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Foreword
The problems caused by past and present nuclear activities which threaten the Arctic environment are substan-
tial. The potential threat of radioactive contamination of the Arctic environment is one of the major problems
that has to be solved in the years to come. Norway attaches great importance to obtaining profound
scientific knowledge of future threats to the northern seas. This is needed both for immediate management
action as well as for a long-term programme for monitoring the environmental status of these important regi-
ons. It is especially important to provide reliable information concerning the risks and their potential impact on
everyday life for the northern communities and populations. To evaluate future risks of leakage of radionuclides
from different sources in the Mayak area and assess their pathways through the river systems into the Arctic
seas is therefore of primary importance.

The existence of the Mayak PA facilities, with its production, accidents and environmental pollution was kept
secret for years, and more rumours and less facts have been available. The Norwegian-Russian programme on
Mayak, which was initiated in 1993, has changed this situation and considerably enhanced our knowledge of the
Mayak enterprise. This scientific report is based on comprehensive historical data from the Russian side suppor-
ted by a joint Norwegian-Russian fieldwork in the area in 1994. The first part of the Mayak programme, which
is now terminated, provides us today with details on the environmental contamination, the factors that created
the pollution and the measures taken by the enterprise to control further spread of radioactivity into the envi-
ronment. The continuation of the joint Mayak programme has already been secured and will give us possibilities
to assess the consequences to the environment and population of Norway and other northern areas from any
releases of radioactivity, including possible accidents, at Mayak.

This report could be seen as profound evidence of the confidence and good relations which have been built up
within the bilateral co-operation between Norway and Russia on environmental issues during the last few years.
The Mayak programme has been carried out in an atmosphere of mutual respect and openness, and I hope that
the joint efforts in making the scientific basis needed for taking concrete measures will continue to develop pro-
gressively. Many of the problems of radioactive pollution have to be solved through international co-operation,
and many countries and international organisations are active in these endeavours. This is also the case with the
problems created by the activities at Mayak PA. I therefore hope that this report from the joint Norwegian-
Russian programme can also be useful for other authorities, scientists and environmentalists.

Thorbjorn Berntsen
Minister of Environment
Norway
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Foreword
The report this reader now has in his hand is a novel and interesting document that has been prepared jointly
by Russian and Norwegian specialists. The report presents results of work related to the evaluation of radio-
active contamination in the area surrounding the production installation "Mayak PA", including the Techa-lset
River system (which is in turn a a part of the Ob River system). The report contains information on the conta-
mination arising as a result of the 40-year period of the Mayak PA installation's existence.

Mayak was the first nuclear installation in the Former Soviet Union and had the task of producing weapons' grade
plutonium. During the first 20 years of the installation's history, a far from perfect technology and the lack of a
rational method of treatment for the large amounts of radioactive waste created by the production process led
to radionuclides being released to the environment.

As a consequence of deliberate actions in the period 1949-1956, 2.7 million curies of liquid radioactive waste
were discharged to the Techa River. Due to two accidents (in 1957 and 1967) a further 2 million curies of radio-
nuclides were released to the environment. This caused contamination of a considerable area of land. The seri-
ous radiological and radioecological consequences of the two accidents have still not been mitigated. In addition,
further radioactive contamination of the environment from the large amount of liquid radioactive waste pre-
sently contained in open reservoirs remains a considerable risk.

The results presented in this report were obtained in the course of the first stage of a long-term Russian-
Norwegian joint programme on studies of the possible influence of Mayak PA on the radioactive contamination
in the Barents and Kara Seas. The results, and the work which lies behind them, is an important part of the afore-
mentioned joint programme, and they give us an assessment of the actual radioactive contamination in the regi-
on, and especially at the Mayak plant. Hence, we have an evaluation of both real and potential sources of conta-
mination to the Ob and its river systems. It should be noted that, according to tentative assessments carried
out both by this group and by other specialists (for example, the 2nd International Conference on Radioactivity
in the Arctic), the contribution of Mayak to the radioactive contamination of the Kara Sea was significantly less
than from other sources (e.g. global weapons' fallout).

The joint work carried out by Russian and Norwegian scientists has shown a great mutual trust and openness,
and again serves to underline that the results of the collaboration are both competent and complete.

There is no doubt that future joint Russian-Norwegian collaboration will produce new and valuable results and
provide an expansion of ecological and radioactive security.

I wish all who participate in this worthy mission success in their future work.

V. Mikhailov
Minister for Atomic Energy
The Russian Federation
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Introduction
In 1992 a Russian-Norwegian expert group for investigation of radioactive contamination in the northern areas
was established under the Joint Russian-Norwegian Commission for environmental co-operation (JRNC, 1994).
The expert group is headed by the State Committee of the Russian Federation for Environmental Protection
and the Norwegian Ministry of Environment. The expert group was formed because of allegations that the for-
mer Soviet Union had dumped radioactive waste in the Barents and Kara Seas.

At its meeting in St. Petersburg on 26-28 April 1993 the expert group discussed a proposal for joint research
work on assessing the impact of the Mayak Production Association (PA) in Chelyabinsk-65 on radioactive con-
tamination of the Kara Sea and Barents Sea. It was agreed by both sides that Norwegian scientists and officials
should visit Mayak.

Being a military establishment, the activities at Mayak PA remained highly secret for many decades and details of
the accidents and contamination of territories were available neither to Western scientists nor to other Soviet
scientists. A combination of increased political freedom in the USSR, and the collaboration between Western
and Soviet scientists over the consequences of the Chernobyl accident in 1986, led to a gradual release of infor-
mation towards the late 1980s and early 1990s. Indeed, many of the Soviet radioecologists and other scientists
sent to study the Chernobyl accident were trained at Mayak PA, and had achieved their expertise in radio-
ecology from investigations of radioactive contamination and rehabilitation of the areas surrounding Mayak.

A visit to Chelyabinsk-65, the residential town of Mayak PA, took place on 24-28 May 1993. The Norwegian
delegation was headed by State Secretary Mr. B. Pettersen from the Ministry of Environment. As reported by
Mayak and observed in the field the radioactive contamination of the area is very serious. Norway is particularly
concerned over the potential risk for radioactive pollution of the Kara and Barents Seas due to the activities at
Mayak PA. It was agreed to initiate a Norwegian-Russian co-operation within the framework of:

• identification and characterization of radioactive sources in the area
• to estimate the effect of the measures carried out at Mayak PA
• to assess the transport, mobility and bioavailability of radionuclides within the contaminated area
• to evaluate the risk of release and transport to the Kara and Barents Seas and the possible subsequent long-

term effects on environment and health.

The proposed framework of the co-operation programme was accepted by the Norwegian-Russian expert
group in June 1993.

On 27-29 September 1993, a joint Norwegian-Russian working group met in Oslo in order to present
a detailed research programme based upon the above mentioned frames of co-operation. The recommended
programme was composed of four subprograms. The objectives of Subprogramme I are to characterize the
source terms of the main long-lived radionuclides (90Sr, l37Cs, Pu-isotopes and others) entering the Techa River
hydrographic and hydrological systems as a result of authorised and accidental releases and to estimate the
inventory of the contamination in the area due to accidents. Subprogramme I was later ratified by the Russian
Minister for Atomic Energy, Mr. Victor N. Mikhailov and the Norwegian Minister of Environment, Mr. Thorbjarn
Berntsen. The Mayak Subprogramme I has been financed by the Norwegian Ministry of Environment.

The present report summarises the work achieved within Subprogramme I. The continuation of the Mayak pro-
gramme (originally Sub-programmes II, III, and IV) has been secured by a restructured Subprogramme II. The
work on this programme has already started and a second fieldwork has been performed.



The following organisations have participated in Subprogramme I:

The Russian side:
RF Minatom (Head of Department S. V. Malyshev)
Typhoon SPA (Dept. Director, S. M. Vakulovsky)
Mayak PA (Dept. Director E. G. Drozhko, Head of Experimental Research Station G. N. Romanov, Head of
the Central Laboratory Y. V. Glagolenko; Head of Laboratory Yu. G. Mokrov).

The Norwegian side:
The Norwegian Radiation Protection Authority, NRPA (Director of Department E. A. Westerlund, Senior
Research Scientist I. Amundsen, Senior Research Scientist P. Strand)
Agricultural University of Norway, AUN (Professor B. Salbu, Senior Research Scientist, D. H. Oughton)
Institute for Energy Technology, IFE (Head of Department G. C. Christensen, Senior Research Scientist
T. S. Bergan)

The co-ordinators from the Russian side and Norwegian side were Stanislav V. Malyshev and Erik A. Wester-
lund, respectively. The scientific secretary was research scientist Ingar Amundsen, aided by Dr. Deborah
Oughton in production and editing of the scientific report.

During the work with Subprogramme I, a one day seminar was arranged at the Norwegian Academy of Science
and Letters where both the Russian and Norwegian participants gave several lectures on Mayak related topics.

The present report summarises the results achieved within Subprogramme I and is divided into two main parts:

Part I describes the sources of radioactive substances contributing to the contamination of the area surrounding
the Mayak PA: release scenarios, contamination levels, surveillance and remedial actions carried out by Mayak.
The handling and storage of radioactive waste is also described.

Part II describes the Russian-Norwegian joint field work at Mayak PA in July 1994. Results are discussed and
conclusions are drawn. In conclusion, the present knowledge on sources, releases in the past and the present
situation with respect to inventories and radioactive contamination of the area surrounding Mayak PA are sum-
marised. Further investigations to assess the consequences for the Kara Sea and populations in Arctic region
from potential accidental releases of radioactive substances at Mayak PA are also mentioned.



PART I
Historical background and assessment

of existing radioactive sources from Mayak PA.

Novaya
Murmansk Zemlya

NEXTPAQEW
M t BLANK



The Mayak Production Association

J_ The Mayak Production
Association.
The "Mayak" Production Association (Mayak PA) is
under the jurisdiction of the Russian Federation's
Ministry of Atomic Energy and is located in the
Northern part of the Chelyabinsk Region near the
towns of Kyshtym and Kasli. The enterprise was esta-
blished at the end of the 1940s to produce and repro-
cess weapon's grade plutonium. Although Mayak is
still engaged in military work, the production of wea-
pon's grade plutonium ceased in 1987 and the enter-
prise has increasingly directed its technical potential
towards non-military applications.

This chapter describes the history of the Mayak PA,
from its conception to the present day. The political
and scientific background to the enterprise and the
construction of the Soviet Union's first atomic bomb
is explained and the technical and scientific facilities at
the enterprise are described. Information is given on
the town of Ozyorsk (formerly Chelyabinsk-65) and
the transformation of Mayak PA from a purely military
enterprise to a research center working within many
areas of nuclear science and technology.

1.1. Historical background.
In the years before the Second World War, nuclear
science and technology in the USSR was among the
best in the world. Significant achievements included:

• the discovery in 1935 of the nuclear isomerism of
radioactive 80Br (I.V. Kurchatov, B.V. Kurchatov,
L.I. Rusinov);

« the construction and operation of the first charged
particle accelerator (cyclotron) in Europe, and one
of the most powerful accelerators in the world at
that time (1937);

• the discovery in June 1940 of spontaneous fission
of uranium nuclei (K.A. Petrzhak, G.N. Flerov).

When the Second World War encroached onto
Soviet territory (22 June 1941), virtually all nuclear
research in the USSR ceased, and was not resumed
until the end of the War (May 1945). Relative to the
progress made in England and the USA, these four
years of stagnation led to a serious decline in Soviet
research. Furthermore, victory in the Second World

War was gained at an immense cost to the USSR,
seriously undermining her technical and intellectual
potential:

« More than 26 million people died fighting at the
fronts, including many scientists, skilled employees
and technicians;

m Thousands of factories, towns and villages were
completely destroyed.

The end of the Second World War was marked by
the USA's use of nuclear weapons against Japan. The
bombing of Hiroshima and Nagasaki (6 and 9 August
1945) demonstrated the enormous political pressure
that could be yielded by countries owning nuclear
weapons. Acknowledging this fact, the USSR govern-
ment decided to establish a state programme for the
production of nuclear weapon's: "the Uranium
Project". Details of this project and the subsequent
development of the USSR's nuclear industry have
been previously described by A.K. Kruglov (Kruglov
1994).

In contrast to the USA, the implementation of the
Uranium Project in the USSR took place under condi-
tions of economic depression, with a daunting short-
age of skilled specialists and material resources. A
Special Committee was initiated by the State
Committee for Defence (Resolution No. 9887, dated
20 August 1945) and given unprecedented authority
to take decisions on any matter dealing with the
Uranium Project. Shortly after, the government made
the following fundamental resolutions:

e to establish two experimental design offices at the
Kirov Factory in Leningrad, with the objective of
developing equipment for production of enriched
uranium-235 by gaseous diffusion;

• to commence construction in the Central Urals
region (near the settlement of Verkh-Neivinsky) of
a diffusion plant to produce enriched uranium-235;

9 to create a laboratory for the development of
heavy-water reactors fuelled by natural uranium;

• to select a site in the Southern Urals for construc-
tion of the first plutonium-239 production enter-
prise in the USSR.

This Pu production enterprise was to comprise:

• a uranium-graphite reactor fuelled by natural
uranium ("A"-plant);



The May ok Production Association

© a radiochemical plant for separation of pluton-
ium-239 from natural uranium irradiated in the
reactor ("B"-plant) - now closed;

® a chemical/metallurgical production plant to pro-
duce high-purity metallic plutonium ("V"-plant).

1.2. The founding of Mayak PA.
The site chosen for the plutonium production enter-
prise was in the vicinity of the old, Southern Ural
towns of Kyshtym and Kasli, with respective populat-
ions 43,000 and 21,400 (1990). A site selection survey
was carried out in the summer of 1945, and in
October 1945 a government commission decided that
the first military reactor should be sited on the south-
ern shore of Lake Kyzyltash. Housing for enterprise
employees was built on a nearby peninsula on the
southern shore of Lake Irtyash (Fig. I).

With time, a whole range of industrial enterprises
were built on the site. These were linked by a net-
work of roads and railways, a heat-and-power supply
system, and a water process and drainage system.
This industrial complex came to be known as the
Mayak PA, and the town on the shore of Lake Irtyash
was given the name of Ozyorsk in 1994. Previously
this town was called officially only by its postal code:
first Chelyabinsk-40 and then Chelyabinsk-65. When a
site was being sought for the town, consideration was
given to the prevailing wind directions and to dilution
of radioactive and chemical substances emitted from
the production stacks. The stacks were constructed
so that the production site would have the minimum
impact on the population of Chelyabinsk-40 and other
neighbouring towns.

Geological surveying started in November 1945, and
construction workers began to arrive at the beginning
of December. The first construction director was Ya.
D. Rappoport (1946-1947); he was replaced by
Major-General M. M. Tsarevsky. The chief construct-
ion engineer was V. A. Saprykin, who went on to
become an Academician in Architecture. The first
director of the enterprise-to-be was P. T. Bystrov
(appointed on 17.04.46). He was replaced by E. P.
Slavsky (from 10.07.47), and then by B. G. Muzrukov
(from 01.12.47). Academican Professor I. V. Kurchatov
was appointed Scientific Leader for the Mayak PA.

1.3. The early years.
By the end of 1947, the first military reactor building
(A-plant) was ready, and installation of the uranium-
graphite reactor began. Start-up took place on 8 June
1948 at 00 h 30 min, and by 19 June the reactor had
achieved the designed power. This military reactor
was in operation and generated plutonium for 39
years. It was eventually shut down on 16 June 1987.

On 22 December 1948, the first batch of irradiated
uranium fuel arrived at the radiochemical plant (B-
plant) for reprocessing, where the plutonium genera-
ted in the reactor was separated from the uranium
and radioactive fission products. All radiochemical
processes used at B-plant were developed at the
Radium Institute of the Academy of Sciences of the
USSR (RIAN) under the guidance of Academician
V. G. Khlopin. The general designer and chief engineer
for the project was A. Z. Rotshild, and the chief tech-
nologist was Ya. I. Zilberman. The scientific leader for
the plant start-up was B. A. Nikitin, Corresponding
Member of the Academy of Sciences of the USSR.

By February 1949, B-plant had produced its first out-
put of plutonium concentrate, consisting essentially of
plutonium and lanthanum fluorides. This concentrate
was transferred to V-plant, and by August 1949, the
plant had converted the plutonium concentrate to
high-purity metallic plutonium components for the
first atomic bomb. A major contribution to the tech-
nology and design of the V-plant was made by,
amongst others, A. A. Bochvar, I. I. Chernyaev, A. S.
Zaimovsky, A. N. Volsky, A. D. Gelman, V. D. Nikolsky,
N. P. Aleksakhin, P. Ya. Belyaev, L R. Dulin and A. L.
Tarakanov.

The first Soviet atomic bomb test took place on 29
August 1949, at 06:30 local time, at a test site near
the town of Semipalatinsk. The USA's monopoly on the
possession of nuclear weapons had been broken in only
4 years. Having achieved its prime objective, the techni-
cal potential at Mayak began to expand into other areas
of nuclear research and development. Between 1949
and 1955, five nuclear reactors were built at the site,
and a seventh reactor was in operation by 1979. In
1976, a new radiochemical plant for spent civil reactor
fuel was brought into operation; the V-plant was rebuilt
and enlarged, and a number of auxiliary facilities were
set up.
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A number of natural lakes and ponds on the Mayak
site were, and still are, utilized as reservoirs for radio-
active waste disposal, including Lake Karachay
(Reservoir 9) and Lake Kyzyltash (Reservoir 2).
Reservoirs 3, 4, 10, I I and 17 are now commonly
referred to as "the industrial reservoirs". Reservoirs
3, 4, 10 and I I form the "cascade of reservoirs" in the
headwaters of the Techa River. The most important
reservoirs are shown in Figure I.I.

The enterprise's workforce managed to master the
very complex production process of weapons' grade
Pu in an extremely short time. Unfortunately, during
the development of this new technology, a combina-
tion of major errors in judgement and technical fail-
ures caused severe environmental contamination in
the vicinity of the enterprise. The three major inci-
dents were:

9 discharge of liquid radioactive wastes to
Reservoir 3 in the Techa River (1949-1956);

• the Kyshtym accident: releases due to an explosion
in a high level radioactive waste tank (1957); and

e wind transport of contaminated sediments from
Lake Karachay (1967).

These incidents harmed both human health and the
environment, resulting in the relocation of more than
16,000 people from 40 villages and settlements
(Kossenko, 1996; Akleyev and Lyubchansky, 1994),
and causing public opposition towards the activities at
Mayak. From the mid-1950s, it became necessary to
assign substantial resources and a large proportion of
the scientific and technical potential towards rehabili-
tation of contaminated land.

The creation of Reserviors 10 and I I and the by-pass
channels to the headwater of the Techa River has sub-
stantially reduced the amount of radionuclides enter-
ing the river water. Nevertheless, high levels of radio-
active contamination in the area made it necessary to
establish a "health protection zone" of about 350 km2

around the Mayak site. Both agriculture and perm-
anent residence are still forbidden in this zone, al-
though scientific research is performed and the Mayak
production plant operates within its boundaries. A lar-
ger area, 1760 km2, has been designated an "observa-
tion zone", where regular monitoring of contaminati-
on levels is carried out, but both agriculture and resi-

dence is permitted. The observation zone is bordered
to the north by the town of Kasli and settlement of
Tyubuk, to the west by the Urals Mountains and the
town of Kyshtym, and to the east by the villages of
Bashakul and Bol. Kuyash. The southern boundary of
the region passes through the settlement of Argayash
(Fig. I.I).

1.4. Mayak PA today.
Today the Mayak PA is a large, relatively modern
nuclear industrial enterprise, working successfully in a
number of non-nuclear areas alongside its basic
defence activities. Production of weapons' grade plu-
tonium at the Mayak radiochemical plant was termin-
ated in 1987. Of the original seven military reactors,
five uranium-graphite reactors were shut down
between 1987 and 1991, and the remaining two cur-
rently produce radionuclides for civil and military use.
The operating reactors produce a wide range of radi-
oactive isotopes, including I4C, 60Co (with a specific
activity of up to 10 TBq/g), and l92lr (up to 30 TBq/g).

In 1977, the new radiochemical plant for reprocessing
nuclear fuel from civil reactors was completed. Since
that time, Mayak has been reprocessing spent fuel
from WER-440 reactors, the BN-350 and BN-600
fast breeder reactors, research reactors and nuclear
vessel power units. The plant has a spent fuel storage
pond, three cutting and dissolution sections, and an
extraction facility. The extraction method is based on
a version of the PUREX (purification/ extraction) pro-
cess updated by specialists at the plant, which produ-
ces separate plutonium and neptunium streams. Civil
reprocessing gives:

• separation of uranium with uranium-235 enrich-
ment of 2.0-2.5 %, for re-use in RBMK reactor fuel;

• plutonium separation in the form of plutonium
dioxide;

• production of a granular powder for the manufac-
ture of mixed uranium-plutonium oxide (MOX)
fuel with a 5-25 % plutonium content (for fast
breeder reactors);

• vitrification of high-level waste (phosphate glass)
in a directly-fired kiln (EP-500). The glass is encased
in sealed containers for disposal in a repository.

8
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For several years, the plant has been engaged on rese-
arch on high-level waste fractionation and encapsula-
tion of intermediate-level waste in a cement or bitu-
men matrix.

The Mayak PA radioactive isotope plant is one of the
largest world suppliers of radionuclides, radiation
sources and radionuclide preparations. Its customers
include well-known companies in the UK, France,
Germany and the USA. The range of radionuclides
produced is very broad:

• alpha radiation sources;
• beta radiation sources;
• gamma and X-ray radiation sources;
• fast neutron radiation sources;
• heat sources (based on 90Sr and 238Pu);
• radioisotopes (I4C, l37Cs, 90Sr, 24lAm, 238Pu, 237Np,

l47Pm).

The Mayak instrument plant manufactures measure-
ment and automation equipment for monitoring and
control of reactors, radiochemical and other product-
ion processes. For the spent fuel reprocessing plant
alone, over 3000 monitoring and control devices were
developed, manufactured and installed, enabling relia-
ble monitoring of production and radiation parame-
ters at the plant.

The Central Laboratory at Mayak was established in
1949 and addresses both current and potential future
problems arising in connection with the production,
equipment safety, environmental monitoring and the
conversion to non-military production.

The Mayak Experimental Scientific Research Station
(MERS) was established in 1958, following the 1957
accident, and deals with problems arising from the
radioactive contamination of large areas of land. The
experience and knowledge of scientists working at
this institute proved invaluable in dealing with conta-
mination in the Chernobyl area, and many scientists
moved from Mayak to Chernobyl after the 1986 acci-
dent. Priority areas in the work of this station are:

• radionuclide agrochemistry;
• agricultural radioecology;
• forestry radioecology;
• water radioecology;
• radioecological monitoring;

• radiation physics and chemistry;
• the biological impact of ionising radiation on

natural life;
• dose assessments to the environment and man;
• radioecological and agricultural rehabilitation.

In 1984, the construction of the Southern Urals
nuclear power station started. The station was to be
situated within the health protection zone around
Mayak, and should consist of three BN-800 reactor
units (fast neutron reactors) each of 800 MW (e)
output. In 1992, the construction of this station was
halted, mainly because of economic problems
(e.g reduced funding).

1.5. Ozyorsk town.
On 4 January 1994, the government of the Russian
Federation decreed that the official geographic name
of the settlement in the closed administrative area
(Chelyabinsk-65) should be the town of Ozyorsk
(literally meaning: "the town by the lake"). The closed
administrative area included the new settlement of
Metlino (now the Experimental Scientific Research
Station, MERS), and also, from 22 September 1994,
the settlement of Novogorny.

Today Ozyorsk is a modern town with a population of
over 85,000. As in other Russian towns, both cultural
and scientific achievements have a high profile. The
town has a theatre which has been functioning since
October 1948, and a puppet theatre which was esta-
blished in February 1952. The first children's music
school was set up in October 1950, and an academy
of music opened in 1971. Many graduates of this aca-
demy have become laureates and diploma-winners at
international and Russian competitions. Ozyorsk's
central library was opened at the beginning of 1948.
In 1994, the number of readers at the library was
37,500, and the library's book holding was around
400,000, about 2,000 of which were rare volumes.



The Mayak Production Association

At the beginning of the 1990s, Ozyorsk's general and
higher education system included:

o 15 schools providing general education;
o 2 music schools;
o 5 technical and occupational schools;
o a young naturalists' centre and two young techni-

cians' centres;
o a polytechnic college;
e an institute appointed the No. I branch of the

Moscow Institute of Physical Engineering (MIFI).

Ozyorsk has two large culture and recreation parks,
and many decorative areas of greenery. The town
buildings have been incorporated into the natural
woodland, which reach down to the shores of Lake
Irtyash. The shores of Lake Irtyash make an excellent
recreation resort. The town's future is to a large
extent tied up with activities at the Mayak PA.

Painting ofOzyorsk town with Mayak PA in the background

The Music Academy

i^-^iv^22^-^?*!^tS _rt>sti!h<' ^ __—-
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\Z. Geographical Description of
the Mayak PA Site and
Surrounding Areas.
The activities of Mayak PA have affected areas of three
Ural Regions: the Northern part of the Chelyabinsk
Region, the Southern part of the Sverdlovsk Region
and a small part of the Kurgan Region along the Techa
and Iset Rivers. The affected territory is situated in
the Eastern slopes of the Central and Southern Urals
and the Western Siberian lowlands. The south-west-
ern and central parts of this territory are located
within the abrasion-erosion platform with absolute
altitude of 220-250 m above sea level. The north-eas-
tern part is situated in a erosion-accumulative plain.

The geographical features of the Mayak region (geo-
logy, hydrogeology, climate, etc.) have influenced the
atmospheric dispersion of radioactive releases, hence
to some extent have played a role in determining the
size of the observation zone (Fig. I.I). Of course, reli-
able knowledge on the geology and climate conditions
in the region is of vital importance for modelling and
assessing the environmental impact of both past and
potential future releases.

2.1. Climatic conditions in the
observation zone.
Climate conditions have been logged by the Mayak PA
meteorological station since the start of the enter-
prise. A selection of this data is presented in the
following sections and, unless stated otherwise, repre-
sents averages for the period between 1948 and 1990.

2.2.2. General climate and temperature.
The Chelyabinsk region has a moderate continental
climate, with a long moderate-to-severe winter and a
moderate-to-warm summer. Temperature data show
that the cold period begins in October and ends in
May (Table 2.1.1). The coldest month is January, when
the mean temperature is -14.7 °C, with an absolute
minimum of—43.2 °C observed in December 1955.
The hottest month is July, when the mean tempera-
ture is +18.7 °C, with an absolute maximum of
+37.3 °C observed in July 1952. The mean annual air
temperature is +2.6 °C. The air temperature during
the hottest 10-day period is +26.4 °C.

The fluctuation in daily air temperature is very marked
in all seasons of the year. The mean amplitudes for the
daily variation in air temperature show a slight increase
in summer (from 9.3 to 13.9 °C), but maximum ampli-
tudes (28 °C) are observable in any season of the year.
The first frosts are observed on 15 September, on
average, with an early date of 3 September and a late
date of 5 October.

The soil temperature in the 0.5 m soil layer generally
follows the air temperature, lagging about I month
behind at depths below I m. At a depth of 0.2 m, the
highest mean monthly soil temperature reaches
+15.8 °C, and the lowest -42 °C. The greatest depth
of soil freezing is 1.8-2.0 m, and is recorded in March.

Peak mean atmospheric pressure is reached in the
winter (994 mbar), and falls in the summer. The
lowest mean monthly atmospheric pressure is rea-
ched in July (983 mbar), coinciding with the maximum
air temperatures.

Table 2.1.

Tempera-
ture

Mean

Maximum

Minimum

1. Mean monthly and extreme air

1

-14.7

4.7

-41.9

II

-13.0

8.6

-41.7

III

-5.1

15.3

-39.0

IV

5.0

29.0

-26.7

"r'i^rr,
-'£'.f*-

V

12.0

30.0

-9.5

temperatures, C.

VI

16.2

33.0

0.2

Month

VII

18.7

37.3

5.4

VIII

15.0

30.8

2.1

IX

10.1

30.1

-3.7

X

2.2

22.0

-24.0

XI

-4.3

11.7

-27.6

XII

-11.2

9.8

-43.2

year

2.6

37.3

-43.2

II
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2.1.2. Air humidity and rainfall
Like temperature, air humidity shows marked annual
and daily variation (Table 2.1.2). The mean annual
value for absolute humidity is 6.8 g/m3, and the mean
annual relative humidity value is 72 %. The highest
absolute humidity values are observed during the
summer, and vary between 25-27 g/m3, while the
highest relative humidity values are recorded during
the cold season, at 68-88 %. The lowest absolute
humidity values are observed in January-February,
and vary between 0.1-3.0 g/m3.

The daily variation in absolute humidity is small in
winter, and does not exceed 0.5-1.0 g/m3 during the
period from November to February. The daily varia-
tion is most marked during July and August when it
can be between 0.7 and 2.4 g/m3.

The maximum relative humidity values during a 24-
hour period are observed at night and in the morning
(70-80 %), and on some days reach 100 %. During the
day, the humidity falls to 40-60 %, and occasionally to
15-25 %. The greatest number of dry days (i.e., rela-
tive humidity less than 30 %) is observed in May, rea-
ching 10-12 days. During the cold season, humidity of
lower than 30 % is a rarity. The greatest number of
wet days (i.e. with a relative humidity of over 80 %) is

about 12 days a month, observed between December
and January, the smallest number, 2 days, is in June.

The Mayak PA site is located in an area of water defi-
ciency. The mean annual precipitation is 429 mm.
Data on the precipitation distribution during the
calender year shows that peak precipitation falls in the
summer months (Table 2.1.3). The greatest daily rain-
fall is observed during the summer, during rain- and
thunderstorms, and reaches 25—40 mm, with a peak
value of 62.9 mm. The distribution of evaporation
from the surface of water during the year is given in
Table 2.1.4. Loss due to evaporation is greater than
average precipitation.

The first lying snow appears in mid-October and a
permanent snow cover appears at the beginning of
November. The number of days with snow cover vari-
es from 150 to 170 days. In open places, the depth of
snow can reach 30-35 cm, and in wooded areas,
45-55 cm. The snow usually begins to melt in late
March, and continues melting for 15-20 days. The
mean intensity of snow melt in the region is 2-6
mm/day.

The Mayak PA site can experience fog, ice, thunder-
storms, hail, snow and blizzards. Fog may occur at any

Table 2.1.

Humidity

Mean

Maximum

Minimum

Mean

Maximum

Minimum

2. Mean monthly and extreme air humidity.

1 II III

Absolute humidity,

1.8

6.3

O.I

2.0

5.7

0.1

3.1

6.5

0.2

Relative humidity,"/

77

80

68

75

84

67

72

73

66

/ '

IV

g/m3

5.4

12.3

1.0

>

64

68

61

/ Month

V VI

7.8

17.3

1.9

11.9

22.2

3.9

59

69

56

66

69

62

VII

15.3

27.4

7.4

72

80

66

VIII

12.9

25.3

3.5

73

78

70

IX

9.3

19.0

4.0

74

76

72

X

5.6

13.0

1.2

76

83

68

X I

3.7

7.5

0.5

78

82

72

* /

XI I

2.5

6.2

0.1

78

88

70

-^Annual
# mean

6.8

27.4

0.1

72

88

56
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time of the year, and the mean number of days per
year is 15. The number of days with blizzards can vary
significantly from year to year. On average, 33 days
with blizzards are recorded per year, with a maximum
of 58 days. Thunderstorms are usually observed in
summer, and less frequently in spring and autumn; the
average number of days a year is 25, and the greatest
number is 38. Hail is usually observed during down-
pours. The average number of days with hail is 1.8,
and the greatest number is 4 days per year. The dia-
meter of the hailstones may reach 4—5 cm.

2.2.3. Wind conditions
Westerly winds prevail throughout the year, which is
favourable to the nearest inhabited settlements (Table
2.1.5). The wind distribution in terms of directions
and speeds shows a seasonal cycle. During the winter,

the main influence on meteorological conditions in
the Southern Urals is the western ridge of the Asiatic
anticyclone. Thus, westerly winds with a southerly
component predominate (50-65 %). In summer, the
Azores anticyclone causes a rise in atmospheric pres-
sure towards the west of the Southern Urals, and
winds with a westerly and northerly bearing prevail
(50 %). The mean annual wind speed is 4.1 m/s, with
similar, and relatively steady, mean monthly wind spe-
eds. The maximum wind speed can reach 24 m/s.

Between 1889 and 1986 - the entire period for which
records are available, the Urals' Hydrometeorology
Office recorded 6 hurricanes and 12 whirlwinds of
varying degrees of intensity over the Perm, Sverdlovsk
and Chelyabinsk Regions and the Bashkir Republic. In
classification of intensity, the whirlwinds occurring in
the vicinity of the Mayak site have not exceeded class

Table 2.1.3. Precipitation distribution during the calendar year. The table gives data for wet,
average and dry years (corresponding to 10, 50 and 90 % water provision).

TypeoJ^ , / ,
year

Year with
10% provision
(wet year) y

Year with
50 % provision
(average year)

y y / /
Y^arwith ' '
90% provision
(dry year)

x , Mtiilhly pi ecipitation, % of annual total

i

3.0

4.0

4.2

II

0.7

3.4

5.3

III

1.9

3.2

3.3

IV

2.7

5.0

8.3

V

5.1

9.9

11.2

VI

7.4

14.1

18.2

VII

26.5

20.0

7.4

VIII

24.6

13.8

20.3

IX

13.3

9.2

8.6

X

3.4

7.3

6.6

XI

7.9

5.2

5.7

XII

3.5

4.9

0.9

Table 2.1.4. Evaporation from the surface of water bodies.

Evapot ation

m m

% of total rainfall
for season

IV

50

7.4

V

84

12.3

Monthly values

VI VII

I I I

16.3

148

21.7

VIII

120

17.7

IX

94

13.8

X

73

10.8

Total
for

season

680

100

13
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Table 2.1.5.

Month

1

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

Ann. average

Wind bearings: mean percentage throughout th«

N

8.6

9.5

7.5

9.8

13.6

16.7

17.7

13.8

8.0

7.1

5.8

6.5

9.4

NE

3.5

6.8

4.5

5.1

6.2

8.4

9.2

7.4

5.5

5.0

3.8

3.6

5.8

E

1.9

4.7

3.8

4.4

5.4

4.4

4.8

3.9

3.9

3.6

7.9

2.3

4.3

SE

8.2

8.6

16.8

10.1

5.6

5.9

6.1

5.2

6.6

6.4

8.1

7.2

7.9

Beat ing

S

14.7

14.8

17.8

14.0

11.0

8.1

8.1

8.5

13.8

15.7

16.6

16.6

13.3

; year, %.

SW

14.7

13.4

15.8

14.1

13.7

12.4

9.4

12.6

18.3

19.2

17.9

17.1

15.9

W

27.4

27.4

22.4

21.9

20.4

20.4

18.2

19.6

24.6

26.8

29.8

26.0

23.5

NW

8.6

7.9

8.5

9.9

15.5

13.9

14.7

15.9

12.0

11.6

3.8

7.6

10.9

van ii

12.4

9.9

2.9

10.7

8.6

9.8

11.8

13.2

7.3

4.6

6.3

13.1

10.6

F2 on the Fujita scale. The probability of a class F2

whirlwind passing over I km2 of the Mayak site is I in
more than 80,000 years. The probability of a class F,
whirlwind is I in more than 65,000 years. The design
characteristics used for such a site are those of a class
Fo whirlwind, the probability of which is less than I in
10,000 years.

2.2. Geological structure of the Mayak
region.
Mayak PA is situated on the eastern slopes of the
Southern Urals, where the so called Eastern Urals
uplift meets the trough of the same name. The geolo-
gical structure of the region is sedimentary, metamor-
phic and igneous Palaeozoic rocks, overlaid mainly by
more recent Mesozoic and Cenozoic sediments. A
geological map of the Mayak site, covering the west-
ern parts of the health protection zone, is pictured in
Figure 2.1.

The Mayak site itself is bounded to the west and east
by systems of contiguous mobile regional faults of a
sub-meridional trend (16 and 17, Fig. 2.1). The west-
ern marginal faults are marked by zones of schist form-
ation and folding, and by gabbro and peridotite intru-
sives. In the folded basement of the area, three struc-
tural complexes may be identified: gneiss-magmatite,
schist-amphibolite and sedimentary. The north-west-
ern part of the site is comprised of an independent
tectonic block represented by gneisses and crystalline
schists, containing intercalations of carbonate rocks
and siliceous schists (8-10, Fig. 2.1). These rocks have
not been accurately dated, but are normally assigned
to the Late Pre-Cambrian - Early Palaeozoic (PR3-
PZ,).

