deposition of contaminants; the result was a
sharply defined trail axis and a steady falling-off of contamination
ievel both along and across the axis. The maximum contamination was
4 000 Ci  of 90Sr/km,. The initial exposure dose rate reached
150 uR/h per 1 Ci of 90Sr/kmz and was mainly due to 957r and
9Nb. The exposure dose over 30 years was 0.5 R/(Ci 90sr/km,), of
which 0.42 R/(Ci 908r/km,) was formed during the first year. As a
resuit of radicactive decay, contamination by all radionuciides
decreased over 30 years by more than 30 times, and fell by half in the
case of 90sr, while the exposure dose rate decreased by 2 800 times
and radionuciide concentration in the various parts of the environment
by 103-104 times.

All the short-lived radionuclides decayed within the first five years,
after which time 90s¢ was practically the only factor determining the
radiation and radioclogical c¢haracteristics of +the Eastern Urals
radioactive trail. The processes governing 90Sr migration in the
environment and in human food chains determine the radiological
consequances of the accident for human beings.
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1 Causes and scale of the accident

In 1957, almost at the same time as the Windscale accident in Great
Britain, there was a major radiation accident in the Southern Urals
resulting in the radioactive contamination of a vast area and leading
to the implementation of a series of urgent and long-term measures for
the radiological protection of the population. The accident occurred
at the first Soviet nuclear instaltlation, located near the town of
Kyshtym in Chelyabinsk oblast (region), dedicated to the production of
"plutonium for military purposes; the installation contained a
radiochemical plant for separating the plutonium.

As always, the new technology required the solution of a series of
difficuit problems. Even today, the processing and storage
ofradicactive waste has not been satisfactorily resolved, but in the
earty history of piutonium production one practical and acceptabie
method of dealing with radioactive waste was to store it on a long-term
basis in water-cocled metal tanks encased in concrete. The heat
generated by the decay of radionuclides in the waste was dissipated by
a water cooling system.

Corrosion and the failure of monitoring equipment led to a breakdown in
the cooling system of a 300 m3 tank; insufficient monitoring al lowed
the 70-80 tonnes of highty radioactive wastes stored there, mainly in
the form of nitrate and acetate compounds, to heat up. The water
evaporated, the sediments dried out and heated up to a temperature of
a30 - 350°'C, leading on 29 September 1957 at 16.20 locat time to the
contents of the tank expioding with a force estimated at between 70 and
100 tonnes of TNT.

Of the 20 MCi of radicactive material contained Iin the tank,
approximately 2 MCi was ejected into the air to a height of
approximately 1 000 m, forming a radicactive cloud. Failout from this
cioud, blown in a north—easterly direction from the plant by the wind,
caused radioactive contamination of areas along the path of the cloud
in the Chelyabinsk, Sverdlovsk and Tyumen oblasts. This area was later
referred to as the Eastern Urals radioactive trail.

Prior to 1957 there had been no similar instances of radioactive
contamination of targe areas of the Soviet Union; and this dramatic
situation, which demanded rapid action to deal with the conseguences of
the accident and protect the population, was aggravated not only by

the lack of practical skills for coping with accidents of this type,
but also a lack of understanding by scientists of the behaviour of
radioactive nuclides in the environment, the methods and conditions
governing the irradation of people, flora and fauna, and the degree of
radiation hazard. Scientific knowiedge of environmental radiocactive
contamination and of irradiation pathways and levels among the
population was still basic, and the isolated initial results obtained
by Soviet and foreign researchers were classified and unavailable for
practical use.
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Nevertheless, under these difficuit circumstances the first real steps
were taken towards evaluating radiation hazards and methods for
protecting ths population, and these soon became closely linked with
measures to restore normal productive and everyday activities in a
significant proportion of the contaminated area. |In addition, as fate
would have it, Soviet researchers were presented with a unique
opportunity for field experiments; it was this that brought about the
development of radioecology in the Soviet Union.

2. Radiation Charactaristics

The radiocactive materia! disparsed by the sxplosion primarily comprised
short-lived radionuclides (Table 1). For a long time following tha
accident, however, the main radiation hazard was the presence in the
mixture of long-lived 90sr (2.7% of total activity) together with its
daughter product 90y, The composition of the radionuclide mixture
was similar to that of the fission products formed in a nuciear
reactorafter approximately one year, when all the shortest-lived
nucl ides have decayed, but with one difference. The method used in the
waste reprocessing plant involved concentrating these wastes by means
of precipitation with NaOH. With this method, the sediment put into
storage after dissolution contained practicatly all the radionuclides
with the exception of caesium which, as a soluble Group 1 element,
remained in the aikaline solution and was later concentrated
separately.

There was therefore almost no caesium in the radionuciide mixture.
This was not taken into account, however, by foreign researchers and
subsequently led to incorrect conclusions both in the analysis and,
above all, in the assessment of the extent of the consequences.

Table f
Radionuclide content of released material
Radionuclide Half-1life Type of radiation Contribution f;W
activity of
mixture
89gr 51 days beta, gamma traces
90gr 4 90y 28.6 years beta 5.4 (2.7x2)
957r + 9D 65 days beta, gamma 24.9
106gy 4+ 108Rp 1 year beta, gamma 3.7
137¢cs 30 years beta, gamma 0.036
144ce 4144py 284 days beta, gamma 66
147pp 2.6 years beta, gamma traces
155gy 5 ysars alpha, beta traces
Pu gamma traces




.....29_

At the moment the trai! was formed the falilout mixture emitted gamma
radiation with a total energy of 7.63 MeV per 80gy disintegration
(adopted as the "benchmark" radionuciide on account of its significant
half-life), and beta radiation with an initial energy total
approximateiy three times greater. The gamma radiation of the mixture
decreased markedly as a result of the subsequent radioactive decay of
short-lived gamma-emitting nuclides (Fig. 1) and now beta radiation
alone, almost exclusively from 90sr and 90y, is the significant
factor in the contamination.

The Eastiern Urals radioactive trail was basically formed by the fallout
of radicactive material from ths passing cloud.

The time at which radioactive substances began to settle on any given
point depended on distance from the source and the average speed of the
cloud.

The duration of fallout ranged from several minutes at the beginning of
the trai! to 30-60 minutes at its furthest extent.

Due to the tack of atmospheric precipitation during the formation of
the trail, and also the occurrence of periods of dry weather and strong
winds until the constant autumn rains began and settled snow cover was
established, some redistribution of radiocactive material by wind was
observed in places during the first four to six weeks; this led to
changes in the radioactive contamination in those parts of the trail
close to the accident site, where levels of contamination were highest.
Thus the trai! is wider at the beginning than towards the end, where it
"peters out® in an easterly direction.
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The area within the contamination contour of 0.1 Ci/km, of strontium-90
(the minimum fevel! detected, equal to twice the level of overall
radioactive contamination by strontium-90 for the given region in 1957)
had a maximum length of 300 km, extending close to the town of Tyumen,
and was 30-50 km wide (Fig. 2); the 2 Ci/km, contour for strontium-90
was 105 km long and 8-9 km wide. A strontium-90 contamination levei of
2 Ci/km, was considered the maximum safe |imit for habitation and was
adopted as the official boundary of the Eastern Urals radioactive
trail. The total area exposed to that level of radioactive
contamination c¢overed approximately 1 000 km,, while the area within
the 0.1 Ci/km, contour was some 20 000 km,.

