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. INTRODUCTION

1. The 1986 accident at the Soviet Union’s Chernobyl
nuclear power plant (ChNPP) was the most severe ever to
have occurred in the civilian nuclear power industry.! It trig-
gered an unprecedented international effort to improve
understanding of the health effects due to radiation from the
accident and has become the most extensively studied
accident involving radiation exposure.

2. Two workers died in the immediate aftermath; and
high doses of radiation® to 134 plant staff and emergency
personnel® resulted in acute radiation syndrome (ARS),
which proved fatal for 28 of them. Other than this group
of emergency workers, several hundred thousand were
involved in recovery operations;* they were exposed
externally and, to a lesser degree, internally to radiation
from the damaged reactor and from radionuclides released
to the environment.

3. The accident caused the largest uncontrolled radioactive
release into the environment ever recorded for any civilian
operation; large quantities of radioactive substances were
released into the air for about 10 days. The radioactive cloud
dispersed over the entire northern hemisphere, and deposited
substantial amounts of radioactive material over large areas
of the former Soviet Union and some other countries in
Europe, contaminating land, water and biota, and causing
particularly serious social and economic disruption for large

'The accident site is located in present-day northern Ukraine, some 20 km
south of the border with Belarus and 140 km west of the border with the
Russian Federation. The accident occurred on the 26 April 1986 during a
low-power engineering test of the Unit 4 reactor. Improper, unstable opera-
tion of the reactor, which had design flaws, allowed an uncontrollable power
surge to occur, resulting in successive steam explosions, which severely
damaged the reactor building and completely destroyed the reactor [17, I31].
>The term dose is used in this scientific annex in a number of ways: in a
general sense, to indicate an amount of radiation absorbed from a given
exposure, and in two specific senses, to indicate either the physical quantity,
absorbed dose, or the protection quantity, effective dose. Absorbed dose is
given in the unit, gray (Gy) (or appropriate submultiples) and effective dose
is given in the unit, sievert (Sv) (or appropriate submultiples). In general,
absolute values of dose relate to absorbed dose, unless otherwise indicated.
The concepts of collective absorbed dose and collective effective dose are
also used.

3 Approximately 600 workers responded on site within the first day to the
immediate emergency, including staff of the plant, firemen, security guards
and staff of the local medical facility.

“In 1986 and 1987 some 440,000 recovery operation workers worked at the
Chernobyl site, and more such recovery workers were involved in various
activities between 1988 and 1990. The work included, among other things,
construction of the sarcophagus over the damaged reactor and decontamina-
tion of the site and roads. Special health registers currently hold records on
more than 500,000 recovery operation workers in total.
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populations in Belarus, the Russian Federation and Ukraine?
(the three republics). Two radionuclides, the short-lived
iodine-131 (3 with a half-life of 8 days) and the long-lived
caesium-137 (*’Cs with a half-life of 30 years), were par-
ticularly significant for the radiation dose they delivered to
members of the public.

4. In the former Soviet Union, the contamination of fresh
milk with 'T and the lack of prompt countermeasures led to
high thyroid doses, particularly among children. In the longer
term, mainly due to radiocaesium, the general population was
also exposed to radiation externally from radioactive deposi-
tion and internally from consuming contaminated foodstuffs.
However, in part because of the countermeasures taken, the
resulting radiation doses were relatively low (the average
additional dose in 1986-2005 in “contaminated areas™® of the
three republics was about equivalent to that from a computed
tomography (CT) scan in medicine), and should not lead to
substantial health effects in the general population that could
be attributed to radiation exposure from the accident. Even
so, the severe disruption caused by the accident, confounded
with the remarkable political changes that took place in the
Soviet Union and the new republics, resulted in major social
and economic impact, and great distress for the affected
populations.

A. Past assessments

5. There has been an unprecedented effort by the inter-
national community to assess the magnitude and character-
istics of the health effects due to the radiation exposure
resulting from the accident. As early as August 1986, a
widely attended international gathering, the “Post-Accident
Review Meeting”, was convened in Vienna. The resulting
report of the International Nuclear Safety Advisory Group
(INSAG) contained a limited but essentially correct early
account of the accident and its expected radiological conse-
quences [I31]. In May 1988, the International Scientific
Conference on the Medical Aspects of the Accident at the
Chernobyl Nuclear Power Plant [132] held in Kiev sum-
marized the available information at the time and confirmed
that some children had received high doses to the thyroid.
In May 1989, scientists obtained a more comprehensive
insight into the scale of the consequences of the accident at
an ad hoc meeting convened at the time of the 38th session

SAt the time of the accident, these were three constituent Soviet Socialist
Republics of the Soviet Union.

®The “contaminated areas” were defined arbitrarily in the former Soviet
Union as areas where the '*’Cs levels on soil were greater than 37 kBg/m>.
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of UNSCEAR [G15, K25]. In October 1989, the former
Soviet Union formally requested “an international experts’
assessment” and, as a result, the International Chernobyl
Project (ICP) [I5] was launched in early 1990; its conclu-
sions and recommendations were presented at an Interna-
tional Conference held in Vienna, 21-24 May 1991 [I5].
Many national and international initiatives’ followed aimed
at developing a better understanding of the accident conse-
quences and in assisting in their mitigation. The results of
these initiatives were presented at the 1996 International
Conference on One Decade After Chernobyl® [129]. There
was a broad agreement on the extent and character of the
consequences.

6. The Committee considered the initial radiological con-
sequences of the accident in its UNSCEAR 1988 Report
[U7]. The short-term effects of radiation exposure and the
treatment of the radiation injuries to workers and firefighters
who were on the site at the time of the accident were reviewed
in the appendix to annex G, “Early effects in man of high
doses of radiation”, of the UNSCEAR 1988 Report. The
estimated average individual and collective doses to the
population of the northern hemisphere were given in annex
D, “Exposures from the Chernobyl accident”.

7. Annex J, “Exposures and effects of the Chernobyl acci-
dent”, of the UNSCEAR 2000 Report [U3] provided a
detailed account of the known radiological consequences of
the accident up to 2000. It reviewed the information on the
physical consequences of the accident, the radiation doses to
the exposed population groups, the early health effects in the
emergency workers, the registration and health monitoring
programmes, and the late health effects of the accident.

8. In spite of the general consensus of the international sci-
entific community on the extent and nature of the radiation
health effects that is reflected in the UNSCEAR 2000 Report
[U3], there was still considerable public controversy within
the three republics. Thus, in 2003, eight bodies of the

7Some of the more significant multinational initiatives were the following:
the WHO launched an International Programme on the Health Effects of the
Chernobyl Accident (IPHECA), the results of which were discussed at the
WHO International Conference on the Health Consequences of the Cher-
nobyl and other Radiological Accidents, held in Geneva, 20-23 Novem-
ber 1995 [W6]; the EC supported many scientific research projects on the
accident consequences and their results were summarized at the First Inter-
national Conference of the European Union, Belarus, the Russian Federa-
tion and Ukraine on the Consequences of the Chernobyl Accident, held in
Minsk, 18-22 March 1996 [E4]; and UNESCO supported several studies,
mainly on psychological impact [U20].

8The International Conference on One Decade After Chernobyl: Summing
up the Accident's Consequences, which took place in Vienna in April 1996,
was cosponsored by IAEA, WHO and EC in cooperation with the UN,
UNESCO, UNSCEAR, FAO and the Nuclear Energy Agency of OECD.
The Conference was presided over by A. Merkel, Germany’s Federal Min-
ister for the Environment, Nature Conservation and Nuclear Safety. It was
attended by high-level officials of the three most affected States (including
the President of Belarus, the Prime Minister of Ukraine, and the Russian
Federation's Minister for Civil Defence, Emergencies and Elimination of
Consequences of Natural Disasters) and by 845 scientists from 71 countries
and 20 organizations.

United Nations family® (including the Committee) and the
three republics launched the “Chernobyl Forum” to generate
“authoritative consensual statements” on the environmental
and health consequences attributable to radiation exposure
and to provide advice on issues such as environmental reme-
diation, special health-care programmes, and research activi-
ties. Drawing heavily on the UNSCEAR 2000 Report [U3],
the IAEA led the environmental assessment and the WHO
led the health assessment. The Forum’s work was reviewed
at the International Conference: Chernobyl—Looking Back
to Go Forwards: Towards a United Nations Consensus on the
Effects of the Accident and the Future, held in Vienna,
6-—7 September, 2005. Three detailed reports were issued
[C22, 121, W5] in early 2006. The Chernobyl Forum essen-
tially reconfirmed all previous assessments of the scale and
character of the radiation health consequences. The Forum
reports have been used as appropriate in the preparation of
this annex.

9. The objective of the present annex is to provide an
authoritative and definitive review of the health effects
observed to date that are attributable to radiation expo-
sure due to the accident and to clarify the potential risk
projections, taking into account the levels, trends and
patterns of radiation dose to the exposed populations.
The Committee has evaluated the relevant new informa-
tion that has become available since the 2000 Report, in
order to determine whether the assumptions used previ-
ously to assess the radiological consequences are still
valid. In addition, it recognized that some issues merited
further scrutiny and that its work to provide the scientific
basis for a better understanding of the radiation-related
health and environmental effects of the Chernobyl acci-
dent needed to continue. The information considered
included the behaviour and trends of the long-lived radio-
nuclides in foodstuff and the environment in order to
improve the estimates of exposure of relevant population
groups, and the results of the latest follow-up studies of
the health of the exposed groups. The effects of radiation
on plants and animals following the Chernobyl accident
are discussed separately in annex E, “Effects of ionizing
radiation on non-human biota”. Other effects of the
accident, in particular, distress and anxiety, and socio-
economic effects, were considered by the Chernobyl
Forum [W5] but are outside the Committee’s remit.

10. The Committee, in general, bases its assessments on
reports appearing in peer-reviewed scientific literature and
on information submitted officially by Governments in
response to its requests. However, the results of many of
the studies related to the Chernobyl accident have been
presented at scientific meetings without formal scientific
peer review. The Committee decided that it would only
make use of such information when it could judge that the
results and the underlying work were scientifically and
technically sound.

°FAO, IAEA, OCHA, UNDP, UNEP, UNSCEAR, WHO and the World Bank.
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B. Structure of the present scientific annex

11. The annex comprises a main text with four supporting
appendices. The main text summarizes the physical and
environmental context of the accident and updates the esti-
mates of radiation dose to the various exposed population
groups (appendices A and B, respectively, provide addi-
tional details). Before considering the results of the health

studies, the annex discusses some of the difficulties involved
in attributing health effects to radiation exposure. It then
briefly recapitulates the early health effects that had been
seen among the emergency workers (appendix C provides
details). Section VI (with details in appendix D) discusses
the theoretical projections of the late health effects and the
actual observations of effects to date that can be attributed
to radiation exposure from the accident.