The central part of the site (i.e. the area around Lakes
Kyzyltash and Karachay, Reservoirs 3 and 4 and Lake
Ulagach) lies within the Kyzyltash syncline, comprising
igneous and sedimentary rocks of the Silurian and
Early Devonian age (4—7, Fig. 2.1). This area is of

14
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Fig, 2,1 • Geological map of the Mayak PA site.
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1-3 - Carboniferous sedimentary rocks (C1.2):
/ - sandstones; 2 - limestones; 3 — coaly-siliceous
shales; 4-7 - igneous-sedimentary rocks S|-D3:
4 - lavas and tuffs of andesite-dacite composition:
5 - porphyrites of andesite-basalt composition;
6 - tuff sandstones, coaly-siliceous shales, tuffs of
andesite-basalt compostion; 8-10 — metamorphic
complex rocks (PR3-RZ|): 8 - marbles; 9 - crystal-
ine schists; / 0 - amphibolites; I I -14 - magmatic
rocks: 11 - granites, granodiorites; 12 - felsite-
porphyrys; 13 - microporphyrites of basalt
composition; 14 - gabbro, gabbro-pyroxenites;
15 — discontinuous dislocations between blocks
16 - zones of fissuring; 17 - boundary of
"Mayak" PA site; 18 - boundary of the health
protection zone.

particular interest as it forms the major part of the
health protection zone, including the area in which
contaminated ground water is spreading away from
Lake Karachay. The sedimentary rock complex is
comprised of the Nazirov (SN2nz) and Sergaidy
(S2-D|Sr) suites.

The Nazirov suite comprises tuffaceous sandstones,
tuffaceous siltstones and shales. Less common are
lavas and tufflavas of andesite-basalt porphyrites. The
formations are plicated into folds of various orders,
and may be traced as bands of sub-meridional trend.
Such bands traverse the whole of the health protec-
tion zone extending to the north-east beyond the
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borders. The rocks of the Sergaidy suite make up the
main part of the major Gornensky syncline. They con-
sist mainly of tuff-like components (psammitic and
gravelly-psammitic tuffs), alternating with lavas and
tufflavas of andesite-basalt porphyrites.

The rock complexes described above meet with the
carbonate rocks of the Carboniferous Miass suite
(C|V2_3) to the east (1-3, Fig 2.1). The border consists
of a major fault zone (the Argayash thrust), which has
a flat westerly dip and an imbricated structure. In this
fault zone, the rocks are mylonitised and the border
has a rather complicated geological structure. The
different types of limestones are dolomitised, marmor-
ised or silicified to a varying degree. The rocks are
fissured and contain cavities and karst. The karst cavi-
ties are generally restricted to fault zones formed as a
result of tectonic processes. Fossils from the Early
Carboniferous age can be found in the limestones.
Layers of sedimentary rocks (coaly-clay and coaly-sili-
ceous shales, sandstones and siltstones) are found in
the lower part of these deposits, which transgressive-
ly overlie older formations developed in the eastern
part of the exclusion zone.

The eastern part of the territory (from Dam I I to
Nadyrov Bridge and further eastward) has tuffs, tuffa-
ceous-sedimentary and sedimentary intrusive rocks of
Silurian, Devonian and Carboniferous age, and intrusi-
ve rocks of the Middle Paleozoic age. The deposits of
the Techa series (S2-D,) are represented by
andesite-basalt porphyrites, tuff and tuff breccia, lavas,
marmorised limestones and coaly-siliceous shales.
The thickness of the very fractured and fragmented
zone at the top of the rocks is 5-10 m.

Along the right bank of the Techa River, and locally on
the left bank, the series is divided into two parts:

• the lower part being primarily sedimentary (sand-
stones, siltstones, coaly-clay and coaly-siliceous
shales);

• the upper part consisting of andesite-basalt tuffs
and diabases.

The deposits of the Asanov series (D3-C,t|) are dis-
persed in the region of Reservoir I I, and in the Techa
River valley along both banks, and are divided into
two sub-series:

• the lower consisting of mainly breccias and
andesitic basalts;

• the upper having tuffs of andesitic to
andesitic-dacitic composition.

The rocks of the Asanov series are dislocated, often
schistose and epigenetically altered. A characteristic
feature of the geological structure of the Techa valley
is the very marked block structure, caused by deform-
ations in the late Palaeozoic and early Mesozoic time.

Throughout the area in question, the common
weathering crust was formed as a result of hyper-
genesis of the Palaeozoic rocks. The crust is veneer-
like, up to 20-25 m in thickness, but in excess of
100 m in tectonic dislocation zones.
The crust composition is either:

• clayey (zone of intermediate and total
decomposition); or

• detrital (weathered rock zone).

In addition, a crust type called belik (a limestone and
siltstone mixture), up to 14 m in thickness, is found.

Cainozoic deposits are fairly widespread in the area,
represented by a variety of sedimentary rocks of diff-
erent origin. Marine sediments are widespread in the
north-eastern part of the region and are represented
by silt clays, diatomites with sand intercalations and
unconsolidated sandstones.

Quaternary deposits are very widespread, and are
represented by alluvial-talus formations (loams and
clays with gravel, rubble and grit) providing a contin-
uous cover for the valley slopes of the Techa,
Zyuzelga and Mishelyak Rivers. The rocks of the fri-
able cover (Meso-Cainozoic geostructural layer) are
either not or only very slightly dislocated.
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2.3. Hydrogeological conditions in the
Mayak area
Groundwater is collected by the zones of fracture of
the Palaeozoic rocks and the friable fractions of the
Quaternary age. The penetration depth in the
Palaeozoic series is governed by the lithological com-
position of the rocks, the extent of their tectonic faul-
ting and their geomorphological position. The predo-
minant depth of penetration is 40-60 m, falling to
20-30 m at watersheds, but reaching 100 m or more
in tectonic disturbance zones.

2.3.1. Groundwater reserves
The main reserves of groundwater are concentrated
in linear zones of fissuring, categorised as tectonically
weakened rock zones. Groundwater in fractured
zones forms systems of reservoirs corresponding to
surface catchment areas. The underground reservoirs
have substantial water exchange, are hydraulically
interconnected, but are primarily without any press-
ure head. The groundwater table in the valley bottom
areas lies at a depth of 1-5 m, and at 15-20 m in
watershed areas, and smoothly mirrors the contemp-
orary surface relief.

Groundwater infiltration shows a seasonal cycle
(according to VS. Kovalevsky's classification-refer-
ence), input taking place mainly in spring and autumn
(Maksimov and Kiriuchin, 1990). The main factors
affecting the water levels are input from snow melting,
the precipitation-to-evaporation ratio for summer and
autumn rains and the duration of the frost period.
Both interfluvial (watershed) and hydrological ground-
water cycles have been identified. Hydrological cycles
apply to areas of groundwater which are influenced by
rivers (river type) and lakes (lake type). The artificial
reservoirs and by-pass channels at Mayak also influ-
ence groundwater, both directly and indirectly (i.e.
from effects on river flow); these cycles are classified
as technogenic hydrological.

The groundwater supply from rainfall is very unevenly
distributed over the area, hence the annual variation
of groundwater levels is governed by both the quanti-
ty and distribution of precipitation. However, certain
patterns may be established in the annual and peren-
nial cross-section of groundwater levels.

The hydrological year begins in March. Water levels
rise in the first half of April, reaching a peak in
April-May, then fall through the summer to mid-
September. The autumn rise in water level, usually
peaking in November, is connected with an increase in
precipitation and a decrease in evaporation, hence the
peak is only slight or may even be absent. The winter
fall follows the autumn peak and continues to March
of the following year. The size of the spring rise shows
large year-to-year differences, varying from 0 to 8 m.
The seasonal amplitude decreases from watershed to
reservoirs, which is apparently associated with the
stabilising influence of reservoirs on the ground water.
In the perennial plan, the cyclic sequence of high and
low ground-water level position follows the cyclic
nature of the annual atmospheric precipitation in the
region.

2.3.2. Groundwater flow.
Due to lack of a pressure head, the movement of
groundwater is governed primarily by surface altitude.
Although groundwater shows a general easterly
movement, flow is also influenced by local factors, for
example reservoirs and channels, various forms of
macro- and mesorelief, the water conductivity of
water-bearing rocks and the location of infiltration
areas. In the western part of the health protection
zone, the flow structure does not change during the
year. This is illustrated by comparison of water table
contour maps for a period of minimal groundwater
level — March 1977 (Fig. 2.2), with a period when it
was high — August 1994 (Fig. 2.3).

One exception is the area between Lake Karachay
and the Mishelyak River, in which flow is governed by
precipitation and water levels in the river and lake.
Depending on the position of the groundwater table,
Lake Karachay is either situated in the centre of the
watershed area, or the watershed shifts up to I km
south of the lake (Figs. 2.2 and 2.3). When the
groundwater level is low, the lake occupies a water-
shed position, with flow to the south, north, east and
west. Its magnitude in each direction is governed by
the ratio between the water conductivity of the rock
and the flow gradient: the gradient to the south vary-
ing between 0.023 and 0.030. When the groundwater
level is high, the watershed shifts southwards and the
flow from the lake is to the north-east. From the
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Lake Kyiylrash (R-2)

• ..•.'"'. • L a k e

'•• "••.): U l a g a c h

km
Novogorny water supply intake

Figure 2.2. Water table contour map for March 1977 (low groundwater level).

"HS*- Direction of groundwater flowO 246.5 Level of surface water in March 1977
—240— Water table contours

south-west and south-east the groundwater flow is
towards the lake. It follows that a constant, but varia-
ble, flow may be traced from Lake Karachay to the
north and north-east. This flow drains into the Techa
River, Lake Kyzyltash and Reservoir 3, the gradient
being between 0.01 I and 0.026.

The groundwater flow in the area between Lake
Karachay and the Mishelyak River varies from 300 to
1000 mVday, with an average of 650 mVday or 2.4x10s

mVyr. However, this hydrogeological situation applies
only to fresh water of normal density. Salt solutions
filtering from Lake Karachay have a higher density (up

18



Geographical Description of the Mayak PA Site and Surrounding Areas

L-il'c Ky7ylnsh fR-2)

km

Novogorny water supply intake

Figure 2.3. Water table contour map for August 1994 (high groundwater level).

O 246.5 Level of surface water in August 1994 »»»=»̂ > Direction of groundwater flow

— 2 4 0 — Water table contours

to 1.095 g/cm3), resulting in distinctive dispersion fea-
tures. The solutions descend under the influence of
gravity to the roof of the confining bed, and migrate to
a depth range of 40-100 m. As there is no feed to the
artificial Reservoir 17, contaminated water continu-
ously filters into the groundwater horizon, causing a

local rise in the groundwater level. Of the total filtra-
tion from the reservoir, 70 % of the contaminated
water flows to the east, towards Reservoir 10 and the
Techa River (360 mVday), with a flow gradient of
0.018-0.019. The other 30 % flows to the north and
northwest, discharging 150 mVday into Reservoirs 3
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and 4 with a flow gradient of 0.009-0.018.

The central part of the health protection zone is
dominated by Reservoirs 10 and I I and the left- and
right-bank by-pass channels (LBC and RBC). The
reservoirs have changed the natural hydrodynamics of
the area: the water level has been raised by 8.6 m at
Dam 10, and by 13.0 m at Dam I I. The hydrogeolog-
ical watershed between the Zyuzelga River and the
Techa River seems to be "eroded", now passing imme-
diately to the southern side of Reservoir I I. The
position of the watershed line is controlled by the
water level in the by-pass channels (which serve as an
artificial drain for the groundwater flow), by the influx
of water from the west, by the precipitation infiltrati-
on intensity and by the efflux of groundwater to the
south. The pressure head created by the water in
Reservoir I I causes infiltration through the dam
walls, which is then "squeezed" by groundwater fluxes
coming from the southwest and north. The result is
that the ground water by-passes the dam, merging
subsequently with the sub-bed flow of the Techa
River. There is also evidence of a flow under the dam,
where the water table contours are seen to run para-
llel to the body of the dam.

Groundwater filtering through and around the dam is
discharged partially into the sides of the Techa River
valley, partially into the river flood plain, and partially
into the sub-bed flow (about I km wide) to Nadyrov
Bridge and beyond. Water entering the valley sides
and the flood plain ends up in the Asanov Swamp.

The chemical composition of the underground water
is influenced by both natural and anthropogenic fac-
tors. Under natural conditions, the degree of minera-
lisation lies between 0.1-0.5 g/l. The water is domina-
ted by calcium-magnesium hydrocarbonate, with chlo-
ride (C|- up to 27 mg/l) and sulphate (SO4

2~ from 2 to
30 mg/l) ground water to be found occasionally. The
typical SO4

27C1~ ratio for the area is around one. In
tectonic zones, the Cl~ concentration dominates over
SO4

2~, and the ratio is less than one. In some areas,
contamination of ground water by infiltration from
the industrial reservoirs shifts equilibrium towards the
sulphate ion, and the SO4

27CI~ ratio can become as
high as 24.

In the Lake Karachay region, the hydrocarbonate
water is almost completely replaced by sodium nitrate
water, forming a lens extending in a north-south
direction, and reaching the bed of the Mishelyak River
in the south. Ground water in this region is also con-
taminated by long-lived radionuclides (60Co, l37Cs, 90Sr,
l06Ru, etc.) and other chemical waste (eg NOs) filter-
ing through the bed of Lake Karachay into lower-lying
horizons.

2.4. Physical and hydrological charac-
teristics of the Techa and Iset Rivers
The Techa River is part of the hydrographic system of
the Ob River and is a tributary of the Iset River (Fig.
2.4). The river system Techa-lset-Tobol-lrtysh-Ob
discharges into the Kara Sea, hence is an important
transport route of radioactivity from the Urals to the
Northern seas. The catchment basin of the Techa and
Iset Rivers lies between the Urals Mountains and the
Tobol River valley, within the Cis-Ural plateau or the
Trans-Ural forest steppe. This is a flat, slightly raised
plateau, falling gently to the east and with an altitude
between 130 and 230 m. The southwestern part of
the plateau forms the Kasli-lrtyash lake system; the
eastern part is forest steppe with broad poorly-drained
and boggy interfluves and scattered with shallow
lakes.

The climate of the region is continental. Winters are
cold, with relatively little snow and lasting about 5.5
to 6 months. The summers are hot and last approxi-
mately 3 months. The maximum temperature fluctua-
tion during the year has reached 85 °C, with tempera-
ture records of—43 °C in winter and +42 °C in sum-
mer. The average annual precipitation is 375 mm, of
which up to 200 mm fall during the summer months
and about 15 % of the annual precipitation falls during
the winter. On average, annual run-off is 25 mm, and
evaporation 250 mm, although evaporation from the
surfaces of small reservoirs can reach 700 mm. The
catchment area lies in a zone of inadequate water
supply, however summer droughts tend to alternate
with wet years.

The Techa River carries drainage water from the
Kasli-lrtyash lake system: the original river source
being the outflow from Lake Irtyash, with transit
through Lake Kyzyltash, The river also carried run-off
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from Lake Ulagach via the small Mishelyak River. The
activities of Mayak PA, however, have altered the
stretches of the Techa River. This is primarily due to
the creation of the cascade of industrial reservoirs
and by-pass channels (Fig. 2.5). Reservoirs 3 and 4
existed previously as small ponds, and were used as
repositories for liquid radioactive waste from 1948.
Dam 10 was built in 1956 to form Reservoir 10,
which is about 6 km long and 18.6 km2 in area. In
1963, Reservoir 11, the final link in the cascade of
industrial reservoirs, was built and measures 12 km
long with an area of 48.5 km2. At the same time, con-
struction work was completed on the left-bank (LBC)
and right-bank (RBC) by-pass channels, which join the
river course in the tailwaters from Dam 11.

Today the source of the Techa River is taken to be the
tailwaters of Dam I I. The controlled discharge from
the Kasli-lrtyash lake system into the Techa River cur-
rently takes place only via the LBC. The previous dis-
charge of the Mishelyak River now runs via the RBC
into the tailwater of Dam 11. The length of Techa
down to the Iset River is 187 km, as compared with
243 km in its original natural state (Table 2.4.1). The
total length of the Iset River is 606 km, with 364 km
lying below the mouth of the Techa River.

Both the Techa and Iset are classified as small rivers of
the hydrocarbonate class with average mineralisation
and moderate hardness (Table 2.4.2). Maximum
mineralisation occurs in winter. The rivers are fed
mainly by melted snow and have distinct spring floods:
the water flow during spring constitutes 50-60 % of
the annual run-off. The Techa River can experience
summer flooding when there is a large discharge of

water from the Kasli-lrtyash lake system via the LBC
after heavy precipitation. The extensive boggy flood
plain of the upper Techa River has a perceptible influ-
ence on the yearly distribution of the river's flow, as it
retains water and discharges it only slowly.

During the summer and winter low-water periods, a
substantial proportion of the water in the Techa River,
especially in its middle and lower part, is attributable
to groundwater and underground water run-off (see
section 2.3). This run-off can account for 10-30 % of
the total river discharge. The mean annual run-off
modulus for groundwater and underground water in
the riverhead of the Techa River is about I l/(s~'kirf2),
and in the middle and lower part 0.5 l/(s~'knr2).

The Techa River valley may be divided into two cha-
racteristic parts. The first part, from Dam 11 to the
village of Muslyumovo, about 40 km in length, is a
boggy flood plain between 200 to 1000 m wide. This
area is a fairly flat, slightly sloping flood plain (the so-
called Asanov Swamp) without any clearly defined
river channel, the river bed winds, and the current is
slow. Because of the high groundwater level, most of
the flood plain is bog. The most boggy sections of the
flood plain are around the mouth of the Zyuzelga River
and just before Muslyumovo. The river depth varies
from between 0.5 and 2 m, with the width reaching
30 m. The boggy areas have small oxbow lakes which
are linked to the river bed by overgrown streams. The
central part of the flood plain consists of peaty-bog
soils, whilst the edges are made up of soddy-meadow
soils. The peat layer is between 0.1 and 3 m thick and
the underlying soils are mostly clays and loams, less
frequently sands and sandy loams.

Table 2.4.1. Hydrographic characteristics of the Techa and Iset Rivers.

Ba in

lecna mver

Length,
km

243-

Mean annual
i

water
di charge at
mouth, m Is | Total at ea

I km

Catchment area

Foi est 11 e i Boggy ar ea

I Average
gradient, °

t>.9 770u .5 1.3 I I.Z u.o

Iset River 364** 70 57990 68.3 7.7 0.34

* — In its initial state. After the creation of the cascade of industrial reservoirs, the river length was reduced by 32 km.
* * - From mouth of Techa River to mouth of Iset River.
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Figure 2.4. Hydrographic system of the Techa and Iset Rivers.
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Figure 2.5. The industrial reservoirs in the upper part of the Techa River.
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Table 2.4.2. Mean chemical <

Ca2+

:omposit ion

Mg2+

(mg/l) of Techa and Iset River water, and seasonal variation

*'f/Na++K+ HCO3- so,,2- cr Mineral-
isation

Techa River

Summer and
winter low water

Spring floods

62.3

38.8

30.7

14.6

30.7

23.0

225

166

57.7

50.2

31.8

17.8

438

310

Iset River

Summer and
winter low water

Spring floods

51.6

32.1

19.1

9.2

48.8

16.5

169

95.5

115

42.3

34.4

17.4

438

214

The river sediments consist of peat-mud and clay
deposits (Table 2.4.3 and 2.4.4).

The second part of the valley, the middle and lower
reaches of the Techa River, runs from Muslyumovo to
the river mouth. This part is less boggy than the
upper reaches and has a well-defined and moderately

winding bed. The dry flood plain, 200-500 m wide, is
made up of meadow soils. Alluvial deposits are com-
mon in areas near the river bed, primarily comprising
sandy loams. Shoals and shallows are encountered
every 200—400 m. The bed bottom is sand and mud in
the slower stretches, and sand and gravel in the
shoals. The average water depth during the summer

Table 2.4.3. Chemical characteristics of flood plain soils and bottom sediments
in the Techa River.

pH (H 2 O extract)

Humus (%)

Flood plain soils

Peaty-
bog soil

(U)*

6.7

60-90

Meadow
soil

(M)*

6.6

10-40

Alluvial
soil

(M)*

6.8

1.5-20

Bottom sediments

Peat

(U)*

6.7

22-60

Mud

( U)*

6.6

5-30

Sandy
mud
(M)*

6.5

0.25-0.75

Sand

(L)*

6.8

0.07-0.35

Cation exchange capacity (meq/l 00 g dry wt.)

Ca2+

Sr2+

Mg2+

Na+

K+

125

0.34

27

2.9

0.56

24

0.1

9.3

1.3

1.3

11.3

0.06

4.7

1.2

0.97

28

0.06

8.7

0.58

1.3

7.9

0.05

2.6

0.43

0.89

13.7

0.03

3.2

0.35

0.43

7.8

0.01

2.1

0.25

0.56

U - upper reaches of the Techa River;
M - middle reaches of the Techa River;

L - lower reaches of the Techa River.
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low-water period is 0.5-1 m, the flow rate is 0.3-0.8
m/s, and the average width is about 22 m. Below its
confluence with the Techa, the Iset River flows down
a wide (up to 7 km) flood plain valley. The valley bot-
tom mainly comprises alluvial-meadow soils. The river
bed is winding, and bottom sediments are sand and
silt. The bed width is 50-70 m, the average depth 1.2
m, and average flow rate 0.4 m/s.

2.5. Characteristics of the East Ural
Radioactive Trace region
The East Ural Radioactive Trace (EURT) was formed
by the Kyshtym accident, i.e. the explosion in a high
level radioactive waste tank. The dispersed waste
contaminated an area of land about 300 km long and
up to 50 km wide in a NNE direction from the Mayak
site. About 1000 km2 of the contaminated area had an
activity density of more than 74 kBq 90Sr/m2 (2 Ci
90Sr/km2), and this level was used to demarcate the
official boundaries of the EURT. A discussion of the
accident and its consequences is given in section 4.2.

Table 2.4.4. Physical characteristics of flood plain soils and bottom sediments
for the Techa and Iset Rivers.

Soil type River
section*

Layer
depth
(cm)

Wet soil
density
(kg/m3)

Dry soil
density
(kg/m3)

Porosity
(%)

Water
content

(%)

Flood plain soil

Peat

Loam

Sandy loam

U. Techa

M. Techa

M. Techa

0-10

30-35

0-30

0-30

250

830

1800

1900

1600

2100

2600

2700

84.4

60.5

30.7

29.5

58-93

74-85

12-39

10-32

Bottom sediments

Peaty mud

Peat

Clay

Muddy sand
with clay

Muddy sand

U. Techa

U. Techa

U. Techa

U. Techa

M. Techa
L. Techa

Iset River

0-5

5-10

40-50

5-10

40-50

0-5

40-50

0-5

0-5

800

800

1300

1700

1900

1600

1900

1900

2000

2100

2100

2200

2600

2650

2200

2600

2600

2600

61.9

61.9

41

34.6

28.2

27.2

27

27

23

33

28

19

17

10

40

35

20

19

* U. Techa - upper reaches of the Techa River; L Techa - lower reaches of the Techa River.
M. Techa - middle reaches of the Techa River;
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2.5.1. Physical and geographical
characteristics
The East Ural Radioactive Trace (EURT) covers part
of the eastern slopes of the Central Urals. The south-
western head and central part of the trace are located
within the Chelyabinsk Region abrasion-erosion plat-
form, with an altitude of 220-250 m above sea level.
The north-eastern tail of the trace enters the Eastern
Siberian lowlands accumulation-erosion plain.

Climatic conditions are similar to those in the Mayak
area: continental, with a mean annual temperature of
+ 1.3-1.5 °C. Winters are long and cold (minimum
temperature -45 °C), and summers relatively short
and hot (maximum temperature +39 °C). The mean
annual precipitation is 350 mm at the head of the
trace, and 400 mm in the more remote area. About
70-80 % of the precipitation occurs during summer.
The snow cover is 32-35 cm thick. The region suffers
from water shortage and droughts during summer.

The predominant soil is chernozem (a black soil rich
in humus substances and carbonates), but includes
also leached chernozem, grey forest and soddy pod-
zolic, which are typical of forest-meadow, meadow-
steppe and steppe soil formations. The underlying
ground is clay and loam. The physical and chemical
characteristics for the most predominant soils are
given in Table 2.5.1. The main vegetation cover in the
territory is typical for forest steppe, with the north-
ern part reaching into the zone of the southern taiga
coniferous forests. The head and middle parts of the
trace are represented by separate forest stands.

2.5.2. Hydrological characteristics
The EURT contains 13 small (5-10 km2), steppe-type
lakes in minor depressions. The lakes have regular
shorelines, are relatively shallow (2-5 m), and highly
influenced by mineralisation (300—400 mg salt/1). In
most cases the water is dominated by the hydro-
carbonate-alkaline and hydrocarbonate-magnesium

Table 2.5.1. Physical and chemical characteristics of soils in the region affected by the East Ural
Radioactive Trace.

Variable

Humus content

p H (salt extract)

Base exchange
capacity

Calcium
exchange
capacity

Base saturation

Dry density

Grain size
composition, %

0//o

% of soil mass

meq/100 gsoil

% of soil mass

meq/100 gsoil

%

kg/m3

< 0.01 mm

> 0.01 mm

Sand

Silt

Clay < 0.2 jxm

Leached
chernozem

11.0

5.8

0.86

43

0.70

35

94

900

30

9

Grey forest
soil

7.5

5.1

0.72

36

0.52

26

88

700

34

5

Soddy-podzolic
soil

3.0

4.7

0.40

20

0.36

18

41

900

29

-

29-35

5-12

50-60
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systems, i.e. conform to the hydrocarbonate class and
the sodium group. The four most contaminated lakes
lie in the head of the Trace: Lake Berdenish, Lake
Uruskul, Lake Alabuga, Lake Kazhakul. These lakes
represent a water volume of 5—46-106 m3. Major cation
and anion concentrations lie within the following
ranges: Ca2\ 6.8-20 mg/l; Mg2+, 50-150 mg/l; Na++K\
110-1300 mg/l; HCOI, 57-2300 mg/l; SO4

2", 22-1400
mg/l; and Cl", 62-1100 mg/l. Concentrations vary
both between lakes and with time, e.g. because of
rainfall and evaporation. However, pH values are rela-
tively constant, and range between 8.5-9.6. The

clay content in the lake sediments is 5-10 %, silt
70-95 %, and sand 10-25%.

Three small rivers flow through the territory, all part
of the Iset River system. Hydrological characteristics
are given in Table 2.5.2. The Sinara and Bagaryak
Rivers originate in the Urals and intercept the Trace,
while the Karabolka River is fed from the boggy area
in the middle part of the EURT. These rivers are
mixed-source rivers, with snowmelt as the dominating
source (50-70 % of the annual run-off volume); less
than 20-30 % originates from rain and the contribu-
tion of underground water is small.

Table 2.5.2. Hydrographical and hydrochemical characteristics of the rivers in the EURT region.

Index

Length, km

Catchment area,
km2

Water discharge,
m3/s

Total

Within EURT

Total

Within EURT

Min

Max

Mean annual

Width of river, m

Average depth, m

Flow rate, m/s

Chemical
composition,
mg/l

Ca2+

Mg2+

Na+ + K+

HCO3 - + CO3
2-

so4
2-

ci-

P H •m:7-.^:;^

Karabolka
River

72

4

1,120

60

0.10

23

I.I

2-20

0.6

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

7.5-8.5

Sinara
River

149

6

6,560

190

0.06

339

8.72

5-70

-1.5

0.8

50

19

II

108

34

8.8

7.7-7.8

- Bagaryak
River

86

9

1,750

140

0.70

74

2.76

1.5-50

~l

1.0

31

15

~2

60

91

0.5

7.5-8.2

n.a. - not analysed
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3 Production and Management
of Radioactive Waste at the
Mayak PA Site.
This chapter describes the production and manage-
ment of radioactive waste at the Mayak site. Past and
present activities are discussed, including: contamina-
tion at the site itself (i.e. the industrial reservoirs);
storage of high, intermediate and low-level radio-
active waste; high-level waste vitrification and burial of
solid waste; routine discharges (liquid and atmosphe-
ric); and the remediation of Lake Karachay. Data on
environmental contamination of the territories sur-
rounding Mayak is presented in Chapter 4, which
includes assessments of discharges to the Techa River,
and the causes and consequences of the 1957 and
1967 accidents.

3.1. Radioactive waste management
According to the results of an inventory assessment
made in 1990, some 30,000 PBq (800 MCi) of liquid
and solid radioactive waste have been accumulated at
Mayak PA - including waste contained in industrial
reservoirs. The volume of spent fuel received for
reprocessing from nuclear power stations has decli-
ned in recent years. Hence, due to processing and
vitrification of high level and some immediate level
waste, the amount of liquid waste kept in stores has
fallen steadily. By the 1st July 1995, 8,700 PBq (235
MCi) HLW had been vitrified.

3.2.2. High-level radioactive waste (HLW)
Each year the radiochemical plant creates 2000-3000
m3 of liquid HLW, with a total activity of up to 2200
PBq (60 MCi), from reprocessing of spent nuclear fuel
from nuclear power and naval power reactors. By the
I st March 1995, a total of 30,800 m3 of liquid HLW
had been accumulated, including suspensions, with a
total activity of 15,000 PBq (Table 3.1.1) .

Spent fuel arriving at the radiochemical plant is trans-
ferred to the storage ponds. After decay of short-lived
fission products the fuel is sectioned and dissolved in
nitric acid. Uranium and plutonium are extracted for
further use in RBMK and fast breeder reactors.

After solvent extraction, raffinates are concentrated
to various degrees by evaporation and the residues
are blended with previously accumulated liquid HLW.
After evaporation, waste from civil fuel reprocessing
has an activity concentration of up to 2 TBq/l (60 Ci/I)
with the following chemical composition: nitric acid
(up to 4 M) containing aluminium (1-3 g/l), sodium
(3-2.5 g/l), iron (I—10 g/l), nickel (1-5 g/l), chromium
(0.3-2.0 g/l), calcium (0.2-2.0 g/l), SO4

2- (1-3 g/l), and
platinoids and rare-earth elements. Reprocessing of
spent highly-enriched fuel from naval power units
gives solutions containing up to 200 g/l salts, with an
activity concentration of up to I TBq/l (30 Ci/I). The
chemical and radionuclide composition of the suspen-
sions is quite complex, since solutions from different
types of irradiated fuel elements have been concentra-
ted using sedimentation.

High-level nitric acid solutions are stored in cylindrical
tanks with stainless steel covers and bottoms. Each
tank is installed inside a separate cell lined with stain-
less steel. The cells have sumps with instruments to
indicate liquid levels, and pipes to collect any leakage.

Nitric acid is also extracted during evaporation of
high level solutions, condensates from this process are
discharged into Reservoir 17 without any additional
purification. A fractionation unit known as the UE-35
has been set up at the enterprise to radiochemically
separate the transuranium elements, and to extract
strontium and caesium from the waste using a system
based on chlorinated cobalt dicarbollid. This tech-
nology is undergoing final refinements.

Table 3.1.1. Total quantity of HLW stored at
Mayak PA, 1st March 1995.

Type of waste

Suspensions

Nitric acid solutions

Vitrified waste

Quantity of
waste, m3

19,000

11,800

8,673

Total activity,
PBq (MCi)

5,000(135)

9,800 (264)

8,700 (235)*

10,500 PBq (285 MCi) in 1996.
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There are 18 tanks containing wastes from the former
military programme, each is 9 m in diameter and 5 m
deep, with an effective volume of 285 m3. For heat
removal, the tanks are equipped with 3-section coils
each with a cooling surface of 60 m\ Solutions from
civil reprocessing are kept in 3 tanks of diameter of 22
m, depth of 4.25 m, and an effective volume of 1500
m3 each. The tanks are equipped with 16 sectional
coils, evenly distributed over the whole volume, with
a total heat-removal surface of 300 m2. Military waste
tanks are made of Kh 18N9T (chromium-nickel-titani-
um) stainless steel; civil tanks are made of Kh 18N10T
stainless steel.

Suspensions are stored in 20 concrete storage tanks.
The tanks are 19.5 x 9.5 x 7 m in size, lined with
stainless steel, and have an effective volume of I 170
m3 each. Twelve of the tanks have an internal cooling
system; the other 8 do not need internal cooling.

All storage tanks are equipped with level, pressure,
temperature, overfill and gas emission monitoring sys-
tems. Air is blown across the surface of the solutions
to remove and dilute hydrogen and methane emitted
through radiolysis of the water. All HLW stores are
also equipped with control systems for corrosion.

3.1.2 Vitrification of liquid HLW
After preliminary preparation of the nitric acid soluti-
ons (i.e. fluxing with phosphoric acid and sodium and,
if necessary, additional steaming to a salt content of
350-370 g/l) the concentrates are sent for vitrifica-
tion. Vitrification of high level waste is carried out in a
directly-fired kiln (EP-500) with an output of up to
500 l/hr. The formed phosphate glass is poured into
special 200 I containers, and the glass blocks are pla-
ced in cylinders, three to a cylinder. These cylinders
are put into sockets in a temporary store in building
120/12. The specific activity of the glass is 7.4—22
TBq/l (200-600 Ci/I).

The storage site at the radiochemical plant is designed
to take vitrified waste with a maximum heat release of
5 kW/m3. The store is divided into 7 compartments,
each with autonomous ventilation. There are 338
sockets in each compartment, and each socket can
take two cylinders. There are 13 monitoring posts in
the first compartment, where containers are placed

to control for leakage. By the I st October 1993, 429
sockets were occupied in the store, equivalent to 858
cylinders, each containing 600 I of vitrified waste. To
date, only about 5 % of the vitrified HLW has been
transferred to the ground repository (see section
3.1.5).

At present, all the generated HLW is processed by
the described method. Future expansion may only be
carried out with special preparation of the waste (e.g.
using fractionation technology in the existing electric
furnace, or by using alternative equipment). In 1997,
the IPKhT induction melter with cold crucible should
reach completion. Further progress in HLW manage-
ment is linked to the development of matrices for
long-term storage and burial, for example, encapsula-
tion of intermediate-level waste in a cement or bitu-
men matrix.

3.1.3. Liquid intermediate-level radioactive
waste (ILW)
Today, Mayak produces 16,000-20,000 m3 of liquid
ILW per year, with a total annual activity of less than
30 PBq (0.8 MCi). The specific activity of the waste is
370-750 MBq/l (20 mCi/l), and the average salt con-
tent is 12-15 g/l. The source of the ILW is drainage,
desorption solutions, solutions from washing and
decontaminating equipment, extraction agent and
extractor flushing solutions, cladding and container
decontamination solutions and special gas scrubber
condensates.

At present, liquid ILW disposal takes place mainly into
Lake Karachay (Reservoir 9) and Reservoir 17 (Table
3.1.2). Between 1951 and 1995, some 3.7 million m3

of ILW has been discharged into Lake Karachay, and
4400 PBq (120 MCi) has accumulated in the reservoir.
In 1993, the 90Sr concentration in Lake Karachay was
70 MBq/l, and the l37Cs concentration 100 MBq/l. In
Reservoir 17, the 90Sr concentration was 300 kBq/l,
and the l37Cs concentration 150 kBq/l. Activity con-
centrations in reservoir waters have been relatively
constant during the past 3—4 years. The surface area
and the volume of water in Lake Karachay at the end
of 1994 were, respectively, 0.15 km2 and 0.4 million
m3. More details on the history and management of
Lake Karachay can be found in Section 3.2.2.
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Table 3.1.2. Characteristics of industrial reservoirs for liquid ILW disposal
(activity concentrations in 1993).