The Eastern Urals radiocactive trail displays quite naturatl territorial
distribution characteristics, namely a pronounced axis along which the
contamination level steadily diminishes (from 4 000 Ci/km, of
strontium-90 at the start to 0.1 Ci/km, at its furthest extent).
Transverse distribution of contamination is characterized by sharpily
pronounced maxima aieng the axis of the trail, exceeding the peripheral
density values by 1-4 orders of magnitude. Table 2 shows the
territorial distribution of strontium-20 contamination by ievel,
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Table 2
Contamination Jevels and areas affected
Stront ium-90 contamination, Ci/km, Area affected in km,
0.1-2 15 x 10,
2-20 600
20-100 280
100-1 000 100
1 000-4 000 17
Note: Boundar ies of area contaminated with 0.1 Ci/km, of strontium-90
are not completely certain.
The radicactive fallout was not initially immobilized in the

environment, and its presence was noted in absolutely everything,
including ltiving organisms and foodstuffs. Depending cnh its ilocation
relative to the source, inttial leveis of radioactive contamination
(based on total beta activity) compared with the period prior to the
accident increased by 10, — 2 x 109 times in natural grassland, 1.5 -

3 x 104 times in open bodies of water, 25 - 1 000 times in wheat
grain and 10 - 2 000 times in cow's milk. The main pathway of
radioactivity uptake into crop produce was direct surface

contamination.

in the initiai stages, the exposure dose rate for gamma radiation in
the open at a height of 1 metre was 150 puR/h calculated on the basis of
1 Ci/km, of strontium=90; of this amount approximately 90% came from
95zr and 95Nb. At maximum contamination of approximately 4 000
Ci/km, of strontium-90, the initial gamma exposure dose rate was 0.6
R/h (Table 3).

Subsequently, the situation in the contaminated area underwent
considerable changes. The basic factors which influenced and continue
to influence the situation are as fol lows:

- the radioactive decay of gamma-emitting nuciides;

- the redistribution of radicactive substances in nhaturai
systems, inciuding working down into soil and bed sediments;

- biogeochemical migration of radionuclides;

- human economic activity, inciuding measures for the
radiological protection of the population.

The general dynamics of the radiological situation in the area of the
Eastern Urals radicactive trail are illustrated in Table 3.



Dynamics of radiological
radioactive trail
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Table 3

conditions within the Eastern Urals

Radiological

Number of years following accident

situation
indicator

1 5

10

25 75
(forecast)

Contamination
levei (relative
units)

As regards
total beta
activity

As regards
90sr

0.34 0.057

0.96 0.89

0.043

0.78

0.030 0.0088

0.52 0.16

Gamma radiation
exposure dose
rate at a height
of 1 m,

MR/h
Ci SYsr/km,

Gamma radiation
exposure dose at

a height of 1 m,

R

ci 90sr/xm,

Total concentration
of radionuclides
(relative units)
Grass

Grain

Milk

Water (in lakes)

150

8.7 0.33

0.004

0.008

0.008

0.0075

0.053 0.017

0.50 0.50

0.001 0.0001
0.002 0.001
0.005 0.001

0.003 0.0005
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Due to radioactive decay, the contamination levei of the radionuclide
mixture was over 30 times less after 30 years; levels of strontium-80
had reduced by haif. For that reason, gamma-radiation energy fell from
7.6 to 0.004 mev per 90sr disintegration; this led to a 2 800-fold
reduction in the exposure dose rate for gamma radiation at a height of
1m (aliowing for migration down into the soil). The gamma radiation
exposure dose, amounting over 30 years to 0.5 R calculated on the basis
of 1 Ci/km,; of strontium—90 and almost all formed within the first year
following the accident, has up unti! now increased by oniy 16%. This
means that gamma irradiation of people and flora and fauna in the
contaminated area was prevalent throughout the first 12-18 months. The
concentration of all radionuclides in various parts of the environment,
inciuding agricultural produce, declined during this pericd by hundreds
or thousands of timss, with the maximum decrease taking place during
the first 5 years. Since then, 99sr has been the only factor
governing the radicactive contamination of ail flora and fauna and
inanimate organic matter, and the subsequent decline in levels of
radioactive contamination was conditional on the underiying mechanisms
governing the behaviour of 90sr in the environment.

3. Population irradiation doses

There were several pathways involived in irradiation of the population
in the contaminated area (totalling some 270 000 people).

External irradiation of the whole body and of internal organs was
governed by:

1) gamma irradiation from the passing cloud of released material;
2) gamma irradiation from contaminated soil and dwellings;
3) beta and gamma irradiation from contaminated skin and clothing.

Internal irradiation stemmed from intake of radiocactive substances into
the organism with inhailed air or in food and water, and the resulting
short- or long-term (in the case of 90sr) presence of radionucl!ides
in human tissue and organs.