Il. PHYSICAL AND ENVIRONMENTAL CONTEXT

12. This section briefly reviews the physical and environ-
mental context of the accident with a particular focus on
those aspects for which knowledge has improved and that
have implications for refining the radiological assessment.
Appendix A provides more details.

A. Radionuclide release and deposition

13. The accident released a mixture of radionuclides into the
air over a period of about 10 days. Most of the radionuclides

Table 1. Principal radionuclides released in the accident
Refined estimates of the activities released

that were released in large amounts (in terms of activity)
were of short half-life; radionuclides of long half-life
were generally released only in small amounts. The most
up-to-date estimates of the amounts released (table 1) are
similar to those of the UNSCEAR 2000 Report [U3],
except for the refractory elements, which are now about
50% lower [K13]. However, these changes are academic
and have no influence on the assessment of radiation doses,
which are rather based on direct human and environmental
measurements.

Radionuclide Half-life Activity released Radionuclide Half-life Activity released
(PBg) (PBg)
Inert gases? Elements with intermediate volatilityd
85Kr 10.72 a 33 Sr 50.5d ~115
133Xe 5.25d 6 500 05y 29.12 a ~10
Volatile elements? 103Ry 39.3d >168
12nTe 33.6d 240 105Ry 368d >73
137Tg 3.26d ~1150 1%Ba 12.7d 240
il 8.04d ~17604 Refractory elements (including fuel particles)¢
13 20.8h 910 %7y 64.0d 84
135 206a ~47b 9o 2.75d >72
136Cs 13.1d 36 “Ce 325d 84
EIGS 300a ~85¢ 14Ce 284d ~50
@ From references [D11, U3]. ZNp 2.35d 400
b Based on *Cs/'¥'Cs ratio 0.55 as of 26 April 1986 [M8].
C Based on fuel particle release of 1.5% [K13]. “py 87.74a 0.015
d For comparison, the global release of ™'l from atmospheric nuclear weapon 239p
testing was 675,000 PBq [U3]. u 24065a 0.013
€ For comparison, the global release of "*’Cs from atmospheric nuclear weapon 20y 65372 0.018
testing was 948 PBq [U3]. ’
#ipy 144a ~26
22py 376000 a 0.00004

%20m 18.1a ~0.4
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14. The radioactive gases and particles released were ini- using measurements of the long-lived '*I as an analogue.
tially carried by the wind in westerly and northerly direc- Three main areas of the former Soviet Union (in total,
tions, but subsequently, the winds came from all directions 150,000 km? with more than 5 million inhabitants) were
(figure I) [B24, 121, U3]. There are essentially no new data, classified as contaminated areas (figure II). Outside of the
but research to improve understanding of the atmospheric former Soviet Union, other large areas of Europe were also
dispersion patterns continues [T5, T6]. subjected to deposition of radioactive material (45,000 km?

had ¥’Cs deposition levels ranging from 37 kBq/m? to
15. Material was deposited, mainly because of rainfall, in 200 kBg/m?). It was possible to measure trace concentra-
a complex pattern over large areas of the three republics tions of the radionuclides in essentially all countries of the
and beyond. Owing to the emergency situation and the northern hemisphere. The area classified as contaminated
short half-life of '*'1, few reliable measurements of the pat- is gradually shrinking as the 1*’Cs decays, e.g. itis expected
tern of radioiodine deposition were made. There are to fall from 23% of the Belarusian territory in 1986 to 16%
ongoing efforts to reconstruct the deposition pattern of 31, in 2016 and 10% in 2046 [S23].

Figure I. Formation of plumes by meteorological conditions for instantaneous releases on the dates and at the times (UTC)
indicated [B24]
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Figure Il. Map of '¥'Cs deposition levels in Belarus, the Russian Federation and Ukraine as of December 1989 [128]
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[H9], and the clearance rate from forest ecosystems is
extremely slow. The highest levels in foodstuffs continue
to be in mushrooms, berries, game and reindeer.

16. The main transfer pathways of radionuclides in the ter-
restrial environment are illustrated in figure III. For the
short-lived "*'I, the main pathway of human exposure was
via the transfer of deposited material on pasture grass to
cow’s milk. Within a few weeks, the very high initial con- Figure lll. The main transfer pathways of radionuclides in
centrations became negligible because of radioactive decay the terrestrial environment [S13]

and other physical and biological processes.

Initial radionuclide fallout:
- condensation component

17. For the long-lived radionuclides such as '*’Cs, the
long-term transfer processes through the environment
needed to be considered. From mid-1986 onwards, inter-
nal exposure due to '**Cs and '*’Cs in milk and meat were
the most significant sources of exposure. The levels in
food depended not only on the deposition pattern, but also
on factors such as the soil type and agricultural practice.
During the first few years, there was a substantial reduc-
tion in the levels of radiocaesium in most foodstuffs, with
the levels in most of the contaminated areas falling below
those recommended by the Codex Alimentarius Commis-
sion [C12]. However, since the mid-1990s, the levels have
fallen more slowly. Further reductions in the levels in
foodstuffs over the next decades are expected to be mainly
due to radioactive decay. In parts of the contaminated
areas, there are continuing difficulties for subsistence
farmers with privately-owned dairy cows. The uptake and
retention of '’Cs has generally been much higher in

- fuel particles

Dissolution of
fuel particles

Migration

Sorption—
desorption
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18. Levels of radionuclides in rivers and lakes directly after
the accident fell rapidly and are now generally very low in
water used for drinking and irrigation, although the radio-
caesium levels in the water and fish of some closed lakes
have fallen only slowly. Levels in seawater and marine fish
were much lower than in freshwater systems.

19. Deposition of radioactive material in human settlements
has also contributed to external exposure of inhabitants. The
behaviour of the deposited material depended initially on the
type of deposition (i.e. dry or wet) and on the characteristics
of the settlement. The external dose rates have fallen with
time, because of radioactive decay and weathering (e.g.
radiocaesium levels on asphalt have fallen by over 90%). In
most settlements, the dose rates have returned to pre-accident

levels, although levels slightly above background can still be
measured over undisturbed soil.

20. By 2008, most of the radionuclides released had long
since decayed to negligible levels. Over the next few decades,
137Cs will continue to be the most relevant radionuclide as far
as exposure to radiation is concerned. Within about 20 km of
the ChNPP, particles of the nuclear fuel (so-called “hot
particles”) had been deposited with high concentrations of
radionuclides including isotopes of strontium and pluto-
nium. The particles are slowly dissolving with time and will
release *Sr over the next 10-20 years [F4, K14]. Over the
very long term, the only residual radioactivity from these
particles will be trace levels of long-lived radionuclides such
as isotopes of plutonium and ' Am (figure IV).

Figure IV. Total amounts in the environment of various long-lived radionuclides as a function of time after the accident
Americium-241 is the only radionuclide whose levels are presently increasing with time owing to its ingrowth from the decay of #'Pu. The
total activity of #'Am in the environment will reach a maximum in the year 2058, after which levels will slowly decline. This peak value is small
compared to the initial levels of #!Pu. Eventually #'Am will be the most significant remaining radionuclide, albeit at trace levels
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C. Environmental countermeasures

21. Owing to uncertainty about future releases and weather
conditions, as well as to relatively high radiation dose rates,
the authorities evacuated the nearest town of Pripyat within
the first few days of the start of the accident and the sur-
rounding settlements soon after (a total of 115,000 local peo-
ple were evacuated in 1986). Subsequently, they resettled a
further 220,000 people. They also decontaminated settle-
ments in many regions of the former Soviet Union in order
to reduce the long-term exposure of the public.

22. In the first few weeks, management of animal fodder
and milk production (including prohibiting the consump-
tion of fresh milk) would have helped significantly to reduce
the doses to the thyroid due to radioiodine, particularly in
the former Soviet Union where the levels were high. How-
ever, implementation of countermeasures in the former
Soviet Union was flawed, because timely advice was lack-
ing, particularly for private farmers. Many European coun-
tries changed their agricultural practices and/or withdrew
food, especially fresh milk, from the supply chain, and, in
Poland, iodine prophylaxis was promptly organized; these
actions generally reduced thyroid doses in those countries
to negligible levels.

23. Over the months and years after the accident, the
authorities of the former Soviet Union introduced an exten-
sive set of countermeasures, involving major human, eco-
nomic and scientific resources. These helped to reduce the
long-term exposures from the long-lived radionuclides,
notably radiocaesium. During the first few years, substantial
amounts of food were removed from human consumption
because of concerns about the radiocaesium levels, espe-
cially in milk and meat. In addition, pasture was treated, and
clean fodder and caesium binders were provided to livestock,
resulting in considerable reductions in dose.

24. In addition, countermeasures were instigated to reduce
exposures from living and working in forests and using for-
est products. They included: restrictions on access; restric-
tions on harvesting of forest foods, such as game, berries and
mushrooms; restrictions on the gathering of firewood; and
alteration of hunting practices.

25. Early restrictions on drinking water and changing to alter-
native supplies reduced internal doses from aquatic pathways in
the initial period. Restrictions on the consumption of freshwater
fish from some lakes also proved effective in Scandinavia and
Germany. Other countermeasures to reduce the transfer of radio-
nuclides from soil to water systems were generally ineffective.

lll. RADIATION DOSES TO EXPOSED POPULATION GROUPS

26. The early assessments of dose to exposed populations
based on the measurements available at the time tended to
use cautious assumptions about the countermeasures
applied and the environmental and dosimetric parameters
involved. As a consequence, the doses were generally over-
estimated. Experience with the widespread application of
countermeasures, and the extensive sets of measurements
and records that were subsequently obtained have since
been used to improve the models and dose assessments.
Appendix B provides details of the latest dose assessments
and the results, based on more than 20 years of experience
and measurements.

27. Compared to the UNSCEAR 2000 Report [U3]:
(a) dose estimates have been updated for a larger number of
the Belarusian, Russian, and Ukrainian recovery operation
workers (510,000 instead of 380,000), and new information
is presented on the Estonian, Latvian, and Lithuanian recov-
ery operation workers; (b) thyroid dose estimates have been
updated for the Belarusian and Ukrainian evacuees, and new
information is presented for the Russian evacuees; (c¢) the
estimation of thyroid and effective doses has been expanded
from 5 million to 100 million inhabitants of the three repub-
lics; and (d) thyroid and effective dose estimates have been
updated for the inhabitants of other European countries.