Index

Area, km2

Volume, IO6m3

Concentration in ;
water, MBq/i(mGi/l)

• • • • • ; . -" , - . ' . - . • ' - . ' • - . ' . , • ' . •

• • ' : - . • • • : • ; • • • • • • • . - • • . - • ; . • • • :

: _ • • . . - - - - '

. . . . . . . ' ' • • • - • . . - • : •

: • • : ' • " : : ; } ' * ' • ' : - • • ! • ' • • : : :

• : • • ' • . • . . • • • . . . . ,

Concentration in
bottom deposits,
GBq/kg(Ci/kg)

• : - ; ' . " . • ' ' " . ' : ' ' '..-':•:.-

• . - , • " - " . • " " " . ' " • - V ' • - ' . . . " • • ' ' - - • •'-Accumulated,

90Sr

l37Cs

Tritium

total a-emitters

total (3-emitters

90Sr

l37Cs

in water

in bottom deposits
and underlying bed

Total:

Reservoir

Lake Karachay

0.18*

0.3

70
(1.9)

100
(2.8)

3.1
(0.084)

0.63
(0.017)

230
(6.1)

II
(0.3)

52
(1.4)

310
(8.4)

4100
(110)

4400
(120)

Reservoir No. 17

0.17

0.3

0.3
(0.007)

0.15
(0.004)

3.7
(0.1)

7.4x10"s

(2XI0"6)

0.41
(0.011)

4.4
(0.12)

1.2
(0.033)

0.17
(0.0045)

74
(2)

74
(2)

* By 1996, the area had been reduced to 0.135 km2.

Accumulated ILW also includes reagents and slurries.
About 400 m3 of spent reagents, with a specific acti-
vity of 0.37-37 MBq/l, are stored in 500 m3 stainless
steel tanks. The tanks are I I m in diameter and 5.9 m
deep, and are situated in stainless-steel-lined cells.
About 14,000 m3 of slurries with a total activity of
165 TBq (4,450 Ci) are stored in 41 m3 stainless steel
tanks with volumes ranging from 285-1500 m3. The
tanks are situated in separate cells, are air-cooled and

are controlled for overfill and temperature. Since
1970, following the commissioning of the evaporation
section of the radiochemical plant, tritium condensate
has been discharged into Reservoir 17. The volume of
these condensates amounts to roughly 800,000 m3,
with a specific activity in terms of tritium of 37 kBq /I
(I j/Ci/l).
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3.1.4. Liquid low-level radioactive waste
(LLW)
The liquid LLW at the Mayak PA comprises trap water
from the facility's sewage system, secondary circuit
cooling water from the two reactors as well as coo-
ling water from the high-level waste storage cells. The
raw sewage water (0.7-1.0 million mVyr) has a maxi-
mum specific activity of 0.56 MBq/l (15 juCi/l) and an
average salt content of up to I g/l. Salts and radio-
nuclides are removed at the purification plant, using
quartz filters for mechanical purification, and cation
(H+) and anion (OH") exchange filters connected in
pairs. The purified water, with a maximum activity of
7 kBq/l (0.2 £/Ci/l), is discharged into the water supply
circulation Reservoir 2 (Lake Kyzyltash).

A 5 % nitric acid solution is used to recycle the cation
exchangers, and a 3—4 % sodium hydroxide solution
the anion exchangers. The recovered solutions, with
volumes of up to 0.1 million mVyr and a maximum
specific activity of 4 MBq/l (0.1 mCi/l), enter Reser-
voir 3 in the cascade of storage reservoirs.

Over the period 1956-1990, it has been estimated
that about 6.7 PBq (0.18 MCi) of long-lived radio-
nuclides has entered the reservoirs as liquid LLW, the
major part being retained in Reservoir 10 (Table
3.1.3).

3.1.5. Storage of solid radioactive waste
In addition to the 10,500 PBq vitrified HLW discussed
in section 3.1.2, about 400,000 t of solid radioactive
waste has been produced by Mayak PA. Up to 1981,
the rate of accumulation of solid waste was about
10,000 t/yr, but has decreased due to the decline in
production at the main Mayak PA plant. In the past
few years about 2000-2500 t/yr has been produced.

During the lifetime of Mayak, 481 PBq (13 MCi) of
radionuclides have been buried in ground repositories,
of which:

• some 400,000 t and 1.5 PBq (40 kCi) were in the
form of LLW and ILW;

• 25,000 t and 477 PBq (12.9 MCi) were in the form
of HLW.

LLW and ILW are gathered into single use containers,
graded into contamination categories and placed in
accumulators prior to transportation. HLW is placed
in reinforced concrete containers with multi-layer iso-
lation. Transportation to the repository takes place in
closed road vehicles.

All burial sites are located on the Mayak PA site, and
are situated in clayey soil (2-10 m deep), which provi-
des both water isolation and a sorbent for any radio-
nuclides leached from the waste. The excavated repo-
sitories are filled with waste, then covered with the
removed clay soil and the surface is levelled. Surface
and ground water contamination is controlled in the
vicinity of the repositories.

Table 3.1.3. Characteristics of the liquid LLW
reservoirs at the Mayak PA
(activity levels at 1994).

Reservoir

No. 2 (Kyzyltash)

No. 3

No. 4

No. 10

No. I I

Area,
km2

18.6

0.78

1.3

18

44.2

Volume,
million

m3

84.4

0.85

4

77

229.9

Activity
contained

in the
reservoir,*
PBq (kCi)

0.74 (20)

1.6(44)

0.27 (7.3)

6.7(180)

1.2(32)

* Sources include both LLW and ILW prior to 1951.
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3.2. Routine discharges of ILW to the
Techa River and Lake Karachay
Discharge of radionuclides into the natural lakes and
ponds at the Mayak site began in June 1948 when the
first reactor started. Water from Lake Kyzyltash
(Reservoir 2) was used as primary circuit cooling
water for the reactor. Until 1990, this reservoir was
used as a source of cooling water for all the other
Mayak reactors. Therefore discharges to Reservoir 2
contained short-lived activation products formed by
irradiation of the reactor core cooling water.
Production of HLW, however, started in early 1949,
when the first batch of irradiated fuel was sent for
reprocessing, and the activities of Mayak began to
seriously influence the site and its surrounding area.
Discharges of ILW to the Techa River between 1949
and 1956, although authorised at the time, are now
considered to represent a serious error in judgement.
The environmental consequences of these discharges
are discussed in the next chapter. As stated previ-
ously, routine discharges of ILW to Lake Karachay and
Reservoir 17 continue today.

3.2.2. Radioactive waste discharges into the
Techa River during the period 1949-1956
From 1949 to 1956, the Mayak PA discharged liquid
radioactive waste from the radiochemical plant into
the Techa River. During this period, some 76 million
m3 of contaminated sewage water was released
directly to the river. The liquid waste was discharged
into a natural pond, which subsequently became part
of the system of industrial reservoirs as Reservoir 3
(Fig. 2.5.). The reservoir lies 2.5 km below the out-
flow of the Techa River from Lake Kyzyltash, and its
dam was reinforced in the summer 1951. Discharge
from Reservoir 3 entered into the next reservoir,
No. 4, which also was originally a small natural pond.
Reservoirs 3 and 4 functioned as sedimentation ponds
for contaminated water; their capacity being 0.8 and
2.5 million m3, respectively. The water remained in the
reservoirs for several days, before entering the Techa
River through the locks in Dam 4.

The discharged water was a mixture of industrial and
non-industrial liquid sewage. Cooling water (reactor,
fuel storage ponds and HLW storage tanks) accoun-
ted for about 93 % of the volume of all discharges at

Table 3.2.1 a. Mean daily discharge of liquid
radioactive waste into Reservoir
3, 1949-1956.

Period

Jan. 1949-Nov. 1949

Dec. 1949-Feb. 1950

Mar. 1950-Nov. 1951

Dec. 1951-Dec. 1952

1953

1954

1955

1956

Total a,
GBq/day
(Ci/day)

1 (0.03)

2 (0.05)

2 (0.06)

Total p,
TBq/day
(Ci/day)

2.6 (70)

32 (860)

160(4300)

0.96 (26)

0.20 (5.5)

0.081 (2.2)

0.052(1.4)

0.13 (3.6)

Table 3.2.1 b. Mean yearly discharge of liquid
radioactive waste into Reservoir
3, 1949-1956.

Calendar year

1949

1950

1951

1952

1953

1954

1955

1956

Total

l a , TBqyr
(Ci/yr)

0.44(12)

0.81 (22)

0.74 (20)

-2.0 (-54)

Xp,PBq/yr
(kCi/yr)

1.8 (50)

52(1400)

52(1400)

0.35 (9.5)

0.074 (2.0)

0.030 (0.80)

0.018(0.5)

0.048(1.3)

106(2860)
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Table 3.2.2. Radionuclide composition of liquid radioactive waste discharged into Reservoir 3
during 1949-1956.

Period

Jan. 1949-
Nov. 1949

Dec. 1949-
Feb. 1950

Mar. 1950-
Nov. 1951

Dec. 1951-
Dec. 1956

Total, PBq
(kCi)

Radionuclide discharge, % pi total ^-activity

89Sr + l40Ba

1.8

6.9

8.8

-

10
(270)

90Sr

4.1

15.3

11.6

25.6-58.0*

12
(330)

95Zr + 95Nb

30.0

9.0

13.6

8-25

14
(390)

IOJ,IO6Ru

55.6

45.3

25.9

10-61**

28
(760)

137Cs

II

21.2

12.2

4.5-15

13
(350)

Rare earths

-

5.7

26.8

-

28
(760)

* - 89Sr + 90Sr; 89Sr/90Sr = 0.45 - 0.76
* * - IO3,IO6RU + r a r e e a r t h s

their peak periods. Other sources included effluents
collected from laboratories and washing of equipment
(0.05 %), drain water pumped out of wells to lower
the groundwater level in the area of radioactive waste
repositories and other structures (4.6 %); sewage
from the bath and laundry department (1.3 %) and
faecal waters (0.5 %). The water contained various
chemicals, including those which had entered the coo-
ling water via leaks from process equipment, the
groundwater from tubing communications and waste
repositories, and non-industrial sewage from reagents
and detergents used in cleaning operations (e.g. wash-
ing laboratory glassware, laundry). The waste also
included suspensions of solids onto which radioactive
materials had been sorbed. The radioactive concen-
trations in the discharged water lay between 400 Bq/I
(I0"8 Ci/I) in drain and faecal water and 4 MBq/l (I0"4

Ci/I) in sewer trap water.

During the period 1949-1956, about 100 PBq (2.8
MCi) of radioactive material was discharged into
Reservoir 3. About 98 % of this activity was attributa-
ble to the period from December 1949 to November
1951. According to the archives, alpha releases were
relatively low, amounting to only 2 TBq, including both
Pu and U-isotopes. The total releases of beta-emitters
are a similar order of magnitude to those discharged
from the Sellafield reprocessing plant to the Irish Sea:
130 PBq beta-emitters (excluding 3H) between 1952

and 1992, with 86 % of discharges taking place 1964
and 1984 (Jones et al. 1995). However, routine alpha
discharges from Mayak were a factor of 500 lower
than Sellafield discharges which amount to some 1200
TBq of Am-241 and Pu-isotopes between 1964 and
I984(jonesetal. 1995).

From the data given in Tables 3.2. la and 3.2.1 b, the
discharges can be divided into three periods. The first
period covers all of 1949, when the mean daily dis-
charge was 2.6 TBq/day total beta-activity. The second
period runs from December 1949 to the end of
November 1951, when the discharges were at a peak
and reached 160 TBq/day. The third period lasted
from December 1951 to the end of 1956, when dis-
charges were reduced to 0.05-1.0 TBq/day.

The radionuclide composition of the discharges diffe-
red slightly between various periods, but consisted
mainly of middle- and long-lived radionuclides: 89Sr,
90Sr, 95Zr, 95Nb, l03Ru, l06Ru, l37Cs, l40Ba, and radionuc-
lides from the rare earth group of elements — 9IY,
HICe, l44Ce, l43Pr and l47Pm (Table 3.2.2). IO3IO6Ru and
the rare earth nuclides amounted to more than half of
the total activity. It can be estimated that about 12
PBq of 90Sr (330 kCi) and about 13 PBq of l37Cs (350
kCi), both long-lived elements, were discharged into
Reservoir 3 between 1949 and 1956. Unfortunately,
no data is available on I 3 I I , I29I or "Tc releases.
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Elevated radioactive discharges during the period
from March 1950 to November 1951 were caused by
the lack of preliminary purification of industrial liquid
effluents. Release of this effluent into Lake Karachay,
considerably reduced the discharge of activity into the
Techa River after November 1951. From that t ime,
the discharges to Reservoir 3 essentially comprised
drain water, low-level cooling water and domestic
effluents.

When Reservoir 10 was completed in 1956, the
amount of radionuclides entering the Techa River
dropped considerably. The activity entering the river
below Dam 10, fell from 50-960 GBq/day to 18
GBq/day (0.5 Ci/day). The construction of Dam I I in
1963 further reduced the activity being discharged to
the Techa River. Sources of radionuclides are now
limited to leakage of water through the banks of the
by-pass channels, the body of Dam I I and the bed of
Reservoir I I.

3.2.2. Discharges to Lake Karachay, 1951 to
the present day.

Lake Karachay (Reservoir 9) is probably the most
contaminated lake on earth (Table 3.2.3). The reser-
voir was originally a small, shallow natural lake, with a
water level altitude of 240 m, and a tendency t o dry
out during drought. In the 1940s, it was 750 m long,
450 m wide, 1.5 m deep and 26.5 ha in area. The lake
bot tom is a loamy layer wi th a thickness of between
0.1 and 4 m. Since 1951, the lake has been used as a
repository for ILW, replacing the previous practice of
discharging waste into the Techa River.

From 1951 to 1993, the volume of liquid waste dis-
charges into Lake Karachay was 3.55 million m3 wi th a
total beta-activity of 20.5 EBq (554 MCi). Due to an
additional feed volume of 2.18 million m3 the total
water volume was 5.73 million m3. The volume of dis-
charges up to 1979 was between 70,000 and 130,000
m3 per year. After 1980, this was reduced to between
16,500 and 20,000 m3. The activity of radionuclides
contained in the waste was 0.7-1.5 EBq/yr (20—40
MCi/yr) during 1958-1972, and reduced t o 24 PBq

Table 3.2.3. Radionuclide concentration in water of Lake Karachay from 1970-1993,
spring sample collection [MBq/l (jiCi/l)].

Radionuclide

Total a-emitters

Total (3-emitters

90Sr

l37Cs

l34Cs

l44Ce + l44Pr

l06Ru

Trit ium

1970

0.13
(3.5)

410
(11000)

26
(700)

240
(6400)

14
(370)

6.3
(170)

no
(2900)

1.2
(32)

1975

0.010
(0.27)

230
(6200)

26
(700)

92
(2500)

5.6
(150)

6.3
(170)

67
(1800)

0.74
(20)

- Year

1980

0.037
(1.0)

160
(4200)

28
(750)

63
(1700)

0.89
(24)

4.8
(130)

32
(880)

0.63
(17)

1985

0.32
(8.5)

670
(18000)

100
(2800)

360
(9600)

27
(730)

5.2
(140)

48
(1300)

1.6
(42)

1990

0.22
(5.8)

700
(19000)

150
(4000)

350
(9400)

3.7
(100)

< l
(<30)

18
(500)

0.37
(10)

1993

0.63
(17)

230
(6100)

70
(1900)

100
(2800)

4.4
(120)

< l
(<30)

1.2
(34)

3.1
(84)
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Table 3.2.4. Chemical composition of Lake Karachay water.

Parameter

PH

Hardness, mmol/l

Density, g/cm3

Dry residue, g/l

Sodium, g/l

Calcium, mg/l

Magnesium, mg/l

Uranium, mg/l

Nitrate, g/l

Sulphate, mg/l

Chloride, mg/l

Bicarbonate, mg/l

Acetate, g/l

Year/, . <

1970

8.6

4.1

1.095

90.2

25

40

24

75

45.7

612

220

n.a.

16.0

1975

8.7

2.9

1.025

39.6

11.3

27

18

20

26.0

167

120

n.a.

1.8

1980

8.15

1.6

1.010

16.0

5.8

8

14

13

18.6

190

54

n.a.

0.8

1985

9.1

1.5

1.018

30.2

10.0

15

8

17

22.8

490

86

n.a.

2.5

1990

7.9

13

1.016

27.0

6.0

21

60

28

14.4

317

90

620

2.1

1993

8.5

13.2

1.013

21.8

3.4

n.a.

n.a.

21

10.4

100

48

250

0.1

n.a. - not analysed

(0.65 MCi) in 1993. The radionuclide composition
also changed. Until 1965, the l37Cs content accounted
for 17 % of the total beta-activity in the waste, with
9oSr + 9oY responsible for about 8 %. After 1973, l37Cs
accounted for 25-55 %, and 90Sr + 90Y up to 25 %.

A large quantity of salts were discharged into Lake
Karachay as part of the liquid waste. The discharges
contained up to 500 g/l sodium nitrate, up to 300 g/l
aluminium nitrate, up to 60 g/l acetates, and carbona-
tes from neutralization of acid solutions with soda.
Each year, 200-250 tonnes of metals (aluminium, iron,
chromium, nickel) entered the reservoir, producing
about 200,000 m3 of hydroxide deposits. Up to 50 %
of these hydroxides precipitated in a zone adjacent to
the discharge lines. The hydroxide precipitates are
fine and have a density between I. I and 1.4 g/cm3 (i.e.
not much higher than the salty lake water). They are
easily stirred up and settle slowly, thus complicating
the work to fill in the reservoir.

The radionuclide and chemical composition of water
in Lake Karachay has changed between 1970 and 1993
(Tables 3.2.3. and 3.2.4). The salt content has been
reduced by a factor of 4, and the ratio of radionuclide
concentrations has fluctuated. The proportion of 90Sr
has risen, and the relative concentration of the shor-
ter-lived nuclides l06Ru and l44Ce + l44Pr has fallen. It is
clear that, although the discharge of radionuclides has
been reduced, the total beta-activity in the water of
reservoir has not changed significantly. This is due to
the established equilibrium between the aqueous
phase and the bottom sediments. Sediments are the
main source of nuclides in Lake Karachay water, and
fluctuations in radionuclide concentrations may reflect
the influence of water chemical parameters on water-
sediment distribution coefficients. Other factors influ-
encing water activity levels include remediation work,
reservoir volume and sediment resuspension.
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Table 3.2.5. Concentration of radionuclides in water and sediments from Lake Karachay, sample
collection, winter 1970.

Radionuciide

Strontium-90

Caesium-137

Ruthenium-106

Zirconium-95 +
niobium-95

Cerium-144 +
praseodymium-144

Cobalt-60

Zinc-65

PIutonium-239 +
americum-241

Water*

MBq/kg (mCi/kg)

44
(1.2)

480
(13)

220
(6.0)

4.4
(0.12)

63
(1.7)

1.3
(0.035)

3.1
(0.083)

0.12
(0.0033)

Activity level

Mobile bottom
deposits (2-10 cm)

GBq/kg (Ci/kg)

66.3-130
(0.17-3.4)

26-150
(0.71-3.96)

0.044-2.0
(0.0012-0.055)

0.77
(0.021)

1.2-10
(0.033-0.28)

0.034-0.14
(0.00092-0.0037)

—

0.010-0.063
(0.00027-0.0017)

Loams
(25-66 cm)

MBq/kg (mCi/kg)

1.5-5.2
(0.04-1.4)

1.3-3700
(0.034-100)

0.74-81
(0.02-2.2)

—

—

0.026-3.3
(0.0007-0.09)

—

0.007-0.300
(0.0002-0.008)

* Differences in activity levels c.f. Table 3.2.3 can be attributed to the time of year, sampling location and
sampling techniques.

Due to radionuciide decay, the content of beta-emit-
ting nuclides in Lake Karachay has been reduced to
about 4.4 EBq (120 MCi) of the 20 EBq (550 MCi)
originally discharged. Of the remaining nuclides, about
40 % are 90Sr + 90Y and 60 % l37Cs. The radionuclides
are distributed in the reservoir as follows, 7 % in the
water, 41 % on the reservoir bottom loams and 52 %
on amorphous hydroxide precipitates (Table 3.2.5).

• - 4

The abandoned village

Metlino, Reservoir 10
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3.2,3. Remediation of Lake Karachay and
the surrounding area.
Because of the large volume of discharges by autumn
1962, the water level in the reservoir had risen to
241.2 m, and the surface area had increased to 0.51
km2. The absolute level of the lake bottom had also
risen, mainly as a result of more than 16 years of alu-
minium and iron hydroxide precipitation and depositi-
on. Between 1963 and 1964, measures were taken to
reduce the reservoir area, with the objective of pre-
venting the migration of radionuclides into ground-
water. However, the years from 1962 to 1966 were
dry, and the water level in Lake Karachay fell to the
240.13 m mark, and uncovering about 5 ha of the sho-
reline and lake bed. In the spring of 1967, some 22
TBq (600 Ci) of activity, in the form of contaminated
sediments, were resuspended by the wind and caused
local contamination (Section 4.3).

After this incident, measures were taken to prevent
any recurrence. Between 1967 and 1971, remedial
work was carried out to cover the lake, to fill in shal-
low areas and to recultivate the area around the
reservoir. The shoreline was reinforced by banks of
rocks, and some 570,000 m3 of soil, 12,000 m3 of gra-
vel and 9000 m3 of rock were dumped into or around
Lake Karachay. This raised all the banks to an altitude
of 243.5 m and reduced the water surface area to 36
ha. Further monitoring of the reservoir included strict
control of the water level: if the water dropped below
a minimum permissible level, clean water was to be
added into Lake Karachay.

Despite these measures, Lake Karachay was still a
source of potential atmospheric contamination.
Should, for example, a whirlwind occur, it could dis-
perse radionuclides over large areas. It was decided

Lake Karachay and Mayak PA, 1990
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1962, 0.51 km2 I / ' I 1971, 0.36 km2 1994, 0.15 km2

Figure 3.1 . Reduction in Lake Karachay surface area.

to cover the whole reservoir and immobilise the loo-
se bottom sediments. From 1978-1986 a method was
developed by which Lake Karachay would be filled in
with hollow concrete blocks (called PB-I blocks) and
crushed rocks. From 1986, the operation to fill in the
reservoir has proceeded according to three stages.

Stage I involved closing off the north-eastern part of
the lake (the area closest to the discharge pipes) and
dividing it with breakwaters. This reduces the loss of
wind-driven spray from the reservoir surface and has
reduced the potential consequences of a whirlwind.
This stage was completed during 1988-1990. The
measures have immobilised about 60 % of the bottom
sediments and about 70 % of all the radionuclides
accumulated in the reservoir (Table 3.2.6).

In stage 2 the reservoir area will be completely filled,
and recultivated to a green field. This will eliminate
the risk of airborne contamination. The work on sta-
ge 2 is ongoing, and Lake Karachay's shoreline has
been reduced.

Stage 3 will involve localisation and purification of
contaminated groundwater in the reservoir area.

By the end of 1993, the surface area of Lake Karachay
had been reduced to about 0.15 km2 (Fig. 3.1). Up to
80 % of the radionuclides accumulated in the reser-
voir are localised in the filled part. Figure 3.1 shows
the reservoir contours in 1962 (maximum water
area), in 1971 after bank construction and reinforce-
ment work, and at the end of 1993.
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3.3. Radioactive discharges into the
atmosphere

The first monitoring and assessment of radionuclide
discharges into the atmosphere from the stacks at the
Mayak PA were carried out at the reactor production
plant in 1953, and at the radiochemical production
plant in 1956. Since then, various methods of purifica-
tion and monitoring of the atmospheric discharges

-have been developed and installed (Table 3.3.1).

At Mayak PA, updating and improvement of the tech-
nology to monitor, purify and reduce the volume of
gas-aerosol discharges has been a continuous process.
In comparison with discharges in the mid-1950s, the
mean annual discharges of many radionuclides have
been reduced by a factor of at least 102 to 10s (Table
3.3.1). In the beginning of the 1990s, more than 3800
gas scrubber units were in operation at Mayak PA,
1700 are connected to process products, and 2100 to
ventilation systems.

When the regular monitoring system was being deve-
loped, discharges were estimated by off-line sampling,
with sampling times of 5-30 min. The monitoring
methods were gradually developed to a continuous
integral sampling system at all sources, using sampling
times between I and 7 days, and laboratory determi-

Table 3.2.6. Work carried out to fill in Lake
Karachay (stages I and 2).

Year

1984-1986

1987

1988

1989

1990

1991

1992

1993

Total

No. of
PB-I blocks

1426

1476+ 32 slabs

977+ 12 slabs

2188

614

1363

1400

-

9444 + 44 slabs

Crushed rock
(1000 m3)

56.1

33.5

36

165

193

253

265.5

270

1272

nation of the radionuclide composition in the dischar-
ges. A standardised and reliable on-line monitoring
system has been developed and is in operation. The
on-line system covers inert radioactive gases (IRG),
aerosols of long-lived alpha-emitting nuclides (LLA-a)
and aerosols of long-lived beta-emitting nuclides
(LLA-b).

Table 3.3.1. Monitored and estimated radionuclide discharges into the atmosphere from sources
at the Mayak PA, TBq (Ci).

Monitored
parameter

Inert radioactive
gases (IRG)

Aerosols of long-lived
alpha-emitters (LLA-a)

Aerosols of long-lived
beta-emitters (LLA-b)
l37Cs

'°Sr

Date of
monitoring

system
installation

1958

1963

1959

1969

1969

Discharged during
the monitoring

period (up to 1993)

6.7 • lO 6

(1.8 »IO8)

0.70
(19)

92
(2.5 • 103)

0.20
(5.4)

0.23
(6.2)

Estimated** dis-
charge during the
enterprise lifetime

(up to 1993)

I.I »IO7

(2.9 • 108)

2.0
(53)

140
(3.8 «IO3)

1.2
(34)

1.7
(47)

Discharges in 1993

330
(9.0-103)

3 .0*10^
(8.0 • 10"3)

5.2 • 10-3

(0.14)

2.0 HO"3

(0.054)

9.2 • 10-4

(0.025)

* Estimated discharges during the initial unmonitored period are based on both technological and physical-
chemical data.
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4 Contamination of the
Territory Surrounding Mayak
JL J\.m

Contamination of areas outside the Mayak site boun-
dary has arisen through both routine and accidental
releases of radioactive material. Between 1949 and
1956, authorised discharges of intermediate level
radioactive wastes directly into Reservoir 3 in the
Techa River resulted in heavy contamination down-
stream from the release point. Routine discharges to
the atmosphere from the stacks also contributed to
local terrestrial depositions. Two main accidents have
resulted in severe contamination outside the Mayak
site boundary. In 1957, an explosion in a HLW storage
tank caused severe 90Sr contamination of a 1000 km2

area within the Chelyabinsk, Sverdlovsk and Tyumen
Regions. This accident is frequently referred to as the
"Kyshtym Accident" and the contaminated area is
called the "East Ural Radioactive Trace". Secondly, in
1967, wind dispersal of contaminated sediments from
the beds of Lake Karachay resulted in l37Cs deposition
to an area of 1800 km2 surrounding the site.

4.1. Liquid radioactive waste
discharges into the Techa River.
As stated previously, the releases of liquid radioactive
waste to the Techa River were authorised under rou-
tine operations at that time. Between 1949-1951 a

total of 106 PBq of beta emitters and at least 2 TBq
alpha emitters (U- and Pu-isotopes) were discharged
to Reservoir 3, of which the majority were short-lived
nuclides and an estimated 12 PBq of 90Sr and 13 PBq
l37Cs. Between 1951 and 1956 the discharged activity
decreased with a factor of 100, and after 1956 autho-
rised releases of intermediate level waste to
Reservoir 3 were significantly reduced.

Due to heavy contamination downstream from the
point of release, the authorities evacuated the settle-
ment of Metlino (population 1200) in 1953 (Figure
4.1). Later, between 1956 and I960, 22 villages and
settlements were resettled, with a total population of
about 6300 (Kossenko, 1994). About 8000 ha of far-
ming land has been abandoned to date. Effective dose
equivalents to members of the population living in the
upper reaches of the river have been estimated at up
to l - l .7 Sv over 30 years, and there have been reports
of increased frequencies (2-5 times) of chronic radiati-
on sickness, leukopenia, neutropenia, thrombopenia,
immunosuppression and still-births in these populati-
ons (Buldakov, 1995). However, there is still much
work to be carried out on dose assessment and epide-
miological studies before the data on human health
can be evaluated with any degree of confidence.

Krasnoissetskoye

Pershinskoye

Bisserovo

movo jRusskaya
echa

Brodokalmak
o — evacuated villages

Figure 4.1 . The Techa River and evacuated villages
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4.1.1. Radioactive contamination ofTecha
River water.
The environmental monitoring of activity levels in the
Techa River started in 1951. A general picture of the
radioactive contamination of water along the 206 km
Techa River (and parts of the Iset River) for the years
1951-1956 is given in Table 4.1.1 and Figure 4.2.
During the heaviest discharges (1951), the yearly ave-
rage specific activity of the water in Reservoir 3 was

I MBq/l (30 nCi/l), and 0.4 MBq/1 (10 jxCi/I) in
Reservoir 4. Estimates made in 1956 showed that
Reservoirs 3 and 4 played a very important role in the
sedimentation of radioactive material discharged into
the Techa River. Some 40 % of the discharged activity
was associated with particles in the discharges. These
particles settled in Reservoirs 3 and 4, and led to con-
siderable reduction of water contamination by the
time it reached the Techa River.

Table 4.1.1. Mean annual radionuclide composition of water, 1951-1956, % of total (3-activity
Distance measured from Reservoir 4.

Year 89Sr + l40Ba »°Sr 95Zr + "1Mb 103,l06Ru l 3 7Cs Rare earths

Reservoir 3

1951

1952

1953

1954

1955

1956

35.3

43.4

27.2

35.8

23.7

27.2

15.6

21.0

23.7

18.2

10.8

14.7

-

-

5.6

20.0

21.9

24.1

-

-

-

-

13.6

6.0

7.8

5.4

5.0

7.1

11.8

11.3

41.8

30.5

-

19.0

18.0

16.0

Reservoir 4

1951

1952

1953

1954

1955

1956

25.0

40.3

33.4

39.3

24.8

27.8

15.0

25.0

11.4

23.4

13.7

27.9

-

-

5.9

2.5

11.0

12.7

-

-

-

-

15.6

4.5

26.3

8.5

12.4

10.1

12.9

12.2

25.0

26.2

-

13.8

16.6

15.0

Techa River, 49 km

1951

1952

1953

1954

1955

1956

37.9

40.0

29.0

31.2

25.0

26.2

28.0

32.0

29.0

31.2

25.0

26.3

-

-

~0

~0

~0

~0

-

-

-

-

2.9

10.2

2.3

7.4

16.3

7.6

5.6

7.7

31.8

20.6

19.2

-

17.1

15.1
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Year

Techa

1951

1952

1953

1954

1955

1956

Techa

1951

1952

1953

1954

1955

1956

Techa

1951

1952

1953

1954

1955

1956

Techa

1951

1952

1953

1954

1955

1956

89Sr+'40Ba '°s«\ ;,'-':.
River, 79 km

31.0

32.8

25.2

25.5

23.6

23.1

29.0

33.0

25.4

31.5

30.9

30.2

River, 109 km

24.2

24.5

26.6

28.7

20.5

18.3

30.0

29.0

29.0

41.3

30.0

27.7

River, 132 km

-

-

-

22.5

18.4

18.5

-

-

-

34.0

33.0

26.2

River, 206 km (mouth)

11.0

23.2

10.0

18.8

10.5

12.4

43.2

50.2

28.8

57.1

46.0

49.8

-

-

~0

~0

~0

~0

-

-

~0

~0

~0

~0

-

-

-

~0

~0

~0

-

-

~0

~0

~0

~0

.03, .06R u

-

-

-

-

8.1

5.2

-

-

-

-

-

5.4

-

-

-

-

4.5

4.1

-

-

-

-

5.9

1.2

l 3 7Cs

8.1

4.8

8.2

3.2

8.2

2.9

14.0

12.7

10.7

3.1

4.4

6.0

-

-

-

1.5

7.4

5.6

2.4

3.4

2.5

8.5

5.1

8.7

Rare earths

-

32.2

-

-

16.4

17.6

21.8

-

-

-

21.6

23.8

-

-

-

-

7.8

13.2

20.0

18.4

-

-

10.5

15.9
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During the period of the heaviest discharges, 1951,
the reduction in the specific activity of the water
entering the Techa River at the village of Metlino (see
Fig. 4.1) reached 86 % compared to the specific activ-
ity level in Reservoir 3. It was also estimated that 88 %
of the discharged 89Sr and 140Ba, 68 % of the 90Sr, 89 %
of the 137Cs, 91 % of rare earth nuclides, more than

98-99 % of 95Zr and 95Nb and 79 % of l03l06Ru were
retained in the bed of Reservoirs 3 and 4. This reten-
tion was due to both precipitation of suspensions as
well as sorption of radionuclides directly to bottom
sediments. Nevertheless, that part of the activity
which did not precipitate in the reservoirs was suffi-
cient to cause severe contamination along the Techa

and Iset Rivers.

Activity concentrations, kBq/l

400

40

0.4

0.04

1959

10 100
Distance from
Reservoir 4 (km)

Figure 4.2. Spatial and time variation of average
activity concentration of P-emitters in
water of the Techa and Iset Rivers
during 1951-1965.

Figures 4.2 and 4.3 illustrate the decline in
specific activity of Techa River water as a
function of distance from Reservoir 4 and
time. In 1951, activity levels decreased
more than 40-fold from the discharge point
(I MBq/l) to the mouth of the Techa (26
kBq/l). During 1952-1956, the mean reduc-
tion in the specific activity of water bet-
ween the discharge point and the mouth of
the Techa River was only about 9-fold.
During almost the entire period in quest-
ion, an increase in specific activity of water
in the Techa River was observed at a dis-
tance of 20-70 km from the discharge
point. This reflects the influence of the
broad boggy flood plain of the Techa upper
reaches (the Asanov swamp).

From 1951 to 1956, the mean annual act-
ivity concentration of p-emitters in the
water was reduced by a factor of 50. The
corresponding factor for 1956-1965, i.e.
after waste discharges had decreased, was
six. Hence, the total reduction over the
period 1951-1965 is about a factor of 300.
Despite the reduction in discharge volume,
the reduction in concentration activity
after 1952 was less efficient due to leaching
processes and remobilisation of radionucli-
des from contaminated sediments. Further-
more, the activity levels reflected an incre-
ased proportion of long-lived nuclides such
as 90Sr and l37Cs.

The radionuclide composition of the water
in Reservoirs 3 and 4 and the Techa River
during 1951-1956 is shown in Table 4.1.1.
It is clear that during the period from
1951-1956 the relative fraction (%) of the
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activity from long-lived 90Sr and l37Cs remained roughly
the same at all observation points. Some 10 years
after the discharges had decreased, the relative 90Sr
contribution had risen by 1.5-2 times, while the frac-
tion of l37Cs had fallen tenfold. Gamma spectometry
carried out on water samples between 1962 and 1964
showed that 90Sr and 90Y increased from about 80 % of
the total P-activity in water for the first 50 km, to
between 95 and 99 % of the P-activity along the who-
le Techa and Iset Rivers. l37Cs decreased from a maxi-
mum at 20 %, to between 0.3 and 3.6 % of the total
p-activity. At that time the l06Ru levels amounted to
between 0.1 and 0.4 %, and l+4Ce between 0.1 and
0.8 % of the total p-activity in river water.

The reduction of the radionuclide concentration in
water was estimated using the data given in Figure 4.2
and Table 4.1.1. It can be shown that radionuclides
were influenced differently by sorption and sedimen-

Activity concentration, (kBq/l)

Muslyumovo (79 km)

(185 km)

1951 1953 1955 1957 1959 1961 1963 1965
Years

Figure 4.3. Variation with time of mean
annual activity concentraion of
P-emitters in Techa river water.

Table 4.1.2. Mean annual reduction ratio for
radionuclides in Techa River
water (Bq/I in beginning of river:
Bq/I river mouth).

Radionuclides

»'Sr+M 0Ba

90Sr

9SZr + »sNb

Rare earths

Heavy dis-
charge period

(1951)

120

12

*

-

77

71

Less heavy
period

(1952-1956)

22

3.6

*

20

8.9

16

* - Fully retained in river sediments within
the first 10 km.

tation, i.e. retention processes, in the flood plain and
river bed (Table 4.1.2). Based on the reduction factors
between 1952 and 1956, four groups of radionuclides
may be identified in terms of their capacity to be
transported downstream.

• The first group, 95Zr (+95Nb), has the lowest
migration capacity, and is entirely precipitated on
the bed of the river within the first 10—20 km.