In the initial stages, external irradiation was the predominant factor
in the contaminated area; tater, internal irradiation came to dominate,
due to 90Sr intake via food and its deposition in human bones. The
long—-term (over 30 years) formation of radiation doses may be divided
into two periods: the “acute" or initial 12-18 month period of mainly
external irradiation and the tater one, with predominantly internal
irradiation. At the time the cloud passed, external irradiation was
estimated at 0.13 mrem/(Ci 99Sr/km,). Internal irradiation of the
lungs, caused by the inhalation of radiocactive substances, was
estimated at 5-300 mrem/(Ci 99Sr/km,) throughout the subsequent
period of activity in the lungs, depending on the degree of solubitity
of the radicactive substance in pulmonary fiuid. .
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Most of the external irradiation dose to the public was received in the
"acute" period (Table 4). Of the overall dose over 30 years - 280
mrem/(Ci 29Sr/km,) - more than half (180 mrem) was absorbed during
the first 120 days, and approximately 90% during the first two years.
The most critical organs were in the gastro-intestinal tract; these
received the iargest doses of internal irradiation during the *acute”
period. Of the 30-ysar irradiation dose for the gastro-intestinal
tract - 2 rem/(Ci 99sr/km,) ~ 12% was absorbed during the first ten
days, and B80% during the first year. During the ™acute” period
radioactivity also accumulated in the bone tissue and red marrow due to
deposition of 90sr in the bones; the dose absorbed in these tissues
increased from 9 and 3 mrem respectively after the first month to 720
and 220 mrem/(Ci 90sr/km,) at the end of the first year.
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The leading role of 90gr in the internal irradiation dose among the
population and, to a significant extent, in the effective dosse
eguivalent stemming from this irradiation, began tc become apparent in
the second year after the accident. Most of the foodstuffs consumed by
the rural population were produced locally, chiefly on private plots,
and 90Sr intake derived mainly from consumption of locally produced
milk, meat, potatoes and vegetables. Some 50-70% of 90sr intake came
from milk, 5-25% from meat and 15-458% from potatoes and vegetabies.
There wera no great changes in this intake ratio during the iater
period, although the radiological measures taken to protect the
population, together with naturat processes infiuencing 90gr
availabitity for plants, iled to a systematic fall in produce
contamination levels and, finally, to a constant decline in the annua |
intake of 90Sr in human beings via foodstuffs (Fig. 3). The 90gr
content in foodstuffs halves every 5.5 years. For these reasons, the
intensity of 90sr intake into the organism and its deposition in the
bones have dec!lined over the course of time, leading to lower increases
in the dose rates for bones and red marrow over the last 156-20 years.
Over 30 years the dose to bone tissue, within the 1 Ci/km, (99sr)
contour, was 8 rem, and to red marrow 2.5 rem; In each case, half of
the dose accumuiated during the first 6-7 years. Over the course of 30
years the effective dose equivalent amounted to 1.2 rem/
(Ci 99sr/km,); external irradiation accounts for 22% of this dose,
internal irradiation of bone tissue for 21% and internal irradiation of
red marrow 28%.
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Fig. 3! Dose burdens in the non-evacuated population.
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Despite the lack of experience with radiation accidents, especially
those involving intense radicactive contamination of large areas, the
strategy and tactics adopted for the urgent (and then the systematic)
measures taken for the radiolegical protection of the population within
the Eastern Urals radicactive trail! appeared to be correct and even,
from a present-day point of view, unnecessarily very much on the safe
side.

The main urgent measures taken immediately after contamination of the
area included the following:

1. Evacuation of nearby population centres where the potential
external irradiation dose might have exceeded 100 rem during the
first month.

2. Medical treatment for gvacuees, replacement of clothing,
introduction of a ban on the removal of personal effects and stocks
of food by people in this category.

3. Introduction of radiation and dosimetric checks in the most
contaminated area, accompanied by restrictions on access to that
area.

Urgent evacuation (which in effect meant resettlement) was carried out
within the first ten days from the four viltages closest to the plant
and housing some 1 100 people. The evacuees were accommodated in
uncontaminated towns and villages and given housing and work.
Irradiation doses for evacuees are given in Table 5.

The subsequent systematic measures to reduce population irradiation
levels during the "acute" period included the foliowing:

1. Monitoring radicactive contamination levels in foodstuffs and
agricultural produce, destruction of produce containing levels
higher than permitted and a guaranteed supply of uncontaminated
foodstuffs to replace them,

2. Further evacuation of the popuiation.

3. Introduction of restrictions on pubiic access to - and economic
activity in - part of the contaminated area.

4. Decontamination of popuiated areas and agricultural land.

The monitoring of contamination levels in produce, and the destruction
of that produce, were dictated by the need to ensure an immediate
reduction in human intake of radicactivity via food. The alternative
solution teo this problem - the systematic and long-term guaranteed
supply of uncontaminated foodstuffs from other regions - was
unrealistic: if people were forbidden to grow and consume agricultural
produce there would be no point in their staying on in the countryside.
On the basis of the provisionai standard worked out - a permitted
annual 90sr intake of 1.4 uCi/year - the need for continuous
radiation monitoring and, if need be, destruction of produce, was
recognized. The menitoring covered territory with a minimum
contamination level of 0.5-1 Ci/km, of 90Sr, an area of approximately
1 000 km, (50 popuiation centres). During the first two years, more
than 10 000 tonnes of various types of produce were destroyed.
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Given the impossibility of completely replacing contaminated foodstuffs
with "clean" foodstuffs in towns and viilages where 90gr intake via
food exceeded the provisional permitted annual level, the decision was
taken to carry out a further systematic evacuation of the population
from areas where contaminatien exceeded 4 Ci/km, of 90sr.

Resettlement priorities were established on the basis of the local
contamination level and the degree of economic exploitation of the
surrounding land. The resettlement was begun 8 months (and comp lated
18 months) after the initial contamination. 1In all, together with the
urgent resettliement, more than 10 000 people from 23 rural towns and
villages were moved (Table 5).

Table 5

Reaattlement measures dand their role
in reducing irradiation levels in the population

Population groups
indax I 1 II! v vV
Total
Urgent Systiematic [resett!|ement
rasett-
lement
Number of towns and villages 4 1 5 7 & 23
Number of people (x 1 000) 1.1 0.3 2.0 4.2 3.1  10.7
Mean cgatmmination lovel
in Ci Sr/tan? 500 65 18 8.9 3.3
Duration of post—contemination
residenca prior to resettlemont
in days 10 250 250 330 670
Mean irradiation doses
received prior to
resettlement, in rem
Dose equivalent
External irradiation 17 14 3.9 1.9 0.68
Internal irradiation
Gastro—intestinal tract 150 98 27 i3 5.4
Bone 1.8 10 2.8 5.8 4.4
Mean effective
dose equivalent 52 14 12 5.8 2.3
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Table 5 shows that the maximum mean dose received by evacuees over a
period of 30 years amounted to an effective dose equivalent of 52 rem,
and 150 rem to the gastro-intestinal tract. The corresponding minimum
mean doses were 2.3 and 4.4 rem, which is close to the level! of
irradiation doses in the non-evacuated population.
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ABSTRACT

Much  information about a 1957 chemical explosion of high-level
radioactive waste at the Chelyabinsk-40 (Ch-40) pluetonium-production center
in the Urals is available, but seeming inconsistencies and the complex
history of Ch-40 limit its interpretation.

The total radicactivity released was 20 MCi and the combined activity
of 905y and 137¢s released was 1 MCi, comparable to releases from the
1986 Chernobyl reactor accident. In contrast to the latter, however, only
about 10% of the 1957 release was more widely dispersed and deposited over
an area of about 20,000 km? along a >300-km-long track. Further, 137¢5
comprised about 80% of the combined activity of sy and 137¢s from
Chernobyl, but only a small fraction of that from the 1957 accident.

Nearly 11,000 persons were relocated from 23 populated places in a
90-km-1ong (700-km2) area containing >2-4 Ci/km2 90Sr; 24% of this
area is still uninhabitable--now dedicated for radioecological research.
Over 1100 people were evacuated within 7-10 d from an "extreme evacuation
zone", and the rest were relocated in stages over 250-670 d. Acute
radiation effects were observed in farm animals and natural ecosystems in
and near the ‘"extreme evacuation zone" but not, reportedly, in humans.
Temporary agricultural restrictions were also applied to the 700-km? area
(>2-4 Ci/km?®  9r),  but, in the remainder (<2 Ciskm?® 9O0sr),
restrictions were not applied and impacts appear to have been slight.