28. Doses to the thyroid are expressed in terms of the
quantity, absorbed dose, in units of gray (Gy); while doses
to the whole body from external and internal irradiation
combined are expressed in terms of the weighted quantity
used in radiation protection, effective dose, in units of siev-
ert (Sv). For comparison, the annual average effective dose
from natural background radiation is 2.4 mSv, while the
typical effective dose from a medical CT scan is of the order
of 10 mSyv.

29. The updated estimates of the average individual and
collective doses received by the population groups exposed
as a result of the Chernobyl accident are summarized in
table 2. Because iodine concentrates in the thyroid gland,
absorbed doses to the thyroid over the first few weeks after
the accident for those members of the population drinking
fresh milk containing *'I were much higher than the dose to
the thyroid due to natural sources of radiation; this was
especially true for infants and children who consumed
proportionally more milk than adults. In contrast, because
caesium behaves chemically like its analogue potassium,
and is therefore relatively evenly dispersed throughout the
body, the effective dose due to the accident is comparable to
or even much lower than the effective dose due to natural
background radiation.
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Table 2. Summary of updated dose estimates for the main population groups exposed

Population group Size Average thyroid dose | Average effective dose | Collective thyroid dose Collective effective
(thousands) in 1986 in 1986-2005 in 1986 dose in 1986-2005
(mGy) (mSv) (man Gy) (man Sv)
Recovery operation workers 530 —4a 117b — 61200
Evacuees 115 490 31¢C 57000 3600
Inhabitants of contaminated areas? of 6 400 102 qc.e 650 000 58 900
Belarus, Russia and Ukraine
Inhabitants of Belarus, the Russian 98 000 16 1.3¢e 1600000 125 0008
Federation and Ukraine
Inhabitants of distant countries’ 500 000 13 0.3¢.€ 660 000 130 000€

o ©

dose in mGy is numerically equal to the effective dose in mSv.

Thyroid doses only exist for a very small number of workers; it is not possible to give a valid average value for the whole group.
Effective dose estimates for the workers include only the doses from external irradiation, delivered essentially from 1986 to the end of 1990. It is assumed that the recorded

C Effective dose estimates are the sum of the contributions from external and internal irradiation, excluding the thyroid dose.

d The contaminated areas were defined arbitrarily in the former Soviet Union as areas where the "*’Cs levels on soil were greater than 37 kBg/m?.
€ The total dose will continue to accumulate to be perhaps 25% higher for the whole lifetime.

f Allthe European countries except the three republics, Turkey, countries of the Caucasus, Andorra and San Marino.

A. Doses to workers involved in response and recovery

30. The average effective dose received by the recovery
operation workers between 1986 and 1990, mainly due to
external irradiation, is now estimated to have been about
120 mSv. The recorded worker doses varied from less than
10 mSv to more than 1,000 mSv, although about 85% of the
recorded doses were in the range 20-500 mSv. Uncertainties
in the individual dose estimates vary from less than 50% to up
to a factor of 5, and the estimates for the military personnel are
suspected to be biased towards high values.

31. The collective effective dose to the 530,000 recov-
ery operation workers is estimated to have been about
60,000 man Sv. This may, however, be an overestimate, as
conservative assumptions appear to have been used in
calculating some of the recorded doses.

32. There is not enough information to estimate reliably
the average thyroid dose to the recovery operation workers.

B. Doses to general population

33. The high thyroid doses among the general population
were due almost entirely to drinking fresh milk containing
BIT in the first few weeks following the accident. Figure V
presents the estimated average thyroid dose to children and
adolescents in 1986. The average thyroid dose to the evacu-
ees is estimated to have been about 500 mGy (with individ-
ual values ranging from less than 50 mGy to more than
5,000 mGy). For the more than six million residents of the
contaminated areas of the former Soviet Union (i.e. those
with ¥’Cs levels greater than 37 kBg/m?) who were not evac-
uated, the average thyroid dose was about 100 mGy, while

for about 0.7% of them, the thyroid doses were more than
1,000 mGy. The average thyroid dose to pre-school children
was some 2 to 4 times greater than the population average.
For the 98 million residents of the whole of Belarus and
Ukraine and 19 oblasts of the Russian Federation, including
the contaminated areas, the average thyroid dose was much
lower, about 20 mGy; most (about 93%) received thyroid
doses of less than 50 mGy. The average thyroid dose to
residents of the other European countries was about 1.3 mGy.

34. The collective thyroid dose to the 98 million residents
of the former Soviet Union was some 1,600,000 man Gy. At
the country level, the collective thyroid dose was highest in
Ukraine, with 960,000 man Gy distributed over a population
of 51 million people, even though the average thyroid dose
in Ukraine was about 3 times lower than in Belarus. At the
regional level, the highest collective thyroid dose was to the
population of the Gomel oblast, where a collective thyroid
dose of about 320,000 man Gy was distributed over a popu-
lation of 1.6 million people, corresponding to an average
thyroid dose of about 200 mGy.

35. As far as whole body doses are concerned, the six mil-
lion residents of the areas of the former Soviet Union deemed
contaminated received average effective doses for the period
1986-2005 of about 9 mSv, whereas for the 98 million peo-
ple considered in the three republics, the average effective
dose was 1.3 mSv, a third of which was received in 1986.
This represents an insignificant increase over the dose due to
background radiation over the same period (~50 mSv). About
three-quarters of the dose was due to external exposure, the
rest being due to internal exposure.

36. About 80% of the lifetime effective doses had been deliv-
ered by 2005. Over this 20-year period, about 70% of the
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population received effective doses below 1 mSv and about 20%
received effective doses between 1 and 2 mSv. However, about
150,000 people living in the contaminated areas received an
effective dose of more than 50 mSv over the 20-year period. For
the population of about 500 million in other countries of Europe,

the average effective dose is estimated to have been 0.3 mSv
over this period. The collective effective dose is estimated at
about 125,000 man Sv to the combined populations of Belarus,
Ukraine and the relevant parts of the Russian Federation, and
about 130,000 man Sv to the population in the rest of Europe.

IV. ATTRIBUTION OF HEALTH EFFECTS TO RADIATION EXPOSURE

A. General discussion

37. There has been widespread misunderstanding among
the general public, media, authorities and even scientists
regarding the scale and nature of the health impact of the
Chernobyl accident. This is, in part, due to confusion regard-
ing three aspects: (a) the nature of deterministic versus sto-
chastic effects of radiation exposure; (b) the attribution of
effects to radiation exposure for individuals and populations;
and (c) theoretical projections of effects versus actual obser-
vations. This section aims to clarify the first two of these
issues. Section VI.B discusses the third.

38. The effects of radiation exposure fall into two main
classes: deterministic effects, where the effect is certain to
occur under given conditions (e.g. individuals exposed to
several grays over a short period of time will definitely suffer
ARS); and stochastic effects, where the effect may or may
not occur (e.g. an increase in radiation exposure may or may
not induce a cancer in a particular individual but if a suffi-
ciently large population receive a radiation exposure above a
certain level, an increase in the incidence!® of cancer may
become detectable in that population).

39. Attribution is the process of ascribing an effect to a par-
ticular cause. If radiation exposure is not the only known
cause of a particular effect, then it is only possible to ascribe
a probability that that effect was caused by radiation expo-
sure. In practice, attributing, either wholly or partly, a spe-
cific effect to radiation exposure involves considering
whether the effect could have occurred by other means, and
analysing factors such as the nature of the exposure, the sur-
rounding circumstances, and the clinical evolution of the
observed effect. Even though a vast scientific literature can
be used to support attribution, each effect must be examined
on its own merits; and varying degrees of confidence will be
associated with any judgement.

B. Deterministic effects

40. Attribution of observed deterministic effects to radia-
tion exposure requires at least a suspicion of an exposure

"The term incidence has two uses in this annex: in a general sense, often
to contrast cancer incidence with cancer mortality, and in a specific sense,
where the incidence of a disease is the number of cases of the disease that
occur during a specified period of time (usually a year). The incidence rate
is this number divided by a specified unit of population (see paragraph 4 of
annex A of reference [U1]).

above a threshold level, usually of a gray or more. It also
requires observation of a specific set of clinical or laboratory
findings in a particular time sequence. Acute radiation syn-
drome is a good example of a deterministic effect that is rela-
tively easy to attribute to radiation exposure, because the
observed signs and symptoms (e.g. depressed production of
blood in the bone marrow with concurrent infection and
haemorrhage, and high incidence of chromosome aberra-
tions in the peripheral blood) are not easily produced by
other causes. Although there are essential difficulties in
determining the diagnosis, an experienced pathologist ought
to be able to attribute the observed signs and symptoms to
radiation exposure [16].

41. There are deterministic effects, such as cataracts, for
which radiation exposure is not the only known cause. If
these effects occur, usually some time after high levels of
exposure, and there is no specific marker for radiation
exposure having caused them, it is not possible to attribute
the effect with certainty to radiation exposure, but only to
express a probability that radiation was wholly or partly
the cause.

C. Stochastic effects

42. Cancer is the major stochastic effect of radiation
exposure that has been demonstrated in human popula-
tions (inherited effects have only been observed in animal
populations exposed to relatively high doses of radiation,
although they are also presumed to occur in humans).
Because there is currently no means of distinguishing
tumours that are radiation-induced from those that are not,
it is essentially impossible to attribute definitely a specific
case of cancer to radiation exposure. On the other hand, if
there is an increased incidence of cancer observed in an
exposed population compared to that in an unexposed pop-
ulation that is matched for age, sex, genetic predisposition,
lifestyle and other relevant factors, and if the observed
increase is not inconsistent with the existing knowledge
base derived from other exposed populations, then it is
possible to attribute the increase to the radiation exposure,
especially if there is an observed dependence of the inci-
dence on the level of dose. Epidemiological studies need
to have sufficient statistical power to attest to the occur-
rence of such stochastic effects and hence to their attribut-
ability to radiation exposure; the level of dose below which
it is intrinsically impossible to detect such effects depends
on the size of the population that is being studied.
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43. The factors that need to be considered for the pur-
poses of consistency with the existing knowledge base on
radiation-induced cancer include tumour type, time of onset,
age of patient at exposure and radiation dose. Tumour type is
important because some specific tumours are normally very
rare in particular populations (e.g. thyroid cancer is normally
very rare among children). Where this is the case, increases
in the incidence of the tumour following radiation exposure
may be much more apparent than when it is relatively com-
mon. Moreover, some tissues are more radiosensitive than
others (again, for children who have particularly active thy-
roids, the thyroid is highly sensitive to radiation exposure).