• The second group includes l40Ba, ">3-'°6Ru and
rare earth radionuclides, these have a considerable
capacity for retention by the river bed and are
reduced by a factor of 20 over the 200 km distance
between the discharge point and the mouth of the
Techa River.

• Group three includes l37Cs, which has a moderate
migration capacity and a reduction factor of ca. 10.

• The fourth group is represented by 90Sr which has
the greatest migration capacity. Its concentration in
water over the 200 km distance is reduced by only
3-^-fold.

One should bear in mind that the water flow in the
river increases with distance from the discharge point,
which dilutes the activity concentrations and effectiv-
ely increases the reduction ratios. Without this flow
increase, the 90Sr concentration in the water would
decrease by only a factor of 1.5-2.
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4.1.2. Radioactive contamination of
sediments and flood plain soils.
The mean activity concentration of beta-emitters in
river and lake sediments for the years 1951-1953 and
1955-1961 is shown in Table 4.1.3. The sediments
have a higher activity concentration than water, from
a factor of 102— 103 in Reservoirs 3 and 4 and in the
upper part of the river, to a factor of lO'-IO2 in the
middle and lower part of the Techa River. The incom-
pleteness and uncertainties in the data make it difficult
to estimate the spatial and temporal dependence of
the distribution coefficient, Kd (Bq/g / Bq/ml). How-
ever, it appears that Kd increases both with time (con-
centrations in water fall faster than concentrations in
sediments) and with distance downstream.

Comparison of the radionuclide composition of water
and sediments (Tables 4.1.1 and 4.1.4) showed that, in
1953, sediments were relatively rich in 90Sr (a factor of
2.5 times greater than water), 95Zr (a factor of 4) and
l37Cs (a factor of 3). However, about 10 years later
(1963-1964), the relative amount of 90Sr in the bot-
tom sediments was significantly reduced. Sediments
from the middle and lower streams of the river alrea-
dy held less 90Sr than the water (a factor of 1.5), but
had become relatively enriched in l37Cs. The Kd for
l37Cs had risen to 30 ml/g. This indicates the enchan-
ced mobility of 90Sr as compared to l37Cs, and high-
lights the importance of desorption of 90Sr from the
river bed as a source of 90Sr downstream.

Table 4.1.3. Mean activity concentration (MBq/kg, total (3-activity) in sediments, 0-10 cm layer,
1951-1961. Distance measured from Reservoir 4. (I MBq = 27 |j.Ci)

Location

Reservoir No. 3*

Reservoir No. 4*

1951

34-810

34-700

1952

0.70-480

0.70-480

1953

2.3-2700

0.59-590

1955

-

-

1956-1961

-

-

Techa River

18 km

34 km

49 km

79 km

109 km

132 km

167 km

185 km

194 km

206 (mouth)

-

-

-

-

-

-

-

-

-

-

25

3.7

I.I

0.78

0.67

0.59

0.20

0.11

0.28

0.018

4.8

I.I

0.7

I.I

-

0.26

0.36

-

0.10

-

1.8

0.96

-

-

0.19

-

0.01 1

-

-

-

1.8-2.6

0.18-0.34

0.08-0.2

0.015-0.03

-

0.004-0.03

-

0.007

-

0.004-0.02

Iset River

342 km (mouth of Miass River) 0.03 - - 0.01 -

* Uneven spatial distribution over bed area. Data for 0-100 cm bottom sediments.
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Table 4.1.4. Radionudide composition in sediments in 1953 and 1963-1964, % of total Inactivity.

a) 1953

Location

Reservoir 3

Reservoir 4

90Sr

34-70

15-63

MZr + MNb

12-33

10-41

l<B,IO6Ru

5-22

7-27

137Cs

10-18

15-51

" P

0-20

0

Others

18-37

14-41

Techa River

18 km

34 km

49 km

6

5

60

0

-

-

7-27

6

7

46-50

24-45

19-24

0

0

0

37

44

9

b) 1963-1964

Location *>Sr + 90Y IO6Ru + l06Rh l37Cs l44Ce + l44Pr

Techa River

49 km

55 km

132 km

185 km

6

12

60

95

1.7

1.3

2.8

1.6

92

86

36

2.0

0.2

0.6

1.0

1.2

Iset River

246 km

450 km

55

40

5.0

5.0

15

20

15

20

Provisional estimates made in 1956 show that, during
the heavy discharge period, about 80 % of the dischar-
ged activity settled on the bottom of Reservoirs 3 and
4, 14 % settled in the headstream of the Techa River
(of which 10 % ended up in the Asanov Swamp), and
0.88 % may have been transported into the Iset River.
Different radionuclides give different distributions.
According to the very preliminary estimates, the frac-
tions give an equivalent inventory in 1956 of, for 90Sr -
Reservoirs 3 and 4, 8.1 PBq; Dam 4 to Muslyumovo,
2.5 PBq, Muslyumovo to Zatechenskoye, 0.78 PBq;
and inflow to the Iset River, 0.38 PBq (220, 68, 21 and
10 kCi); and, respectively, for l37Cs - I 1.5, 1.3, 0.19
and 0.025 PBq (310, 34, 5.2 and 0.58 kCi). These figu-

res will be examined and adjusted accordingly in the
course of further work.

4.2. Accidental releases from the HLW
tank explosion, September, 1957.
The so-called Kyshtym accident is arguably the most
serious accidental release of radioactivity from the
Mayak PA. For decades, unconfirmed rumours about a
nuclear accident in the Urals was discussed internatio-
nally. However, reliable information on the cause of the
accident and the subsequent consequences became
available only in the early 1990s.
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4.2.1. Causes of the accident.
From the early period of Mayak PA activities, large
amounts of liquid high level waste from the radioche-
mical plant were subjected to long-term controlled
storage in metal tanks installed in concrete cells (see
Section 3.2). The tanks were water-cooled to remove
surplus heat. The equipment controlling temperature
and volume failed in one of the tanks. This tank con-
tained 70-80 tons of high-level liquid waste, mainly in
the form of nitrate compounds. Radioactive decay
caused an increase in temperature, followed by com-
plete evaporation of the water, and the nitrate salt
deposits were heated to 330-350 °C.

At 4.20 pm local time September 29th 1957, the tank
exploded. The explosion gave rise to a radioactive
plume which dispersed into the atmosphere. Based on
assessments of the radioactive contamination of the
adjacent territory, the plume was assumed to have
reached a height of about I km above ground. The
radioactive cloud moved with the prevailing wind in a
NNE direction. Radioactive material deposited as dry

deposition, and the contamination of the area corres-
ponded with the direction of the plume trajectory
(Fig. 4.4).

Of the 740 PBq (20 MCi) in the waste tank, about 90
% settled in the immediate vicinity of the explosion
site, primarily in the form of coarse particles within
the enterprise area. The remaining 74 PBq (2 MCi)
was dispersed by the wind and caused the radioactive
trace along the path of the plume. The contaminated
area was subsequently named "the East Ural
Radioactive Trace" (EURT) and included parts of the
Chelyabinsk, Sverdlovsk and Tyumen regions.

4.2.2. Radionuclide composition of the
discharge
The initial radionuclide composition of the accidental
discharge into the atmosphere is given in Table 4.2.1.
The composition was dominated by short-lived
radionuclides (l44Ce, 9SZr, IO6Ru) and 2.7 % long-lived
90Sr. The mixture corresponded to fission products
formed in a nuclear reactor after a decay time of

*Sv. Ekateriqburg

A£^

/W
Kasli / J^\

¥MQQ

^ © I r g a y a s ^

' / yr. Sinara

V/^-v /

f \ ^ r . Pyshma ^J»—

""N. Shadrinsk

/

/ ' ^ Tyumen ̂ >

~^-—-- " L -

r
Kurgan * ^

Figure 4.4. The Eastern Ural Radioactive Trace, (EURT).
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Figure 4.5. Radioactive decay of radionuclides in the 1957 accidental release.

about I year, with a depletion in long-lived l37Cs,
uranium and plutonium. The transuranics had been
removed prior to storage, and the treatment of the
radioactive waste involved the extraction of caesium
isotopes. A fairly rapid decrease in the levels of radio-
active contamination of the area was observed (Fig.
4.5): the short-lived nuclides had almost decayed
within 5 years. However, the presence of high levels
of 90Sr, caused long-term problems in the East Ural
Radioactive Trace.

4.2.3. Radioactive contamination of the
region
During the first two years following the accident,
extensive studies were made on the spatial distribu-
tion of contamination levels in the affected area. The
studies included ground surveys using gamma radi-
ation dose rate meters, aerial surveys of the gamma-
radiation dose rate, determination of the beta-particle
flux level, and sampling and radiochemical analysis of
soil, water and vegetation. These studies enabled a
general spatial distribution of the radioactive contami-

nation to be established and changes in the structure
to be followed during the initial period after the fall-
out.

The spatial macrostructure of the contaminated area
was fairly typical for dispersion of a plume released
from a point-source to the atmosphere with a subse-
quent ground deposition. The hypothesis of a near-
Gaussian dispersion of the cloud was supported by
the observed distribution of the radioactive contami-
nation levels in the affected area. The contamination
levels decreased both with distance from the source
and in the transverse directions from the trace axis
towards its periphery. The highest concentrations
were observed along the axis of the trace, along
which the contamination density decreased gradually.
Both the contamination density level and the density
gradients were at the highest in the "head" of the
trace, where the difference between the minimum
and the maximum density levels reached a factor of 5.
The initial maximum contamination density along the
trace axis, as a function of distance from the source
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(i.e. the explosion site) can be derived from the follo-
wing ratios:

for a distance of up to 50 km -

° in8
max '

a ZP = 6 7 • I09
°max °-' I U

for a distance of between 50 and 100 km -

max
>0 = | | . | 0 7 • g-0074(x-SO)

fT iP = 4 I . I O8 . a-O-074 (x-SO)

°max n > l I U e

for a distance over 100 km -

max
rr SP = I 4°max l / f

= 3 .7« I06

IO8<

g-0.048 (x-100)

_-0.048(x-IOO)

where: crmax
Sr90 is the maximum initial 90Sr contamina-

tion density of the territory, Bq/m2; o m a x
£ p is the

maximum initial contamination density of the terri-
tory by the mixture of beta emitting radionuclides,
Bq/m2; and x is the distance from the explosion site,
km.

The size and shape of the EURT was determined by the
time needed for the plume to pass the affected area.
At an average wind speed of 5-6 m/s at near-ground
level (or about 7.5 m/s at the height of the cloud), it is
estimated that the passage of the plume was complete
by about I I hours after the accident, and that the fall-
out lasted from several minutes at the head of the tra-
ce to 1/2-1 hour at its most remote parts.

However, the trace formation was not completed
after deposition of material. Both deposited particles
and the contaminated soil surface were easily disper-
sed with wind, and resuspension of fallout material led
to a spatial transfer of the radioactive material in the
direction of the prevailing westerly winds. These pro-
cesses, which took place essentially during the first
1-2 weeks after the accident when the weather was
dry and the winds were fairly strong, caused contami-
nation of an additional area of about 50 km2 to the east
of the trace head. Consequently, the width of the con-
taminated area at the head of the trace was enlarged.

Table 4.2.1. Radionuclide composition of the
discharge from the Kyshtym
accident September 1957.

Radionuclide*

• • . • • - . • • . . • • • • • • • • • •

-.-. - . • • " . • . ' • • : • ' • " . . • . " • • • •

:-l06R^:+;:1()tRh:.:^;

:.r4Tpiti;:;•.§:;;.; •

Pu-isotopes

Half-life

51 days

29.1 yrs

65 days

l y r

30 yrs

284 days

2.6 yrs

5 yrs

Relative
contribution of
the activity, %

trace

5.4

24.9

3.7

0.04

66

trace

trace

trace

* - in decay equilibrium with daughter products.

The macrostructure of the radioactive contamination
from the 1957 accident differs markedly from the spa-
tially inhomogeneous distribution of fallout from the
Chernobyl accident in 1986. In the Urals, the radio-
active plume was rather uniformly distributed, with no
distinct hot spots with respect to radionuclide levels
or composition. The spatial distribution of the trace
was governed by the initial dispersion and dry deposi-
tion of fallout material. Even though the distribution
of contamination within one or several hundred
metres was relatively uniform, enrichment in the con-
tamination density was observed in forest margins and
in depressions with no outflow (factor of 2).

Following deposition, migration of 90Sr within the con-
taminated ecosystem was influenced by biogeochem-
ical processes and transformation processes. Even
though 90Sr fallout was present in a soluble form
(nitrate salts), hot microspots were identified within
I m2 areas. This illustrates the particulate nature of
the fallout and a rapid sorption of the soluble 90Sr
species to soil components.
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4.2 A. Radiological consequences of the
EURT.
Due to its radiological significance and long half-life,
90Sr was selected as the reference radionuclide rela-
tive to which all assessments of radioactive contami-
nation were made. A deposition of 3700 Bq 90Sr/m2

(0.1 C\ 90Sr/km2) was taken as the minimum detect-
able radioactive contamination density (correspon-
ding to the analytical capabilities of the 1950s), which
was equivalent to twice the level of 90Sr deposition
from global fallout at that time. The length of the
trace in or above this limit was 300 km (as far as the
town of Tyumen), with a width of 30-50 km. The
contaminated area was earlier estimated to be bet-
ween 15,000 and 20,000 km2 (Table 4.2.2; Fig. 4.4).

When the official boundaries of the EURT were est-
ablished in 1958, a contamination density of 74
kBq/m2 (2 Ci/km2) for 90Sr was taken as the interven-
tion level for evacuation of the population. An area
of approximately 1000 km2 had contamination levels
equal to or higher than this level, thus about 5 % of
the contaminated territory falls within the official
boundaries. The EURT (officially having boundries of
contamination density greater than 74 kBq 90Sr/m2) is
largely situated within the Chelyabinsk region.

The area contaminated to levels causing a serious
radiation hazard to man and the environment is defi-
ned as that greater than 7.4 MBq/m2 (100 Ci/km2) for
90Sr, and covered somewhat more than 100 km2, about
0.5 % of the total contaminated territory. The maxi-
mum contamination density measured, close to the
explosion site, was 150 MBq/m2 (4000 Ci/km2) for 90Sr.
The initial gamma radiation dose rate was on average
150 (iR/hr per I Ci 90Sr/km2 (37 kBq/m2).

At the time of the accident, 63 % of the territory
affected by the EURT was in use for farming purposes
(Table 4.2.3). A further 20 % was woodland and 23
rural communities were located within the 1000 km2

area. To ensure radiation protection, the population
of these villages, 10,700 people in total, were reloca-
ted during the first 22 months after the accident. A
temporary ban on utilization of the affected area was
also introduced. In 1961, however, reclamation of the
contaminated area was initiated using various types of
countermeasures (e.g. deep ploughing, special stock-
raising and agrochemical methods), and so far 82 % of
the area has been reclaimed. Utilization of the remai-
ning contaminated 180 km2 at the head of the trace is
still banned and the location of population is restric-
ted. However, the area is used for research purposes.

Table 4.2.2. Contamination densities and associated affected areas.

, Initial contamination density

«>Sr

kBq/m2

3.7-74

74-740

740-3700

3700-37000

37000-150000

Ci/km2

0.1-2

2-20

20-100

100-1000

1000-4000

Total activity

MBq/m2

0.14-2.7

2.7-27

27-140

140-1400

1400-5600

Ci/km2

3.7-74

74-740

740-3700

3700-37000

37000-150000

Area, km2

-15000-20000*)

600

280

100

17

Boundaries of the areas having contamination destiny of 3.7 kBq 90Sr/m2 could not be established reliably.
EURT is officially defined as the area having 90Sr deposition greater than or equal to 74 kBq/m2.
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Table 4.2.3. Categories of lands within the
official boundaries of the East
Ural Radioactive Trace.

Land category

Agricultural land
total

arable land

layland

hay land

pastures

farmyard areas

Woodlands

Shrubbery

Bogs

Other areas including
water expanses

Area,
% of affected area

63.0

40.0

1.5

9.0

12.0

0.5

20.0

1.0

3.0

15.0

One immediate consequence of the EURT was the
direct radioactive contamination of the environment,
agricultural produce and the food supply for the
population. The characteristic features of the initial
period, i.e. 2 years after the accident, were:

1. Severe contamination of all surfaces, especially of
soil cover and vegetation, exceptions being water
reservoirs and boggy areas.

2. Transfer of radioactive material to the soil from the
crowns of trees and other raised points in the envi-
ronment.

3. Wind resuspension and water run-off of weakly
bound radioactive material from the surfaces of
soils and vegetation.

4. Transfer of the deposited radionuclides associated
with surface contamination of vegetables to edible
parts of the product.

5. Negligible root uptake of 90Sr in the 1958 harvest,
as compared to surface contamination from resus-
pension.

From the East Ural Radioactive Trace
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Immediately after the accident, activity levels in vari-
ous parts of the environment and in agricultural pro-
duces increased by a factor of 10-1000 in peripheral
regions, and up to a factor of 100,000 in the head of
the EURT, as compared to background levels.
Agricultural produce which had been stored during
winter (e.g. stacked hay) was also affected. The maxi-
mum concentration of radionuclides was observed for
surface-contaminated natural samples, e. g. soils,
grasses, crowns of trees; and minimum concentrat-
ions were found in water reservoirs having a short
residence time, potatoes and cow's milk (Table 4.2.4).

During the growing season in 1958, one year after the
accident, surface contamination decreased and the
activity levels decreased substantially. However, wind
resuspension of contaminated soil particles resulted in
increased radionuclide levels in vegetation and other
agricultural products. In general, activity levels in the
environment in 1958 were reduced by a factor of 2.8
when corn-pared with the initial levels (due to radio-
active decay), and the contamination levels of vegeta-
bles decreased with a factor of between 2 and 70.
Conversion from surface contamination to root up-
take of radionuclides can result in reductions of activi-
ty levels in vegetation by a factor of 100. However,

Table 4.2.4. Mean (range) of relative activity concentrations of the radionuclide mixture in natural
samples and agricultured produce, normalised to I Bq/m2 of the initial fallout activity
in 1957 (i.e., Bq/kg sample relative to I Bq 90Sr/m2). *

Specimen

Undisturbed soil
(0-5 cm layer)

Water in
surface
reservoirs

lakes without
running water

river draining
the trace

rivers passing
through the trace

Natural grasses

Pine needles

Grain

Potatoes

Hay

Cow's milk

Vegetables, various

Autumn 1957

0.74

0.0046
(0.0022-0.0070)

0.0023

0.00028
(0.00004-0.00050)

14
(6.4-150)

20
(4.0-40)

0.22
(0.045-0.29)**

0.0029
(0.00068-0.0068)**

4.1
(0.42-7.7)***

0.0062
(0.0010-0. I I )

—

Summer-autumn 1958

0.26

0.0012

—

—

0.20
(0.092-0.41)

2.2

0.012
(0.0016-0.037)

0.0016
(0.00015-0.0038)

1.6
(0.74-3.3)

0.00097
(0.00023-0.0019)

0.0031
(0.00023-0.013)

***

Bq/kg to I Bq 90Sr/m2 is equivalent to u,Ci/kg to I Ci 90Sr/m2.
During fallout, the harvest was stored. Averaged data are given for already harvested and not harvested
products.
Hay harvested and stored before accident occured.
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the contribution of non-root uptake to radionuclide
levels in the 1958 harvest was estimated to 85-95 %.

During the initial 2 year period, heavy resuspension
and intensive radioactive fallout was demonstrated in
adjacent areas. In the leeward part of the trace with
initial contamination density of about 37 kBq 90Sr/m2,
the fallout intensity during October-November 1957
reached 34 kBq 90Sr/m2 per month; in the summer
1958 the fallout was 5.7 Bq 9°Sr/m2 per month. At a
distance of 45 km from the axis of the EURT, in the
direction of the prevailing winds, the corresponding
fallout was 7.4 and 1.7 kBq 90Sr/m2 per month, respec-
tively.

4.2.6. Radioactive contamination of the
environment during the intermediate and
late phase
The intermediate phase refers to the period
1959-1962, during which the amounts of short-lived
nuclides decayed to negligible amounts, and the long-
lived 90Sr became the major contributor to contamina-
tion of the environment. The long term period refers
to the period from 1963 to date.

Both periods can be characterised by the following
features:

1. Biogeochemical processes influence the behaviour
of 90Sr and other radionuclides;

2. Physical and chemical transformation processes
occur and deposited radioactive material is trans-
formed to physico-chemical forms similar to natural
stable analogues (e.g. stable Sr);

3. The migration of 90Sr and other radionuclides in
the ecosystem is primarily determined by their
speciation in the soil surface layers and reservoir
sediments;

4. The overall rate of decrease in the contamination
levels of the environment, is determined by the
combination of the rate of radioactive decay and
the rate of migration of radionuclides to biologically
inaccessible parts of the ecosystem.

During the intermediate and long term periods, the
distribution of the radionuclides in undisturbed soil
profiles changed significantly. The overall result of the
effective diffusion, including true diffusion and mass
transfer due to convective transport with water, was

a substantial decrease in the 90Sr concentration in the
surface layer of soil and a 90Sr enrichment in the lower
layers down to 10 cm depth (Fig. 4.6). These proces-
ses were most pronounced in soddy-podzolic soils
with a low sorption capacity. The ecological half-life of
90Sr in the upper 2 cm layer of soil was estimated to
be 5-13 years for chernozem and grey forest soils and
2-6 years for soddy-podzolic soil (Table 4.2.5). An
important consequence of the depletion of 90Sr in the
surface layer of soils was decreasing resuspension and
run-off of the radionuclide in the environment.

In general, 90Sr in soils did not show any significant
change in the fraction of mobile forms after 1958. The
proportion of water-soluble and ammonium-acetate-
exchangeable forms of 90Sr in the surface layers remai-
ned fairly constant, and amounted to about 1.5-2.8
and 82-97 %, respectively, of the total 9°Sr concentra-
tion.

In lakes without running water, the vertical distribu-
tion of the 90Sr in sediments and its concentration in
water changed significantly with time (Fig. 4.7). After
the initial physical and chemical interaction between
deposited 90Sr and the water, and coprecipitation with
suspensions, the ratio of the 90Sr concentration bet-
ween water and sediments was on average 1:9. The
observed half-life of 90Sr in reservoir water was about
160 days. With time, the migration of 90Sr into sub-
surface and lower-lying layers of sediments led to a
decrease in the 90Sr concentration in water. The water
concentration of 90Sr is controlled by the distribution
coefficient (Kd) in the surface sediment water system.
Following the intermediate phase, the 90Sr concentra-
tion in lake water and in fish decreased with an effec-
tive half-life of 7-8 years. At present, the concentrat-
ion ratio, CR, for 90Sr in fish in the four most contami-
nated lakes is 180-600, and 100-360 for l37Cs.
(CR = Bq/kg fish per Bq/I water.)

The 90Sr accumulation in fish shows a decrease with
increasing Ca2+ concentration in the water. However,
this relationship is non-linear since it is influenced not
only by the hydrochemical characteristics of the
reservoir, but also by the trophicity indices of biolog-
ical species. No correlation between the l37Cs accum-
ulation in fish and the Na++K+ concentration has been
observed.
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Table 4.2.5. Physico-chemical forms of 90Sr and l37Cs and their migration in soils
during 1982-1993.

Variables

Radionuclide
species in
surface soils
(0-5 cm), %

Relative
distribution
down the
soil profile, %

cationic

anionic

neutral

water-soluble

exchangeable

non-exchangeable

0-2 cm

2-10 cm

10-50 cm

Rate of linear vertical migration
down the 0-10 cm layer, cm/yr

Half-life for removal from
the 0-2 cm soil layer, yr"1

Leached chernozem

90Sr

52

13

35

2

85

13

28

66

6

0.30

5-13

l 37Cs

51

32

17

0.1

20

80

42

49

9

0.15

31

Grey forest soil

90Sr

60

27

13

2

84

14

10

73

17

0.30

7-8

l 37Cs

44

32

24

0.1

12

88

52

38

10

0.15

16

Sward-podzolic soil

'°Sr

68

25

7

n.a.

n.a.

n.a.

5

43

52

0.52

2-6

l37Cs

29

30

41

n.a.

n.a.

n.a.

48

28

24

0.19

16

Transfer of 90Sr into vegetation during the intermed-
iate and late phases periods took place via both root
and non-root uptake. Non-root uptake (i.e. resuspen-
sion and direct contact with the soil surface) had virt-
ually decreased by the end of the intermediate phase,
falling to 5-10 % in 1962. During the later phase, non-
root intake amounted to only about I-1.5 % of the
total plant contamination.

Root uptake is governed mainly by the plant's demand
for calcium, which in turn depends on the plant spec-
ies, the agrochemical properties of the soil, and the
vertical distribution of 90Sr in the soil profile (i.e. con-
centration in the rooting zone). Hence, 90Sr concen-
trations in vegetation from root uptake varied with
time. For many natural grasses, a peak 90Sr concentra-
tion was observed 4-5 years after the accident (Fig.
4.8), due to the time needed for 90Sr to migrate to the
plant root layer. Based on the 90Sr concentration in
timber, a similar effect was observed for pine and
birch trees 10-12 years after the accident (Table
4.2.6). Between 1962-1993, the overall decrease in

the '°Sr concentration levels in natural vegetation was
a factor of 2.5-10.

The accumulation of 90Sr in agricultural crops depends
on the ratio of the 90Sr and stable calcium concentra-
tion in the harvest-soil chains. As there is no marked
discrimination of 90Sr relative to calcium via root up-
take, the 90Sr:Ca ratio in the soil remains about con-
stant in all subsequent components of the harvest. As
a result of differences in the agrochemical indices for
the soil, and especially in the content of exchangeable
calcium in the soil, an relative increase in 90Sr accumu-
lation is observed in crops harvested from less fertile
soils, namely soils with a low exchangeable calcium
content (e.g. sandy soddy-podzolic soils). To evaluate
root uptake of 90Sr to agricultural crops, the
Klechkovskii completed-index (KCI) has been utilised:

KCI = (90Sr concentration in plant relative to Ca con-
tent in plant) / (90Sr contamination density relative to
exchangeable Ca content in root layer of soil).
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The experimental values of the KCI,
109 (km2 • mg-equiv Ca)/(g Ca • 100 g
soil), were:

grain (cereals, legumes): 9
potatoes and vegetables: 15

hay, straw, silage (arable land): 14
hay from natural grass: 60.

Recently, a decrease in the 90Sr accu-
mulation in the harvest has been

documented when compared with
the rate of radioactive decay of 90Sr.
This is partly due to the removal of
90Sr from the soil with the harvest,
and possibly a decrease in the biologi-
cal availability of 90Sr for root uptake.
The mean rate of exponential dec-
rease in the 90Sr concentration in the
harvest is characterised by a effective
ecological half-life of about 7-8 years.

4.2.7. Wind and water
m igra ti o n of'"' S r
Resuspension and surface run-off

were important factors influencing

the transfer of radioactive material

onto soil-vegetation cover. Factors

determining this migration processes

included the extent of erosion pro-

cesses and the radionuclide concen-

trations in the surface soil layers

affected by the erosion processes.

The effect of wind resuspension on
transport of radioactive material from
the soil surface is a function of:

I. The intensity of wind lift, d (s~'),
defined as the ratio between the
intensity of the vertical flux of
radioactivity (Bq nr2 s~') and the
radioactive contamination level
(Bq/m2).
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Figure 4.6. Spatial and temporal variation in the 90Sr
concentration in soil profiles.
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Figure 4.7. Temporal variation in the mean 90Sr content
in lake ecosystems (relative units).
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I - Sr content in water,
relative units;

II - 90Sr content in fish,
relative units;

III - Sr content in sediments
from Lake Uruskul,
0-5 cm layer, relative to the
total content in 0-75 cm
layer;

IV — same, in 10-15 cm layer;
V - same, in 5-10 cm layer.
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Figure 4.8. Temporal change in mean 90Sr concentration in natural grass vegetation
(relative units).
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Table 4.2.6. Temporal change in the mean 90Sr concentration in vegetation (relative to unit
contamination level of 90Sr), IO~3 m2/kg dry matter.

Vegetation

Grass vegetation in meadows

Wood plants pine

birch

needles

timber

leaves

timber

1960-1962

2.5-1.5

50

0.05

30

0.5

1970-1975

1.5-9

5.5

1.0

12

1.8

1992-1993

1-6

2.7

0.3

9.2

1.2

2. The resuspension coefficient, Kr (trr
1) defined as

the ratio between the concentration of the radio-
active matter in the near ground layer of air (Bq/m3)
and the radioactive contamination level (Bq/m2).

The wind resuspension intensity has shown a constant
decrease with time: from d = 10~9-l 0~7 s~' during the
first five years, to 10~''-10~9 s~' during the next 20
years. A similar decrease was also observed for Kr,
decreasing from IO~7-IO~6 to IO~9 m~' in 20 years. In
the first few years, wind transport removed about
0. l - l % of the total content, while nowadays the
transport is negligible: 10~3-l 0~2 %. Apart for the initial
phase, radionuclide transport by wind was insignifi-
cant for the overall situation. During the intermediate
and long term phases, wind transport affected trans-
port over only tens or hundreds of metres. In the ini-
tial period, the effect of wind-assisted transport rea-
ched tens of kilometres.

Migration of radioactive matter with water run-off
within the EURT is governed by the surface slope, and
the groundwater and fluvial run-off. Water flowing
into the area accumulates in lakes without output, in
depressions and bogs without run-off, and in the 4
small rivers flowing through the EURT.

Surface run-off of radionuclides takes place primarily
during the spring thaw: about 70-80 % of the annual
flow is attributed to snow melt. The intensity of
radionuclide surface run-off has been found to depend
on the intensity of the water run-off itself (i.e. relief,
water reserves in catchment area, water content in
surface layer of soil), the concentration and solubility
of the radionuclides in the surface layer of soil, and

also the intensity of soil particle degregation on swel-
ling. Experimentally determined values for the surface
run-off coefficients for radioactive material (Bqm^yrV
Bq nr2) obtained during 1962-1967, are given in Table
4.2.7. With the exception of wooded landscapes,
where the run-off is minimal, the total annual run-off
of radioactive material was less than I % per yr of the
total in the catchment area. The rate of exponential
decrease in the annual radionuclide run-off may be
expressed in terms of an ecological half-life of around
7-8 years. The fraction of solid run-off of 90Sr (the
proportion attributable to soil particles) is 50-60 %
on ploughed land and 10 % on meadows and soddy
areas. The corresponding fraction for l37Cs is 90 %.

As an overall estimate based on the entire contamina-
ted EURT area, and taking various kinds of landscapes
and ecosystems into account, the mean annual radio-
nuclide run-off coefficient was in the order of 0.2 %/yr
in the 1960s. This is equivalent to a mean 90Sr concen-
tration in the run-off water of 35 mBq 90Sr/l from an
area contaminated with I kBq/m2. At present, the
mean 90Sr run-off coefficient is estimated to be 0.05
%/yr, and the 90Sr concentration in the run-off water is
about I mBq/l in areas with a contamination density
of I kBq 90Sr/m2.

The groundwater run-off within the EURT area origi-
nates in general from well-drained, non-wooded
watersheds and river terraces. Groundwater run-off
occurs from excess water in the soil due to precipita-
tion, which filters through the ground layer into deep-
er-lying underground water. The groundwater run-off
of radionuclides is far less significant than the surface
run-off. During infiltration, sorption of the dissolved
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radionuclides to soil surfaces takes place, and the
water becomes depleted. No experimental estimates
of the intensity of the groundwater run-off of radio-
nuclides have been made. However, in the 1960s, 90Sr
concentrations in groundwater within the head and
middle parts of EURT (where maximum contamina-
tion density ranged within lO'-IO2 MBq 90Sr/m2) were
low, 0.5-8.9 Bq/I, and did not correlate with the con-
tamination densities. In the outflows of groundwater
and underground water feeding the Karabolka and
Sinara Rivers, the 90Sr concentration ranged from
0.2-1.5 Bq/I during the 1960s. Taking into account
contamination densities, the 90Sr concentration in the
ground-water was roughly a factor of 100-1000 lower
than in surface run-off water. Thus, groundwater run-
off is of little significance for the transfer of radio-
nuclides from the EURT.

Four minor rivers (Sinara, Bagaryak, Boevka,
Karabolka) drain through the >74 kBq 90Sr/m2 zone of
the EURT, being fed from surface and groundwater
run-off. Fluvial run-off transfers radionuclides into the
hydrographic system of the Rivers Sinara, Iset, Tobol
and Ob. The entry of radioactive material into the
river system may be described using the relationship:

where:
U = q M t S

U is the annual run-off of radioactive material, Bq/yr;
q is the mean radionuclide concentration in the run-
off water, Bq/m3; M is the run-off modulus, m3 yr1 nr2;

t is the duration of run-off, proportion of year,
(dimensionless); and S is the catchment area, m2.

The resultant radionuclide concentration in river
water during run-off depends on the dilution of the
flow with uncontaminated water from other sources.
Thus, the rivers flowing through the EURT region
have a 90Sr concentration substantially lower than
rivers originating from within the contaminated terri-
tory, even for identical radioactive contamination den-
sity levels in the water catchment areas. The flow-
through rivers receive about 70—80 % of the annual
surface run-off from the contaminated area during the
spring snow melt, while only 30 % enters rivers from
contaminated boggy areas. Boggy sources give a steady
input of water to the Rivers Karabolka and Boevka;
maximum 90Sr concentrations in these rivers occur for
about 2-3 months after the beginning of the spring
flooding. The run-off coefficient from boggy areas rea-
ched 4 %/yr in the 1960s, as a result of a high concen-
tration of soluble 90Sr species, including organic forms.

The fluvial run-off follows the pattern of surface
radionuclide run-off. During the initial post accidental
phase, the radionuclide run-off of the River Sinara was
about 0.3 %/yr, relative to the radionuclide contami-
nation content in the water catchment area. During
the next decade, the run-off decreased to 0.05-0.1
%/yr. It has been estimated that, since 1957, about
20 TBq (500 Ci) has been washed out from contami-
nated areas into rivers entering the River Sinara basin.

Table 4.2.7. Springtime surface run-off of radioactive material in different landscapes during
1962-1967 (escape gradients 3-7°).

Type of landscape

Agricultural (arable land)

Mixed
(wood, meadow, arable land)

Meadow

Woodland

Annual water run-off coefficient
(lm-2/lm-2)

0.6-0.7

0.4-0.5

0.7

0.01

Cofficient* of annual liquid + solid
run-off of radioactive material

(Bqm-Vr'/6qm-2)

(l. l-2.5)xl0"3

(I.O-2.O)xlO-3

(l.5-3.0)xl0"3

5xl0"7-3xl0-5

*' The minimum and maximum values generally relate to the beginning and end of the observation period.
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Of this, 11 TBq (300 Ci) was washed out during
1957-1960. The corresponding run-off of 90Sr was
about 5.6 TBq (150 Ci) for the entire period, while
about 3.3 TBq (90 Ci) is attributed to the initial phase.

4.2.8 Biological effects observed within
contaminated East Ural Radioactive Trace
ecosystems.
As a consequence of the intensive radioactive conta-
mination, various biological effects have been obser-
ved in the EURT territory. The effects were pronoun-
ced in the highest contaminated areas during the init-
ial phase (the first l - l .5 years). During this period the
exposure was characterized by the presence of short-
lived beta and gamma emitters. Following the initial
phase, the radiation exposure decreased due to decay
of the short-lived radionuclides (e.g. 95Zr, 95Nb, l44Ce,
l06Ru). During the following period, the chronical
exposure to biological systems from long-lived nucli-
des, especially 90Sr+90Y, was comparatively low.

When assessing the consequences of radiation expo-
sure in a ecosystem, attention is paid primarily to the
biological effects on the population or communities of
species as a whole. This differs from human exposure,
where risks to the individual are usually given the hig-
hest priority. This section will present results of studi-
es on both individual and population based assess-
ments of biological effect in EURT biosystems, as well
as their capability for recovery and repair. Possible
effects on humans are discussed briefly in Chapter I I.

The absorbed external and internal exposure doses
to various different biological species from the beta
and gamma radiation in the EURT are given in Table
4.2.8. Exposures have been normalised to the conta-
mination density of 90Sr. During the initial acute phase,
the most severe biological effects were observed in
the head and axis of EURT. Numerous visible effects
ranging from noticeable to lethal damages were
observed in forest ecosystems. The most severe
effects were observed in pine due to the high radio-
sensitivity of pine compared to other plant species
(e.g. a factor of 10-20 greater than birch) and because
of higher doses from retention of fallout in the tree
crown (Table 4.2.8 and 4.2.9).