Releases from Ch-40 contaminated the Techa River drainage and required
evacuation of >7500 persons prior to 1957. A small reservoir (Lake
Karachay), containing 120 MCi of radioactivity from early intermediate-
level waste disposal practices, was the source of additional releases.
There are also a number of unconfirmed reports of reactor accidents at
Ch-40, The extent to which other releases contributed to reports of
casualties attributed to the 1957 accident and/or to the need for a massive
hydrologic isolation system at Ch-40 is not yet clear.
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INTROGUCTION

Much information about a 1957 explosion of high-level radicactiive
wastes (HLW)} and other happeningé at the Chelyabinsk-40 plutonium-
production complex (Ch-40; also called the Kyshtym nuclear complex) in the
eastern Urals has been released by the Soviet Union prior to the seminar in
Luxembourg [1-18]. However, this information has not been reported in a
clear and consistent manner. Among other things, this may indicate that
the enumeration of events, including accidents, is not yet complete. A
1974 Soviet report, which was given a wide distribution in 1990 [71,
provides information not currently available elsewhere, but also contains
serious errors and inconsistencies that limit its usefulness.

BACKGROUND

In ocur apalysis of the 1957 accident [19], we identivied an area near
Ch-40 in which over 30 communities had disappeared {Fig. 1) and identified
a major hydrologic isolation system, consisting of several cascaded
reservoirs and canals {Fig. 2), apparently designed te limit the spread of
radioactive contamination down the Techa River. We hypothesized that the
narrow, socuthwest-northeast arm of this area had been contaminated by an
aevossl  resulting from the accident, but that the southwest-southeast arm
containing the hydroleagic isolation system had been contaminated primarily
by a Tiguid vrelease(s), possibly including earlier chronic releases. The
situation is even more complex than we imagined in 1979,

Mest of the communities from which the human popultation was relocated
were very small (villages and collectives <2000 perscns), but five had
populations >2000, Locations of the larger communities are indicated by
symiols within the fully enclosed dashed area in Fig. 1. Proceeding from
the northeast to the southeast end of the dashed area, these were: Boyevka,
Yugo-Koneve, Russkaya Karabolka, Metlino, and Asanovo. The villages of
Metlino and Asanovs each were located near dams of raserveirs in the
hydrologic isolation system downstream from Lake Kyzyltash, a large natural
water body in the Techa River system north of Ch-40 (Fig. 2). Lake
Kyzyliash was itself contaminated through its use as a cooling water source
for the reactors at Ch-40 [18, 19, 21].

Releases originating in 1948 from Ch-40 vresulted in contamination of
the Techa River that required relocation of >7,500 persons, including the
inhabitants of Metlino and Asanovo, prior to 1557, and initiation of the
hydrologic isoelation system [4, 17, 18, 20}. All persons in communities



- 44 -

from Metlino downstream to Muslyumovo (see Fig. 3) were relocated. These
releases, amounting to 3 MCi (110 PBq) in 1949-1952 (25% 0sr + 137¢s),
appear to have resulted in large part from a lack of early waste treatment
capability and the storage of radicactive wastes in open, unlined earthen
reservoirs [17-20; G. N. Romanov, pers. comm., October 19, 1990].

The villages of Russkaya Karabolka, Yugo-Konevo, and Boyevka were part
of a group of 23 populated points (10,730 inhabitants [6, 8, 14, 18]) that
were evacuated in 1957-1959, following the HLW explosion that took place on
September 29, 1957. These villages were located within a 700-km?
"sanitary-protective zone" (Fig. 1) in which the 905 aerosol deposition
was >4 Ci/km® (0.15 TBq/kw®) [7, 14].  The most heavily contaminated
part of this zone was designated as the "extreme evacuation" zone (Fig. 2),
from which the residents were removed within 7-10 d [(7]. A much larger
area  (est. 15,000-23,000 kmz) was contaminated at levels of 0.1-2
Ci/km2 90g, (Fig. 3). Its boundary was the level of 90 deposition
from the 1957 accident equal to the background level {about 0.1 Ci/kmz)
produced by global fallout from nuclear weapons testing [7, 11].

A small reservoir at Ch-40 (L. Karachay; note the small uppamed water
body south of L. Kyzyltash in Fig. 2), containing 120 MCi (4400 PBq) of
radiocactivity from early intermediate-level radicactive waste disposal
practices (10, 21), was the source of additional releases--both liquid and
aerosol--and is the focus of intensive remedial actions [17}. In 1967,
about 600 Ci (22 TBg) of radioactivity (primarily 137¢s  and 908r;
137¢ 5. 90g,. ratio 3:1) in dry contaminated soils or sediments from its
shoreline were reportedly dispersed by the wind (during a tornado?) over an
area of 1,800 km [17]. The resulting contamination (maximum 905y
level 10 Ci/kmz) was reportedly superimposed on the area contaminated by
the 1957 accident. We think that this may have expanded the overall area
of contamination, producing the bulge at its southeastern extremity (see
Fig. 3), because this feature is not shown on maps in [7].

This area of the Urals reportedly received elevated nuclear weapons
fallout in May 1958 from an underground test on Novaya Zemlya [3]. The
resulting contamination was apparently insignificant compared to the levels
produced by the 1957 accident and other releases from Ch-40.

- Contrary to information available previously in the West (22-25), early
Soviet reports indicated that none of the releases, including the 1957 HLW
explosion, had produced casualties or had involved reactor accidents.
However, there were deleterious health effects among those people exposed
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to contamination of the Techa river before 1957. A population >12,800
persons living along a 230-km stretch of the Techa River received
significant radiation doses: Mean effective radiation dose equivalents in
exposed communities 3.6-140 rem (0.036-1.4 Sv}. An excess incidence of
teukemia amounting to 14-23 cases was reported {18].

Earlier indications that Ch-40 was operated "under extremely difficult
conditions”. . . which had a deleterious effect on the health of the staff®
[1] have now been confirmed. A significant fraction of the work force
received annual_ radjation doses of 100 to >400 rem (1 to >4 Sv) during its
early history (1949-1951), and the consequences have been described [9].

There are a number of reports--all unconfirmed and strongly denied by
our Soviet colleaques--of accidents associated with reactor operations at
Ch-40 (e.g., 22-25), some from seemingly authoritative sources such as Igor
Kurchatov (R. Wilson, Harvard Univ., Cambridge, Mass., pers. comm., June 8,
1981} and Andre Sakharov (24). These reports include two contemporary
newspaper articles (25) which detailed evacuations and casualties resulting
from a February 1958 release produced by the breakdown of a filter system.

There are too many reports of casualties {22-25) and/or other accidents
associated with Ch-40 to dismiss these entirely on the basis of current
information. The question of whether casualties resuited from the 1957 HLW
explosion or its aftermath may also be open.