44. Even for thyroid cancers occurring after the Cherno-
byl accident, the probability that radiation exposure caused
the cancer may vary markedly from one individual to
another. For a child who developed thyroid cancer several
years after the accident and probably received a relatively
high dose to the thyroid at the time, the probability that
radiation exposure caused the cancer may also be rela-
tively high. However, for an adult who developed thyroid

cancer several months after the accident, the probability
that radiation was the cause would be very low, because
the adult thyroid appears to be very resistant to tumour
induction by radiation, and the tumour occurred too soon
relative to the known minimum latent period between
exposure and cancer appearance.

D. Psychological trauma and other related effects

45. Deterministic and stochastic effects both have a bio-
logical basis traceable to radiation dose, i.e. to ionizing radi-
ation depositing energy in tissue. However, the Chernobyl
accident is known to have had major effects that are not
related to the radiation dose. They include effects brought on
by anxiety about the future and distress, and any resulting
changes in diet, smoking habits, alcohol consumption and
other lifestyle factors, and are essentially unrelated to any
actual radiation exposure [U3]. Figure VI illustrates sche-
matically some of the factors that might possibly influence
the observation of health effects after the accident.

Figure VI. Schematic illustration of some of the factors possibly influencing the observed health effects
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46. The Chernobyl Forum [W5] concluded that stress
symptoms, increased levels of depression, anxiety (including
post-traumatic stress symptoms), and medically unexplained
physical symptoms, have been found in the exposed popula-
tions compared to control groups. Mostly, these conditions
were subclinical and did not meet the criteria for classifica-
tion as psychiatric disorders. Nevertheless, these subclinical
symptoms had important consequences for behaviour, such
as diet, smoking habits, drinking and other lifestyle factors.
The Chernobyl Forum Expert Group “Health” concluded that
they were unable to partition the attribution of these effects
among radiation fears, issues with distrust of government,

inadequate communications, the break-up of the Soviet
Union, economic issues and other factors. Nevertheless, it is
clear that a significant fraction of the effects is attributable to
the Chernobyl accident, if not directly to radiation exposure.

47. In summary, the effects of the Chernobyl accident are
many and varied. Early deterministic effects can be attributed
to radiation with a high degree of certainty, while for other
medical conditions, radiation almost certainly was not the
cause. In between, there was a wide spectrum of conditions.
It is necessary to evaluate carefully each specific condition
and the surrounding circumstances before attributing a cause.

V. EARLY HEALTH EFFECTS

A. Acute radiation syndrome in emergency workers

48. The first information on the early severe health effects
due to high acute levels of radiation exposure was presented
to the international community in August 1986 [131]. Analy-
ses of clinical data were presented in the appendix to
annex G, “Early effects in man of high doses of radiation”,
of the UNSCEAR 1988 Report [U7]. Updated information
on the early health effects among emergency workers was
provided in annex J, “Exposures and effects of the Cherno-
byl accident”, of the UNSCEAR 2000 Report [U3]. There
are no substantive new data regarding the early health effects,

Figure VII. Outcome for patients with ARS

so only a short recapitulation is provided here (more detailed
information is provided in appendix C).

49. A total of 237 emergency workers were initially exam-
ined for signs of ARS. Within several days, ARS was veri-
fied in 104 of these individuals, and in a further 30 at a later
date. Of these 134 patients, 28 died within the first four
months, their deaths being directly attributable to the high
radiation doses (two other workers had died from injuries
unrelated to radiation exposure in the immediate aftermath
of the accident). Figure VII presents the outcome for the
ARS patients.

While the figure indicates the numbers of later deaths for each category of ARS, most of the cases are not attributable to radiation exposure
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50. The dominant exposures were external irradiation of the
whole body at high dose rates and beta irradiation of the skin.
Internal contamination was of relatively minor importance,
while neutron exposure was insignificant.

51. Underlying bone marrow failure from the external
whole body irradiation was the major contributor to all the
deaths during the first two months. Bone-marrow transplan-
tation was conducted on 13 patients, 12 of whom died, and 3
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of whom were felt to have died partly because of inappropri-
ate bone-marrow transplantation. Each patient with bone-
marrow syndrome of grade III-IV usually also had serious
radiation damage to the skin and required continuous
intensive nursing by highly qualified personnel.

52. Skin doses exceeded bone marrow doses by a factor of
10-30, and many ARS patients received skin doses in the
range of 400-500 Gy. Radiation damage to the skin aggra-
vated other conditions. Radiation burns to the skin were felt
to be a major contributor to at least 19 of the deaths and sig-
nificantly increased the severity of the ARS, especially when
skin burns exceeded 50% of the body surface area and led to
major infections. After 50-60 days, if the skin was not heal-
ing, a number of patients received skin graft surgery. In addi-
tion, the leg of one patient was amputated more than 200 days

after the accident, gastrointestinal syndrome was seen in
15 patients and radiation pneumonitis in 8 patients.

53. There is essentially no doubt that the initial 28 deaths
and the clinical findings on the other 106 ARS patients were
attributable to radiation exposure from the accident.

B. General public

54. There were no cases of ARS among the general public,
either among those evacuated or those not evacuated. This is
consistent with the assessment of the radiation exposures,
which showed that the whole body radiation doses to
members of the general public were much lower than the
well-known dose thresholds for ARS.

VI. LATE HEALTH EFFECTS

A. Actual observations

55. The Committee decided in this annex to focus on the
incidence of thyroid cancer, leukaemia, all solid cancers as a
whole, cardiovascular mortality, cataract development and
autoimmune thyroiditis. This decision was based on the
potential sensitivity of these outcomes to radiation and
because the Committee considered there were insufficient
new data in other areas to potentially modify the conclusions
of the UNSCEAR 2000 Report [U3]. A more detailed review
of the various studies is provided in appendix D.

56. Even if an empirical epidemiological study provides
evidence of an increased incidence of a potentially radio-
genic disease, it still remains necessary to consider the issue
of attributability of that effect to radiation. It is necessary to
take detailed account of such possible confounding and bias
factors as industrial pollution, environmental features (e.g.
stable iodine levels in soil), lifestyle (e.g. smoking habits or
alcohol consumption), reproductive history, improvement of
diagnostic tools, and increased medical attention for affected
populations.

57. Bias due both to screening and to diagnostic suspicion
may operate in studies of the emergency and recovery opera-
tion workers, who are examined every year for various dis-
eases and for whom there is consequently a greater likelihood
of detection of small tumours. Trends of disease rates in
groups of emergency and recovery operation workers are
only scientifically informative if the same methods of detec-
tion in diagnosis are applied over the whole period of inter-
est and are independent of the individual exposure level.
Overall, interpretation of the results from studies on the pop-
ulations exposed after the Chernobyl accident has to take
into account the variation of detection methods with time,
and the likelihood of different screening frequencies for
different populations.

1. Late health effects in ARS survivors

58. The Committee in its 2000 Report [U3] summarized
the observations made in the treatment of the workers who
had developed ARS. Among those patients surviving ARS
grades III and IV, haematopoietic recovery occurred within
a matter of months. However, recovery of the immune sys-
tem took at least half a year, and complete normalization
several years. Cataracts, scarring and ulceration are impor-
tant ongoing problems in the ARS survivors. Between 1990
and 1996, 15 ARS survivors with extensive skin injuries
underwent surgery. Most ARS survivors had suffered func-
tional sexual disorders up to 1996; however, 14 normal
children were born to survivor families within the first five
years of the accident.

59. Currently, only 10 patients are under clinical surveil-
lance at the clinic of the Burnazyan Federal Medical Bio-
physical Center (former Russian State Research Center of
the Institute of Biophysics) in Moscow, and 59 patients are
being followed up by the Ukrainian Research Center of
Radiation Medicine (URCRM) in Kiev. Unfortunately, it is
very difficult to analyse and use the two sets of data from
these clinics because they are presented in different formats,
using different diagnostic criteria and time periods; further-
more, there are significant differences in the prevalence of
diseases reported by the two clinics. For these reasons and
also because of the small numbers of cases and the lack of
analyses using formal epidemiological methods, it is gener-
ally not possible to infer trends in disease and mortality rates
from these data.

60. The major health consequences from the radiation
exposure of the ARS survivors remain the skin injuries and
radiation-induced cataracts. The current nature and severity
of the skin injuries depend on their severity during the early
period. Patients who had suffered first-degree skin injuries
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displayed various levels of skin degeneration, ranging from
slight smoothing of the skin surface to more pronounced
changes. However, over longer periods, the slight changes
disappeared almost completely. With the second-degree skin
injuries, degeneration was pronounced. With third- and
fourth-degree injuries, there were areas of scarring, contrac-
tures, and radiation-induced ulcers. However, since the early
1990s, microsurgery techniques have significantly reduced
the problems of radiation-induced ulcers.

61. Many of the patients who suffered moderate or severe
ARS, developed radiation-induced cataracts in the first few
years after the accident, with a strong correlation between
the grade of ARS and cataract prevalence.

62. A high prevalence of nervous system diseases among the
survivors had been registered during the first decade. Similarly,
there have been reports of a high percentage of cardiovascular
and gastrointestinal diseases. However, studies have shown no
correlation with the grade of ARS, probably indicating a cause
other than radiation exposure [B9, B39, B42].

63. Over the period 1987-2006, 19 ARS survivors died for
various reasons [B9, B39, B41, B44, G9, U3], including
seven deaths from non-cancer disease of internal organs
(including two from pulmonary tuberculosis and two from
cirrhosis of the liver), six from sudden cardiac arrest and five
from malignancy; and, in one case, the cause of death was
due to trauma (figure VII). As time progressed, the assign-
ment of radiation as the cause of death has become less clear.

64. Among the ARS survivors under observation at the
URCRM, there have been four confirmed cases of solid can-
cer, three cases of myelodysplastic syndrome, one case of
acute myelomonoblastic leukaemia and one case of chronic
myeloid leukaemia.

65. The follow-up of the ARS survivors indicates that:
the initial haematological depression has recovered sub-
stantially in many patients; there remain significant local
injuries; there has been an increase in haematological
malignancies; and the increase in other diseases is proba-
bly largely due to ageing and other factors not related to
radiation exposure.