The earliest radiation effects in pine trees were
observed during spring 1958. Initially the needles tur-
ned yellow, thereafter the branches dried out, the
apex and lateral bud development was depressed or
absent, and new shoots were thick and short with
elongated needles. In the most contaminated parts of
territory, pine buds exposed to 30-40 Gy were dead
by the autumn 1959. In areas having a crown dose of
up to 5 Gy, radiation effects were observed for 2-3
years after the accident. In addition to the mentioned
damages, several other effects were observed in the
pine. These included delays in the development of
plant tissue, defects in needle development, insuffici-
ent increase of shoots and stem, morphological
changes in different tissues, and reduction in fertility
of seeds and pollen.

Sub- or non-lethal damages observed in birch trees
with a dose in bud meristem of <200 Gy during the
4-5 years period after the accident were:

© drying of crown,
« underdeveloped leaves, and
• delay in leaf showing and blossoming.

Among grass species, major effects were observed in
perennial plants with surface reproducing buds, due to
high exposure from the soil surfaces. Death of vegeta-
tion was observed at doses higher than 200 Gy, i.e. in
areas contaminated higher than 18 MBq 90Sr/m2. These
effects were observed up to 3—4 years after the acci-
dent. Dead species were substituted by plants with
reproducing buds within the soil or by annual plants
with reproduction by seeds. At exposure doses of
150 Gy (14 MBq 90Sr/m2), death of adult grass plants
could not be observed. However, morphological
changes (e.g. increase in size, chlorosis, leaves growing
blue and twisty, decrease in the grain number per
year, partial or total loss of seed germinating ability)
could be observed 2-3 years after the accident.

Primary radiation effects were sometimes accom-
panied by secondary changes in the microclimate (e.g.
lightness, moistening), especially in damaged forests,
which resulted in a increase of the grass vegetation
biomass.
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• v • Birch forest, EURT

Studies of the fauna status were unfortunately initi-
ated after the initial acute phase. Therefore, assess-
ment of radiation effects on the EURT fauna can only
be made from experimental studies such as the use of
a mobile gamma radiation unit. At equal contaminati-
on level, and with small native habitat radius, the ratio
of dose to lethal doses for different fauna species
highlights differences in the radiosensitivity of different
taxonomical groups, and shows that the most strong-
est radiation effects should be observed in mammals
and wintering birds (Table 4.2.10). Death of different
animal species should be expected following the ave-

rage initial contamination levels;

Animal species

mouselike rodents
big mammals
wintering birds
fish

MBq 90Sr/m2 (Ci/km2)

5(150)
3(80)
4(100)
70 (2000)

Taking into account the large habitat radius of native
mammals and birds, and the large gradient in the con-
tamination density level, lethal effects should be
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Table 4.2.8. Total absorbed dose (external and internal beta and gamma irradiation) relative to
the 90Sr initial contamination density.

Vegetation

Grass, vegetation

Trees

Soil invertebrates

Birds

Mouselike rodents

Large mammals

Water organisms

seed and hibernation buds
on the soil surface

pine

birch

crown

needles and buds

seeds

crown

buds

seeds

• • , : ' • • • '•. - .:•-'• ':•;.:••;'•':••' ' • • : ' . • . ' ' • ' • " : " : : '\'iy.y>. •••?;••;• .:•';':':'•','•':
• : • • : . . - - , - : • • • - • _ . - . y - . - : • - • ; - - - / ; . . :•• ••:v.y.w. • ;.-.-•-:. y.yy y.-y

" "': - . • ' . " : . - ' - : ' : ' : '•','/-£• '"•••.•'•-'•'<•••'."-•-} • : ! : : : " - " ; 1 ^ " - r - : i - ; : ' v
; " " : ' ^ ^ - - : : : ;

skeleton

skeleton

skeletons

Initial phase
|J.Gy/(Bq 90Sr/m2)

II

-

5.4

2.7

-

1.9

0.81

5.4

2.7
-

1.9
-

2.7
-

0.54

Late phase
HGy/(Bq »°Sr/m2)

0.0094

0.0014

-

-

0.0040

-

-

0.054

0.16

0.27

0.016

-

Table 4.2.9. Radiation effects in the trees after the initial acute phase.

Indexes

Noticeable and substancial damages:

- mimimum dose Dmin causing the damages, Gy

- initial contamination density corresponding to Dmln
MBq90Sr/m2(Ci 90Sr/km2)

Death of separate trees and stands as a whole:

- lethal dose LD, Gy

- initial contamination density corresponding to Dmln
MBq90Sr/m2(Ci »°Sr/km2)

- area of solid tree stand death, km2

Pine forest

5.0

— 1
(-30)

40

-7.5
(-200)

20

Birch forest

50-100

-10-20
(-300-600)

200

-100
(-3000)

5
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expected for big mammals and wintering birds only
when habitat areas include maximum contamination
levels that exceed the lethal level by one order of
magnitude (i.e. tens of MBq/m2). These contamination
levels are characteristic for the head of the EURT.

In the early 1960s, studies on biological effects in ani-
mal and bird populations (e.g. decrease in numbers,
changes in structure and productivity) within the
EURT region were initiated. The investigations
demonstrated the following:

1. No severe radiation effect could be observed for
the elk, roe deer, wolf, and hare populations. Any
possible effects induced during the initial acute
phase were rapidly compensated by the influx of
animals from outside.

2. Appreciable adiation effects were observed in
populations of rodents (e.g. mice) in areas with a
contamination density of above 37 MBq 90Sr/m\
where the dose rate during the initial phase was
close to O.I Gy/day. These included changes in the
population structure, immune system weakening,
mortality increases, and decrease in individual life-
span. None of these effects are observed 15-20
years after the accident. However, some morpho-
logical changes do remain in the animal blood, even
though the structure and vitality of the population
is similar to controls.

3. The major part of the bird species in the EURT ter-
ritory is migratory. Thus birds were first exposed
to the contamination during spring 1958, when the
dose rate was about 1/10 of the initial dose.
Maximum dose to the birds was less than 4-10
times the lethal dose, thus bird death has not been
monitored.

4. In two of the most contaminated lakes in the EURT,
it was estimated that the initial radiation dose rea-
ched 10—20 Gy during the acute phase. It was assu-
med that these doses could be lethal to fish roe
and spawn and cause a temporary (2-3 years) dec-
line in reproduction. Investigations in the 1960s
could not corroborate this hypothesis, nor did they
indicate the presence of radiation effects in plank-
ton, benthos, and vegetation.

5. No radiation effects were observed in insects,
including ants living in the highly contaminated
forest litter.

6. Radiation effects were observed during the 1960s

and 1970s in some soil invertebrate taxonomical
groups living in the most contaminated area (i.e.
dew worms, nyriapodes, hard ticks). The observed
effects included changes in the community structu-
re and decrease in numbers for certain invertebrate
species, mainly those characterized by long life
cycles and prolonged juvenile phases. Effects were
observed in areas having initial contamination levels
of 3.7-37 MBq 90Sr/m2 (100-1000 Ci/km2) and
assessed doses of 20-200 Gy.

On the whole, renewal of affected biological systems
could be observed 3^4 years after the accident. By
this time the radiation exposure and received doses
were significantly reduced due to the decay of short-
lived radionuclides. At present, vegetation communit-
ies are fully restored with a normal species variety,
and productivity in accordance with the natural suc-
cession in the biotopes. Renewal of dead or severely
damaged birch stands occurred mainly through new
shoots from stems and stumps. However, for dama-
ged pine stands, the renewal was incomplete. Partial
renewal was obtained from the seeds. Within signifi-
cant parts of the affected area, the pine was substitu-
ted by birch.

At present no significant differences in the fauna
structures between contaminated areas and control
areas can be seen. However, the radiation exposures
of biological systems has resulted in genetic effects in
specific plant and animal species. It is interesting to
note that radiation genetic effects in natural popula-
tions have developed through long-term exposure.
Thus doses during the initial acute phase were of less
importance. Investigations of genetic effects were ini-
tiated 5 years after the accident, during a period with
relatively low exposure levels. The results showed
that radioactive contamination had increased the fre-
quency of mutation processes (e.g. chromosome
aberration) in plant and animal populations. The fre-
quency of genetic effects showed linear dependency
on the dose absorbed and dose rate. When the
absorbed dose rate decreased in course of time, so
did the frequency of mutation processes. Some of the
effects, for example chromosome aberrations, quickly
reached a stable level. However, the biochemical
mutation resulting in changes in specific protein struc-
tures has not yet reached a stable level.
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Table 4.2.10. Ratios of the wholebody dose (D)
during the acute phase to the
lethal dose (LD) for different
taxonomic groups at similar
contamination density.

Taxonomical group

Mammals
- mouselike rodents

- big mammals ' -

Birds , ' ' '

Fish

Soil invertebrates

D/LD

1

1.6

I.I

0.06

0.03

The observed increased mutation frequency did not
change the viability and productivity of the popula-
tions. Mutations did not appear to be transferred by
heritage, probably due to low stability and rapid elimi-
nation of damage by the influence of environmental
factors (i.e. natural selection). Heritability of steady
genetic changes (e.g. biochemical changes) was typical
for long-term chronic exposure over several genera-
tions, even though the frequency of occurrence is low.

It appears that chronic exposure at doses of up to
I mGy/day (i.e. those received within heavy contami-
nated parts of EURT) have not significantly influenced
the stability of biosystem populations within this area.

4.3. Wind transport of contaminated
sediments from Lake Karachay during
the spring, 1967.
During the period from April 10 to May 15, 1967,
radioactive contamination occurred in the region adja-
cent to the Mayak PA facility. This incident was caused
by the wind transport of contaminated sediments
from exposed shores of Lake Karachay. Lake Karachay
had been used since 1951 as a repository for interme-
diate-level waste. The fall in water level was caused by
a winter with little snow followed by exceptionally
dry weather, leading to exposure of the lake shore
sediments in the spring. The early spring was dry, with
strong gusty winds (tornados) in April and May. As a
result, some 22 TBq (600 Ci) of radioactivity associa-

ted with the fine particles of silt sediments were dis-
persed within a relatively well-defined area.

Most of the fallout was deposited near Lake Karachay,
i.e. within the enterprise site area. Due to the influen-
ce of winds from different directions, the contaminati-
on density distribution in the affected territory was
uneven, and the boundaries of the affected area sho-
wed a complex configuration (Fig. 4.9). About 1800
km2 lay within the 3.7 kBq/m2 (0.1 Ci/km2) boundaries
for 90Sr, or 11 kBq/m2 (0.3 Ci/km2) for l37Cs, and the
contamination reached a distance of 50-75 km from
the Mayak PA site. The fallout occured largely to the
north-east and east of the enterprise, partially over-
lapping the central parts of the EURT region. A cen-
tral-axial trace with contamination levels greater than
74 kBq/m2 (2 Ci/km2) 90Sr and 210 kBq/m2 (5.6 Ci/km2)
for l37Cs was identified, with maximum density of 260
kBq/m2 90Sr. Beyond the site boundary the length of
this trace was 15 km and a width 1.5-3 km.

The radionuclide composition of the fallout in the
affected region was dominated by l37Cs (48 % of the
total activity), 90Sr + 90Y (34 %) and l44Ce + l44Pr (18
%). Surface contamination of the vegetation and soils
was predominant and the bioavailability of the radio-
nuclides associated with the fallout particles was low.
Thus, both root uptake and the transfer of 90Sr and
137Cs to agricultural crop harvests and cows' milk
were relatively low. Compared to the transfer coeffi-
cients obtained from the EURT region, the transfer of
90Sr and l37Cs to the agricultural crop harvest and
cows' milk from the 1967 incident was a factor of
2-10 lower.

The radiation and radiological consequences of the
incident are assumed to have been minimal: the incre-
ase in the gamma-radiation dose rate at inhabited
locations did not exceed 4-7 mR/hr during the initial
period, and decreased with an effective half-life of
about 2-3 months. Radioactive surface contamination
of agricultural produce led to maximum internal doses
to the public within the first year being less than a few
percent of the admissible dose (i.e. 6 % of the whole
body dose). The radiation conditions subsequently
improved considerably, and the background levels
were attained 2-3 years after the incidence. No
observed increase in the specific activity of the lake
waters or in groundwater was experienced.
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Figure 4.9. Cs-137 contamination from the Lake Karachay accident.
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5 Present Sources of Radio-
nuclides to the Techa River.
Compared to previous discharges the present day
activities at Mayak do not represent a significant sour-
ce of radionuclides to the aquatic environment. Today,
the contamination of groundwater and riverwater in
the Mayak area is largely due to remobilization from
previously contaminated soils and sediments. The
highly contaminated sediments of Lake Karachay act
as a source of radionuclides both to the water in Lake
Karachay and groundwater in the vicinity of the reser-
voir. Groundwater in the area may also be contamina-
ted by mobilization from other reservoirs, and this
can represent a source to the Techa River catchment
area and subsequently to river water. The main sour-
ces of radionuclides to the Techa River include surface
run-off through the channels, infiltration of reservoir
water through the dams and channel dykes, and
remobilization from the Asanov Swamp. A number of
potential sources of contamination also exist, which
may contaminate the area in the future. These will be
evaluated in a later project. This chapter concentrates
primarily on present sources of radionuclides to the
Techa River.

5.1. Network for surveillance of
ground water contamination.
Mayak PA has a network of boreholes to monitor
ground water levels and the contamination with che-
mical and radioactive substances. The network was
largely in operation by 1970, in order to study the
spread of contamination of groundwater beneath Lake
Karachay. In 1975, 1980 and 1987 the network was
somewhat extended and supplemented with boreho-
les near the Mishelyak River, Lake Karachay and the
Reservoirs 3 and I I (Figs 5.1 and 5.2).

The boreholes are unevenly distributed, being most
developed around Lake Karachay, Reservoir 17 and
the enterprise's water intakes. In these places the
borehole density is on average I per 2-3 km2. Around
Dams 10 and I I, there is a less concentrated network
in the form of individual measurement points. The
network consists of about 160 boreholes, equipped as
required by the construction norms:

• The space around borehole mouth is grouted;

• The conductor is fitted at a height of at least 0.5 m
above ground surface;

• The caps are fitted with covers.

The sampling volume and frequency of sampling fol-
low a special surveillance programme. The ground-
water level is determined in all boreholes every
month apart from the spring flood period when levels
are measured 2-3 times a month. Sampling for radio-
nuclide and chemical component concentration levels
is carried out once a year, during February or March
when water levels are at the minimum and concentra-
tion of pollutants at its maximum. Samples are taken
from about 50 boreholes situated along the main
directions of migration of artificial pollution and at
places where outflow of contaminated underground
water into the open hydrographic net may be expec-
ted (e.g. between Lake Karachay and Mishelyak River).

Different radionuclides and chemical parameters are
determined in the groundwater, depending primarily
on the contaminating reservoir. In samples taken from
boreholes around Lake Karachay and Reservoir 17,
90Sr, gamma-emitting radionuclides, 3H and the nitrate-
ion concentrations are measured. Sulphate-ion and
90Sr concentrations are determined in samples collec-
ted from boreholes around Reservoirs 10 and 11.

In 1991, the regular borehole net was substantially
expanded: a further 21 boreholes were added to the
monitoring programme. These boreholes are located
on the south bank of the Mishelyak River to control
the drinking water intake for the settlement of
Novogornyi. In addition, the use of boreholes drilled
during 1982—1987 in the vicinity of Reservoirs 10 and
11 was resumed. The duration of regular observations
in the area in question is currently around three years,
although observations have been carried out in some
boreholes for about I I years. In 1986, six boreholes
were also drilled in the filtration zone between
Reservoir 11 and the RBC. These boreholes are 10 m
in depth and cased with perforated steel tubes.

Measurements of water level are carried out monthly,
and the sampling frequency for radiochemical analysis
is 2-3 times a year (spring, summer and autumn).
Sampling starts by pumping a volume of water corres-
ponding to three nominal borehole volumes. The
pumping makes use of an airlift unit with maximum
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I km

2a

Novogorny water supply intake

Figure 5.1. Network of monitoring boreholes in the Lake Karachay area.

loading of the air inlet pipes. The water samples are
collected at the outflow. The underground water is
monitored for 19 chemical parameters, 90Sr and
gamma-emitting radionuclides.

Some results of groundwater contamination in the
Lake Karachay area are presented in Chapter 9.
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Figure 5.2. Network of monitoring boreholes in the area of Reservoirs 10 and 11
and in the upper part of the Techa River.

5.2. Sources of radioactive
contamination in the upper reaches
of the Techa River.
There are several sources of water feeding the upper
Techa River (i.e., from Dam 11 to Muslyumovo). On
average 60 % (between 26 and 90 %) of the annual
water feed is attributable to the regulated discharges
via the by-pass channels and infiltration losses from
Reservoir I I (Table 5.2.1). The remaining sources
come from water from the Zyuzelga River (a tributary
to the Techa river), and from surface and ground-
water run-off. The annual water discharge rate in the
lower part of the river's upper section (at Muslyu-
movo) had a mean value in the 1970s and 1980s of
about 32 million mVyr, ranging from 10 to 56 million
mVyr.

After the shut down of 5 of the military reactors at
the Mayak PA and cessation of using water from the
lake system for cooling purposes, evaporation from
Lake Kyzyltash dropped considerably. This increased
the water discharges via the LBC. At the beginning of
the 1990s discharge of water into the Techa upper
reaches via the LBC had on average risen 5 times
compared with the previous decade (Table 5.2.1).
Increased discharges via the LBC would be expected
to raise the discharge rate at Muslyumovo accordingly,
however, monitoring data is not available at the
moment.

The water feed to the river's upper reaches is chiefly
governed by atmospheric precipitation. On average,
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54 % of the annual run-off at Muslyumovo is attribut-
able to the spring thaw (i.e., the spring floods obser-
ved in April and May), about 9 % is run-off during the
winter low-water period (November-March), and
37 % during the summer-autumn low-water period
(June-October).

Below Dam I I a drainage system has been set up to
collect water filtering through the body of the dam.
The volume of filtrate from Dam I I increased up to
1990. During the period 1990-1993, work was car-
ried out to reinforce the dam and the infiltration
volume decreased.

5.2.1. Radionuclides entering into the
Techa River upper reaches from the
Reservoirs 10 and 11.
In 1993, the 90Sr concentration in the water of
Reservoir 11 was 2.4 kBq/l (65 nCi/l), which exceeds
by 160 times the permitted levels for drinking water.
Today, the source of water in Reservoir I I is dischar-
ges from reservoirs higher up in the cascade, surface
run-off (from the area between reservoirs and bypass
channels), the influx of groundwater and filtration
water from the by-pass channels and, in wet years, the
surplus of atmospheric precipitation over evaporation.
As may be seen in Figure 5.3, the water level in reser-
voir during the period 1988-1992 fluctuated between
205.6 and 206.0 m. In August 1993, the water level
reached the 206.0 m mark, then continued to rise to
206.1 I m by the end of 1993. The maximum permit-
ted water level in Reservoir I I is 206.5 m. It should
be stressed that the major source of 90Sr in reservoir
water today, is remobilisation from the previously
contaminated reservoir sediments.

The channels on the left and right side of the reser-
voirs prevent the run-off of surface water from the
catchment area into the reservoirs. Sewage effluents
from the town of Ozyorsk and liquid effluent from ash
deposits of the Argayash heat-and-power station
reach the Techa River through these channels (Figs.
2.2 and 2.3). The water flows by gravity, since the
beds of the channels slope. Therefore, around Dam
10 the water level in the channels is higher than the
water level in Reservoir I I, whereas at the location of
Dam I I it is lower (Fig. 5.4 and 5.5).

For a considerable distance, the shore of Reservoir
I I follows the channel dikes closely, allowing filtration
of water between the channels and the reservoir.
Above the zero point (Fig. 5.5), filtration takes place
from channel to reservoir, and below the zero point it
flows from reservoir to channel. In 1986, a section
was visually identified where there was clear filtration
into the RBC. Micro-rivulets were observed on the
slope of the dividing dike, along a section of about 150
m in length and I km above Dam 11 (Fig 5.4).

Table 5.2.2 shows the 90Sr concentration in water
sampled from boreholes between 1987 and 1993.
Values for winter months are the most reliable, since
experience shows that the radionuclide concentration
fluctuates during the summer. The data shows a rise
in 90Sr activity levels in most boreholes during 1993. In
borehole 6, situated between the road on the dividing
dike and the channel, the 90Sr concentration reached
2000 Bq/I, more than half that in Reservoir 11. In the
"plume", where the water filters out of the reservoir
directly into the RBC, this figure was 1300 Bq/I.
However, in Borehole 13, which is situated on the
right bank of the canal, the 90Sr reached 18 Bq/I in
June (equivalent to 20 % above the permissible con-
centration in drinking water). This indicates that much
of the contaminated water filtering out of the reser-
voir passes beneath the canal and is spreading further
to the south.

Nevertheless, part of the filtration flow from
Reservoir 11 is still discharged into the RBC, and the
canal waters show enhanced levels (Table 5.2.3). The
data shows a clear rise in the 90Sr concentration in the
sections of the RBC where the water level in the
channel is lower than the water level in Reservoir 11.
This is particularly apparent in the winter months
when there is no surface run-off from the canal catch-
ment area. Despite the higher activity levels in
Reservoir 10, there appears to be only little influence
on the activity levels in the RBC. It is more difficult to
identify the link between the LBC and the water in
Reservoirs 10 and I I, because of the influence of the
flooded ravines through which the LBC flows (Table
5.2.4).
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Table 5.2.1. Water balance for the upper reaches of the Techa River (from Dam I I to
Muslyumovo village), 1976-1994, IO6m3/yr,

Year

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

Entering

from LBC

2.8

0.13

13.4

21.0

21.6

14.5

10.2

12.8

17.1

14.6

18.5

90.1

51.4

55.5

14.3

73.9

101.2

187.1

196.5

from RBC

1.5

3.5

1.9

3.6

16.6

6.0

6.3

9.5

7.1

7.5

10.3

7.6

9.5

7.2

12.0

13.4

8.9

14.5

12.2

with filtration
water through

Dam I I

0.04

0.04

0.04

0.05

0.05

0.060

0.060

0.065

0.077

0.068

0.084

0.102

0.114

0.114

0.113

0.108

0.096

0.11

0.098

total

4.3

3.7

15.3

24.6

38.2

20.5

16.6

22.4

24.3

22.2

28.9

97.8

61

62.8

155.1

87.4

110.2

201.7

208.8

Discharge
(Muslyumovo)

16.8

9.9

24.0

27.4

43.9

56.5

19.6

46.6

41.7

Data obtained in 1992-1993 indicates that there is a by-passing Dam I I, and acting as a source to ground-
complex relationship between the water in Reservoirs water and adding to the influx of water from Reser-
10 and I I, the channeals and the underground water. voir I I to the upper Techa. This is confirmed by
In sections of the RB lying up to 400-500 m upstream observations of underground water levels in the three
from Dam I I, water losses may be explained by infil- borehole sets (Fig 5.2 and 5.4):
tration from the channels into the underground water,
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Water level, m

206.00

205.00

204.00

203.00

1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993
Year

Figure 5.3. Variation in water level in Reservoir 11.
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road on dividing dike # BH 11

/ •BH I
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• BH.2
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BH.8 BH.I2 BH.9 BH.3

BH.I5
BH.I3 BH.I4

i - observation boreholes

Figure 5.4. Distribution of observation boreholes (BH) in the studied section
with filtration between RBC and Reservoir 11.
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Figure 5.5. Distribution of boreholes, set 85-87, along
Reservoir 11 and the by-pass channels.

The difference in water level in the channels and Reservoir No. I I is shown, and the position •
the "zero" points indicates where the water level in the reservoir and the channel is equal.

in set 86 boreholes the water level is higher than
in Reservoir 11, but lower than in the RBC — here
water filters from the channel to the reservoir;
in set 85 boreholes the water level in the RBC is
lower than in Reservoir I I or in the boreholes —
here the channel receives water from two sides;
leached water from Reservoir 11 and underground
water from the south;
in set 87 boreholes the water level is lower than in
the RBC, which is again lower than in Reservoir I I.
Here the channel receives filtration flow from
Reservoir 11 and simultaneously acts as a supply of
water to the groundwater.

Table 5.2.5 summarises the amount of 90Sr activity
entering into the upper reaches of the river via the
bypass channels, and filtrates through Dam 10 and
then subsequently Dam I I, during 1962-1992. By
extrapolating the data for the periods where figures
are missing, it can be estimated that about 30 TBq of
90Sr (800 Ci) has entered the upper reaches of the
river, subsequent to the period of heavy discharges.
This source is primarily from filtration to the by-pass
channels. The major water sources to the Upper
Techa River are summarized in Figure 5.6.

The 90Sr concentration in the water of the RBC and
the total discharge of 90Sr into the Techa River increa-
sed between 1981 and 1993 (Table 5.2.5). The sharp
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Table 5.2.2. 90Sr concentration (Bq/I) in water in boreholes between Reservoir I I and the RBC.
See Figure 5.5 for the borehole location. (Bq/I = 0.027 nCi/l)

Sampling
date

14.07.87

25.10.87

22.01.88

21.03.89

22.02.90

21.02.91

25.12.91

28.01.92

15.01.93

23.02.93

29.03.93

26.04.93

30.06.93

07.10.93

25.11.93

Borehole number

1

0.55

0.85

0.63

0.59

<0.37

1.2

-

-

1.2

0.63

0.96

I.I

-

1.5

1.0

2*

-

<0.37

<0.37

0.41

0.74

1.2

-

-

3.1

0.85

1.2

0.96

-

0.85

0.92

3

2.2

2.3

1.8

2.4

48

130

200

200

-

-

-

-

-

-

-

4

-

1.2

<0.37

0.56

3.2

6.7

9.2

10

-

-

-

-

-

-

-

5

1.7

7.4

44

150

440

700

MOO

MOO

1150

1600

1600

1500

MOO

1300

1300

6

5.6

100

180

670

1300

1500

1700

1700

1700

2000

1900

1600

1300

1700

1600

"flume"

10

15

-

160

410

370

850

810

1000

890

1300

-

1000

1200

850

7

-

-

0.52

21

100

250

480

220

220

270

590

890

890

780

810

8

-

-

0.44

5.6

12

20

17

12

-

-

-

-

-

-

-

9

-

-

1.3

2.6

9.6

24

41

44

44

34

52

48

44

52

63

10

-

-

280

220

270

310

290

210

-

-

-

290

320

390

460

II

-

-

-

10

48

180

410

410

-

-

-

-

-

-

-

12

-

-

-

18

100

410

670

630

850

920

1100

960

1000

1100

960

13

-

-

-

2.6

2.1

3.4

9.6

10

14

7.4

2.9

1.5

18

2.1

4.4

14

-

-

-

0.78

5.6

8.1

13

14

2.4

1.4

2.3

2.0

2.7

2.1

2.4

15

-

-

-

0.78

0.59

0.70

-

-

0.59

<0.37

1.2

0.59

-

-

<0.37

N-2

-

-

-

8.5

48

67

110

120

-

200

210

200

210

200

210

1
o
s

3
.o

as
o

* Borehole N-2 is situated near the emergency water discharge from Dam 11. The enhanced 90Sr concentration in this borehole indicates
a filtration of contaminated water from Reservoir I I rather than from the RBC.
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Table 5.2.3. Variation in 90Sr activity concentration along the right-bank channel.

Sampling point
(ref. fig. 5.4)

13

15

17

19

21

Water level in
channel relative to
reservoirs, m*

+0.5

-0.9

+2.2

-1.3

-2.5

90Sr,Bq/l

1992

25.07

1.8

1.5

1.8

7.0

29

25.09

2.2

2.2

1.8

7.0

27

1993

19.02

-

2.6

1.8

63

81

02.04

1.5

I.I

1.5

4.8

15

21.04

I.I

I.I

0.74

3.7

12

15.07

1.8

1.5

16

34

44

* The water level data for Stations 13 and 15 refer to the level in Reservoir 10, and the data for the other
stations refer to Reservoir I I.

increase in 1993 was caused by the extreme wetness
that year, leading to a rise in the water level in
Reservoir I I to above 206 m during the period from
August to December. This in turn led to increased fil-
tration out of the reservoir. Furthermore, both the
90Sr concentration in dam filtrate and the associated
discharge of 90Sr were at a peak in 1993. A program-
me of engineering and technical measures is under
development at Mayak PA with the aim of reducing
the discharge of 90Sr. These measures include, among
others, raising the water level in the by-pass channels.

5.2.2. Releases of long-lived radionuclides
from boggy upper reaches of the Techa
River.

Radioactive contamination of the Asanov swamp is
mainly caused by radionuclides (90Sr and l37Cs) depo-
sited on the flood plain and in the river channel. This
section of the river was contaminated as a result of
the heavy discharges of radioactive waste from Mayak
PA in 1949-1951. A small proportion of the activity
contained in the flood plain soils and sediments
results from the continuous, but much less intensive,

Table 5.2.4. Variation in 90Sr activity concentration along the left-bank channel. (I Bq/I = 0.027 nCi/l)

Sampling point
(ref. fig. 5.4)

1

3

5

7

9

I I

Water level in
channel relative to
reservoir No. 11, m

+ 1.3

+0.8

+0.3

-0.7

-1.9

»°Sr, Bq/i

1992

25.07

1.4

1.4

3.7

5.2

8.1

8.1

25.09

0.52

0.52

0.59

1.8

1.2

2.0

1993

19.02

0.81

2.3

2.1

2.6

2.4

2.7

02.04

I.I

2.6

3.2

6.3

I.I

9.6

21.04

1.6

3.7

4.1

3.5

3.7

3.7

15.07

3.7

3.7

4.1

4.1

3.3

4.4
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Figure 5.6. Major water sources to the Upper Techa River.
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Table 5.2.5. Input sources of 90Sr to the Techa River during 1962-1994, GBq/yr.
(IOOGBq/yr= 2.7 Ci/yr)

Year

1962

1963

1964

1965

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

'y >^iilji^9.-"rces °f entry '' , //' '',
LBC

88.8

755

296

677

252

7.40

988

1560

718

370

170

130

263

185

315

592

474

685

1106

293

260

455

437

RBC

59.2

44.4

3.70

7.40

7.40

33.3

111

4.81

31.1

50.7

20.7

29.9

27.8

24.0

45.1

74.0

180

238

242

522

451

filtration
through

Dam No. 10

48.1

25.9

discharges
from Reservoir

No. I I

133

2180

969

filtration
through

Dam No. 11

37

0.74

0.74

1.5

1.5

1.7

1.9

2.6

3.7

4.4

7.4

12

19

21

16

18

10

27

19

Total

137

914

2535

1690

292

15.5

996

1595

797

377

203

183

288

274

348

629

539

780

1356

549

512

1004

907

Total for period 1957-1994 (extrapolation) -30 TBq (800 Ci).
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Table 5.2.6. Areas of contaminated flood
plain based on y-radiation
dose rate levels.

y-radiation
dose rate
levels, |xR/hr

2000-4000

1000-2000

500-1000

200-500

100-200

50-100

<50

Total

Area

km 2

0.27

1.64

1.98

2.04

3.15

3.60

6.80

19.48

% of total
contaminated area

1.4

8.4

10.1

10.5

16.2

18.5

34.9

100

transport of radionuclides with filtration water from
Reservoir 10 (during 1956-1963), and from Reservoir
I I (1963 to present), and also transport with water
from the by-pass channels (see Table 5.2.5).

A further stipulated contribution to the activity was
transport with springtime run-off from the surround-
ing catchment area, which was in places significantly
contaminated with 90Sr. It has been estimated that I 10
GBq of 90Sr (2.9 Ci) re-entered the river from the
catchment area of the upper reaches (area ca. 3690
km2) with spring surface run-off. Thus, some 1.8-2.6
TBq of 90Sr (50-70 Ci) might have entered the upper
reaches from this source during the period in quest-
ion.

According to estimates made in 1956, 10.4 PBq (283
kCi) was deposited on the river bed during the period
of heavy discharges of liquid radioactive waste. This
mixture contained about 2.5 PBq (68 kCi) of 90Sr and
1.3 PBq (35 kCi) of l37Cs deposited between Metlino
(Dam 4) and Muslyumovo (see section 4.1.2).
Reservoirs 10 and I I are now located in the upper
section of this part of the river. Later estimates
(1962-1965) indicated that there were 0.27 PBq of
90Sr (7.3 kCi) and 0.35 PBq of l37Cs (9.5 kCi) in the
flood plain section of the river between Dam I I and

Muslyumovo, with a total area of 35 km2. Of this acti-
vity, only 0.74 and 7.4 TBq (20 and 200 Ci), respecti-
vely, were attributable to the bottom deposits in the
river.

An estimate of the resultant inventory of 90Sr and 137Cs
in the flood plain part of the upper reaches was car-
ried out by two independent organisations in
1990-1991. These estimates were: 36-44 TBq
(970-1200 Ci) of 90Sr and 190-230 TBq (5100-6250
Ci) of l37Cs with an error of -30 %.

An estimate was made of the spatial distribution of
the 90Sr and l37Cs content in the flood plain soils from
Dam I I to Muslyumovo. The studies included measu-
rements of the y-radiation dose rates from surface
layers of contaminated soil, sampling of flood plain soil
and subsequent measurement of 90Sr and l37Cs in the
laboratory.

The general spatial distribution of radioactive conta-
mination levels in the flood plain, assessed from the
y-radiation dose rates at a height of I m above the
soil surface, is illustrated in Figure 5.7. This shows a
considerable heterogeneity in the activity distribution.
However, two clear tendencies may be traced in the
pattern of radioactive contamination levels in the flo-
od plain land. Contamination diminishes in the down-
stream direction with increasing distance from Dam
I I, and is highest near the river channel of the flood
plain. The total area of the contaminated flood plain
where the y-radiation dose rate exceeds 50 jL/R/hr,
equivalent to 3-5 times the natural y-radiation back-
ground, is about 20 km2 (Table 5.2.6). Other estima-
tes, based on determination of the maximum flooding
boundaries, show about 15 km2.

The 90Sr and l37Cs concentrations in the flood plain
soils varied by up to 3 orders of magnitude depending
on the location and thickness of the soil layer analy-
sed. The 90Sr concentration in flood plain soil samples
varied between I0-I04 Bq/kg ( I - I0 3 nCi/kg) dry mat-
ter, and for l37Cs between I0M05 Bq/kg ( I0- I04

nCi/kg). In most cases the main fraction of the activity
was found in a layer of soil up to I m thick, but in a
number of samples significantly deeper penetration
was observed. In general, the radionuclide distribution
in the profile of flood plain soils is governed by the
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type of soil and the height of the sampling site relative
to the water level in the river at low water or the
groundwater level. Deeper penetration of radionucli-
des into the soil occurs if the plot is regularly flooded.
Less penetration is observed in rarely flooded plots.
Virtually all the 90Sr activity is located in the upper
30-35 cm of soddy-meadow and peat bog soils,
whereas the l37Cs activity is found in the upper 20-25
cm of meadow soils and the upper 30 cm of peat bog
soils. The depth of penetration of 90Sr and l37Cs incre-
ases to 70 and 40 cm respectively in alluvial deposits
close to the river.

A typical pattern of distribution of 90Sr and l37Cs act-
ivity in the flood plain soil profile is shown in Figure
5.8. Over 90 % of all l37Cs present in the soil profile is
concentrated in the top 20 cm layer. The equivalent
figure for 90Sr is about 60 %. The differences in the
depth distribution of 90Sr and l37Cs in flood plain soils
illustrate the differences in their capacity to migrate.
The estimated amounts of 90Sr and l37Cs in the entire
soil layer up to I m in depth, expressed per unit area,
also showed significant differences between nuclides
in spatial distribution of flood plain contamination.
The contamination density in areas studied lies bet-
ween 0.081 and 15 MBq/m2 for 90Sr (2.2 and 400
Ci/km2), and between 0.48 and 560 MBq/m2 for l37Cs
(13 and 15,200 Ci/km2). This represents a consider-
ably uneven distribution. However, the highest con-
centration levels are similar to the maximum after the
Kyshtym accident.

The relationship between the y-radiation dose rate
and the l37Cs content in the 0-20 cm layer is descri-
bed by a linear regression equation:

Py=20 + 2.6 IO50|37
082

where:
Py is the y-radiation dose rate at a height of

I m above the surface of the soil, p/R/hr; and
a137 is the l37Cs contamination density pre-

sent in the 0-20 cm layer, Bq/m2.