CHARACTERISTICS OF THE AFFECTED REGION

The total area contaminated by the 1957 HLW explosion covered
15,000-23,000 kmé (parts of the Chelyabinsk, Sverdlovsk, and Tyumen’
provinces) (Fig. 3), contained 217 communities, and dincluded a 1957
population of about 270,000 persons [7, 8, 11]. The nationality of the
inhabitants was primarily Russian (about 75%); most of the remainder had
Tartar or Bashkir roots [7]. Only one major city (Kamensk-Ural’skiy; 1959
population 141,000) was inside the 1957 deposition zone (Fig. 3). Fig. 1
in [7]1 places part of Kamensk-Ural’skiy in the "sanitary-protective zone,"
but appears to be in error (see Fig. 23 in [7] and Fig. 1 in [11]).

The contaminated areas identified in Figs. 1-3 were largely rural in
character: Cropland, pastures, and hay fields reportedly covered 60% of the
area [7], but also see [12]. The remaining area was approximately divided
between forests and natural aguatic ecosystems (lakes, bogs, and rivers).
The primary natural terrestrial ecosystems 1in the deposition zone are
forest-steppe over the initial 100 km (i.e, nearest to the accident site)
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and southern taiga in the remainder [26]. Principal canopy species in the
forest-steppe were birch (B. verruceosa), pine (P. silvestris), or
admixtures. There were significant stands of pine over the first 30 km of
the deposition zone resulting from the 1957 HLW explosion [7}. See, e.qg.,
{7, 12, 14, 26, 27] for more on the environmental setiing {(climate, soils,
characteristics of aguatic ecosystems, etec.) and sociceconomic factors.

THE CAUSE OF THE 1957 ACCIDENT

The Soviet commission which investigated the 1957 accident concluded
that the most 1ikely cause was a chemical explosion of stored HLH. The
measuring and control system for the tanks failed, its design and high
radiation fields prevented repair, and the stored HLW wastes overheated and
began to evaporate. Since the tanks were cooled externally and were
entirely immersed 1in water, they gradually floated as liguids evaporated.
Resulting 1leaks in several tanks led to contamination of the cooling watevr,
forcing adoption of an ineffective regime of periodic ceooling [10].
Conditions deteriorated, Teading to the explosion, which demolished the
tank, blew off a 2.5-m-thick concrete plate ([29]}; said to be 25-m-thick ip
{10]) covering the cell [10], and left a "crater” [17]. The energy for the
explesion and resulting dispersal of radisactive materials was thought to
have been about 75 t of trinitrotoluene {TNT)-equivalent, provided by an
acetate-nitrate reaction in the drying, concentrated wastes (Table 1).

. The tank in which the explosion took place was one of 20 stainless-
steel tanks, each iseclated in a concrete-walled compartment ("canyon-
cell"), Tlocated in a large, rectangular, reinforced-concrete structure.
(Other information indicates that the explesion took place in a 300»m3
concrete tank {2, 3, 8] located in a 16-tank HLW storage complex [28].)
Discharges of HLW to this storage complex and of intermadiate-level
radicactive wastes to L. Karachay both began in 1953 [10].

The accident scenario was also described by Y. I. Mikerin, manager of
the Ch-40 reprocessing plant. He said that the cooling system, reportedly
internal, 1in one of the tanks began to leak and was shut off in 1956. More
than a year lapsed before a spark from a control device detonated the salts
and "obliterated the tank™ [30]. Some of the details provided by Mikerin
are inconsistent with [10], but it is his timing of events leading to the
explosion that provokes the most serious questions (discussed below).
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THE RADIODACTIVITY RELEASED

The total radivcactivity released by the 1957 HLW explosion was about 20
MCi (740 PBq) (Table 1), and the combined activity of 905r.90y piys
I37¢s released was 1 MCi (37 PBq) [2, 3, 8, 10]. These amounts are
comparable to the releases from the Chernobyl reactor accident, 50 and 2
MCi (1850 and 74 PBq), respectively [32].  Whereas 137Cs represented
about 80% of the activity of long-lived materials from Cherncbyl, however,
it reportedly comprised a small fraction of the 1957 release.

The repcrtéd composition of the radionuclide mixture is also shown in
Table 1. The major constituents were 144¢, 1440, (half-life 284 d),
which was the principal source of the radiation dose to biological surfaces
(i.e, from beta particles) during the first year after the accident
("acute™ phase of irradiation). Next 1in importance were 957,95
{half-lives 65 and 35 d, respectively), which delivered most of the
external gamma-radiation dose during this same period. The principal
source of long-term exposures to humans as well as ecosystems was 90
(half-1ife 28.6 y). Consequently, the areal extent of contamination is
referenced to this radionuciide ({1, 5-8, 11-18}. MNotably reduced in its
contribution relative to typical HLY is 137Cs (Table 1). However, there
are also large differences in the 905,90y, 137¢ activity ratios
given in Soviet reports, i.e., values of 150:1 or 7:1 (Table 1)--as opposed
to a ratic of about 1:1 in unseparated HLW [19].

Information provided in earlier Soviet radioecology publications [19]
is more comsistent with the higher ratio of 205r-90y:137¢cs (150:1)
given in Table 1. Altheugh we have beasn assured that the lower value of
7:1, obtained from [7], is in error (G. N. Romanov, pers. comm., October
19, 1990), we do not yet have an explanation for the'discrepancy. It is
clearly the 137¢c5 data that are the source of the error because the
differences in reported percentages of 905,90y 4pe slight (Table 1).

We cannot attribute the discrepancies between values for 137¢s in
Table 1 to differences in analytical methods because gamma spectrometry was
repoertedly utilized for 144C9—144Pr, 137Cs, 106Ru, and 1295p (7}
[33]. The discrepancies between [7] and other sources need explanation.

The 952?-95Nb content shown 1in Table 1 (20-25%) is reasonably
consistent among references. However, the 957,954 content is nighly
atypical of materials that had been cocled (>100 d), reprocessed, and then
stored for »>1 y--as suggested by Mikerin [30]--(see, e.g., Table 1 in
[19)}. Because of very short half-lives, these two isoiopes do not usually
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exceed 20% of the radioactivity in plutonium-production wastes at >1 y.

With the exception of a slightly lower 106p,,. 106py, content than
expected, the reported composition is reasonably close to that of 1-y-old
reprocessed wastes from which 137¢s had been chemically separated [19].
The Tlatter appears to have occurred [3; also G. N. Romanov, pers. comm.,
October 19, 1990], but details of the separation process and of the
chemical compesition of the resulting HLW have not been reported. The
radiochemical composition also agrees more closely with that in an earlier
Soviet study designed to determine criteria for evacuation of areas
accidentally contaminated by 200-350-d-old fission products released from
radiochemical separations plants [31]. This study was rather obviously
based on operational experience following the 1957 accident and was cited
by Soviet radiocecologists [19]. The waste characteristics in [31] are also
in agreement with the external dose rates reported in [11], but not with
Mikerin’s accident scenario. Thus, this discrepancy needs to be resolved.