2. Thyroid cancer

66. A substantial increase in thyroid cancer incidence has
occurred in the three republics (the whole of Belarus and
Ukraine, and the four most affected regions of the Russian
Federation) since the Chernobyl accident among those
exposed as children or adolescents. Amongst those under
age 14 years in 1986, 5,127 cases (under age 18 years in
1986, 6,848 cases) of thyroid cancer were reported between
1991 and 2005 [18].

67. Figure VIII demonstrates that in Belarus, after the
Chernobyl accident in 1986, thyroid cancer incidence rates
among children under age 10 years increased dramatically
and subsequently declined, specifically for those born after
1986 (see 1996-2005). This pattern suggests that the dra-
matic increase in incidence in 1991-1995 was associated
with the accident. The increase was primarily among the
children under age 10 years at the time of the accident [J4].
For those born after 1986, there was no evidence for an
increase in the incidence of thyroid cancer. The increase in
the incidence of thyroid cancer among children and adoles-
cents began to appear about 5 years after the accident and
persisted up until 2005 (see figure IX). The background rate
of thyroid cancer among children under age 10 years is
approximately 2 to 4 cases per million per year.

Figure VIII. Thyroid cancer incidence rate in Belarus for children under 10 years old at diagnosis
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68. Figure IX shows the increase in thyroid cancer inci-
dence rates with time among those exposed as children and
adolescents in Belarus. There is no evidence for a decrease
in the excess incidence of thyroid cancer up to 2005. Part of

the increase is related to the normal age pattern of disease
occurrence but the majority of the increase is attributed to
the prior radiation exposure.

Figure IX. Thyroid cancer incidence rate among those exposed as children and adolescents (age under 18 years in 1986)
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69. This increase has been confirmed in several case-
control and cohort studies that have related the excess inci-
dence of thyroid cancer to the estimated individual doses due
primarily to the radioiodine released during the accident.
The estimates of radiation risk from these studies remain
somewhat uncertain, however, and may have been influ-
enced by variations in the use of ultrasonography and mass
screening after the accident.

70. There is little suggestion of increased thyroid cancer
incidence among those exposed as adults in the general
population.

71. Among the recovery operation workers, elevated rates
of thyroid cancer compared to the general population have
been reported, but no clear association with external dose
has been found. In addition, there are no current estimates of
thyroid doses from inhaled radioiodine to those who worked
on the Chernobyl site in April-June 1986. The influence of
annual screenings and active follow-up of these cohorts
make comparisons with the general population problematic.

72. Among the various radioactive isotopes of iodine
released during the accident, *'I is considered to be the most
significant contributor to dose to the thyroid gland. The
shorter-lived radioactive isotopes of iodine may also have
contributed to the increased incidence of thyroid cancer.
However, epidemiological studies to date have not been able
to evaluate this possibility meaningfully.

73. Evidence has also emerged since the UNSCEAR 2000
Report [U3] indicating that iodine deficiency might have
influenced the risk of thyroid cancer resulting from exposure

to the radioactive isotopes of iodine released during the
accident [C8, S6].

3. Leukaemia

74. The interest in leukaemia arises because of its known
sensitivity to induction by ionizing radiation and also
because of the short latent period expected between expo-
sure and appearance of the condition. Amongst adults, the
most promising studies are of the recovery operations work-
ers. Although not conclusive, recent reports suggest an
increase in the incidence of leukaemia among the recovery
operation workers from Belarus, the Russian Federation,
Ukraine and the Baltic Countries. The limitations of these
studies include low statistical power, uncertainties in dose
reconstruction, and internal inconsistencies that suggest
potential biases or confounding factors that are difficult to
address. Future studies may resolve these issues, although
after about 5-15 years post exposure, the risk of radiation-
induced leukaemia declines over time and most newly diag-
nosed leukaemia cases will be unlikely to have been due to
radiation.

75. Among those exposed in utero and as children, no per-
suasive evidence has been found of a measurable increase in
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the incidence of leukaemia attributable to radiation expo-
sure. This is not unreasonable given that the doses involved
were generally small, comparable with natural background
doses, and therefore epidemiological studies lack the statisti-
cal power to confirm any radiation-related increases had they
occurred.

76. Amongst adults, the most meaningful evidence comes
from studies of the recovery operations workers. Although
at this time, some evidence exists of an increase in the inci-
dence of leukaemia among a group of recovery operation
workers from the Russian Federation, this is far from con-
clusive. As yet, it would be premature to elevate the findings
of these studies to the status of those, for example, from
the survivors of the atomic bombings. Nevertheless, future
results from such studies ought to provide important
scientific information.

4. Other solid cancers

77. There appears, at present, to be no hard evidence of any
measurable increased incidence of all solid cancers taken
together among the populations of the Russian Federation
and Ukraine. That conclusion takes account of the results
from a few studies of breast cancer in women exposed as a
result of the Chernobyl accident. The weaknesses of the stud-
ies of the incidence of breast cancer are numerous; in particu-
lar, they do not take into account some major confounding
factors, such as the age at first pregnancy, other hormonal fac-
tors and nutrition. There appears to be no pattern of increased
incidence of breast cancer among the inhabitants of the con-
taminated areas compared to that among those of the uncon-
taminated areas, and no difference in time trends in areas
with different levels of radioactive deposition.

78. The evidence with respect to solid cancer incidence
among the recovery operation workers is mixed. Although
some groups show elevated incidence, significant relation-
ships with increasing dose have not been quantified. In con-
trast, two Russian studies reported correlations between the
solid cancer mortality rate and dose.

79. Some caution needs to be exercised in interpreting the
results from these studies. First, for many cancers, a latent
period of 10 years or more is expected, so if this applies to
the incidence of all cancers taken together, one would not
expect to see any effect manifest itself until the mid to late
1990s. Second, interpretation of comparisons of the results
for the recovery operation workers with those for the general
population is difficult owing to the regular annual medical
examination offered to all recovery operation workers.
Third, the risk values derived from some of the studies are
substantially higher than those determined from other epide-
miological studies that are reviewed in annex A [Ul] and,
therefore, need further analysis.

80. Assessments of statistical power, based on the follow-up
to date and using findings from the study of the survivors of

the atomic bombings, would suggest that the doses are too
low—they are comparable with natural background radia-
tion levels—to yield sufficient statistical power to detect any
measurable increase in the incidence or mortality of all solid
cancers combined in the populations exposed to radioactive
material that was deposited after the Chernobyl accident.

5. Non-cancer effects
(a) Cataracts

81. Clinically significant cataracts developed in some of
the ARS survivors exposed to high radiation doses. Several
new studies have suggested that lens opacity may form after
doses of less than 1 Gy. Although most of these refer to
pre-clinical lesions, a recent study of the survivors of the
atomic bombings suggests that there may be an increased
incidence of clinical cataracts at these dose levels [N17].

82. The Ukrainian-American Chernobyl Ocular Study [C17,
W] indicates that lens opacity arising in the recovery opera-
tion workers, corrected for the most important confounding
factors, is related to the dose received. For the most part, the
doses were less than 0.5 Gy of low-LET radiation acquired
in a somewhat protracted/fractionated manner. A key finding
was that the data were not compatible with a dose—effect
threshold of more than 0.7 Gy, and that the lower boundary
of the estimated dose threshold was close to the current dose
limit for the lens of the eye, i.e. 150 mSv, although this needs
to be tempered by consideration of the uncertainties in the
dosimetry.

83. While a specific type of cataract (i.e. posterior subcap-
sular cataract, PSC) is characteristic of radiation exposure,
several sets of data suggest that broader categories (i.e. poste-
rior cortical cataracts) may also be regarded as radiation-
associated. PSC can also be caused by: drugs, systemic
disorders, certain inflammatory or degenerative eye diseases
and eye trauma. However, the studies of those exposed as
a result of the Chernobyl accident [D3, W7] have largely
addressed this issue of alternate causes by statistically
evaluating and adjusting for various other risk factors.

84. A critical analysis of all existing information on
radiation-induced cataracts, which, in particular, compares
the new data with existing knowledge, is necessary in order
to obtain a better understanding of any inconsistencies.
Follow-up of the major cohorts is necessary in order to better
evaluate latency and cataract progression, and to better char-
acterize the risk to the lens of the eye from exposure to
low-to-moderate radiation doses.

(b) Cardiovascular and cerebrovascular diseases
85. It has long been known that irradiation of the heart at

the very high doses used in radiotherapy leads to increased
risks of circulatory disease. However, little solid evidence
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exists of any demonstrable effect of the lower radiation
exposures due to the Chernobyl accident on cardiovascular
and cerebrovascular disease incidence and mortality. One
study of the recovery operation workers in the Russian Fed-
eration has provided evidence of a statistically significant
association between radiation dose and both cardiovascular
disease mortality rates and cerebrovascular disease inci-
dence. The observed excess of cerebrovascular disease is
linked to those having worked during less than six weeks
and having cumulated doses of more than 150 mSv. How-
ever, the study was not adjusted for other factors, such as
obesity, smoking habits and alcohol consumption. More
evidence is needed to conclude whether or not radiation
exposure due to the Chernobyl accident has increased the
incidence of cardiovascular and cerebrovascular disease and
associated mortality.

(c) Autoimmune thyroiditis

86. Autoimmune thyroiditis is a progressive disease of the
thyroid gland characterized by the presence of antibodies
directed against the thyroid. It almost certainly involves an
interaction between genetic predisposition and environmen-
tal factors, such as the level of dietary iodine intake [D7].
However, its association with radiation exposure is contro-
versial [E3]. In addition, the underlying incidence of auto-
immune thyroiditis increases with age [D8]. Therefore,
dissecting out the effect of radiation exposure due to the
Chernobyl accident from the other elements that may or may
not have a bearing on the incidence of autoimmune thyroid
disease in the population requires extremely careful study.

87. There have been few studies of significant size that
have addressed the relationship between autoimmune thy-
roiditis and exposure to radiation from the Chernobyl acci-
dent. The largest study [T7] could not demonstrate any
conclusive evidence of a relationship between thyroid dose
and autoimmune thyroid disease. This is consistent with the
findings from studies on other exposed populations [D9,
127, N11].

B. Theoretical projections

88. In order to guide decision-making on public health
resource management, and given that there is a latent period
between exposure and the appearance of any increased inci-
dence in stochastic effects, various groups have attempted to
predict the health impact on populations exposed to radiation
by applying radiation risk models to the estimates of popula-
tion dose. These models are based partially on epidemiolo-
gical data and partially on an understanding of biological
processes [U3, U7, U17].