The ratio of the 90Sr and l37Cs content in the soil layer
varies with distance from Dam I I and from the edge
of the river bank. It lies within overall limits of 0.5-70.
The ratio of the l37Cs/90Sr activities varies with distan-
ce from Dam 11 and is expressed by an exponential

relationship:

l37Cs/90Sr = 34.

where R is the distance, km.

A similar ratio for the dependence on the dis-
tance from the edge of the river bed has the following
form:

l37Cs/90Sr = 660.7-R118

where R is the distance, m.

These ratios enabled a spatial distribution of the 90Sr
and l37Cs contamination of the flood plain to be esti-
mated from measurements of the y-radiation dose
rate. The 90Sr and l37Cs concentration in bottom
deposits of the river (1990-1991), and in the water of
the flood plain and river channel (1990-1991) is
shown in Tables 5.2.7 and 5.2.8.

Estimates of the 90Sr run-off from the boggy upper
reaches of the Techa River made on the basis of actual
measurements of the 90Sr concentration in the water
and of the flow rate in Muslyumovo, are given in Table
5.2.9 for the period 1962-1992. It may be seen that
the absolute annual run-off of 90Sr has decreased by
roughly a factor of 10 over the 30-year period studi-
ed, from I 1-18 TBq/yr to 1.1-1.8 TBq (300-500 Ci/yr
to 30-50 Ci/yr). However, run-off from the flood plain
always exceeds the annual input of 90Sr via the flood
plain headwaters (Table 5.2.5) by roughly a factor of 3.
This illustrates the considerable importance of the
process of desorption and leaching of 90Sr from the
flood plain soils.

The 90Sr run-off is almost always the result of the
increase in the water flow, especially during the spring
floods. Observations made over many years show
that during the spring flood period, the discharge of
90Sr may reach 80-90 % of the annual discharge. At
this time the 90Sr concentration in the water is 2-5
times greater than at the end of the winter low water
period. During the spring flood period, despite the
significant rise in water turbidity (from 3 to 8-16
mg/l), 97-99 % of the total 90Sr transported with the
water in soluble form. Suspensions account for only
1-3 % of the 90Sr. Because of the high sorption and
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i i i i i i i i i i i i i i i i i

Techa River

10 20 km

Figure 5.7. Spatial distribution of radioactive contamination of the upper reaches
of the Techa River, estimated in 1991 -1992 from measurements of
the y-radiation dose rate, |iR/hr.
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Figure 5.8. Typical distribution of 90Sr and l37Cs in flood plain soil profile,
% of activity content per unit area.

low desorption capacities of l37Cs, 20—45 % of the
total concentration in the water is in insoluble form
and migrates with suspensions during the spring flood
period.

During the period 1962-1992, the ratio of the aver-
age annual l37Cs/90Sr concentrations in the river water
near Muslyumovo was about 0.06 (with fluctuations
from 0.02 to 0.09). This value may be used to esti-
mate the l37Cs run-off from the data in Table 5.2.8.

The information given in Table 5.2.5 and 5.2.9 can be
extrapolated to give retrospective estimates of the
content of 90Sr (and l37Cs) in the flood plain and to
recreate the missing data on the throughput of radio-
nuclides for various periods.

The following assumptions are made:

© The content of 90Sr in the boggy flood plain of

river upper reaches in 1992 is 37 TBq (1000 Ci).
This is calculated using the dose measurements/
spatial distribution model (the 3 % of the 90Sr
content in river sediments and 0.2 % in water is
insignificant for the calculation).
Between 1966 and 1975, about I TBq90Sr/yr entered
the flood plain via the channels, while annual dis
charge decreased exponentially from 8.8 to I.I
TBq90Sr/yr. From 1976 to 1984 the average ratio of
discharge to entering activity for 90Sr was 3.2.
The content of 90Sr in soils of the flood plain in
each year, t, is equal to its content in the next year,
t + l , plus the difference between discharge (output
Table 5.2.9) and entering activity (input, Table 5.2.5)
for the t-th year. This difference is the annual net
discharge of 90Sr from the flood plain. The resulting
estimates of the annual content of 90Sr in the flood
plain and its annual net discharge are given in Figure
5.9.
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The approximate estimates show:

1. The content of 90Sr in the boggy upper reaches of
the Techa River in 1962 was about 150 TBq (4300
Ci). The experimental data reflect the actual 90Sr
activity level at the given t ime, so no correction for
decay is needed.

2. The annual 90Sr net discharges from the boggy
upper f lood plain were reduced with t ime. Over
the 30 years since 1962 it fell from 10-15 %/yr to
3—4 %/yr of the 90Sr content in the flood plain soil
(corrected for radioactive decay).

3. The annual discharge of 90Sr from the boggy flood
plain is primarily dependent on the annual water
discharge. Between 1976 and 1994, this dependen
ce could be approximated to - A D t = 3-10 " D t V t ,
where V t is annual water discharge, mVyr.

4. The total 90Sr activity entering into the upper rea-
ches of the river via Dam I I and the by-pass chan
nels during the 30-year period, including the small

T a b l e 5 .2 .7 . Concent ra t ion of 90Sr and l37Cs in sediments o f the Techa River, 1990-1991.

proport ion of surface water run-off of 90Sr, was
about 26 TBq (700 Ci). The 90Sr discharge over this
period in the Muslyumovo area of the river was
about 110 TBq (2 900 Ci). Thus desorption was
responsible for elimination of a significant amount
of the initial content of 90Sr in the flood plain.

5. W i t h a l37Cs content in the boggy flood plain of
the river upper reaches of around 211 TBq (5700
Ci) in 1992, and a water concentration in the
Muslyumovo area of the river of, on average,
6 % of the 90Sr concentration, assuming similar run-
off dynamics, the total discharge of l37Cs from the
flood plain during 1962-1992 was some 6.3 TBq
(170 Ci), and the initial activity contained in the
flood plain soils was about 420 TBq (6000 Ci).

Location (distance
from dam No. 11)

~0

1 km

3.5 km

12.7 km

17 km

40 km

Layer thickness, cm

0-20

20-30

30-40

0-15

15-30

0-20

20-40

0-17

17-35

0-15

15-30

0-15

15-30

30-45

Concentration, kBq/kg (nCi/kg) dry matter

90Sr

4.1 (110)

<O.I5(<4)

0.22 (6)

<O.I5(<4)

<O.I5(<4)

13(340)

14(370)

2.0 (53)

4.4(120)

0.70(19)

0.41 (II)

0.70(19)

0.63 (17)

1.0 (28)

137Cs

110(3000)

0.63(17)

0.56(15)

-

-

1000(28000)

230 (6300)

410(11000)

18(480)

13 (350)

6.3(170)

6.3(170)

3.6 (97)

1.3(36)
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Table 5.2.8. Concentration of 90Sr and l37Cs in flood plain water, 1990-1991, Bq/I.

Location:

Distance from
dam No. 11

1 km

3.5 km

5.4 km

12.7 km

27 km

40 km

distance from
edge of river

bed

0-20 m

20-50 m

>IOOm

0-20 m

20-50 m

>l00m

0-20 m

20-50 m

>IOOm

0-20 m

20-50 m

>IOOm

0-20 m

0-20 m

90Sr

summer

-

-

-

52-90

-

40

-

-

-

-

-

-

100

26

winter

33

28

0.74-12

13-41

4.8

0.74-74

17-150

23

100

100

100

0.74-2.6

-

-

l37Cs

summer

-

-

-

8

2.2

0.74

-

-

-

-

-

-

10

-

winter

0.74

0.74

0.74

0.74-3.3

0.74

0.74

37

2.2

0.74

0.74

0.74

0.74-0.92

-

-

Table 5.2.9. Annual 90Sr discharge from boggy upper reaches of Techa River, 1962-1992.

Year

1962

1963

1964

1965

1976

1977

1978

1 1.0 (298)

20.2 (546)

9.80 (265)

8.58 (232)

0.888 (24.0)

0.496(13.4)

1.27 (34.3)

90Sr discharge, TBq /yr (Ci/yr)

1979

1980

1981

1982

1983

1984

1991

1992

1.33 (35.9)

1.73(46.7)

1.74(46.9)

0.566(15.3)

1.08(29.2)

1.10(29.7)

1.40 (38)

1.70(46)

Total for period 1962-1992 (extrapolation) -108 TBq (2900 Ci).
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Figure 5.9. Reconstruction of content and transport of 90Sr in Techa River
upper reaches, 1962-1992.

Lake Irtyash and
the Ural Mountains
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PART II
Present level of radioactive contamination

in the "Mayak" PA Area:
Results from the joint Russian-Norwegian field work, 1994

>•-.

• ' - > • , • : . *

83
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O Field work at Mayak PA
The bilateral field work was carried out in 1994, as
part of the Joint Norwegian-Russian "Mayak" Project.
The main objective of the field work was:

to undertake an independent investigation of the pre-
sent radioactive contamination in the area and to com-
pare results with the extensive information available
from previous Russian monitoring programmes.

The key topics to be considered included:

• contamination of soils and vegetation from solid
radioactive waste stored in burial sites;

• radioactive contamination of soils and vegetation
from the waste tank explosion in 1957 (Kyshtym
accident);

• ground water contamination from Lake Karachay;
• radioactive contamination of the Mishelyak River;
• contamination levels and inventories of radionucli-

des in Reservoirs 10 and I I;
• infiltration of radionuclides from the reservoirs to

the channel system;
• radioactive contamination of the upper and middle

reaches of the Techa River;
• estimation of the mobility of radionuclides in soils

and sediments in the contaminated areas.

6.1 Sampling programme
The field sampling programme was planned in detail
during the spring of 1994 after bilateral meetings in
Oslo and Moscow. In total, 7 Norwegian scientists
and about 100 Russian scientists and technical person-
nel took part in the joint field work 24-27th June
1994. The participants included scientists from Mayak
Experimental Research Station (MERS) and Mayak
Central Laboratory (MCL), Russia, from the
Norwegian Radiation Protection Authority (NRPA),
the Agricultural University of Norway (AUN) and the
Institute for Energy Technology (IFE), Norway.

The sampling campaign was organised by MERS and
MCL. The field work was efficiently organised by divi-
ding the participants into 4 «brigades» which worked
simultaneously; 3 brigades were designated to sample
collection and I brigade to sample preparation at the
laboratory. Norwegian scientists participated in all 4

brigades and took part in the sample collection at all
sites except those associated with buried nuclear
waste.

The sampling campaign included the collection of
water (0.45 )im filtered and ultrafiltered water), sedi-
ments and soils (surface and vertical profiles), vegeta-
tion and fish. Sample collection and preparation were
carried out according to a joint protocol. Dried and
homogenised samples were divided in two: one set to
Russia and one to Norway. In order to control the
results obtained by the different radioanalytical techni-
ques applied by the different institutes, an intercalibra-
tion exercise was included in the programme.

The field work was performed within schedule. In
total 475 samples were collected and a total of about
1300 analyses of radionuclides have been performed
at the institutes. In addition, selected soils and sedi-
ments have been subjected to sequential extraction
studies.

All participants carried personal dosimeters. Each bri-
gade was equipped with electronic dose rate meters.
The dose rate was less than 10 (aSv/h at most of the
sampling locations, however, reached about 100 jlSv/h
at the beach of Reservoir 10 and along the upper
Techa River reaches, especially within the Asanov
Swamp area. Based on the TL dosimeters, the
Norwegian scientists received individual radiation
doses of less than 0.2 mSv during the field work.

6.2 Sampling sites
Several sources have contributed to the contamina-
tion of the area surrounding Mayak. The contaminated
area is large, different ecosystems are affected, and
the contamination is inhomogeneously distributed.
Limited resources and time constrained the scope of
the sampling programme. Thus, in order to fulfil the
goals of the field work, 22 representative sampling
sites were chosen with respect to the various sources
of contamination. Obviously the information obtained
from such a limited number of samples is statistically
insufficient for an accurate calculation of inventories
and contamination levels. Thus it must be stressed
that the data should be seen as a supplement to the
extensive Russian database that can be drawn from
previous measurements.
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r - -ww Mishelyak river

) / • 0
< I "9 Asanov swamp

Figure 6.1 . All sampling sites.

Figure 6.2. Sampling sites NI-N13. Lake Karachay is marked Reservoir 9.
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/Eike
N22 / Uitfskul

• — ^ o
ke

Berdine^h

_ ' EURT
Ozyorsk

"Mayak" PA

Figure 6.3. Sampling sites N2I and N22
in the East Ural Radioactive
Trace (EURT).

6.2.1. Burial Sits Area
The area where radioactive waste is buried is located
at the industrial site of Mayak, south-west of
Reservoir 17. Two sampling sites (N l , N2) (Fig. 6.2)
were chosen at different burial sites, and soil and
vegetation samples were collected. Russian scientists
performed the sampling.

1 ce

After the waste tank explosion in 1957 (Kyshtym acci-
dent), an area of 1000 km2 received a 90Sr contamin-
ation density greater than 74 l<Bq/W (Table 4.2.2).
The field work sampling sites were located in the
EURT head, namely the area north-east of the Mayak
Health protection zone. Soil and vegetation were col-
lected from two sites, I I km (N2I) and 18 km (N22)
from the explosion site (Fig. 6.3).

' ''„, ' - -- ' '"' r- • : ' , /Mtishelviak

The 22 sites were selected from within the Mayak
site, within the Health protection zone (Fig. I.I, Part
I) and along 47 km of the Techa river to the village of
Muslyumovo (Fig. 6.1, Table 6.1). The sampling proce-
dure at each site is described in detail below :

The Lake Karachay sampling sites cover an area that
lies between Lake Karachay (Reservoir 9) and the
Mishelyak River (Fig. 6.2). A large number of bore
holes have been drilled in the area for monitoring
purposes (Fig. 5.1). The two bore holes selected for

Lake Muslyumovo
SHugunyak

N I 8

N17

N20

N I 9

Figure 6.4. Sampling sites N I4-N20.
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groundwater collection during the fieldwork (N3, N4)
are located south of Lake Karachay, close to the
Mishelyak River. Ground water was sampled at 2-3
different depths. Samples of soil and vegetation were
collected close to each of the borehole sites. The site
selected in the Mishelyak River (N5) is located in an
area which may be influenced by a ground water con-
tamination. Water and sediment samples were collec-
ted in the river.

Table 6.

Site no.

N l

N2

N3

N4

N5

N6

N7

N8

N9

NIO

N i l

N I 2

N I 3

N I 4

N I 5

N I 6

N I 7

N I 8

N I 9

N20

N2I

N22

1. Samples collected at each site

Soil

X

X

X

X

X

X

X

X

X

Sedi-
ment

X

X

X

X

X

X

X

X

X

X

Water

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Vege-
tation

X

X

X

X

X

X

X

X

X

X

X

Biota

X

X

X

6.2.4. Reservoirs 10 and 11 and the Bypass
Channels.
Two sampling sites were selected in each reservoir
(Fig. 6.2). Surface- and bottom water samples and
sediment cores were collected at each site. In
Reservoir 10, the site located in the upper region
(N6) should reflect an influence from the previously
contaminated bed of the Techa River, while the site
located in the lower region (N7) should reflect sedi-
ments originating from flooded soils. This was also
the sampling strategy for Reservoir I I (NIO and
N i l ) . Radionuclide contamination levels in the reser-
voir sediments are inhomogeneously distributed.
A grab sample collected at NI I served as an intercali-
bration sample. A sandy soil sample was also collected
at the beach of Reservoir 10. In addition, pike of up to
7 kg and other fish were caught by nets in the reser-
voirs. At certain sites the bypass channels are situated
close to the reservoirs (3—4 m) and an influence from
reservoir waters should be expected. During field
work, water samples were collected in the right bank
channel (N9, N13) and left bank channel (N8, N12).
Two of the sites (N8, N9) were located just below
Dam 10 while the two other sites (N12, N13) were
located close to the dam in Reservoir 11. As the
channel beds are mainly made of concrete, no sedi-
ments could be collected.

6.2.5. The Techa River and Asanov Swamp
The sampling sites NI4-N20 were located along the
Techa River, from the Asanov Swamp to Muslyumovo
village, i.e. 7 km and 47 km from the dam of Reservoir
I I, respectively (Fig. 6.4). The sampling sites N14 and
N15 were located at the abandoned Asanov village.
The site N14 refers to water and sediments samples
collected in the Techa River, while N15 refers to soil
cores and vegetation collected at each side of the
river. The sites N16-N20 (except N17) were located
at regular distances downstream from the Asanov
Swamp. At the sites N16, N18, N19 water samples
and sediment cores were collected. Soil and vegeta-
tion were sampled along an intersect at site N17 (at
the same distance as N16). The site N20 was located
downstream from Muslyumovo, and in addition to
water and sediments, soil and vegetation were collec-
ted at the river bank.
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7 Sample Preparation and
Analytical Techniques

7.1. Sampling and sample preparation

7.1.1. Soil
Soil profiles were taken with a corer of 72 mm dia-
meter, then submerged in liquid nitrogen and sliced
into 2 cm sections. Bulk surface soil samples (72 mm
diameter, 5 cm depth) were collected at the corners
and centre of a I m x I m area. The 5 collected sam-
ples were homogenised. At selected sites four additio-
nal soil samples (117 mm diameter, 5 cm depth) were
taken using plastic tubes. Each sample section was dri-
ed at 105 °C, weighed, sieved, homogenised and divi-
ded into two subsamples.

7.1.2. Sediments
In the reservoirs, sediment profiles were collected by
means of a gravity corer. Aluminium tubes with an
inner diameter of 68 mm were manually drilled into
the sediment layer to a depth of 20—40 cm. All sedi-
ment profiles were submerged in liquid nitrogen and
frozen on site. After slight heating, the profiles were
sliced into 2 cm or 10 cm sections. Each sample was
dried at 105 °C, weighed, sieved, homogenised and
split into two subsamples. The intercalibration sample
collected in Reservoir I I was collected by box corer.

7.1.3. Water
Surface and bottom water were collected in the
reservoirs with a "Nansen" water sampler. River
water was sampled by use of 5 or 10 litre plastic cans.
The groundwater was taken with a special aluminium
sampler containing 5 litres. All samples were filtered
through 0.45 jam filters (Amicon or Blue Ribbon) in
the laboratory immediately after collection. Samples
were also fractionated using hollow fibres (Amicon
membrane cut-off of 3 and 10 kDa) to remove colloi-
dal material. Each sample was split into two subsamp-
les for analysis by the Norwegian and Russian institu-
tes, and stored in polyethylene containers after the
addition of cone. HNO3 to pH I. The filters were
retained for analysis of radionuclides associated with
particles.

7.1.4 Vegetation
At each sampling site the vegetation was cut with scis-
sors within an area of one m2, i.e. the location of the
associated soil sample. In some cases, four vegetation
subsamples, representing 1/4 m2 each, were taken to
estimate the variability. Specific species of vegetation
were collected when time allowed. Samples of vegeta-
tion were cut 3 cm above ground, stored in plastic
bags and dried at 105 °C .

7.1.5 Biota
Pike from Reservoirs 10 and I I were caught using
nets, while pike from the Techa River were caught by
use of fishing rods. Shellfish and small fish (Perca and
Rutilus) were also collected. Filet samples were ashed
at 450 °C prior to analysis.

7.1.6 In situ gamma measurements
At selected sites in situ gamma measurements were
performed with a portable 3" x 3" Nal detector con-
nected to a multichannel analyser (Canberra Series
10+). At all sites the l37Cs peak was easily detected.
At the Asanov Swamp it was not possible to use this
equipment due to high counting rates.

7.2. Analytical techniques.

7.2.2. Gamma emitters
All Norwegian samples were subjected to gamma
spectrometry using high resolution HPGe detectors
(resolution 1.7-2.0 keV, efficiency of 20 % or higher).
The counting times varied from a few hours up to
several days. In addition, screening analysis was per-
formed using 3" x 3" Nal (Tl) detectors.

The Russian measurements were performed using a
Nal (Tl) high-sensitivity spectrometer (SGS-200). The
Nal (Tl) well-detector has a diameter of 60 mm and
depth 100 mm. The detector efficiency is 25 % and
energy resolution is 10.5 % at the energy of 662 keV.
The detection limit is in the range 2-3 Bq/kg with a
counting error of less than 10 %.

7.2.2. Beta emitters (90Sr)
For determination of 90Sr the Norwegian and Russian
institutes used different radiochemical methods for
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analysis. Norwegian institutes used subsamples of 20-
250 ml water, or 0.5 g soil or sediments ashed,
extracted with Aqua Regia and diluted to 250 ml. 85Sr
yeild monitor and Sr-carrier were added to 20 ml ali-
quots and strontium separated by the fuming nitric
acid method. Interfering radionuclides were removed
by precipitation and separation of hydroxides, barium
chromate, carbonates and an additional precipitation
of iron hydroxide. After ingrowth to equilibrium and
separation, samples were counted for 90Y by low back-
ground anti coincidence beta counters (Ris0 type,
background 10 counts/hour, efficiency 55 %).

For larger soil samples (I-10 g), 90Sr was separated
from interfering radionuclides using the standard oxa-
late-nitrate method (Harvey et al., 1989), and samples
were counted using ordinary (Packard) or low-level
(Quantulus) liquid scintillation counters. For water
and sequential extraction solutions, samples were
subjected to liquid-liquid extraction of 90Y by toluene
containing 5 % HDHEP, and backextracted into 3 M
HNO3. The Cerenkov radiation from 90Y was determi-
ned by low-level liquid scintillation counter (Bjornstad
et al., 1990). Chemical yields were determined either
by 85Sr spike and/or by complexometric titration of
the Y-carrier with EDTA.

The Russian measurements were based on the oxala-
te-nitrate method. Stable strontium carrier was added
to the samples and, after a 12 hours contact time,
incinerated at 600 °C. The ash residue was treated
three times with hot 6-7 M HNO3 . The solution was
filtered, the ash residue reincinerated and treated
once again with nitric acid. The filtrates were com-
bined and the 90Sr concentration was measured. After
hydroxide precipitation the levels of radioactive and
stable strontium were determined. The error due to
the measurements was less than 8 %. The 90Sr activity,
from 0.1 Bq to 10 Bq per sample, was measured using
a low background, end window Geiger-Muller coun-
ter, containing a gas mixture of 90 % helium and 10 %
ethyl alcohol vapour. The entry window had a dia-
meter of 60 mm and a working area of 21 cm2; the
thickness of the aluminium foil was about 2 mg/cm2.
The background count rate was about 0.07 cps; effici-
ency 50 %, and the detection limit of 90Sr was approxi-
mately I Bq/kg, with a maximum error of 23 %.
Chemical yields were determined by emission flame

spectrophotometric analysis of atable Sr (UM-2
monochrometer). The average yield was about 70 %.

Water collection

7.2,3, Alpha emitters
Different methods were used by the Norwegian and
Russian institutes for determining alpha emitters. The
Norwegian method was based on ion exchange chro-
matography followed by measurements using semi-
conductor oc-spectrometry. Subsamples of 0.5 g of soil
and sediments were ashed and leached with Aqua
Regia and diluted to 250 ml. Pu and Am were separa-
ted (242Pu and 24!Am yield monitors) in aliquots of 20
ml from soil/sediment extracts and 250 ml water sam-
ples by extraction with 10 % TIOA/xylene solution.
Then Pu was back-extracted from the organic phase
into 8 M HCI and separated by ion exchange chrorma-
tography. After electrodeposition on stainless steel
discs, Pu and Am were measured by semiconductor
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silicon detectors (resolution approximately 20 keV,
efficiency 25-30 %). In addition, ashed and acid lea-
ched samples (1-IOg) were subjected to Pu-analysis
after removal of interfering components by ion-
exchange chromatography (AG 1x8, 100-200 mesh).
Pu-isotopes (238Pu, 239-M°Pu and yield monitor 242Pu)
were eluated separately from Am-isotopes (24lAm plus
yield monitor 234Am) and each fraction electrodeposi-
ted on stainless steel discs (Chen et al., Ris0, 1991;
Clacher, 1994). The U-isotopes were separated by
liquid-liquid extraction (TBP/xylene) and the U-isoto-
pes and the yield monitor 232U were electrodeposited
on stainless steel discs. Discs were measured alpha-
spectrometrically by semiconductor a-detectors.

At the Russian institutes, total activity of the alpha-
emitting Pu isotopes (238Pu, 239Pu, 240Pu) was determi-
ned by radiochemical extraction of Pu followed by

total alpha measurements. The method was based on
selective extraction of plutonium (IV) from acidified
HNO3-solutions using a VP-IAP anion-exchange resin
(grain size 0.2 mm). This procedure separates urani-
um, thorium, americium, neptunium and other a-
emitting radionuclides from plutonium. Incinerated
samples (600 °C) were dissolved in boiling 7.5 M
HNO3, and the solution eluated through the ion-
exchange columns at a rate of 2 ml min"1 cm2. Firstly
thorium was eluated using a 9 M HCI solution, and
then uranium using a 7.5 M HNO3 solution. The plu-
tonium was eluated using a 0.01 M hydrofluoric acid
solution in 0.35 M HNO3 at a rate of less than I ml
min"1 cm2. The activity of the extract was measured
by alpha spectrometry, using an a-radiometer. The
counting time was 300 seconds. Counting efficiency
was at least 30 %, and the detection limit was 0.2
Bq/kg, with an error of less than 20 %. The chemical
yield for plutonium was at least 70 %.

7.2.4, Sequential extraction,
Radionuclide mobility in soils and sediments was stu-
died using an established sequential extraction techni-
que (Oughton et al 1992; Oughton and Salbu, 1994).
The extraction agents included: H2O (I hr at room
temperature (RT)); I M NH4Ac (soil/sediment pH, 2
hr at RT); I M NH4Ac (pH 5, 2 hr at RT); 4.2 M
NH2OH.HCI (6 hr at 85 °C); 30 % H2O2 (pH 2 with
HNO3, 6 hr at 85 °C) and 7 M HNO3 (6 hr at 85 °C).
Supernatants were separated from the solids using
high speed centrifugation (10,000 rpm, 30 min), and
then filtered through 0.45 \xm filters into 20 ml coun-
ting vials. Extracts and residues were analysed for
gamma, beta and alpha emitters.

7.3. Intercomparison and quality
til o f 1 a i d»

Sample collection, Reservoir 10

For quality control purposes, three soil and sediment
samples were selected for intercomparison. An EURT
soil sample (7004) was analysed for relevant radionu-
clides by all the involved laboratories in Russia and
Norway. Two other samples, a Russian standard refe-
rence soil (7003) and a sediment sample (2006) from
Reservoir I I, were used for comparison between the
Norwegian laboratories only. Results showed a good
agreement between the different laboratories within a
standard deviation less than 10 % for l37Cs, 12 % for
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90Sr and less than 10 % for 238Pu, and m240 Pu, when
one outlier was excluded (Table 7.1).

Further comparison of results is obtained from the
analysis of subsamples by both the Russian and
Norwegian institutes. Both countries carried out l37Cs
analysis on all samples and selected samples were ana-
lysed for 90Sr and Pu-isotopes. Figures 7.1 and 7.2
show the linear regression between the Russian and
Norwegian data for l37Cs and 90Sr, respectively. The R2

values were 0.93 for l37Cs and 0.81 for 90Sr indicating a
good correlation between the Norwegian and Russian
results. However, Figure 7.1 indicates deviation from
the Y = X relationship and the activity levels measu-
red by the Russian part are somewhat higher than the
Norwegian results. The plutonium comparison was
not as good as for l37Cs and 90Sr data. Hence, uncer-
tainties in the plutonium estimates should be conside-
red to be within one order of magnitude.

Due to the relatively good agreement between the
Norwegian and Russian results, all data have been
combined to form a joint database which forms the
basis for the present discussion and conclusions.

7.4. Calculations.
In order to obtain information on the levels of conta-
mination in the Mayak area, and variations in the dis-
tribution of radionuclides, the measured activity con-
centations (Bq/kg) in soil and sediment profile samples
has been used to estimate the contamination density
(Bq/m2). Thus data presented in Section 8 represents
estimates based on the following equations.

For the whole profile, a, the contamination density,
Bq/m2, is estimated by summing the activity concen-
trations over i layers, according to:

c =

where

00: =

Russian monitoring data makes use of the known spe-
cific density of the various soils and sediments in the
area and uses established coefficients to convert from
Bq/kg to Bq/m2, according to:

As

the dry soil or sediment activity concentra-
tion in the i-th layer, Bq/kg.
the dry soil or sediment mass in the i-th
layer, kg.
the sample core area, m2

where

q, = the dry soil activity concentration in the i-th
layer, Bq/kg.

p$i = the wet soil density in the i-th layer. In undis-
turbed soils this is equivalent to 2000 kg/m3

(0-5 cm), 2500 kg/m3 (5-10 cm) and 2600
kg/m3 (>IOcm). In undisturbed peat soils,
1600 kg/m3 (0-10 cm) and 2200 kg/m3 (>IO
cm) and 2500 kg/m3 in soils with disturbed
structure.

Ri = the ratio of dry soil density to wet soil dens-
ity, equivalent to 0.18 for the peat, 0.42 for
upper humus layer and 0.55 for the lower
mineralised soil horizon.

8h| = the thickness of the i-th layer (m).

For the 0-5 cm surface layer, the surface contaminati-
on can be estimated using the following equation:

a = q, • p,, • R, • 0.05

where all coefficients refer to the 0-5 cm layer.

The uncertainties in the estimated Bq/m2, are mainly
due to the use of fixed values of p and R. For a large
number of samples taken from a site and homogeni-
sed for monitoring purposes the error is rather small.
However, as only a limited number of samples were
taken during the joint fieldwork, differences between
estimated and calculated Bq/m2 could be quite large,
especially for sediment samples. Thus data from field-
work represents calculated Bq/m2 based on the actual
dry sediment and soil weights, whereas the Russian
Reservoir 10 and 11 inventory data presented in
Tables 8.1.9 and 8.1.10 has been calculated from the
estimated Bq/m2 using fixed values of p and R and
a large number of samples.

The estimates of radionuclide inventory from the field
work in 1994 (Section 8.1.5) are based on the follo-
wing calculations:

92



Sample Preparation and Analytical Techniques

The total radionuclide content in water of the reser-
voir (Bq) is given by C w :

C w = q w V

where

q w - mean radionuclide concentration in water,
Bq/m3;

V - volume of water in reservoir, m3; V:
Reservoir I0-7.7- I07 m3; I I -2.3-IO8m3;

The total radionuclide content in sediments in the
Reservoir (Bq) is given by Cs:

C s = a sS

where:

as - mean radionuclide inventory in the sediment
layer, Bq/m2;

S - Area of the reservoir, m2; S: Reservoir 10 -
1.8-107 m2; Reservoir I I - 4.42-107 m2.

Table 7.1. Results of intercomparision tests based on three samples.

Sample type ''"_;-' Activity level, Bq/kg

MIAm 137Cs «°Co 9 0Sr 239,240pu* 238pu

7004 soil, N2I

IFE

NLH

NRPA

MERS

MCL

Typhoon

Mean + std (%)

52 ±9

46 + 7

6000 ± 300

7290+ 180

6750 + 270

7800 + 1000

6800 + 700

7200

6930 ± 9%

I7± 1

18.5 + 0.9

380 + 21

325 ± 20

154000 ± 9500

145000 ±4400

195000 ±48000

179000 ±54000

160000

168000 ± 12%

422 ± 20

412 ± 15

413 + 28

200 ± 40

430 ± 130

470

375 ± 26%

4+ 1

5 ± 2

2060 sediment, N11

IFE

NLH

NRPA

Mean ± std (%)

109 ±5

27600 ± 1400

29400 + 600

29500+ 1200

28800 ± 4%

780 + 47

845 ± 28

880 ± 26

835 + 6%

390 ± 60

386 ± 19

210000± 15000

235000 ± 2540

34 ± 5

26 ± 3

34 ± 3

31 ± 14%

27 ±25

28 ±3

31 ±3

29 ± 7%

7003 ref. soil no. 10

IFE

NLH

NRPA

Mean ± std (%)

4± 1

1.8 ±0.5

46 ± 2

50 ± 3

44 ± 2

47 ±7%

140 ± 10

120 + 7

23.0 ± 1.5

17.7 ±0.7

4.9 ± 0.3

8.1 ± 0.8

5.1 ±0.5

7 ±32%

0.2 ± 0.05

0.2 ± 0.1

0.2 ± 0.07

* Russian Laboratories measure total alpha Pu.
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O Field work results, 1994
This section presents a summary of results from the
joint f ieldwork in 1994. Surface contamination densiti-
es in soils and sediments, concentration levels in
ground and surface waters and radionuclide ratios are
presented first, followed by results of studies on radi-
onuclide migration and mobility. A discussion of
observed radionuclide ratios wi th respect to contami-
nation source terms is presented in Chapter 9.

8.1. Radionuclide contamination levels
in the environment.

8.1.1. Surface soils.
Surface contamination densities at all sites are sum-
marised in Table 8.1.1, and radionuclide ratios are
given in Table 8.1.2. The results give a good indication
of the size and variation in acitivity levels in areas sur-
rounding the Mayak PA. Contamination of the terr i to-
ry is predominantly due to the long-lived l37Cs, 90Sr,
24lAm and Pu-isotopes.

Table 8.1.1. Mean contamination levels (kBq/m2) in surface soils from the Mayak Area.

Sampling location Core/
degK

Contamination density (kBq/m2)

<0Co 9 0Sr l 34Cs I37Cs XPu* 2 4 l Am

Burial sites

N l

N2

N W of the repository site

SE of the repository site

0-22

0-25

<2.8

190

3400

II000

<2.8

0.8

1200

3800

120

71

100

45

Health protection zone (between Lake Karachay and River Mishelyak)

N3

N4

3.6 km SE of L. Karachay (43/78)

4 km S of L. Karachay (8/69)

0-21

0-16

0.075

<0.05

97

180

1.7

<0.4

380

210

2.4

2.3

4.3

1.0

Techa River and Asanov Swamp

N I 5

N I 7

N20

Asanov Swamp ,
(7 km from Dam I I )

Techa
(15 km from Dam I I )

Muslyumovo • ,, '
.(47 km from Dam 11) \

0-25
0-40
0-18
0-14
0-20

0-24
0-25
0-20

0-10
0-10

n.d

n.d

<0.03
<0.0l

130
10000
1100
650
1600

350
170
62

1000
n.a.

n.d.

n.d.

<0.06
<0.04

400
42000
3800
2200
1400

2800
830
470

10000
4700

I.I
85
10

4.7
3.3

5.2
7.0
0.4

13
29

n.a.
n.a.
n.a.
n.a.
n.a.

n.a.

<l.3
<0.l

East Ural Trace

N 2 I

N22

0.5 km SW of L. Berdenish

5 km N W from L. Berdenish

0-20

0-30

3.7

2.3

34000

14000

1.2

<0.09

1400

530

17

12

< l l

5.9

n.d. - below detection level; n.a. - not analysed.
* - sum of alpha-emitting Pu-isotopes.

Uncertainties are within 20 % for y- and (^-emitters and
within one order of magnitude for a-emitters.
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Table 8.1.2. Mean radionuclide ratios, relative to l37Cs, in Mayak soils.

Site

Nl
N2

N3
N4

NI5
NI7
N20

N2I
N22

60Co/'"Cs

0.002
0.06

0.002
0.001

—

0.003
0.003

90Sr/l37Cs

3.4
3.0

0.42
0.50

0.24
0.11
0.10

28
24

l34Cs/l37Cs

0.005
0.0003

0.005
0.003

-

0.003

(XPu/l37Cs

0.14
0.02

0.02
0.02

0.003
0.003
0.004

0.022
0.029

24lAm/ l3rCs

0.09
0.02

0.008
0.004

—

0.009
0.007

Ratios reflect the average of those in soil cores (data in Table 8.1.1), surface soils or individual soil layers. Data on standard
deviations can be found in Chapter 9. As 90Sr ratios can vary considerably down the soil profile, data for 90Sr represents
only whole core ratios.