THE CONSEQUENCES OF THE 1957 HLW EXPLOSION

Effects at Chelyabinsk-40

Most (90%) of the 20 MCi released by the 1957 accident reportedly "fell
out® near the explosion site and very high contamination levels resulted.
External exposure rates were initially >400, 20, and 3 R/h at distances of
0.1, 1, and 3 km, respectively, from the explosion "crater" [17]. Based on
data in [11], these exposure rates could correlate with 90Sr-gOY levels
of roughly 40 mCi/m2 to 5 Ci/mz—-assuming little variation in fallout
composition as a function of distance; total concentrations would have been
about 20 times higher (Table 1). Yet decontamination and rehabilitation of
the waste storage site, as well as the remainder of the Ch-40 site, was
accomplished largely during late 1957 and early 1958 [10].

Although the external dose rate fell significantly (est. factor >7)
during the six months following the explosion because of radioactive decay
and environmental migration, radiation levels close to the explosion site
would still have been so high that we surmise that the rehabilitation
effort was carried out at great individual cost. This effort brings to
mind the dedication and heroism of those who controlled the fires at the
Chernobyl reactor. Much more information about the remedial actions
undertaken under such extreme conditions would be extremely beneficial.

Given the magnitude of the explosion and leaks from several HLYW tanks
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before the explosion [10], it seems plausible that other tanks contributed
to radicactive releases from the site [e.g., [28]}, if only in liquid
form. The location of the explosion site and its current condition, e.g.,
an accounting for the 0.9 MCi of 9090y plus 137¢s that "fell out®
nearby, have not been reported. Perhaps the greatest concern,'however, is
whether casuaities occurred among those who rehabilitated the HLW storage
complex after the accident. This is at least one plausible explanation for
the many unconfirmed reports of casuaities associated with Ch-40 (22-25).

Environmental Impagts Away from_Chelyabinsk-40

A plume of finer particulates containing about 2 MCi (74 PBq) was
initially estimated to have been lofted about 1-2 km [7]; reconstructions
now indicate a maximum height of 1 km [2, 3, 10]. Virtually all of this
was deposited within 11 h along a >300-km-long track to the north-northeast
and over an area of 15,000-23,000 km? [1, 2, 5-8, 10]. Details of the
aergsol dispersal characteristics and approximate ground deposition
patterns are presented in Table 2. These data include some expansion of
the original depositional areas by wind dispersal, principally during 1957
and 1958. Tabulations of gamma-radiation exposure rates as a function of
time and surface contamination levels are also provided in [7} but appear
to be erroneous (see later discussion).

There are significant inconsistencies in Soviet data for (1) the areal
extent of contamination, (2) habitation of contaminated areas, (3) the
dynamics of evacuations (Table 3). The data in Table 3 are given as a
function of 908r concentration (reference), but it sheuld be emphasized
that the total initial activity deposited was 37 times greater (Table 1).

Maximum 9Sr concentrations in the far-field deposition zone (i.e, 25
km from the explosion site) reportedly were either 4000 or 10,000 Ci/kmz;
the latter concentration probably includes the QOY daughter activity.
Inclusion of 20y daughter activity by a number of authors (e.g., [7, 171}
appears to explain some, but not all, of the inconsistencies in Table 3.
Estimates of the fotal area contaminated range from 15,000 to 23,000 kmz,
in part because of uncertainties in the 0.1 Ci/kmé 0Sr isopleth [11].

Isopleths of 95 concentration (goY daughter activity not
included} 1in [11] appear to be the most comprehensive available, although
the level of resolution is still very coarse and 905y concentrations are
not matched with human populations (Table 3).

Despite the uncertainties implied in Table 3, the population was
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apparently evacuated from 23 villages contaminated with >2-4 C‘i/km2
9OSr {>2 Ci/km2 near the ‘"extreme evacuation zone' and in the
intermediate part of the ‘"sanitary-protective zone", and >4 Ci/km2 90g;,
at the far end of the "sanitary-protective zone"; G. N. Romanov, pers.
comm., October 19, 1990). Four villages were mistakenly evacuated from
areas with contamination Tlevels 2-4 Ci/km2 90g,, {G. N. Romanov, pers.
comm., October 6, 1990). This explains in part why [7] indicates that only
19 villages were evacuated and why differences in the total evacuated
(e.g., 10,180 vs 10,730) exist. One of these villages, inhabited by 554
persons, was evacuated at 7-10 d after the 1957 explosion: The apparent
source of the difference between the reported figures of 1154 and 600.

Estimates of the number of people evacuated in the second wave at 250 d
(3100 Ci/km2 along main axis; mean Mgy Tevel reportedly 65 Ci/kmz)
appear to range from 280 to 1500, based on information in [1, 5-8, 14}, but
the correct number appears to be 280. Other groups, inhabiting areas with
successively lower levels of 90Sr contamination (>18 Ci/kmz), vere
relocated from 250-670 d following the accident. A third group of 2000
persons was relocated at 250 d; a fourth group, numbering 4200, at 330 d;
and, finally, a fifth group of 3100 at 670 d, according to [1, 6, 8, 14].

Data 1in [18] indicate that an additional 220 persons wers relocated
between 250-330 d (6700 vs 6480), resulting in a total evacuation of
10,854, However, we have been assured that these figures are in errvor (G.
N. Romanov, pers. comm., October 19, 1990).

Such inconsistencies are puzzling and raise needless concerns about the
quality of the information. Based on current information, it appears that
a ftotal of 10,730 persons were relocated from 23 populated places, 19 of
which were inside the >4 Ci/km2 90sr  concentration isopleth of the
700-km® “sanitary-protective zone." 0f this total, 1154 people were
evacuated within 7-10 d from four villages, three of which were inside the
"extreme evacuation zone" shown in Fig. 2. The remaining 9580 persons,
inhabiting areas with progressively lower levels of radicactivity, were
meved out in stages over 250-670 d [1, 6, 8, 14]. For comparison, >115,000
persons were vrapidly evacuated from a 3600-km® area (and from other areas
of isolated heavy contamination) after the 1986 Chernobyl accident [1, 32].

Conditions in the Extreme Evacuation Zone
The maximum areal 39S concentrations in four villages (50-80
homesteads each [7]}, from which 1154 inhabitants were evacuated in 7-10 d,
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were reportedly 1000 Ci/km2 (total activity about 40,000 Ci/kmz) (G. N.
Romanov, pers. comm., October 19, 1990). References [1, 6, 14] place these
four communities within a 20-km® area in which the 99Sr concentrations
along the main axis of the deposition zone were >1000 Ci/km2 (up to 4000
Ci/km2 according to ({11]) and the mean Tlevel was 500 Ci/kmz. Because
only three villages were actually inside the "extreme evacuation zone"
(Fig. 2), the mean concentration of 90s, for these three sites was
significantly >500 Ci/kmz, probably close to 1000 Ci/kmz--consistent
with information from [7] and from radioecology studies {7, 35}.
The reconstructed external exposure rate, 0.15 R/h at 1000 Ci/km2
[11}--significantly lower than the values measured at the three
villages the ‘"extreme evacuation zone" in 1957, 0.61-1.44 R/h [7]--agrees
with our independent calculations. If the instrumentation used to measure
external exposure rates in 1957 was not shielded to exclude beta radiation,
this could have resulted in significant errors, perhaps providing the
explanation for differences between measured and calculated values.