89. The major source of data for modelling increased inci-
dence of stochastic effects due to radiation exposure remains
the detailed study of long-term health effects among the sur-
vivors of the atomic bombings in Japan [P3]. However,

applying those data to the populations exposed as a result of
the Chernobyl accident requires various assumptions to be
made. These include how to transfer the risk profile between
populations with different demography, ethnic origins and
background disease rates, and how to transfer the results
from a population acutely exposed to high doses and dose
rates to one that essentially received increased protracted
radiation doses at levels comparable to natural background
over several years and for which no increased incidence has
actually been observed. Analysts have to make other
assumptions regarding the future level of contributing fac-
tors (such as smoking), future levels of medical care and
efficacy of treatment, and the average lifespan in future
decades, among others.

1. Review of published projections

90. The first prognoses of the health consequences of the
Chernobyl accident conducted in 1987 yielded four impor-
tant conclusions for policymakers on the scale and nature of
the effects [B47, 143, R4]:

— There would be no deterministic radiation effects
among the general public;

— The increased incidence of cancers due to radiation
exposure would not be significant from the point
of view of organizing health care, although some
effects on some population groups at specific peri-
ods of time might be detected using epidemiological
methods;

— A considerable increase in the incidence of thy-
roid cancer due to radiation exposure should be
expected, particularly among those exposed as
children; and

— Psychological trauma caused by the accident would
affect millions of people.

91. Subsequently, a large number of radiation risk projec-
tions have been made by various groups regarding the health
consequences of the Chernobyl accident [A11, C1, C11, 143,
T4, W5]; see appendix D for details. They predicted a poten-
tial increase in cancer mortality due to radiation-induced
cancer in the range from 3% for the most affected parts of
the former Soviet Union to 0.01% for the rest of Europe. All
the projections were based on estimates of population doses
made at the time; they usually assumed the linear non-
threshold (LNT) model for the dependence of increased can-
cer incidence or mortality following an increase in dose, and
used nominal parameters derived from reports of UNSCEAR
[U9] and of the ICRP [I44, 145] and/or from some national
publications, e.g. [N4]. As new dosimetric and epidemio-
logical data became available, some groups updated their
dose estimates, risk models and associated projections.

92. Although there is reasonable agreement between the
projections subsequently made, it is very unlikely that moni-
toring national cancer statistics would be able to identify any
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increase in cancer incidence due to radiation exposure. How-
ever, for particular population groups at specific periods of
time after the accident, it was felt that some effects due to
radiation exposure could be detected using scientific meth-
ods (e.g. an increased incidence of leukaemia among the
recovery operation workers and of thyroid cancer in people
who were children in 1986).

2. Scientific limitations

93. The interpretation and communication of radiation risk
projections is fraught with difficulties, because it is not easy
to communicate their intrinsic limitations adequately.

94. As discussed previously in the section on the attribu-
tion of effects to radiation exposure, because presently there
are no biomarkers specific to radiation, it is not possible to
state scientifically that radiation caused a particular cancer in
an individual. This means that in terms of specific individu-
als, it is impossible to determine whether their cancers are
due to the effects of radiation or to other causes or, moreover,
whether they are due to the accident or background radia-
tion. The situation with the ARS survivors of the accident is
fundamentally different since each of them is known by
name and ARS was diagnosed and attribution to radiation
exposure was based on conclusive medical findings. How-
ever, projected numbers of stochastic effects in anonymous
individuals could be misunderstood to be of a similar nature
to actual identified cases.

95. An additional misunderstanding occurs regarding the
nature of the evidence for stochastic effects from studies of
exposed populations. For example, there is reasonable evi-
dence that acute radiation exposure of a large population with
doses above 0.1 Sv increases cancer incidence and mortality.
So far, neither the most informative study of the survivors of
the atomic bombings nor any other studies of adults have pro-
vided conclusive evidence for increased incidence of carcino-
genic effects at much smaller doses [U3, annex A of Ul].

96. Because of the absence of proper experimental evi-
dence, the dependence of the frequency of adverse radiation
effects on dose can be assessed only by means of biophysi-
cal models, among which, the LNT model has been used
widely for radiation protection purposes [B48, U3]. How-
ever, others have been suggested, including superlinear and
threshold ones, and even models assuming hormesis. It is
important to understand the considerable statistical uncer-
tainty associated with any projection based on modelling,
which lends itself rather to estimations that are within an
order of magnitude or even more.

97. The currently available epidemiological data do not
provide any basis for assuming radiogenic morbidity and
mortality with reasonable certainty in cohorts of the resi-
dents of the areas of the three republics and other countries
in Europe who received total average doses of below 30 mSv
over 20 years [A11, C1, C11, R4, T4]. Any increases would
be below the limit of detection. At the same time, it cannot
be ruled out that adequate data on the effects of low-dose
human exposure will be obtained as further progress is
made in understanding the radiobiology of man and other
mammals, and using this knowledge to analyse the epide-
miological data. This may provide in the future the scien-
tific basis for evaluating the radiation health consequences
of the Chernobyl accident among residents of areas with
low radiation levels.

3. UNSCEAR statement

98. The Committee has decided not to use models to
project absolute numbers of effects in populations exposed
to low radiation doses from the Chernobyl accident, because
of unacceptable uncertainties in the predictions. It should be
stressed that the approach outlined in no way contradicts the
application of the LNT model for the purposes of radiation
protection, where a cautious approach is conventionally and
consciously applied [F11, I37].

Vil. GENERAL CONCLUSIONS

A. Health risks attributable to radiation

99. The observed health effects currently attributable to
radiation exposure are as follows:

— 134 plant staff and emergency workers received
high doses of radiation that resulted in acute radia-
tion syndrome (ARS), many of whom also incurred
skin injuries due to beta irradiation;

— The high radiation doses proved fatal for 28 of
these people;

— While 19 ARS survivors have died up to 2006, their
deaths have been for various reasons, and usually
not associated with radiation exposure;

— Skin injuries and radiation-induced cataracts are
major impacts for the ARS survivors;

— Other than this group of emergency workers, several
hundred thousand people were involved in recovery
operations, but to date, apart from indications of an
increase in the incidence of leukaemia and cataracts
among those who received higher doses, there is no
evidence of health effects that can be attributed to
radiation exposure;

— The contamination of milk with 'I, for which
prompt countermeasures were lacking, resulted in
large doses to the thyroids of members of the general
public; this led to a substantial fraction of the more
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than 6,000 thyroid cancers observed to date among
people who were children or adolescents at the time
of the accident (by 2005, 15 cases had proved fatal);

— To date, there has been no persuasive evidence of
any other health effect in the general population
that can be attributed to radiation exposure.

100. From this annex based on 20 years of studies and from
the previous UNSCEAR reports [U3, U7], it can be con-
cluded that although those exposed to radioiodine as child-
ren or adolescents and the emergency and recovery operation
workers who received high doses are at increased risk of
radiation-induced effects, the vast majority of the population
need not live in fear of serious health consequences from the
Chernobyl accident. (This conclusion is consistent with that
of the UNSCEAR 2000 Report [U3]). Most of the workers
and members of the public were exposed to low level radia-
tion comparable to or, at most, a few times higher than the
annual natural background levels, and exposures will con-
tinue to decrease as the deposited radionuclides decay or are
further dispersed in the environment. This is true for popula-
tions of the three countries most affected by the Chernobyl
accident, Belarus, the Russian Federation and Ukraine, and
all the more so, for populations of other European countries.
Lives have been disrupted by the Chernobyl accident, but
from the radiological point of view, generally positive pros-
pects for the future health of most individuals involved
should prevail.

B. Comparison of present annex with previous reports

101. This annex reviews the scientific information obtained
since the UNSCEAR 2000 Report [U3] on the exposures and
effects due to radiation from the Chernobyl accident.
Although many more research data are now available, the
major conclusions regarding the scale and nature of the health
consequences are essentially consistent with the previous
UNSCEAR reports [U3, U7].

102. The radioactive release has been re-evaluated, but
the changes are academic and not relevant to the assess-
ment of radiation dose, which is based on direct human and
environmental measurements.

103. Dose estimates have been extended for an additional
number of about 150,000 emergency and recovery operation
workers. Based on direct human and environmental meas-
urements made since 1988 and models that take into account
the actual countermeasures, the estimates of the thyroid dose
to the evacuees have been updated. The estimated thyroid
and effective doses to the inhabitants of Belarus, the Russian
Federation and Ukraine have been expanded from five mil-
lion to about one hundred million people and the estimated
thyroid and effective doses to about 500 million inhabitants
of most other European countries have been updated.

104. With regard to the follow-up of the ARS survivors,
there is significant new information in this annex. By 1998,

11 ARS survivors had died [U3]; since then another 8 have
died up to 2006. The annex discusses the causes of death in
the context of their radiation exposure.

105. For the larger number of emergency and recovery
operation workers, there are indications of an increased inci-
dence of leukaemia and cataracts among those who received
higher doses, although further clarification of the epidemio-
logical information is still needed. The information on cata-
racts indicates that the threshold for induction may be lower
than previously thought. While there have been indications
of an increase in the incidence of cardiovascular and cere-
brovascular diseases among the recovery operation workers
that correlate with the estimated doses, major concerns over
the possible influence of confounding factors and potential
study biases remain.

106. In the UNSCEAR 2000 Report [U3], fewer than
1,800 thyroid cancers had become evident among those
aged under 18 at the time of the accident; this had increased
to more than 6,000 by the year 2006. Several studies have
now been conducted that provide rather consistent estimates
of the radiation risk factors for thyroid cancer.

C. Comparison of observed late
health effects with projections

107. Early assessments [B47, 143, R4] conducted in 1987
projected a considerable increase in thyroid cancer incidence
due to radiation exposure in the three republics, particularly
among children. To date, some 6,000 thyroid cancers have
been seen among those in the three republics who were
under 18 at the time of the accident, of which a substantial
fraction is likely to have been due to radiation exposure.

108. Projections [C1] made in 1996 using dosimetric infor-
mation on the emergency and recovery operation workers
had indicated that there might be a detectable increase in the
incidence of leukaemia among those who had received rela-
tively high doses of radiation. There has been some evidence
of a detectable increase among a group of Russian workers,
although at present, it is far from conclusive.

109. Several groups [All, B47, C1, C11, F10, 143, R4]
have projected possible increases in solid cancer incidence
for the general population. These assessments differ in the
exact populations considered and the dosimetry and projec-
tion models used. However, for all the populations consid-
ered, the doses are relatively small, comparable with those
from natural background radiation, and any increase was
unlikely to be detected by epidemiological studies. Although
it is now one decade after the minimum latent period for
solid cancers, no increases in cancer incidence (other than
of thyroid cancer) have been observed to date that can be
attributed to irradiation from the accident.