The soils collected from the burial sites (NI and N2)
had high contamination densities of all radionuclides.
This area has been contaminated by many sources
including the Kyshtym and Lake Karachay accidents in
1957 and 1967, contamination from routine aerial
releases, as well as radioactive waste disposal. The soil
profile has also been disturbed by both decontamina-
tion measures and waste burial procedures. This is
particularly evident at site NI (Figs. 8.1 and 8.2). For
the whole profiles, 90Sr contamination levels were 3.4
and I I MBq/m2, and l37Cs levels were 1.2 and 3.8
MBq/m2 at sites NI and N2, respectively. These
results are well within the range of contamination
levels reported for the Mayak site: 2-20 MBq/m2 for
90Sr and 0.7-30 MBq/m2 for l37Cs. Relatively high con-
centrations of 60Co were found at site N2. This is not
representative for the waste disposal area in general,
and probably reflects local contamination at the sam-
pling site. Radionuclide ratios showed some variation
between the two sites (Table 8.1.2). On average, acti-
vity levels in surface soils collected close to the bore-
hole sites south of Lake Karachay (N3 and N4) were
rather low compared to the burial sites. 90Sr activity
levels were in the range 0.1-0.2 MBq/m2, l37Cs in the
range 0.2-0.4 MBq/m2, which also confirmed previous
measurements made by Mayak PA.

Analysis of soils collected from the Techa River flood
plain confirm the inhomogeneous distribution of radio-
nuclides in this area (Table 8.1.1). Sites N15 and N17

represent peat soils within the Asanov Swamp, while
N20 is the flood plain at Muslyumovo which is floo-
ded during high spring water. Results show that surfa-
ce contamination levels tended to decrease with dis-
tance from Dam 11, but elevated levels were apparent
at Muslyumovo. Activity levels also decreased by a
factor of 10-100 with distance from the river bank
(Fig. 8.3). Maximum activity levels were found at N15,
namely 10 and 42 MBq/m2 for 90Sr and l37Cs, respec-
tively. All reported activity levels are well within previ-
ous Russian estimates of contamination levels in
flood plain soils. Due to the inhomogeneous distribu-
tion of radionuclides, it is not possible to calculate
flood plain inventories from the limited amount of
samples without uncertainties of several orders of
magnitude.

Results from analysis of the two EURT soil profiles
show excellent agreement with exisiting Russian data
on the spatial distribution of contamination levels in
this area. As expected, the two sites (N2I and N22)
had high 90Sr levels, but soils from these sites were
also contaminated to a lesser extent by l37Cs and Pu-
isotopes. The contamination levels decreased with
distance from the point of release. The total surface
contamination (0-30 cm) was 34 MBq 90Sr/m2 and 1.4
MBq l37Cs/m2 at N2I , and 14 MBq 90Sr/m2 and 0.5 MBq
l37Cs/m2 at N22. Results confirm that both sampling
sites were within the 100 km2 area of maximum con-
tamination (90Sr contamination level in 1957, >4
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MBq/m2). Total alpha Pu (otPu) contamination levels
were a factor of 104 to 2-103 lower than 90Sr.

In summary, all measured activity levels for l37Cs and
90Sr in surface soils showed good agreement with
Russian estimates of contamination densities in the
Mayak area.

8.2.2. Groundwater.

Radionuclide concentrations in groundwater collected
from borehole 43/78 (Site N3) and borehole 8/69
(Site N4) are given in Table 8.1.3. The activity concen-
trations of 60Co, 90Sr, l37Cs, and Pu-isotopes varied
both between the wells and with sampling depth. The
activity levels in 43/78 (3.6 km from Lake Karachay)
was higher than in 8/69 (4 km from Lake Karachay).
Maximum concentrations in 43/78 reached 4000 Bq/I
for 60Co and 8800 Bq/I for 90Sr. In borehole 8/69, cor-
responding maximum values were 270 and 68 Bq/I,
respectively. The l37Cs levels were low in both bore-
holes. At both sites, 90Sr and 60Co tended to increase
with depth. However, 60Co showed a more uniform
vertical distribution than 90Sr, and borehole 8/69
showed less depth variation than 43/78. The maxi-
mum radionuclide concentrations are characteristic
for the depth of the groundwater table: 57 m in bore-
hole 43/78 and 50 m in borehole 8/69.

Fieldwork results confirm the data from regular moni-
toring of groundwater contamination by Mayak PA. In
1994,90Sr activity levels at borehole 43/78 were 210
and 9600 Bq/I at depths of 20 m and 57 m, respective-
ly. Contamination levels of 90Sr in borehole 8/69 have
been monitored since 1984 and have shown a steady
increase since 1989, reaching levels of 17 Bq/I 90Sr (80
m)in 1994 (Fig. 8.4).

8.1.3. Reservoir and river water.
Results of radionuclide activity levels in water from
Reservoirs 10 and I I, the bypass channels, and the
Mishelyak and Techa Rivers are given in Table 8.1.4.
The highest concentrations were found in the reser-
voir waters and, as expected, contamination levels
were higher in Reservoir 10 than in Reservoir I I.
Average activity concentrations in Reservoir 10 were:
100 Bq/I for l37Cs, I 1000 Bq/I for 90Sr, and 0.06 Bq/I
for aPu. Concentration levels in Reservoir I I water
were significantly lower: 1-2 Bq/I for 137Cs, 2200 Bq/I
for 90Sr, and 0.005 Bq/I for ocPu. These results are in
good agreement with recent data from Mayak PA
based on measurements made during 1994-1995.
Previous results for Reservoir 10, in Bq/I (range),
were: 60Co, 12 (4.8-20); 90Sr, 9700 (8300-1 1000);
l37Cs, 230 (140-310); and aPu, 0.077 (0.03-0.15).
The presence of colloidal species of l37Cs and 90Sr was
negligible in both reservoirs. However, between 10
and 50 % of l37Cs in bottom waters was associated
with suspended particles.

The water samples collected in the Mishelyak River
show negligible concentrations of radionuclides com-
pared to the bore hole samples (Table 8.1.3).

Although 90Sr concentrations in the main water sour-
ces to the Upper Techa (i.e. Mishelyak River and the
bypass channels), as well as in the Techa itself, are low
compared to activity levels in Reservoir I I (Table
8.1.5), water samples from the four sampling sites in
the bypass channels did show elevated levels of 90Sr
(Table 8.1.4). The concentration of 90Sr was higher in
the right bank channel compared to the left bank
channel. This confirms the Russian observations of a
90Sr transfer to the RBC (Table 5.2.3 and 5.2.4, Part I)
from the reservoirs.

Table 8.1.3. Radionuclide activity concentrations in groundwater.

S i t e 1 - - . •••• • ' : ' "•••'••••:'• \

N3

N4

Borehole 43/78
(3.6 km SE from
Karachay)

Borehole 8/69
(4.0 km S from
Karachay)

Depth (m)

20
57
57

20
50
80

0.45 (im
0.45 |im
lOkDa

0.45 (xm
0.45 |im
0.45 |am

l37Cs (Bq/I)

0.7
<0.3
<l.7

6.6
0.4

<0.3

40Co (Bq/I)

1500
4100
4200

220
220
270

aPu (Bq/I)

2.2
2.8

0.11

<0.03
0.03
0.04

90Sr (Bq/I)

180
8400
8800

3.4
68
1.9
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Figure 8.3. Variation of l37Cs and 90Sr contamination densities (kBq/m2) with distance from
the Techa River bank at site N15 (Asanov Swamp), 7 km from Dam 11.
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Table 8.1.4. Radionuclide activity concentrations (Bq/I) in surface waters.

Sampling site Activity concentration (Bq/I)

60Co 90Sr l37Cs aPu

Mishelyak River

N5 1.5 1.5 0.88 <0.02

Reservoir IOa

N6 - northern part
N7 - southern part

Reservoir 1 la

N10 - northern part
N i l - southern part

1.5
1.8

0.09
0.08

14000
8400

1900
2400

100
100

1.5
I.I

0.08
0.025

0.002
0.005

By-pass channels

LBC - N8 middle
LBC - N12 lower

RBC - N9 middle
R B C - N13 lower

<0.03
<0.04

0.5
0.3

0.85
4.9

96
56

0.10
0.15

0.32
0.30

<0.03
<0.03

<0.03
<0.03

Techa River

N I 4 - 7 km from Dam 11
N I 6 - 15 km from Dam I I
N18 - 25 km from Dam 11
N 1 9 - 4 2 km from Dam I I
N20 - Muslyumovo, 47 km from Dam 11

<0.05
<0.05
<0.05
<0.05
<0.05

6.3
10

7.6
9.0
7.0

0.28
0.78
0.74
0.69
0.66

<0.03
<0.03
<0.03
<0.03
<0.03

a - average activities in surface and bottom waters.

T a b l e 8.1.5. Act iv i ty levels relative t o Reservoir I I.

90Sr

l37Cs

Reservoir 11

1

1

Mishelyak River

6.8» I0-4

0.67

RBC

2.5-4.4* I0-2

0.23-0.25

LBC

0.4-2.2* I0"3

0.076-0.20

Techa River

2.9-4.5* I0-3

0.51-0.60

Concentrations of both 90Sr and l37Cs vary along the
channels; in general concentrations seem to increase
downstream in both the LBC and the RBC. According
to many years of Russian investigation, one of the
main factors influencing the infiltration of contamina-
ted reservoir water into the channels is the differ-
ence in water levels, especially between Reservoir 11
and the RBC (see Section 5).

Radionuclide concentrations in Techa River water
were rather constant between Dam 11 and
Muslyumovo, 47 km from the dam: 7-10 Bq/I for 90Sr
and 0.6-0.8 Bq/I for l37Cs (Table 8.1.4). Slightly lower
levels were observed at N14. These results are in
agreement with the reported levels in Part I. In gene-
ral, the data on radionuclide activity concentrations in
water samples collected during the fieldwork agree
well with existing Mayak data.
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Table 8.1.7. Activity levels relative to 90Sr
in sediments (Mayak data, 1994).

8.1.4. Reservoir and river sediments.
Estimates of contamination densities in sediments
(Bq/m2) are given in Table 8.1.6. Based on previous
knowledge of the spatial variation in activity levels in
reservoir and river sediments, it is clear that the few
samples taken during the fieidwork are not statistically
sufficient to enable an accurate assessment of invento-
ries. Nevertheless, it is possible to compare results
from the fieidwork with previous measurements. As
detailed in Section 7.4, the results presented in Table
8.1.6 represent the calculated contamination densities
at the sampling sites. As expected the highest average
activity levels were found in Reservoir 10 (Table 8.1.7
and Fig. 8.5).

Table 8.1.6. Mean sediment contamination densities (Bq/m2) in the Mayak Area.

Mishelyak River

Reservoir 10

Reservoir 11

Techa River

90Sr

1

400

50

10

l37Cs

1

2000

500

600

Sampling location Core
depth
(cm)

Contamination

60Co 90Sr l34Cs

density (kBq/m2)

l37Cs aPu M 1 Am

Mishelyak River

N5 Near borehole 8/69 0-38 6 190 n.a. 130 1.4 n.a.

Reservoir 10

N6

N7

Northern part of the Reservoir
• • " • • • • • • • • • • • .

Southern part of the Reservoir
• . • . . . . . . . .

0-16
0-16

0-8
0-20

530
290

210
310

n.a.
9500

4800
6100

39
18

22
34

13 000
6100

21 000
15 000

n.a.
470

510
720

860
270

290
470

Reservoir 11

NIO

N i l

Northern part of the Reservoir
. . . . . • . . . -

. . ' • ' • . • • • •

Southern part of the Reservoir

0-28
0-40

0-18
0-19

90
90

15
6

13 000
12 000

n.a.
8100

4
4

1.3

12 000
14 000

390
170

42
63

n.a.
0.2

25

n.a.

Techa River

N I 4

N I 6

N I 8

N I 9

N20

... . -
Asanov Swamp
(7 km from Dam 11)
Techa (15 km)

Techa (25 km)

Techa (42 km)

Muslyumovo (47 km)

0-42

0-29

0-16

0-22

0-16

n.d. - below detection level; n.a. - not analysed; aPu

1.8

n.d.

n.d.

n.d.

n.d.

1200

n.a.

n.a.

50

110

n.a.

n.d.

n.d.

n.d.

n.d.

44 000

880

180

2000

1100

- sum of alpha-emitting Pu-isotopes.

74

0.5

0.2

1.5

0.55

n.a.

n.d.

n.d.

n.d.

n.d.
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Activity concentration (103 Bq/kg)
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Figure 8.5. l37Cs and 90Sr activity concentrations, q (Bq/kg) and distribution (%) in upper sediment
profiles from: a) Mishelyak River (N5); b) Techa River, Muslyumovo (N20);
c) Techa River, at Asanov Swamp (N14); and d) Reservoir 10 (N7).
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Fishing in Upper Techa River, Asanov Swamp Sediment sampling in Mishelyak River

Groundwater sampling

103



Field work results, 1994

The bed of Reservoirs 10 and I I is comprised of both
sediments from the old Techa River bed and flooded
soils. Therefore the samples collected during 1994
field work may not represent the old river bed. This is
illustrated by the variation in activity levels between
the two sites. The concentration of radionuclides was
lower in the profiles collected at the upper part of
Reservoir 10 (N6) than at site N7, the lower part of
the reservoir (Table 8.1.6). Maximum l37Cs concen-
trations at N7 reached 14 MBq/m2, and levels of 90Sr
and Pu-isotopes reached 9 and 0.7 MBq/m2, respect-
ively. In Reservoir I I, sediment contamination was
higher at the upper site (N10) compared to the lower
site (NI I): maximum l37Cs and 90Sr densities in Reser-
voir I I reaching 14 and 13 MBq/m2. The concentrat-
ion densities of l37Cs and Pu-isotopes showed greater
inhomogenity between sites than 90Sr. These results
confirm the large spatial distribution of radionuclides
in reservoir sediments after damming and subsequent
flooding of the soils.

In the Techa River, maximum activity concentrations
were found at N14, 7 km downstream from Dam 11
(Table 8.1.6). The contamination densities showed an
overall decrease by a factor of 40 for l37Cs and 10 for
90Sr between N14 and Muslyumovo (N20, 47 km from
Dam I I). Thus, the l37Cs and 90Sr activity levels found
in the Techa River sediments are in good agreement
with data previously reported from Russian monitor-
ing (Section 5).

In addition to l37Cs and 90Sr, sediments in the Mayak
area are contaminated, albeit to a much lesser extent,
with 60Co, l34Cs, and Pu and Am isotopes. Comparison
of radionuclides in the reservoir and Techa River sedi-
ments show different ratios, in particular, relatively
high Pu and 24lAm levels in Reservoir 10 sediments
(Table 8.1.8).

8.2.5 Calculation of Reservoir 10 and 11
inventories

Analysis of activity levels of radionuclides in water
(Table 8.1.4) and sediments (Table 8.1.6) from the
field work are used to calculate the total inventory of
radioactivity in Reservoirs 10 and I I. It should be
noted that this calculation is based on only 4 cores
from two sampling sites in each reservoir, which can-
not be expected to be representative as radionuclides
are not heterogeneously distributed in the reservoirs.

The estimated total radionuclide inventories in Reser-
voirs 10 and I I are given in Table 8.1.9 and Table
8.1.10. Fieldwork estimates suggest a total radio-
nuclide inventory in Reservoirs 10 and I I of 1.2 PBq
(32 kCi) and 1.3 PBq (35 kCi), respectively. If these
results are compared with former estimates, it is clear
that the inventory for Reservoir 10 based on field-
work samples is underestimated whereas fieldwork
estimates for Reservoir I I are in better agreement
with the Mayak estimates.

Table 8.1.8. Mean radionuclide ratios, relative to l37Cs, in Mayak sediments.

Site

N5

N6
N7

NI0
Nil

NI4
NI6
NI8
NI9
N20

60Co/l37Cs

0.058

0.052
0.020

0.0065-0.025
0.031

0.00005

90Sr/l37Cs

1.9

1.5
0.33

1.2
31

0.032

0.053
0.096

l34Cs/ l37Cs

-

0.0032
0.0027

aPu/'37Cs

0.013

0.075
0.033

0.004

0.0017
0.0006
0.001 1
0.0008
0.0005

J4lAm/ l37Cs

-

0.048
0.028

0.0021

Apart from 90Sr, ratios reflect the average of whole profiles and individual sediment layers.
(Data on standard deviations can be found in Chapter 9.)
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Table 8.1.9. Comparision of radionuclide
inventory (Bq) in Reservoir 10
from the field work with
previously estimated levels by
Mayak PA (Mayak, 1993).

Radionuclide

Total activity

<0Co

MSr

l34Cs

.37C s

OCPu

Sum

Total activity

"Co:: :— •

90Sr V

i J4cs;;

I J 7c s : ; ; ; ;;

OCPu

Mayak
estimation,

1993

(Bq) in the reservoir

8.2. I0'3

3.9. 10'=

~2.2» I013

2.5. 10'=

4 .2 . I0'3

6.6* 10'=
(l .8« 10= Ci)

(Bq) in water

3.0* I0'2

4.6 . I0'4

~3.2» 10"

2.2. I0'3

6.3« I010

Field work
estimates,

1994

6«

1 «

5»

2 .

9»

1.2
(3.3-

1.5

0.9

5.4

8«

5«

I0 ' 2

I0 ' 5

10'°

I0 ' 4

I0 ' 2

. I015

104 Ci)

• 10"

. 10'=

•10'°

I0 ' 2

I09

Table 8.1.10. Comparision of radionuclide
inventory (Bq) in Reservoir I
from the field work with
recently estimated levels by
Mayak PA (Mayak, 1995).

Radionuclide Mayak
estimation,

1995

Field work
estimates,

1994

Total activity (Bq) in the Reservoir

^ C o ': ' -:.

• f S r ••' /

- 7 C s

aPu

Sum

2.5« I0 ' 2

5.8« I0 ' 4

6 .0 . I0 ' 4

4.3« I0 ' 2

l.2« 10'=
(3.2« 104 Ci)

3 . I0'2

1 • 10'=

3« I0 '4

2 . I0'2

1.3. I0'5

(3.5. 104 Ci)

Total activity (Bq) in water

^°Co

^ S r •

IJrCs

aPu

5.3« 10"

3.4« I0 ' 4

1.9. I0'3

2 . I09

3« 10"

5« I0 '4

3« 10"

1 • I09

The Mayak estimates are based on about 100 sampling
sites in each reservoir. Thus, the disagreement betwe-
en the fieldwork and Mayak estimates is most likely
due to the limited sampling programme in the 1994
fieldwork, and that sampling failed to hit the old Techa
River bed. This hypothesis is supported by the distri-
bution of radionuclides between sediment and water.
Fieldwork results imply that only about 25 % of the
radionuclides in Reservoir 10 are deposited in the
sediment while the corresponding number for
Reservoir I I is about 60 % (Table 8.1.11).

The results also suggest that more than 90 % of the
radiocaesium, plutonium and 60Co were retained in
the sediments. For 90Sr only about 10 % of the activity
appeared to be deposited in sediments in Reservoir
10, while the corresponding number in Reservoir I I
was 50 %. This also suggests that sampling in Reser-
voir 10 failed to hit the most highly contaminated area
of the reservoir bed.
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Table 8.1.11. Distribution between water phase and sediment deposits for selected radionuclides
in Reservoirs 10 and I I (fieldwork estimates).

Indicator

Distribution of total activity between
water and sediments (%)

Radionuclide deposits in
the sediments (%)

water

sediments

60Co

90Sr

l34Cs

iJ7Cs

aPu

Reservoir 10

75

25

98

12

91

95

99.5

Reservoir 11

40

60

90

51

-

99

99.5

8.2. Radionuclide mobility and
migration
This chapter deals with the behaviour of radionuclides
in the environments of Mayak PA. In the course of this
study, the degree of radionuclide migration has been
assessed for individual radionuclides in soil-water and
sediment-water systems. Distribution coefficients
have been calculated to assess the partitioning of radi-
onuclides between the solid and liquid phases.
Laboratory sequential extraction studies have been
employed in order to assess the association of radio-
nuclides to soil and sediment components and thus
determine the potential for mobilisation of radionucli-
des from soils and sediments by leaching. Finally the
transfer to plants and fish has been assessed.

8.2.1 Vertical radionuclide migration in
soil and sediment profiles
The distributions of radionuclides with depth depend
on a number of factors including the soil composition,
the regime of soil moistening and the degree to which
the natural soil structure has been disturbed.

In the area of the industrial site (sampling sites N I,
N2) and observation zone of Mayak PA (N21, N22)
grey forest soils and leached chernozem soils were
sampled. In the flood plain of the River Techa, peat-
swamp and soddy-meadow soils were sampled.

In all cases except one, the radionuclide activity con-
centration decreased with depth. Only in the case of
the sample N I , collected at the waste burial site, a
significant deviation from this trend was observed.
This site was characterised by a broken soil structure
demonstrating that the soil had been disturbed.

The distribution of radionuclides within the profile
can be related to the soil type :
Dry valley soils (Nl, N2, N3, N4, N21, N22): The depth
of vertical migration of long-lived radionuclides was
greater than the 30 cm soil profile collected.
Detectable levels of l37Cs and total alpha-plutonium,
corresponding to a weakly-migrating fraction, were
found at 25-30 cm depth. The main fraction of the
total activity, however, is retained in the upper 10 cm
of the soil column (N2, Fig 8.1.a). This distribution
appears to be independent of the sorption character-
istics of individual radionuclides. Exceptions to this
rule exist where there has been physical disruption of
the soil surface. Such an example exists at the waste
burial site, NI (Fig. 8.2.a). Decontamination measures
were applied to this site after the 1957 Kyshtym acci-
dent. 90Sr , l37Cs and plutonium isotopes exhibit profi-
les which suggest that the mechanical mixing of the
soil layers has taken place. The radionuclide distribut-
ion in the soil profile from site N2I is also anomalous
(Fig. 8.1 .b). Here the main fraction of the total activity
is retained in the upper 18 cm of soil.
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Peat-swamped and soddy-meadow soils of the River Techa
flood plain (NI5A-E, NI7A-C). The radionuclides were
found at significant concentrations at all depths and it
appears that in many cases radionuclides have migra-
ted below the sampling depth of 40 cm. The migration
of radionuclides is higher than in the dry valley soils
because of the continual water saturation of the soils
and the large amount of organic matter present.
For soddy-meadow soils, the main fraction of the
total activity is often retained within the 20-25 cm
layer (up to 40 cm for N15B) for 90Sr, and 10-20 cm
layer for l37Cs and total alpha-Pu which is deeper in
the dry-valley soils. Typical radionuclide distributions
with depth for these flood-land soils are illustrated in
Figure 8.2.b.

Sediments can be categorised into three major types:
River bed sediments from areas bordered by dry river
banks (N5: Mishelyak River, N20: Techa River at
Muslyumovo). These sediments are characterised by
sandy-silts or sandy surface deposits. The main fracti-
on of the total activity is retained in the upper layers
of sediment. In the case of site N5 (Fig. 8.5.a) in the
Mishelyak River around 80 % of the 90Sr activity is pre-
sent in the 0-3 cm layer whereas l37Cs is mainly distri-
buted within the upper 15 cm of the sediment. This is
a surprising observation when one considers the rela-
tively high mobility of 90Sr compared to l37Cs, but the
result is in agreement with recent Russian studies. It
seems that the l37Cs activity levels in sediments at a
depth up to 15 cm can be accounted for by wind-
blown contamination from Lake Karachay (Spring
1967). Mayak scientists have been investigating the
possible sources of 90Sr in the upper 3 cm layer for
the past 2-3 years, but as yet the source has not been
identified. The depth of penetration of 60Co, 90Sr, l37Cs
and Pu-isotopes in Mishelyak sediments exceeds the
sampling depth of 38 cm. At Muslyumovo, site N20
(Fig. 8.5.b), l37Cs is mainly located in the upper 2 cm
of the sediment core, but the depth of l37Cs penetrati-
on at this site also exceeds the sampling depth.

River bed sediments from areas of swamp/waterlogged
river banks (NI4, NI6, NI8, NI9: Techa River). These
sediments are characterised by layers of peaty-silt and
clay of varying thickness. In these areas of low water
flow velocities 90Sr can migrate to depths in excess of
40 cm and often concentrates in the 15-30 cm layer.
In contrast, l37Cs is more readily sorbed by the sedi-

ment and is found concentrated in upper sediment
layers; 0-5 cm or 0-25 cm depending on sediment
structure and sorption properties. A typical profile is
shown in Figure 8.5.C.

Sediments from artificial reservoirs (N6, N7: Reservoir 10;
NI0, NI I: Reservoir 11). The migration of radionucli-
des in these sediments may be forced by the water
saturation of the sediment and the hydrostatic pres-
sure caused by the overlying column of water. The
depth of penetration for all 4 sampling sites exceed
the depth of sampling (16-40 cm). For sites N6 and
N i l , l37Cs and 90Sr are concentrated in the surface
layer (0-4 cm) of the sediment. For sites N7 (Fig.
8.5.d) and N10 the radionuclides are retained in the
6-10 cm layer probably reflecting the presence of
peat soil at this location.

To conclude :
Assuming the soil structure is undisturbed, the degree
of vertical migration of radionuclides in the dry valley
soils is not sufficiently large (25-30 cm maximum) to
pose a threat to groundwater contamination as the
water table is assumed to be at a depth of 3—4 m.

For reservoir sediments the vertical migration of radio-
nuclides is greater especially when peat deposits are
present. In these cases the migration of radionuclides
may cause contamination of the groundwater.

8.2.2 Distribution coefficients
For the estimation of the distribution coefficients (Kd)
the ratio of the radionuclide concentration in dry
(105 °C) surface sediment (0-2 cm or 0-5 cm: for-
ming the sorption-active layer) to the concentration
in water was calculated at each site. The mean Kd

values for 60Co, 90Sr and l37Cs obtained at 4 sampling
sites are reported in Table 8.2.1. The lowest Kd values
are generally associated with 90Sr reflecting a low
interaction with components in sediments. Low Kd

values are also reported for 60Co (Kd = 10) and l37Cs
(Kd = 200) for the sediments in the Mishelyak River.
Although limitations exist for the Kd calculations in
the reservoirs owing to the high spatial variability in
the contamination of the sediment bed (old river bed
and flood plains) it appears that Kd values for l37Cs are
one order of magnitude higher in Reservoir I I than in
Reservoir 10.
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Along the Techa River, Kds for l37Cs vary dramatically
with distance from dam I I. This is demonstrated in a
maximum recorded Kd of IxlO6 at NI4 (Asanov
Swamp) close to Reservoir I I to a minimum Kd of
IxlO3 obtained at N18, 25 km from dam I I.

Another interesting result arises from analyses of Kds
based on the surface water and soil water relative to
surface soil at site N14 and N15. Distribution coeffici-
ents were 3x 102 for 90Sr and 3x 105 for l37Cs for sur-
face waters while in soil waters the Kds were much
higher (90Sr: 3xlO5; l37Cs: 5XI07). This explains why de-
sorption/sorption processes taking place in soil water
systems are essential.

8.2.3 Sequential extraction studies on soils
and sediments
The leaching of radionuclides from soils and sedi-
ments and subsequent transfer into solution depends
on the physico-chemical form of the radionuclide.
Sequential leaching experiments yield information on
the reversible or irreversible association of the radio-
nuclides and their potential mobility within ecosys-
tems. Results from the sequential leaching of soil and
sediment samples are discussed below.

For all soil and sediment samples extracted, l37Cs was
strongly bound, probably irreversible to natural com-
ponents (Figs 8.6-8.8). Between I —10 % of l37Cs was
extractable with NH4Ac, the majority being found in
the strong oxidising agent, HNO3, or the residual
fractions. In the sediment sample from sampling site
N7 in Reservoir 10 (Fig. 8.7.b) approximately 40-55 %
of l37Cs was associated with the oxidizable fraction

(H2O2 extract). This is different from the other sites
in the Techa River and may indicate a different source
of radiocaesium at this site. This sediment had the
highest activity concentrations for all radionuclides
and the activity ratios suggest that the location repre-
sents river-bed sediments contaminated by the early
discharges from Mayak PA.

The sand sample collected from the bank of Reservoir
10 had a radionuclide composition that was different
from the sediments, and a relatively low proportion of
l37Cs was associated with the residual phase (< 5 %).
This can be explained by the fact that sand has a lower
Cs-fixation capacity than clay minerals. Variations in
the relative distribution between HNO3 and residual
fractions in soils and sediments, can reflect different
l37Cs contact times (e.g. time dependent diffusion of
Cs ions into the clay mineral lattice) and differences in
the characteristics of soils and sediments. In general
Cs distribution between extraction fractions showed
a similar distribution to that found for the naturally
occurring stable Cs isotope (Fig. 8.9.a). Thus, 40-50
years after the major discharges, the isotopic ex-
change seems to be close to equilibrium for l37Cs.

In comparison, 90Sr was rather mobile in soils and
sediments (Figs. 8.10-8.1 I). Between 60 and 90 %
could be extracted with NH4Ac, indicating that 90Sr in
soils and sediments is reversibly-bound and can be
easily exchanged by other cations (Fig. 8.1 I). It should
be stressed that, despite being reversibly-bound, a
certain fraction of 90Sr is still rather strongly attached
to soils and sediments. In general less than 5 % could
be extracted with water.

Table 8.2.1. Average distribution coefficients (Kd) between sorption-active sediments (0-2 cm
or 0-5 cm) and overlying waters in rivers and reservoirs near to Mayak PA.

Location

Mishelyak R.
• • • ; • . • • • - • - .

Reservoir 10

Reservoir 11

Techa R.

10

I -103—3 -104

9 -103 -9 -104

-

. . . • . • • : : • •

* > S r .. •.:•.. .

2-I03

6-2-i 03

80-3•102

3«l02

2«IO2

9 -103-3 • 104

2 • 104-2 -105

I -103—1*10*
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Figure 8.6. Distribution of l37Cs in sequential extraction fractions from soil samples:
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In Reservoir I I (sample N i l ) sediment, a relatively
high extraction with NH4Ac at pH 5 was obtained
suggesting association with amorphous phases or car-
bonates. It is interesting to note that a relatively high
fraction of extracted 90Sr was associated with the
red/ox (NH2OH.HCI, H2O2, and HNO3) fractions in
the sediment from Reservoir 10, site N7 (Fig. 8. lO.b).

In general 90Sr also showed a rather similar distribut-
ion in soil extracts to the stable Sr isotope (Fig. 8.9.b).
Repeated extraction of samples with water and
NH4Ac showed that nearly 100 % of 90Sr could be ex-
tracted from sediments and soils (Fig. 8.12), providing
further evidence of the reversible association of 90Sr
with soil components and the potential mobility of 90Sr
in the Mayak area. This suggests that soils and sedi-
ments will continue to act as a source of 90Sr to waters
and biota, but also that activity levels in soils and sedi-
ments should be reduced due to the long term wash-
out of 90Sr. In comparison, very little l37Cs could be re-
moved from soils and sediments by repeated extract-
ion (< 10 %). This supports the suggestion that the low
90Sr/l37Cs ratio in Techa River sediments and the
Asanov Swamp (as compared to Reservoirs 10 and I I)
is due to the preferential remobilisation of 90Sr from
soils and sediments in conjunction with a high l37Cs
sorption to soil and sediment minerals.

Plutonium-isotopes are strongly associated with soils
and sediments (Fig. 8.13). However, Pu are more easi-
ly extracted with HNO3 than l37Cs, as the residues
contained less than 5 % of the total activity. This could
be explained by the fact that Pu-ions are to a lesser
extent bound within mineral lattices like Cs-ions. It is
more likely that Pu is sensitive to scavenger effects,
e.g. coprecipitation with macro elements (e.g., Fe).
Some evidence of association with oxidizable phases
could be found, but more extraction data is needed
to confirm this. In the reservoir sediments, 23SPu and
239.2-topu shov/ed similar distributions between the
extracted fractions.

8.2.4 Radionuclide associations with
colloids and particles in water
Based on hollow fibre ultrafiltration, the association
of radionuclides (l37Cs, 90Sr, and 60Co) with colloidal
material within water samples was negligible (10 kDa
< size fraction < 0.45 jam). However, between 10 and

50 % of l37Cs was associated with particles greater
than 0.45 u.m in bottom reservoir waters. Hence, a
major fraction of radionuclides are present as low
molecular weight forms i.e. soluble ions or complexes
with a nominal molecular weight less than 10 kDa.

8,2,5 Radionnclide transfer to plants
Sampling of vegetation (mainly grass) in conjunction
with soil allowed the estimation of transfer of radio-
nuclides from soil to plants to be made. The terms
used to describe the transfer are concentration ratios
and transfer coeffients, where:

Concentration ratio:

CR =
Radionuclide cone, in veg. (Bqkg"1 dw)

Radionuclide cone, in soil (Bqkg'1 dw)

This term will include the combined effect of root
uptake and direct contamination of the plant. The
direct pathway includes contamination via plants sur-
faces. This may occur owing to resuspension of dust
in dry, industrial areas e.g., area of the production
site, or owing to the diffusion of contaminated water
into plant stems and leaves in swampy areas.

Transfer coefficient (TC):

TC =
Radionuclide cone, in veg. (Bqkg'' dw)

Contamination density (Bqnr2 dw)

For both terms, the activity in soil refers to the upper
0-10 cm layer. Concentration ratios (CR) and transfer
coefficients (TC) for 90Sr and l37Cs are reported in
Table 8.2.2. Typical CR values are 0.3 for 90Sr and 0.04
for l37Cs. Typical TC values are 5xl0~3 m7kg for 90Sr
and 3x10^ mVkg for l37Cs.

The calculated TC values generally correspond closely
with values previously reported for the area (ESRS-
Mayak). Significant deviations of CR and TC from the
established values were observed within certain areas
and may be explained by a number of factors:

The direct contamination pathways, i.e. resuspension
and contamination of vegetation surfaces, have incre-
ased the level of l37Cs in vegetation from the produc-
tion site (e.g. N l ) and has increased the level of 90Sr in
plants collected from the Health protection zone (e.g.
N4), thus CR and TC are higher than expected.
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and NH4Ac (n = 2, STD + 10 %).
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Field work results, 1994

The transfer of l37Cs and 90Sr to vegetation varies to a
certain degree in soils from the Asanov Swamp (N15
and N17). This is thought to arise from variable che-
mical properties (cation exchange capacity, presence
of organic matter) of these water-logged soils.

Using the average values for CR and TC the annual
uptake into the biomass of the grassy sward, quoted
as a percentage of the radionuclide content in soil, is
< 0.1 % for 90Sr and <0.05 % for l37Cs.

Table

Site

8.2.2. Soil to vegetation transfer

Vegetation (Bq/kg)

l37Cs

Waste burial sites

Nl

N2

11600

1580

Health protection

N3

N3C

N4

Techa

N I 5

N I 7

N20c

74

74

63

90Sr

(Mayak Enclosure)

zone (approx 4 km SSE

530

530

1340

River and Asanov Swamp (3-47 km

26-6500

42-750

3170

660-950

540

1900

2.0

6.9

East Ural Radioactive Trace (approx 15-2C

N2I

N22

174

46

All sites

32000

72000

9

factors and <:oncentration ratios.

T C (m2/kg)a

l37Cs

b> 2.4 • 1C

3.4-10"

of Lake

2.7-10-

1.0 -10

3.0.10-

90Sr

)-2

A

Karachay)

A

A

A

2.2-I0-3

1.6-10-2

from Dam 11)

•\0~5-5A

• I 0~s—3.C

• IO- 4

I-IQ-4

2 . 5 - 1 0 ^

IkmNE

4.7-I0"

9.4-10-

»IO-5-5-

4. | . | 0^-7.5-10"3

4.6 • 10"3

6.2-10-3

of the Mayak site)

A

5

3.0.10"3

3.2-10-2

IO-4 4-10^-3-10-2

CRa

l 37Cs

b>3.8

4.6.10-2

2.4 -10"2

3.4-10-2

7.9-10^-3.8.10-2

4.5-IO-3-2.O-lO-2

3.5-10-2

1.7

3.2-10-2

9.6-I0-3

8-10^-5-10-2

90Sr

3.3.10-'

1.8

•10-2-5.3-10-'

2.5« 10"'

b) 2.4-I0"1

2.0.10-'

3.3

2-10-2-2

a - T C and CR calculated using activity concentrations and contamination levels in the 0-10 cm soil layer.
b - Soil contamination
c - N3 and N20 soils, 90Sr activity levels = 0-5 cm
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Field work results, 1994

8.2,6 Radionuclide transfer to fish
Based on the concentration of radionuclides in fish
from Reservoirs 10 and I I, and the concentration in
reservoir water, an estimate of the transfer of l37Cs in
the water to fish pathway could be made. As a relati-
ve measure of the transfer, the bioaccumulation factor
(BF) was used, i.e. the ratio of the concentration of
the radionuclide in fish tissue (fresh weight basis) to
the concentration of the radionuclide in water.