In Berdenish, the community closest to the accident site, cattie
reportedly accumulated body burdens on the order of 1-5 Ci (37-190 GBq) on
the first day. By day 11, cattle and sheep had concentrations of 1-4
mCi/kg (0.037-0.15 GBq/kg) in hides or wool. Concentrations in forage
grasses from all three villages averaged about 9-10 mCi/kg at 9-12 d after
the accident. The cumulative doses through day 12 from gamma radiation
were 135-290 rad (1.35-2.9 Gy), but these values appear to be too high by
factors of 4-10. The maximum estimated doses from beta radiation to the
small intestine were 150-760 rad (1.5-7.6 Gy) by the 12th day, but are also
in question (G. M. Romanov, pers. comm., October 19, 1990). Data for other
livestock (goats, poultry), also provided in [7], are similarly
questionable. Loss of farm animals, exhibiting symptoms of acute radiation
sickness, reportediy began within 9-12 d at all three sites [7].

In a community located farther from the accident site (Russkaya
Karabolka; populated point No. 4) and contaminated at a level of 4500
Ci/km2 (total activity; 0.76 mCi/kg in forage grasses), no mortality was
experienced in farm animals over a period of 6 mo. After removal from the
contaminated area, no differences from control animals were observed [71].

Despite concerns about the dosimetry and radionuclide concentration
measurements in (7], one point 1is clear: Some farm animals within the
"extreme evacuation zone" received effective whole-body or intestinal
radiation doses on the order of 1000 rad (10 Gy) or more in 9-12 d after

90¢,
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the 1957 accident, as demonstrated by the the onset of the acute

gastrointestinal syndrome [32]. Thus, doses from beta radiation to
intestines or other organs or tissues reported in [7] are significant
underestimates. Unfortunately, we currently have no information on Soviet

dosimetric methodology in any of the reports released thus far.

Radiation Effects on the Human Population

The 1154 persons evacuated after the 1957 accident after 7-10d
reportedly received average effective-radiation-dose equivalents (ERDEs) of
52 rem {0.52 Sv; 150 rem (1.5 Sv} to the digestive tract) by the time thay
left the area. About one-third of this total, 17 rem (0.17 Sv), was
derived from external exposure. It should be clearly recognized that these
figures contain significant uncertainties and in fact are based on dose
reconstructions, not on original measurements--for obvious reasons.

Further, 554 of the 1154 individuals inhabited a village contaminated
to a level 2-3 orders of magnitude Tower and should have received
relatively low doses (est. <1 rem). The reported average values of 52 and
17 rem, respectively, thus do not necessarily provide meaningful estimates
of doses for the inhabitants of the three remaining villages contaminated
at  about 1000 Ci/kmé 90sp (40,000 Ci/km¢ total activity).  Recall
that some farm animals in these three villages had begun to die from acute
radiation sickness at about the time the human population was evacuated.

Two hundred eighty of the 2280 (or possibly 2560 [18]) individuals
evacuated in the second wave (around 250 d) from the area north of Lake
Uruskul’ had received average ERDEs of 44 rem (14 rem from external
exposure} by the time they were moved, while the remainder received ERDEs
of 12 rem (3.9 rem from external exposure). These dose estimates also may
not be representative for the reasons given above; doses to the inhabitants
of villages evacuated from areas contaminated at <4 Ci/km2 90sr have

also been included in these averages. The remaining population was
relocated at intervals of 330 d (4,200 persons, but see [18]) and 670 d
(3,100 persons), respectively. Individuals from these latter groups had

accumulated ERDEs <5.6 rem by the time they left {1, 6, 8, 14].

Three reports stated that all of these dose estimates should be doubled
because of uncertainties created by non-uniform ground deposition (see [7])
and/or exposure conditions [5, 6, 8]. What were the maximum and mean doses
to the 600 persons who lived in the Yextreme evacuation zone" if the
average ERDEs for 1154 persons evacuated at 7-10 d were actually 100 rem (1
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Sv) based on doses <l rem to 554 persons? Could some doses to individuals
have exceeded 400 rem (4 Sv)?

The highest doses (about 100 rem or 1 Sv [7]) were supposedly deliverad
to soldiers who were on guard in the area after the accident, but there are
significant uncertainties in these dose estimates. Medical examinations of
153 soldiers in the first month after the accident reportedly revealed no
signs of acute radiation sickness; details are provided in [7].

Studies of both evacuated and resident exposed populations conducted
over the past 30 years have revealed no significant radiation effects (1,
6-8, 14). However, these results should perhaps be regarded as tentative,
subject to further review, because major questions exist about dosimetry
(see above), methodology, and--in some cases--the suitability of control
populations (see, e.g., [6, 8]).

For example, a vrelatively small fraction of the population evacuated
during the first year was subjected to medical examinations (none before 9
months) and only qualitative conclusions about negative findings related to
radiation sickness are available {7]. Reportedly, there were no skin burns
(1, 5-8, 147, contrary to other reports [22, 25]. However, certain acute
radiation effects would not necessarily have been evident at the time of
evacuation (latent period for radiation burns) or after 9 months (healing,
recovery of bloed parameters; see e.g. [36]). Lymphopenia might have
persisted, but this index was not measured. Although there are reasons why
acute effects might not have occurred (e.g., shelter and confinement,
restricted contact with contaminated surfaces, hygienic measures), we do
not have enough information at this point to make such a determination.

Long-term follow-up studies likewise appear to have included only
10-25% of the 10,730 persons evacuated following the accident [1, 6-8, 14],
although 1054 persons from the group evacuated at 7-10 d were included in a
25-y Teukemia study [18]. Although the leukemia incidence was elevated
relative to controls--in fact comparable to that in the population most
highly exposed to releases via the Techa River--the result was not
statistically significant owing to the small population size. A large
fraction of the sampied population received very low doses {est. <1 rem
(<0.01 Sv); see earlier discussion), possibly compromising the outcome.

Beyond the perimeter of the area that was evacuated (700 kmz; 22-4
Ci/kmz), effects appear to have been relatively siight. For example,
there was a 4-y restriction on agriculture over a 300--kmz area
(contaminated at 2-4 Ci/kmz), primarily 1in Sverdlovsk Province [1, 5].
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Persons 1iving 1in the area with measurable contamination, but outside the
most highly contaminated zone (105-km Tlong, 1000-kmZ area, »2 Ci/km2
903?; Fig. 3), for 30 y following the accident reportedly received ERDEs
on the order of 1-10% above the dose from natural background radiation (I,
6, 37), well within the variability of the background dose (37).