110. The use of theoretical projections is fraught with
difficulty. It is extremely difficult to communicate such
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projections accurately and honestly to officials and the general
public. Moreover, there is a limit to the epidemiological
knowledge that can be used to attribute conclusively an
increased incidence to radiation exposure. Therefore, any
radiation risk projections in the low dose area should be con-
sidered as extremely uncertain, especially when the projec-
tion of numbers of cancer deaths is based on trivial individual
exposures to large populations experienced over many years.

D. New knowledge from studies of the accident

111. Although there is general consensus on the scale and
character of the health consequences due to radiation from
the accident, studies of the world’s worst nuclear accident
have clearly produced a vast amount of useful scientific
information. Most of this can be used to validate predictive
capabilities and knowledge developed from research and
experience before the accident. Other information is com-
pletely new and is helping to fill gaps in the current scientific
knowledge base.

112. The accident has provided clear evidence that con-
firms pre-existing knowledge of the importance of *'T in the
pasture—cow—milk pathway, of the need to take prompt
countermeasures, of the potential high doses to the thyroids,
and of the anticipated increase in thyroid cancer incidence,

particularly among those exposed during childhood or ado-
lescence. Ongoing research is helping to refine this know-
ledge, particularly with respect to the patterns of thyroid
cancer incidence for different doses, pathways, age groups,
and levels of dietary iodine.

113. Similarly, for protracted irradiation due to the
longer-lived radionuclides, the pre-existing understanding of
the important pathways of exposure to humans has been
validated by the experience obtained from the accident.
Moreover, there has been a greater recognition of the impor-
tance of soil type in determining the transfer of radiocaesium
to foodstuffs, a greater understanding of the radioecology in
urban, semi-natural and forest environments, and considera-
ble experience in the implementation of a whole range of
countermeasures.

114. With regard to health effects, there have been dra-
matic improvements in the understanding of acute radiation
effects and their treatment, and of the long-term sequelae of
local radiation injuries due to irradiation of the skin and lens
of the eye. With respect to the incidence of stochastic effects
other than thyroid cancer, so far there have been few obser-
vations that have challenged pre-existing understanding
derived from the studies of other exposed groups, such as the
survivors of the atomic bombings in Japan and other studies
of radiation exposed populations.
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APPENDIX A.
PHYSICAL AND ENVIRONMENTAL CONTEXT

.  SUMMARY FROM THE UNSCEAR 2000 REPORT [U3]

Al. The accident on 26 April 1986 at the Chernobyl
Nuclear Power Plant (ChNPP) occurred during a low-power
engineering test of the Unit 4 reactor. Safety systems had
been switched off and improper, unstable operation of the
reactor allowed an uncontrollable power surge to occur that
resulted in successive steam explosions; these steam explo-
sions severely damaged the reactor building and completely
destroyed the reactor.

A2. The radionuclide releases from the destroyed reactor
occurred mainly over a 10-day period, but with varying
release rates. An initial high release rate on the first day was
caused by mechanical discharge as a result of the explosions
in the reactor. There followed a 5-day period of declining
releases associated with the hot air and fumes from the
red-hot core material. During the next few days, the release
rate of radionuclides increased until day 10, when the releases
dropped abruptly, thus ending the period of intense release.
The radionuclides released in the accident were deposited
with greater density in the regions surrounding the reactor in
the European part of the former Soviet Union.

A3. Two basic methods were used to estimate the release
of radionuclides in the accident. The first method consisted
in evaluating separately the inventory of radionuclides in the
reactor core at the time of the accident and the fraction of the
inventory of each radionuclide that was released into the
atmosphere; the products of those two quantities are the
amounts released. The second method consisted in measur-
ing the density of radionuclide deposition on the ground all
around the reactor; if it is assumed that all of the released
amounts were deposited within the area where the measure-
ments were made, the amounts deposited would be equal to
the amounts released. In both methods, air samples taken
above the reactor or at various distances from the reactor
were analysed for radionuclide content to determine or
to confirm the radionuclide distribution in the materials
released. The analysis of air samples and of deposited mate-
rial also led to information on the physical and chemical
properties of the radioactive material that was released into
the atmosphere.

A4. From the radiological point of view, *'I and *’Cs were
the more important radionuclides released because they
were responsible for most of the radiation dose incurred by
the members of the general population. The releases of P!I
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and "’Cs were estimated to have been ~1,760 and ~85 PBq,
respectively (1 PBq = 10" Bq). It is worth noting, however,
that doses in the following sections of this appendix are esti-
mated on the basis of measurements of radionuclides in
humans, foodstuffs and other environmental media, and of
external gamma exposure rates. Thus, knowledge of the
quantities of radionuclides released was not needed for the
purpose of assessing doses.

AS5. The deposited material consisted of hot particles in
addition to more homogeneously distributed radioactive
material. These hot particles have been classified into two
broad categories: (a) fuel fragments with a mixture of fission
products bound to a matrix of uranium oxide, similar in
composition to that of the fuel in the core, but sometimes
very much depleted in caesium, iodine and ruthenium, and
(b) particles consisting of one dominant element (ruthenium
or barium) but sometimes having traces of other elements.
These monoelemental particles might have originated from
embedments of these elements produced in the fuel during
reactor operation and released during the fragmentation of
the fuel. Typical activities were 0.1-1 kBq for a fuel frag-
ment hot particle and 0.5-10 kBq for a ruthenium hot parti-
cle; a typical effective diameter was about 10 pm, to be
compared with 0.4-0.7 um for particles associated with 3'T
and ’Cs. Hot particles deposited in the pulmonary region
have a long retention time and this can lead to considerable
localized doses. Although it had been demonstrated in the
1970s that alpha-emitting hot particles are no more radio-
toxic than the same activity uniformly distributed in the
whole lung, it was not clear whether the same conclusion
could be reached for beta-emitting hot particles.

A6. Radioactive deposition on the ground was found to
some extent in practically every country of the northern
hemisphere [U9]. In annex J, “Exposures and effects of the
Chernobyl accident”, of the UNSCEAR 2000 Report [U3],
“contaminated areas” were defined as areas where the
average deposition density of *’Cs exceeded 37 kBq/m?
(1 Ci/km?). Caesium-137 was chosen as a reference radio-
nuclide for the ground contamination resulting from the
Chernobyl accident for several reasons: its substantial
contribution to the lifetime effective dose; its long radio-
active half-life; and its ease of measurement. The areas
deemed contaminated were found mainly in Belarus, the
Russian Federation and Ukraine.
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A7. The main radionuclide releases lasted 10 days, during
which time, the wind often changed direction with the result
that material was deposited in all areas surrounding the reac-
tor site at one time or another. Details of the development
of the plume over time had been given by Borzilov and
Klepikova [B24] and are reproduced in figure A-I. The ini-
tial plumes of material moved towards the west. On 27 April,
the winds shifted towards the northwest, then on 28 April,
towards the east. Two extensive areas, Gomel-Mogilev—
Bryansk and Orel-Tula—Kaluga, became contaminated as a
result of the deposition of radioactive material from the
plume that passed over at that time (figure A-I, trace 3). The
deposition onto Ukrainian territory south of Chernobyl
occurred after 28 April (figure A-I, traces 4, 5 and 6). Rain-
fall occurred in an inhomogeneous pattern, and this caused
uneven areas of radionuclide deposition. The general pattern
of ¥'Cs deposition calculated based on simulations of the
meteorological conditions had been shown to match the
measured deposition pattern rather well.

A8. The principal physicochemical forms of the depos-
ited radionuclides were: (a) dispersed fuel particles;
(b) condensation-generated particles; and (c¢) mixed-type
particles, including ones generated by adsorption. The radi-
onuclide distribution in the nearby contaminated zone (less
than 100 km from the damaged reactor), also called the
“near zone”, differed from that in the “far zone” (from
100 km to approximately 2,000 km). Deposition in the near
zone reflected the radionuclide composition of the fuel.
Larger particles, which were primarily fuel particles, and
the refractory elements (zirconium, molybdenum, cerium
and neptunium) were to a large extent deposited in the near
zone. Elements with intermediate volatility (ruthenium,
barium and strontium) and fuel elements (plutonium and
uranium) were also deposited largely in the near zone. The
volatile elements (iodine, tellurium and caesium), in the
form of condensation-generated particles, were more widely
dispersed into the far zone.

A9. The three main areas of radionuclide deposition were
designated the Central, Gomel-Mogilev—Bryansk and
Kaluga—Tula—Orel areas. The Central area is in the near
zone, predominantly to the west and northwest of the reac-
tor. Caesium-137 was deposited during the active period of
release, and the deposition density of ’Cs was greater than
37 kBg/m? (1 Ci/km?) in large areas of Ukraine and in the
southern parts of the Gomel and Brest oblasts of Belarus.
The ¥"Cs deposition was highest within the 30-km-radius
area surrounding the reactor, known as the “30-km zone”.
Deposition densities exceeded 1,500 kBg/m? (40 Ci/km?)
in this zone and also in some areas of the near zone to the
west and northwest of the reactor, in the Gomel, Kiev and
Zhitomir oblasts.

A10. The Gomel-Mogilev—Bryansk area is centred 200 km
to the north-northeast of the reactor at the boundary of the
Gomel and Mogilev oblasts of Belarus and of the Bryansk
oblast of the Russian Federation. In some areas, deposition
was comparable to that in the Central area; deposition

densities even reached 5 MBq/m? in some villages of the
Mogilev and Bryansk oblasts.

All. The Kaluga—Tula—Orel area is located 500 km to the
northeast of the reactor. Radionuclide deposition here was a
result of rainfall on 28-29 April during the passage of the
same radioactive cloud that had deposited radionuclides in
the Gomel-Mogilev—Bryansk area. The *’Cs-deposition
density was, however, lower in this area, generally less than
500 kBg/m?.

A12. Outside these three main affected areas, there were
many areas where the '*’Cs-deposition density was in the
range of 37-200 kBg/m?. Rather detailed surveys of the
radionuclide deposition on the entire European part of the
former Soviet Union had been completed. A map of meas-
ured '¥’Cs deposition is presented in figure A-II. The total
quantity of ¥’Cs deposited in the former Soviet Union as a
result of the accident, including in areas of lesser deposition,
was estimated to be approximately 40 PBq. The total was
apportioned as follows: 40% in Belarus; 35% in the Russian
Federation; 24% in Ukraine; and less than 1% in other
republics of the former Soviet Union. The amount of ¥’Cs
deposited in the contaminated areas (>37 kBg/m?) of the
former Soviet Union was estimated to be 29 PBq (for com-
parison, the residual activity resulting from atmospheric
nuclear weapons testing was about 0.5 PBq with average
soil-deposition density of about 2 kBg/m?).