Bioaccumulation factor, BF, (I/kg):

Radionuclide cone, in fish (Bq/kg)

Radionuclide cone, in water (Bq/I)

The BF values and l37Cs concentrations are reported
in Table 8.2.3. The l37Cs transfer, BF, is similar for pike
from the two reservoirs with an average level of
about 1000.

Pike from Reservoir 10

Table 8.2.3. Radionuclide concentration of l37Cs in fish filet, and bioaccumulation factors.

Sampling location

Reservoir 10

Reservoir 1 1

Techa River (Muslyumovo)

Species

Pike
Perch*

Pike
Roach*

Pike

l37Cs (kBq/kg f.w.)

80-140
130

1.3
0.3

0.4

BF

800-1400
1300

1000
240

600

* measured whole fish
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Soil sampling

Central Mayak Laboratory, Ozyorsk
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Radionuclide Ratios and Contamination Source Terms.

The contamination of areas surrounding the Mayak PA
can be attributed to several sources:

o discharges to the Techa River, 1949-1956
o discharges to the reservoirs from 1956 to the

present day
-o discharges to Lake Karachay from 1951
c waste tank explosion (Kyshtym accident) in 1957
o wind transport of Lake Karachay sediments in 1967
G airborne releases from the plant stacks.

These source terms vary with respect to radionuclide
composition, activity levels, radionuclide ratios and
physico-chemical forms. Furthermore, the contamina-
tion density and the size of the area affected depends
on the source in question. Characteristics of the
major source terms are summarised in Table 9.1.

A summary of contamination levels (Bq/m2) and radio-
nuclide ratios observed in samples collected at the
1994 fieldwork is presented in Table 9.2. The compa-
rison of ratios seen at the different sites with those
expected from the various source term information is
important for two reasons. Firstly, it enables an albeit

Table 9.1. Summary of releases to the Mayak Area, attributed to the time of release
(not decay corrected).

Site Techa River
waste disposal

1949-1956

Lake Karachay
waste disposal

1951-1994

Kyshtym accident

1957

Wind dispersion
of Lake Karachay

sediments

1967

Release characteristics

Total release (PBq)

l37Cs (PBq)

90Sr (PBq)

Total alpha (PBq)

90Sr/137Cs

Ia/l37Cs

106

13

12

0.002

0.92

0.00015

20 000

3600a

740a

l.5ab

0.21

0.0004

74
(740d)

0.03 (0.3)

2.0 (20)

trace

67

0.022

0.01 1

0.0037

trace

0.34

0.0004c

Contamination

Max-initial (kBq/m2)

Contaminated
area (km2)

Floodplain (kBq/m2)

150 000(l37Cs)
75 000 (90Sr)

80

l37Cs: 74-15 000
90Sr: 37-7400

150 000 (90Sr)

(>75 kBq/m2) 1000
(>3.7 kBq/m2) 20 000

740 (l37Cs)
250 (90Sr)

(>75 kBq/m2) 30
(>3.7 kBq/m2) 1800

a-Activi ty in Lake Karachay 1994 (Romanov, 1995)
b- 2 3 9 > 2 4 0 Pu + 24l

c - 1970 ratio in Karachay sediments
d - 10 % transported away from the plant area.
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in Mishelyak River sediment.

However, the available results do
make it possible to highlight major
deviations from established source
term data.

Approximately 400,000 tonnes of solid
radioactive waste with an activity of
480 PBq have been buried in reposit-
ories at the Mayak PA site. Soils collec-
ted from the vicinity of these reposit-
ories showed variable levels of radio-
nuclides. The 90Sr/l37Cs ratio was simi-
lar at the two sites, 3.3 ± 0.3, whilst
aPu/l37Cs, 60Co/l37Cs and 24lAm/l37Cs
ratios varied significantly between the
two sites (Tables 8.1.2 and 9.2). This
variation together with the level of
radionuclide ratios reflects the compli-
cated contamination history at the
sites. Thus, the contamination may be
attributed to mixed sources, i.e. both
the Kyshtym and Karachay accidents,
local contamination from waste dispo-
sal and airborne releases from the
Mayak stacks.

. '< J- — '.- - ' .f h-.

r ' ' r,

tentative identification of the major source terms
responsible for contamination. Secondly, it en-ables
evaluation of the historical data on the source term
composition.

As discussed in previous chapters, post-deposition
behaviour of the different radionuclides in soils and
sediments varies, with 90Sr showing the greatest mobil-
ity. This, together with the uncertainties in source
term data and the limited number of samples, compli-
cates attempts to correlate observed ratios in field-
work samples with reported source-term ratios.

The major source of surface contami-
(Bq/kg) nation in this area is presumed to be

the Karachay and Kyshtym accidents.
Compared to other sites from the

1994 fieldwork, surface contamination densities were
rather low, 200^00 kBq/m2 for l37Cs, but slightly hig-
her than levels reported for the Karachay fallout in
this area: I 1-210 l<Bq/W for l37Cs in 1967 (Fig. 4.9).
Radionuclide ratios at the two soil sampling sites were
rather similar (Table 8.1.2 and 9.2). The 90Sr/l37Cs ratio
was 0.46 ± 0.04, which is comparable to that reported
for Lake Karachay fallout, i.e. 0.34 (Table 9.1). How-
ever, aPu/l37Cs ratios, 0.017 ± 0.005 (Table 9.2), were
significantly higher than those reported for Lake
Karachay sediments in 1970, namely 0.0004 for
(23M«Pu + ™Am)/i37Cs (Table 9.1).
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Table 9.2. Summary of contamination levels, MBq/m2 (range), and radionuclide ratios
(Mean ± SEM)a at fieldwork sites in the Mayak Area.

Site,
location

Soil, sediment (MBq/m2)

90Sr I 3 7Cs IPu(totoc)

' ^ , Activity ratios

90Sr/l37Cs ocPu/l37Cs 238pu/239,240pu

Waste burial sites (Mayak Enclosure)

• s b i h - r - r •;:"•. 4-11 1-4 0.07-0.12 3.3 ± 0.3 O.I4±O.O4
0.02bc

n.a.

Health protection zone (approx 4 km SSE of Lake Karachay)

Soil

R. Mishelyak
sediment

0.1-0.2

0.19

0.2-0.4

0.13

0.002

0.001

0.46±0.04

22 (0-3 cm)d

0.45 (3-38 cm)

0.017+0.005

0.011
0.013

0.44c

-

East Ural Radioactive Trace (approx 15-20 km NE of the Mayak site)

Soils 15-35 0.5-1.4 0.01-0.02 26±2 0.025±0.005 0.01 1 ±0.002

Reservoirs 10 and 11

Reservoir 10

Reservoir 11

5-10

8-13

6-21

0.2-14

0.5-0.7

0.06

O.32±O.OI
l.5bc

1.2+0.1
3lbc

0.042+0.008

0.0039±0.0004

1.4+0.3

0.3810.06

Techa River and Asanov Swamp (3-47 km from Dam 11)

Soils

Sediments

0.06-10

0.1-1.2

0.4-50

0.2-44

0.0004-0.09

0.0006-0.07

0.20±0.02

0.06+0.02

0.0024±0.0004

0.00l0±0.0003

0.0051 ±0.0003

0.0l8±0.00l

a - For 90Sr, average ratios refer to only whole profiles; for other radionuclides the mean ratio reflects both
whole profiles and surface layers.

b - Variation between the two sampling locations was significant,
c - One sample only, n= I.
d - The surface layer of River Mishelyak sediment contains high levels of 90Sr (see section 9.2).

In Mishelyak River sediments, l37Cs, 60Co and Pu-isoto-
pes followed the same vertical distribution pattern,
with activitiy concentrations peaking at about 10 cm
and the majority of the contamination being found
between 5 and 15 cm (Fig. 9.1). However, 90Sr was
concentrated in the upper 0-3 cm layer, which confir-
med recent Russian observations. Hence the 90Sr/l37Cs
ratio in surface sediments, 22, was much higher than
in the rest of the profile (Table 9.2). The radionuclide
ratios in the 3-38 cm layer are consistent with those
seen in the nearby soils (0.45 for 90Sr/l37Cs and 0.013

for aPu/l37Cs), suggesting that the predominent sour-
ce of radionuclides below 5 cm was wind dispersion
of Lake Karachay sediments. As noted earlier, possible
sources of the high concentration of 90Sr in the surfa-
ce sediments of the Mishelyak River is presently under
investigation at Mayak.

9.2.2. Groundwater.
Groundwater samples collected in the vicinity of Lake
Karachay were contaminated with relatively high
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levels of 90Sr (up to 9000 Bq/I) and 60Co (up to 4000
Bq/I). From Russian studies it is known that the sour-
ce of these radionuclides is infiltration from Lake
Karachay, wi th a maximum lateral velocity of 80 m per
year. Samples from the most contaminated well
(43/78, 57m) also showed high concentrations of ura-
nium: 234U, 255 Bq/I; 235U, 15.2 Bq/I and 238U, 233 Bq/I.
This corresponds to a uranium concentration of
about 2 mg/l wi th isotopic mass ratios of: 238U, 99 ± I
%; 235U, 0.99 ± 0.2 %; 234U, 0.01 ± 0.005 %. This is not
significantly different from the natural isotope abun-
dance: 238U, 99.275 %; 23SU, 0.720 %; 234U 0.005 %.
Unfortunately data on Lake Karachay uranium con-
centrations is not available.

According t o Russian data, in 1970, radionuclide con-
centrations (MBq/l) in Lake Karachay water are (Part
I, Table 3.2.5):

l37Cs
480

60Co
1.3

239Pu + 2 4 lAm
0.12

90Sr
44 (MBq/l)

Both 90Sr/l37Cs and 60Co/I37Cs ratios are higher in the
collected groundwater than in Lake Karachay water.
This reflects the relatively high mobility of Co and Sr
compared to Cs-species. In Lake Karachay the 90Sr/
60Co ratio is 34, and in water collected from the
lower part of the boreholes the corresponding ratio
was 2 at 43/78 and 0.3 at 8/69 (Table 8.1.3). Earlier
studies of 90Sr and 60Co show that relative to levels in
Lake Karachay, groundwater is enriched in 60Co com-
pared to 90Sr, due to the high mobility of '0Co-species
(Drozhko et al., 1996).

Several years of monitoring at Mayak has shown that a
volume of 5* 106 m3 groundwater is contaminated by
90Sr, <°Co, l37Cs and l06Ru, with concentration levels a
factor of 20-300 lower than in Lake Karachay
(Drozhko et al., 1996). The groundwater bearing zone
is situated at a depth of 50-100 m, further vertical
migration being prevented by the monolite rock at
80-100 m (Fig. 9.2). It has been shown that anionic
species are more mobile than neutral complexes. The
isolines for NOI and 90Sr are shown in Figure 9.3.
Problems associated with the migration of contamin-
ated groundwater are relevant to other nuclear instal-
lations in Russia (Tomsk, Krasnoyarsk) and the USA
(Hanford).

9.3. East Ural Radioactive Trace
The site selected for sample collection from the EURT
had been heavily contaminated by the Kyshtym acci-
dent, and the rather high 90Sr levels confirmed this.
However, the soil samples collected at both sites sho-
wed a relatively high l37Cs/90Sr ratio: in the two 0—30
cm soil profiles the observed ratio was 0.040 + 0.004.
This is higher than the reported ratio in fallout from
the Kyshtym accident, namely, 0.015 (see Table 4.2.1,
Part I). Assuming that the reported ratio in the waste
tank is correct, the observed ratios indicate an
"excess" l37Cs contamination level equivalent to a
maximum deposition of 360 kBq/m2 at N22 and 1000
kBq/m2atN2l.

The area is also known to have been contaminated by
the Karachay accident, however, the excess l37Cs act-
ivity is higher than the previously reported Karachay
deposition for this area, i.e. between 11 and 210
kBq/m2 (see Fig. 4.9, Part I). The aPu/l37Cs ratio is also
high, 0.025 ± 0.005, but similar to that observed at
the sampling site in the area south of Lake Karachay
and, likewise, higher than reported ratios in Lake
Karachay sediments or Kyshtym fallout (Table 9.1).

The high l37Cs/90Sr ratio could reflect preferential
removal of 90Sr from soils after deposition. Strontium
is known to be more mobile than caesium and the dif-
ference in depth distribution of radionuclides is parti-
cularly evident at N22 (Fig 9.5). Though a possible
explanation, particularly for site N22, the amount of
90Sr that would need to be removed from the 0-30 cm
layer is rather large compared with the reported rates
of 90Sr decrease in EURT soils (Chapter 4, Part I).

In conclusion, enhanced l37Cs levels at the EURT site
could reflect a combination of: preferential removal of
90Sr from the 0-30 cm layer compared to l37Cs; a high-
er than predicted deposition of l37Cs from the Kara-
chay accident (particularly at N2I - the site closest to
Mayak); an additional source of l37Cs contamination;
and/or non-representative samples. The enhanced
plutonium levels may be attributed to underestimated
past sources.
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Fig. 9.2. Hydrogeochemical cross-section from Reservoir 2, through Reservoir 9 and the Mishelyak
River to the water intake of Novogornyi village.

Q 3, nit

The main source of radionuclides in Reservoirs 10
and I I can be attributed to the discharge of radio-
active waste into the Techa River from 1949 to 1951.
Immediately downstream from the sedimentation
ponds (Reservoirs 3 and 4), river bed sediments accu-
mulated high levels of radionuclides. After constructi-
on of Reservoir 10 (1956) and Reservoir I I (1963)
radionuclides were redistributed in the shallow reser-
voirs due to wind turbidity and mobilisation from the
river bed sediments. The large variation in l37Cs and
Pu-isotopes concentrations within the reservoir sedi-
ments undoubtedly reflects the difference in contami-
nation levels between the old river bed sediments and
flooded soils. However, 90Sr is reversibly bound to
sediment and soils and can be easily displaced, hence
is more mobile and more homogenously distributed
in reservoir sediments than l37Cs and Pu-isotopes
(Table 9.2). This is also reflected in the large variation
in average 90Sr/l37Cs ratios between sampling sites in
the reservoirs. Based on 2l0Pb/2l0Po measurements in
the sediment profiles, the sedimentation rate in
Reservoir 10 is relatively low, about 1-2 mm per year.

Comparison of radionuclide levels at the different
sites suggests that in Reservoir 10, site N7 was closer
to the original river bed than site N6 and in Reservoir
I I, site N 10 was more representative of the old bed
than site N i l . Autoradiography of a sand sample col-
lected from the bank of Reservoir 10 indicated that
the radioactivity was inhomogeneously distributed in
the samples (Fig. 9.4). The existence of different
source terms and a possible particle contribution in
Reservoir 10 is supported by the fact that a certain
fraction of l37Cs and 90Sr in sediments is associated
with an oxidizable phase. The vertical distribution of
l37Cs, 90Sr, 60Co, 24lAm and Pu-isotopes in the sediment
profile at N10 is shown in Figure 9.6, and illustrates
the rather similar depth distribution of radionuclides
at this site.

The aPu/l37Cs ratios were a factor of 10 higher in
Reservoir 10 than in Reservoir I I, 0.04 and 0.004,
respectively. However, both ratios are significantly hig-
her than that reported in the 1949-1956 discharges
to Reservoir 3, namely 0.00015 for total alpha/l37Cs
(Table 9.1). 24lAm/l37Cs ratios are also relatively high in
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Reservoir 2

Reservoir 10

Novogornyi water supply intake

Fig. 9.3. Diffusion of contaminants in underground water horizon from the Lake Karachay,
March 1994 (Drozhko et al., 1996).
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the reservoirs: 0.05 and 0.002 in Reservoir 10 and I I,
respectively (see Table 8.1.8). Despite the difficulty in
determination of alpha-emitters, it is unlikely that ana-
lytical error can account for differences of this order
of magnitude. Therefore, the observed ocPu/l37Cs rati-
os could reflect either differences in the environmen-
tal behaviour of the two radionuclides, an additional
source of Pu-isotopes after construction of
Reservoirs 10 and I I or an underestimation in the Pu
content in the pre-1956 releases. Environmental fac-
tors might include preferential retention of Pu in
Techa River sediments and/or a preferential desorpti-
on of l37Cs from contaminated sediments.

Pu-isotope ratios also showed variation: the
238Pu/239.24oPu r a t j o w a s | 4 ± Q 2 \n Reservoir 10 and

0.38 ± 0.06 in Reservoir 11. This probably reflects the
complex radioactive waste history at Mayak, especially
of Pu isotopes.

The best estimate of the total-alpha Pu inventory for
Reservoir 10 (1993 estimate, Table 8.1.9) is 42 TBq,
of which about half could be a recent source of 238Pu
(assuming the average fieldwork Pu-isotope ratios are
representative of the whole reservoir). The estimated
total-alpha Pu inventory in Reservoir I I is 4 TBq
(1995 estimate, Table 8.1.10), of which in the order of
I TBq could be attributed to 238Pu. Field work results,
although based on a very limited number of samples
compared to the 1993 and 1995 estimates, confirm
inventories of this order of magnitude. However, in-
ventory estimates for both reservoirs are significantly
higher than the reported total releases of alpha emit-
ters to Reservoir 3 during 1949-1956 (2 TBq). Such
high inventories can only be explained by an underes-
timation of the alpha emitters and Pu in the reported
pre-1956 releases or a significant additional source of
both 238Pu and "«40Pu after construction of Reservoirs
10 and I I. It should be pointed out that, between
1949 and 1951 when the greatest releases of Pu-

Figure 9.4. Autoradiography of sand sample from Reservoir 10.
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isotopes to the Techa River occured, methods for
determination of alpha emitting radionuclides in dis-
charge waters were not well developed.

In conclusion, despite the additional possibility of
environmental discrimination influencing the distribu-
tion of l37Cs and Pu-isotopes, it seems that the most
likely explanation for the observed radionuclide ratios
is errors in the early estimation of aPu discharged to
the environment

9=5. The Techa River and Asanov
Swamp
The 90Sr/l37Cs ratio in river sediments and soils
(0.03—0.10) is lower than observed in the reservoir
system. This could reflect both different source
terms, preferential sorption of l37Cs, and preferential
removal of 90Sr during the 40 years after contaminat-
ion. Like Reservoirs 10 and I I, the major source of
contamination of Techa River soils and sediments bet-
ween Dam I I and Muslyumovo is the discharge of
intermediate level liquid radioactive waste from
1949-1951. Thus sediments and soils have been con-
taminated by two main processes: the sorption of
radionuclides from contaminated waters and the
transport of contaminated sediments during flooding.
Russian calculation of inventories suggests that, in
1992, the Asanov swamp contained approximately 40
TBq 90Sr and 210 TBq l37Cs. Furthermore, calculations
indicate that, between 1962 and 1992, a major fracti-
on of the 90Sr deposited during the high activity relea-
se periods had been leached from the swamp. This
hypothesis is supported by the low 90Sr/l37Cs ratio
seen in the field work measurements.

The 238Pu/239M0Pu-ratio in soils (0.005) and sediments
(0.02) is significantly lower than was observed in the
reservoirs. This supports the suggestion of an additio-
nal source of 238Pu to the reservoir system after dam-
ming of the Techa River. Furthermore, ocPu /l37Cs rati-
os in sediments and soils (0.001-0.002) are a factor of
20 lower than in the Reservoir 10, but of a similar
order of magnitude as in Resevoir I I, and still a factor
of 100 higher than in the reported pre-1956 discharges
(i.e. 0.00015 for total alpha/l37Cs). Hence, ocPu/l37Cs
radionuclide ratios in Techa River soils and sediments
support the hypothesis that discharges of Pu-isotopes
to the Techa River between 1949 and 1956 were hig-

I
• ' . - •

Ozyorsk
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±0 Conclusions from the 1994
fieldwork.
The results of the field work in 1994 are not sufficient
to give a complete picture of the radioecological situ-
ation in the vicinity of the Mayak PA. Nevertheless,
the obtained data serve to verify and supplement the
extensive data from Russian monitoring programmes.
Interpretation of data has been carried out with refe-
rence to the historical releases and existing knowled-
ge on the contamination situation (Part I), and focuses
on contamination levels, mobility and migration of
radionuclides, and isotope ratios. Intercomparison
gave good agreement between the Russian and
Norwegian analytical methods. The main conclusions
are summarised below.

1. The obtained data on the levels of long-lived radio-
nuclides have in general confirmed the spatial distribu-
tion, characteristics and levels of radioactive contami-
nation reported by Mayak PA and other Russian orga-
nizations.

2. Fieldwork results give a good indication of the
degree of contamination and the inhomogeneous dis-
tribution of radionuclides in areas surrounding the
Mayak PA. Contamination is predominantly due to the
long-lived l37Cs and 90Sr radionuclides. The highest
contamination density of l37Cs in soil and sediments
from the field work was found at the Asanov Swamp:
soils, 42 MBq/m2 and sediments 44 MBq/m2. For 90Sr,
the highest soil contamination densities were seen in
the EURT, 34 MBq/m2, and in sediments the maximum
was observed in Reservoir 11,13 MBq/m2.

3. Groundwater in the vicinity of Lake Karachay is
contaminated with 90Sr, 60Co, and possibly uranium.
This reflects infiltration of contaminated water
through the bed of Lake Karachay, and high levels of
90Sr and 60Co relative to l37Cs and Pu-isotopes, is con-
sistent with knowledge on the higher mobility of Co
and Sr-species.

4. Information has been obtained about the vertical
distribution of radionuclides in soil and sediment pro-
files. These data enable an evaluation of the depth of
radionuclide migration and, hence, the possiblity that
contamination can reach the groundwater table. It has
been shown that:

a) In soils contaminated by the EURT or Lake
Karachay accident, the major part of 90Sr, l37Cs and
Pu-isotopes is concentrated in the upper 10 cm soil
layer, although there is evidence of enhanced mobi-
lity of 90Sr down the soil profile. The pattern of
activity distribution within the soil profile precludes
radionuclides from reaching the groundwater, as
the groundwater table lies several meters below
the soil surface. However, in the Asanov Swamp
and floodplain soils from the Techa River, radionu-
clides were found at the maximum sampling depths
of 40-50 cm, hence 90Sr may migrate into the
groundwater or underflow in the floodplain of the
river. The magnitude of these sources of 90Sr to the
Techa River is not known and estimates should be
made in future studies.

b) The depth to which radionuclides migrate in the
sediments of the Techa River and Reservoirs 10
and I I is variable, and determined by hydromor-
phic characteristics of the section and properties of
the sediments. The penetration depth can reach
40-50 cm, with a higher mobility of 90Sr than l37Cs
and Pu. The 0-1 cm upper layer of the sediments is
often characterized by relatively low activity con-
centrations, which suggests leaching and desorption
of radionuclides to the water phase.

5. Laboratory extraction studies have been used to
estimate the potential mobility of 90Sr, l37Cs and Pu-
isotopes in soil and sediments. It has been established
that l37Cs is strongly fixed to the solid matter of soil
and bottom sediments: less than 10 % is reversibly
bound, i.e., extractable with ammonium acetate, whe-
reas a strong oxidizing agent, nitric acid, can remove
50-80 % of l37Cs. A similar binding strength to soil and
bottom sediments has been found for Pu. However,
90Sr is sorbed to soils and sediments by reversible phy-
sical or electrochemical sorption processes (e.g. ion-
exchange), and is more mobile than l37Cs and Pu.
Water can displace up to 5 % of 90Sr, and ammonium
acetate 60-90 %. Hence, for the areas around Mayak
90Sr is the main radionuclide which is potentially mobi-
le in the soil and water and can be transported by
water as low molecular ionic forms.

6. The results from studies on the reservoirs and
bypass channels support the previous conclusion that
the present sources of 90Sr activity to the headstream
of the Techa River is infiltration of contaminated
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water from Reservoirs 10 and I I to the bypass chan-
nels and to a lesser extent through the bed of Dam
I I. The field studies also confirm the influence of the
Asanov Swamp as a source of radionuclides, especially
90Sr, to the middle reaches of the Techa River. Previous
estimates suggested that the amount of the radionu-
clides removed from the swamp soils by desorption
processes was more than the amount entering the
swamp from the reservoirs. Fieldwork results showed
that water concentrations of '°Sr and l37Cs were simi-
lar along the middle reaches of the Techa River (from
7 to 47 km from Dam I I), this could reflect dynamic
pseudo-equilibrium conditions between desorbed
radionuclides and contaminated soils and sediments in
the upper reaches of the river during low flow peri-
ods (July, 1994).

7. The Mayak area has been contaminated by a num-
ber of sources, having different radionuclide composi-
tions and different physico-chemical forms.
Furthermore, post-deposition mobility of different
radionuclides is known to vary in soils and sediments.
Both factors complicate attempts to correlate obser-
ved radionuclide ratios in environmental samples with
reported source-term ratios. However, the following
observations can be made:

a) The l37Cs/90Sr ratios were higher than expected in
the two EURT soils. The measured ratio in the
0-30 cm soil cores, 0.040 ± 0.004, was greater than
the reported ratio in the waste tank, 0.015 (Table
4.2.1, Part I). This could reflect preferential removal
of 90Sr from the surface of soils after deposition,
and/or a higher contribution of l37Cs from the dis-
persion of Karachay sediments in 1967 than
earlier data indicate.

b) The ocPu/l37Cs ratios were high at all sites, especially
EURT, waste burial sites and Reservoir 10. The offi-
cial Russian estimated inventory in 1995 for Reser-
voirs 10 (42 TBq) and 11 (4 TBq) is higher than the
total reported discharges of alpha emitters to
Reservoir 3 between 1949-1956 (2 TBq). This lat-
ter observation can only be explained by either an
underestimation of the total aPu content in the
reported releases or an additional source of Pu.
Consistently high ratios in Techa River soils and
sediments also support the hypothesis that the
reported releases to Reservoir 3 have been under-
estimated.

The review of the obtained results shows that the
scheduled field work under the joint programme pro-
vided significant new information and the findings
should be of considerable scientific and practical
value. The results will be used in future evaluation of
the radioactive contamination of the watershed of the
Ob river.
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77 Summary of Existing
Knowledge and Future Work
The main objective of the Mayak programme, as pro-
tocolled in September 1993 and later ratified at the
Ministerial level in Norway and Russia, is to present
an overview of the environmental contamination in
the Mayak area. Within Subprogramme I the sources
contributing to past contamination and potential sour-
ces of future release have been characterised. The
transport of radioactive materials out of the area via
the Techa River under current conditions has also
been described. A further important objective of the
Mayak programme (Subprogramme II) is to consider
the environmental impact of accidental releases from
the Mayak facilities and to assess the potential trans-
port of radioactive contaminants in the drainage sys-
tem of the river Ob. The subsequent consequences
for the environment and population in northern areas
will also be assessed.

11.1. Releases of radionuclides to
the environment
As described in this report, the area around Mayak PA
is heavily contaminated by radionuclides. The main
contributors to the contamination are:

• discharges of intermediate level liquid radioactive
' waste into the Techa river 1949-1956;

• discharges of liquid radioactive waste into Lake
Karachayfrom 1951 until the present day;

• the Kyshtym accident in 1957 when a tank contain-
ing high level radioactive waste exploded;

• wind transport of Lake Karachay sediments, 1967.

This dispersal of radioactive materials to the environ-
ment led to harmful effects on the environment itself,
restriction on land application, relocation of inhabi-
tants from several settlements and observed health
effects on human populations. About 80 km2 of far-
ming land are still abandoned downstream River
Techa; and following the Kyshtym accident, the use of
180 km2 of land is still today banned and the location
of population restricted.

Today, five out of seven reactors at Mayak PA are clo-
sed and the remaining two produce radionuclides for
civil and military purposes. Work associated with
weapon production stopped in 1987. Of two repro-

cessing plants one is in operation and is available for
contracts both for land-based and submarine/icebrea-
ker reactor fuel.

Due to the reduced capacity, together with improve-
ments in equipment and procedures, the current envi-
ronmental releases of radioactivity have been greatly
reduced relative to previous practices. However,
intermediate and low level radioactive waste is still
being released to the environment. For the last few
years (1993-1995) the releases are as follows:

• 20,000 m3 of liquid intermediate level waste per
year with a total activity of about 25 PBq (maximun
permissible 37 PBq or I MCi) are disposed of into
Lake Karachay and, to a lesser extent, Reservoir 17.

• Since 1970, some 0.003 PBq of tritium condensate
has entered Reservoir 17.

• About 0.092 PBq/yr (2500 Ci/yr) liquid low level
waste enters Reservoir 3 in the cascade of industr-
ial reservoirs (No 3, No 4, No 10, No I I ) .

• Due to the continuous process in purifying and
reducing the volume of gas-aerosol discharges, the
mean annual airborne discharges have been redu-
ced by a factor of 100. The discharges in 1993
amounted to 0.33 PBq (9.0 • I03 Ci) and 5.2 • I0"6

PBq (0.14 Ci) of inert gases and aerosols of long-
lived beta-emitters respectively.

11.2. Present inventories
The total inventory of radionuclides (mainly l37Cs and
90Sr) around Mayak can be summarised as follows:

0 Lake Karachay
• Reservoir 17
• The East Ural Radioactive Trace
• Area contaminated by wind transport

of Lake Karachay sediments
• Reservoir 2
• Reservoir 3 and 4
• Reservoir 10 and 1 1
• Asanov Swamp

4400 PBqa

74 PBq*
0.75 PBqb

0.0067 PBq
0.74 PBqc

1.9 PBq'
7.9 PBq'
0.25 PBqd

a Activity levels at 1993
b Numbers reflect decay corrected releases to 1996;
some of the activity has been removed with run-off water,
buried or transported into deep soil due to deep ploughing.
c Activity levels at 1994
d Activity levels at 1992

29



Summary of Existing Knowledge and Future Work.

The joint Norwegian-Russian field work during sum-
mer 1994 supported the Russian data (presented in
Part I) both with respect to contamination levels and
nuclide migration. The levels of plutonium found are,
however, somewhat higher than previously estimated.
It should be pointed out that these conclusions are
based on relatively few samples. Intercalibration sho-
wed that the Norwegian and Russian measurements
were in good agreement.

11.3. The present flux of radioactivity
in the Techa River.
The flux of radioactive materials, in particular 90Sr, in
the Techa River is now steadily decreasing. The influ-
ence on the radioactive level in the Kara Sea is un-
known, but is considered insignificant under the pre-
sent situation.

The nuclide of main concern is 90Sr as it is remobilised
from soils and river sediments to a much greater
extent than l37Cs and Pu-isotopes. The estimated acti-
vities of 90Sr being transported in the River Techa are
presented in Chapter 5 (Part I) and amounts, at pre-
sent, to 1-2 TBq/yr. The sources of the 90Sr activities
are:

• resuspension from the Asanov Swamp;
• filtration through Dam I I;
• infiltration from the reservoirs into by-pass canals.

The transport of 90Sr out of the swamp area is higher
than the flow into the swamp area. Thus, the main
contribution to the 90Sr activity in river water is mobi-
lisation from the Asanov Swamp.

Increased contamination of groundwater, in particular
of 90Sr and
cern. This
suppy, or the Mishelyak River and consequently the
Techa River via the right bank channel. The increasing
water leve in Reservoir I I will enhance infiltration of

i

radionuclides from the reservoir into the by-pass
channels and through Dam I I. The Russian authori-
ties are lobking for means to reduce both the water
level in Reservoir I I and infiltration out of the reser-
voirs, and thus eliminate a potential increased trans-
port of radionuclides to the Techa River.

°Co, from Lake Karachay is also of con-
could contaminate the Novorgorny water

11.4. Rehabilitation programme
A predominant part of the radioactive materials alrea-
dy released into the environment still remain in the
Mayak area. Soviet authorities (and their Russian suc-
cessors) have made a number of efforts to reduce fur-
ther spread of the radioactivity. The main elements in
this endeavour can be summarised as follows:

• To avoid the transport of contaminated water
down the Techa River, three huge reservoirs were
constructed (1956-1963) in the upper part of
Techa River. To isolate the reservoirs from the
water coming from Lake Irytash and run-off waters,
by-pass channels were built on each side of the
artificial reservoirs.

• A rehabilitation programme to fill in Lake Karachay
has been under way for several years. The surface
area of the lake has been reduced from 0.51 km2 in
1951 to 0.135 km2 in 1996. The purpose of this
programme is to avoid further dispersion of radio
activity by the wind, together with a general recu
peration of contaminated land.

The Mayak PA has also intensified the programme on
vitrification of high level radioactive waste reaching
about 10,500 PBq in 1996. The amount of not vitrified
HLW stored on the premises has steadily been redu-
ced and amounts by now (1995) to 5000 PBq in sus-
pension and 9800 PBq in nitric acid solutions.

11.5. Accidental releases of radioactive
substances: Sub-programme II
When assessing the consequences for the environ-
ment and population from the radioactive contamina-
tion due to transport by the Ob river system to the
Northern Seas, accidental releases from Mayak PA
should be concidered. Rupture of the dam in
Reservoir I I is one example of a potential accidental
scenario to be considered.

The main objective of Sub-programme II of the Mayak
programme is to assess the consequences from possi-
ble accidents at Mayak PA that can lead to radioactive
contamination of the Northern Seas and radiation
doses to the Arctic population. This objective will be
achieved by:

• assessment of possible and worst case scenarios at
the Mayak PA;
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• evaluation of the subsequent contamination and
transport of radionuclides by the Ob River system
and influence on the radioecology in Northern
waters;

• estimation of radiation doses to the population in
the Northern areas.

• a joint field work at Mayak and analysis of the col-
lected samples for their concentration of various
radionuclides and, whenever appropriate, to study
physico-chemical forms and potential mobility.

Subprogramme II is funded by the plan of action on
nuclear activities in Arctic under the Ministry of
Foreign Affairs of Norway, and the work has already
been initiated by the joint field work which took place
at Mayak in July 1996.

The present report focuses on the radioactive conta-
mination in the Mayak PA. However, in Chapters 4.1
and 4.2.4 some data is given on the consequences
caused by releases of radioactive waste to the Techa
River (1949-56) and by the Kyshtym accident in 1957.
In some areas the contamination has been severe for
more than 40 years and an impact on the environ-
ment and health of exposed humans could be expec-
ted. In the early phase of the Kyshtym accident, the
radiation damages to forest, vegetation and stationary
animals in 1957 were severe (Chapter 4.1). There are
especially 3 critical groups in the area for which the
relationship between radiation dose and health effects
should be focused:

11.6.1. Early workers at Mayak PA.
According to Suslova and Khohriakov (1996), the
accumulation of Pu in man (i.e. lung, liver and skele-
ton) increases with residence time in Ozyorsk. For
those who worked in Mayak during 1949-1950, the
accumulated level of Pu was 4.2 Bq in 1990, a factor
of 10 higher than from global fallout. In 1990, the
effective dose from internal exposure for adults in
Ozyorsk was 100 )J,Sv/yr from Pu and Am, 10 |U,Sv/yr
from 90Sr and 6 u,Sv/yr from l37Cs.

11.6.2. Inhabitants in settlements along the
Techa River.
Due to heavy contamination downstream from the
point of release of radioactive waste, inhabitants from
the settlements of Metlino were relocated in 1953.
Later a total of 6300 inhabitants from 22 villages along
the upper reaches of the Techa River were resettled.
(Kossenko, 1994). About 80 km2 farmland has been
abandoned to date. The effective dose equivalents to
people living in the most contaminated areas has been
estimated to 1-1.7 Sv over 30 years. Increased fre-
quencies, 2-5 times, of radiation related ilness have
been reported (Buldakov, 1995).

11.6.3. Inhabitants in settlements within
the EURT area.
Following the waste tank explosion, 23 settlements
were located in the 1000 km2 having a deposition hig-
her than 74 kBq/m2 of 90Sr. A total of 10,700 inhabi-
tants were relocated within 22 months after the acci-
dent and a temporary ban on utilisation of the land
was introduced. Due to countermeasures, 82 % of the
contaminated area has been reclaimed.

In order to assess the consequences for the environ-
ment and human health from the radioactive contami-
nation in the Mayak area, dose reconstructions and
epidemiological data are needed. A joint Russian-
Norwegian project within the Mayak programme will
be performed where the present information on radi-
oactive contamination from various sources will be
combined with dose reconstructions and observed
health effects. The proposed project is considered an
unique opportunity to make dose estimates and study
effects on human populations and the environment in
a heavily polluted area.
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