Ecoloqical Effects

The radioactive release from the 1957 accident was the first from a
nuclear installation to produce major changes in the exposed ecosystem.
Damage to pine trees was observed over the initial 30 km [7] of the
deposition zone at 90s, concentrations >40 Ci/km2 [13]. In places
where 30Sr levels were >40 Ci/km2 and doses to tree crowns were >0.5
krad (5 Gy) during the first year of exposure, radiation damage to pines
was expressed to varying degrees over the two-yeazr period following the
explosion. These effects included incompiete loss of needles,
developmental defects, lowered growth, a variety of morphological and
physiological aberrations, decreased viability of poilen and seeds, and
phenological shifts (delays in opening of buds and flowers, etc.) [7, 13].

According to [13], all pines perished by autumn 1959 in areas with a
level of contamination >180 Ci/km2 905, in which needles received
doses of >3-4 krad (>30-40 Gy; affected area about 20 kmz). However,
according to [7], pines were killed in areas contaminated with >1750
ci/km  0sr  (3500-4000 ci/km®  F9sr-90Y)  in  which they received
doses >5 krad (>50 Gy) during fall-winter 1957-1958. This appears to be
yet another exampie of the errors in ([7] (G. N. Romanov, pers. comm.,
October 19, 1990). Thus, the data in [13] appear to be the best summary of
ecological effects published prior to the Luxembourg seminar.

Birches were killed completely on plots with a contamination level of
about 4000 Ci/km2 905, (covering about 5 kmz), where meristem buds
received doses above 20 krad (200 Gy) after the accident. At lower doses,
parts of the crowns were withered, underdeveloped leaves appeared, and
phenological shifts were observed over a period of 4 years. Radiation
damage was observed to birches over an area of 17 km2 [13].

The herbaceous vegetation was killed in its entirety at concentrations
comparable to those that were required to kill birches, but the lethal
doses accumulated at or near the soil surface at such concentrations were
much greater (150-200 krad (1500-2000 Gy); area about 5 kmé). Partial
destruction of the herbaceous cover occurred at 905, concentrations >1500
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Ci/km2 {area about 15 kmz; absorbed doses to renewal buds of perennials
located near the soil surface >20 krad (>200 Gy)}. At sy evels below
1000 Ci/kmz, mature plants did not die, but seeds experienced losses in
germination and morphological changes were observed over a period of 2-3
years. Secondary ecological effects -also occurred [13].

Mixed pine-birch stands in which pines received absorbed doses to the
crowns in excess of 4 krad (40 Gy) were transformed to pure birch stands
[7, 131. In these altered stands, the herbaceous cover expanded greatly
and "I1’enko [39] established that deposition of %9Sr under the forest
canopy in concentrations of [600 to 3400 Ci/km2 QOSr-goY]r did not
produce noticeable effects on the 1ife spans of small rodents" [38].

These effects on 1tlife spans of small rodents clearly do not apply to
the fall-winter period following the accident, during which all birds and
mammals could have received lethal doses from continuous residence in areas
with  90sr  levels 1000  Ci/kme. Significant early effects on
populations of certain invertebrates inhabiting the upper soil or forest
litter layers (e.g., earthworms, myriapods, and mites) were observed in
areas contaminated above 100 Ci/kmz. These effects persisted for many
years 1in areas with concentrations >1000 Ci/km2 where areas were large
enough (several km¢ or more) that recolonization from less-contaminated
areas could not overcome the effects of radiation exposure [13].

The results reported by I1'enko illustrate that most effects were
temporary because of the potential for migration of animals from areas of
Tower or no contamination to vreplenish those lost during the "acute"
exposure phase following the accident. This was especially true for larger
mammals (roe deer, elk, wolves, lynx, hares). In the case of the latter,
however, other factors included the elimination of hunting in a part of the
contaminated area, but, more importantly, the increase in available habitat
associated with removal of 1land from agriculture and other disturbances
(habitation, fishing, tree cutting, foraging for wild foods) [7, 13].

Some sublethal effects were noted (e.g., increased radioresistance in
small  rodents from areas of JS0Sr concentrations >100 Ci/km2 [40],
increased frequency of mutations in plants living in areas with 90g,
levels 1-10 Ci/km® and in field mice from areas with J0Sr levels 10-100
Ci/km2 [13]), but these effects would not have been expected to play a
major role in determining the survival and fitness of exposed populations.

At Teast 13 of the 30 lakes within the deposition zone from the 1957
accident were studied, although one (L. Uruskul’: Lake B in [7]; Lake
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Number 2 in [34]) seems to have been a focal point [19]. Three of four
communities {points 1, 2, and 3 in {7]) evacuated within 7-10 d after the
1957 accident were located on the shores of the two lakes (Berdenish and
Uruskul’; Fig. 2) that received the highest levels of aerosol deposition
(about 800 Ci/km® 9%r) [7, 35]. The remaining lakes within the
deposition zdne were contaminated at levels >100 times lower [7]. The
principal focus of these radioecological studies was environmental
transport, partitioning, and food-chain behavior of radionuclides
(particularly 90Sr; see references in [19]). Major findings on the
environmental behavior of radionuclides in aquatic and terrestrial systems
contaminated by the 1957 accident are summarized in (2, 7, 12].

Fish in the most heavily contaminated lakes received doses of 4 krad
{40 Gy) from exposure to radioactivity in the water column during the

fall-winter period following the accident. However, peak radionuclide
concentrations (and dose rates) were rapidly reduced by incorporation of
radiocactive materials into the bottom sediments. The most vulnerable

species were herbivorous fishes such as carp and goldfish, which spend much
of their existence near the sediment-water interface. Doses to eggs of
these species exceeded lethal levels {>1 krad (>10 Gy)} during the winter
period of 1957-58 and within 2-3 y resulted in diminished reproduction.
However, by 1960, no ecological effects on carp or goldfish were
observable. One study conducted about 15 y after the accident detected no
effects on growth rate of pike (Esox lucius) in one of the lakes at a dose
rate of 0.45 rad/d (4.5 mGy/d) [41]. Effects on plankton, invertebrates,
or aguatic plants were reportedly not detected {13].

Remedial Measures

Protective measures implemented on the contaminated area may be divided
into three basic groups:

{1) extreme protective measures {evacuation of the population from the
most highly contaminated part of a "sanitary-protective zone");

(2) measures to ensure the long-term safety of the resident population
of the contaminated area (evacuations from the remainder of and
restrictions on access to the sanitary-protective =zone, extensive
monitoring system for food products, controls on consumption of foods
produced in areas of contamination); and

{3) measures to ensure the safety of agricultural products from the
contaminated area (controlled agricultural production through special
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state-run farm system; Timits on production of foods and forest products