A13. The environmental behaviour of the deposited radio-
nuclides depended on the physical and chemical characteris-
tics of the radionuclide considered, on the type of deposition
(i.e. dry or wet), and on the characteristics of the environ-
ment. Special attention was devoted to *'I, *’Cs and *Sr and
their pathways of exposure of humans. Deposition occurred
on the ground and on water surfaces.

Al4. For most short-lived radionuclides such as "'I, the
main pathway of exposure of humans was the ingestion of
milk, which was contaminated as a consequence of !I
deposited on pasture grass grazed by cows or goats, or of
contaminated leafy vegetables that were consumed within a
few days. The amounts deposited on vegetation were
retained with an ecological half-time of about two weeks
before removal to the ground surface and to the soil.

Al15. Radionuclides deposited on soil migrate downward
into the soil column and are partially absorbed by plant roots,
leading in turn to upward migration into vegetation. These
processes did not need to be considered for short-lived radio-
nuclides, such as *' (which has a physical half-life of only
eight days); however, they needed to be considered for
long-lived radionuclides, such as '*’Cs and *°Sr. The rate and
direction of radionuclide migration through the soil-plant
pathway were determined by a number of natural phenom-
ena, including relief features, the type of plant, the structure
and composition of soil, and hydrological conditions and
weather patterns, particularly at the time that deposition
occurred. The vertical migration of ¥’Cs and *°Sr in soil of



ANNEX D: HEALTH EFFECTS DUE TO RADIATION FROM THE CHERNOBYL ACCIDENT 69

different types of natural meadows was rather slow, and the
greater fraction of radionuclides was still contained in its
upper layer (0—10 cm). On average, in the case of mineral
soils, up to 90% of ¥’Cs and *°Sr was found in the 0-5 cm
layer; in the case of peaty soils, in which radionuclide migra-
tion is faster, only 40-70% of '*’Cs and *Sr was found in that
layer. The effective half-time of clearance from the root layer
(0-10 cm) in meadows with mineral soils was estimated to
range from 10 to 25 years for ¥’Cs and to be 1.2-3 times
faster for °°Sr than for '*’Cs; therefore, the effective clearance
half-time for *Sr was estimated to be 7—12 years.

A16. For a given initial deposition on soil, the transfer
from soil to plant varies with time as the radionuclide is
removed from the root layer and as its availability in
exchangeable form decreases. The *’Cs content in plants
was at its maximum level in 1986, when the amount was
due to direct deposition on aerial surfaces. In 1987, *’Cs
activities in plants were much lower than in 1986, as the
amounts in plants were then mainly due to root uptake.
Since 1987, the transfer coefficients from deposition to
plants continued to decrease, although the rate of decrease
slowed: from 1987 to 1995, the transfer coefficients of
37Cs decreased by 1.5-7 times, on average. Compared with
the *7Cs deposited as fallout from nuclear weapons tests,
37Cs resulting from the Chernobyl accident in the far zone
was found to be more mobile during the first four years
after the accident, as the water-soluble fractions of *’Cs
resulting from the Chernobyl accident and from weapons
testing fallout were about 70% and 8%, respectively. Later
on, ageing processes led to similar mobility values for *’Cs
resulting from the Chernobyl accident and from fallout
from the testing of nuclear weapons.

A17. 1In contrast to '¥Cs, it seemed that the exchangeability
of *Sr did not keep decreasing with time after the accident but
might in fact have been increasing. In the Russian Federation,
no statistically significant change had been found in the *°Sr
transfer coefficient from deposition to grass during the first
4-5 years following the accident. This was attributed to two
competing processes: (a) conversion of *Sr from a poorly
soluble form, which characterized the fuel particles, to a solu-
ble form easily assimilated by plant roots; and (b) the vertical
migration of *Sr into deeper layers of soil, which hindered its
assimilation by vegetation.

A18. Milk, meat and potatoes usually accounted for the
bulk of the dietary intake of *’Cs. However, for residents of

A22. The Chernobyl Forum issued a report in 2006 [121]
on the environmental consequences of the accident,
including the assessment of individual and collective doses
to members of the general public. The report was prepared
by a group of 35 scientists, collectively referred to as the
“Expert Group Environment”. These experts were from the

rural regions, mushrooms and berries from forests repre-
sented an important dietary component. The decrease with
time of the ''Cs concentrations in those foodstuffs was
extremely slow, with variations from one year to another
depending on weather conditions.

A19. Radioactive material had also been deposited onto
water surfaces. Deposition on the surfaces of seas and oceans
resulted in low doses because the radioactive material had
been rapidly diluted in extremely large volumes of water.

A20. In rivers and small lakes, the levels of radionuclides
resulted mainly from erosion of the surface layers of soil in
the watershed, followed by run-off into the water bodies. In
the 30-km zone, where relatively high levels of **Sr and '¥’Cs
had been deposited, the most important contaminant of sur-
face water was found to be *Sr, as ¥’Cs was strongly
adsorbed by clay minerals in the soil. Much of the *Sr in
water had been found to be in a soluble form; low levels of
plutonium isotopes and of ! Am had also been measured in
the rivers of the 30-km zone.

A21. The contribution of aquatic pathways to the dietary
intake of ¥7Cs and *°Sr was usually quite small. However,
the '¥7Cs concentration in the muscle of predator fish, such as
perch or pike, might have been quite high in lakes with long
water-retention times, as had been found in Scandinavia and
in Russia. For example, the concentration of '¥’Cs in the
water of Lakes Kozhany and Svyatoe (located in the area of
the Bryansk oblast of the Russian Federation deemed con-
taminated) was still high in 1996 because of special hydro-
logical conditions: 10-20 Bq/L of ¥’Cs and 0.6-1.5 Bg/L of
%Sr. The concentration of *’Cs in the muscles of the silver
crucian (Carassius auratus gibelio) sampled in Lake Kozhany
was in the range of 5-15 kBq/kg and of pike (Esox lucius) in
the range 20-90 kBg/kg. In the summer of 1986, whole-
body counters were used to measure the activity of '¥’Cs in
inhabitants of the village of Kozhany located along the coast
of Lake Kozhany. The mean body content was 7.4 + 1.2 kBq
for 38 adults who did not consume lake fish (according to
interviews performed before the measurements), but was
49 + 8 kBq for 30 people who often consumed lake fish.
The average annual internal doses were estimated to be
0.3 mSv and 1.8 mSv to persons in these two groups,
respectively. In addition, the relative importance of the
aquatic pathways, in comparison to terrestrial pathways,
might have been high in areas downstream of the reactor
site where ground deposition had been small.

UPDATE

three most affected countries—Belarus, the Russian Fed-
eration and Ukraine—and also from the international com-
munity of scientists who had worked either with colleagues
from these three countries or who had performed scientific
work related to the environment and to deposition of radio-
nuclides resulting from the Chernobyl accident in their
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own countries. The work of this expert group was managed
by the International Atomic Energy Agency. Unless speci-
fied otherwise, the materials in section (A.Il) are taken
from [121].

A. Radionuclide release and deposition
1. Radionuclide source term

A23. Over the years, the understanding of the amount
of material released during the course of the accident has
improved considerably; the current best estimates are
given in table Al. Most of the radionuclides released in
large quantities have short physical half-lives; the radio-
nuclides with long half-lives had generally been released
in small quantities. These release estimates are similar
to those given in reference [U3], but the amounts of
refractory elements released are now estimated to have

A24. By 2005, most of the radionuclides released had long
since decayed to negligible levels. Over the next few dec-
ades, ’Cs will continue to be the most important radio-
nuclide; *°Sr will be of interest, but to a lesser extent, in the
near zone. Over the very long term (hundreds to thousands of
years), the only radionuclides of interest will be the pluto-
nium isotopes and *!Am. The initial amounts of 2'Am
released were so small that they have not been estimated.
However, 2! Am results from the radioactive decay of *'Pu.
With an initial amount of **'Pu released into the environment
of 2.6 PBq (see table A1) the decay of >*'Pu and the resulting
ingrowth and subsequent decay of **!Am are shown in fig-
ure A-III. The maximum total activity of *! Am in the envi-
ronment will be 0.077 PBq in the year 2058. This is a small
amount compared to the initial 2.6 PBq of 2*'Pu, but it is more
than two times larger than the combined amounts of 2**Pu and
2Py that will be present at that time. Americium-241 is the
only radionuclide whose amount is presently increasing with
time; the amounts of the other radionuclides will continue to

been smaller.

Table A1. Revised estimates of the total release of principal radionuclides to the atmosphere during the course of the

Chernobyl accident?

decrease with time.

Radionuclide Half-life Activity released
(PBg)
Inert gases
Kr 10.72 a 33
13Xe 5.25d 6 500
Volatile elements
126mTe 336d 240
132Tg 3.26d ~1150
181] 8.04d ~1760
13 20.8h 910
1%Cs 206a ~47b
136Cs 13.1d 36
B1Cs 300a ~85
Elements with intermediate volatility
89Sr 50.5d ~115
%Sr 29.12a ~10
1Ry 39.3d >168
1053y 368d >73
14Ba 12.7d 240
Refractory elements (including fuel particles)¢
%7r 64.0d 84
%Mo 2.75d >72
“1Ce 325d 84
14Ce 284 d ~50
ZNp 2.35d 400
8Py 87.74a 0.015
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Radionuclide Activity released
(PBg)
%Py 24065 a 0.013
2Py 0.018
Py ~26
%2y 376 000 a 0.00004
#20m ~04

@ Most of the data are from references [D11, U3].
b Based on ™Cs/"¥'Cs ratio 0.5 as of 26 April 1986 [M8].
C Based on fuel particle release of 1.5% [K13].

2. Physical and chemical form of
released material; hot particles

A25. Radionuclides in the released material were in the
form of gases, condensed particles and fuel particles. The
presence of fuel particles was an important characteristic of
the accident. During oxidation and dispersal of the nuclear
fuel, volatilization of some radionuclides took place. After
the initial cloud cooled, some of the more volatile radio-
nuclides remained in the gaseous phase, while other volatile
radionuclides, such as *’Cs, condensed onto particles of
construction materials, soot and dust. Thus, the chemical
and physical forms of the radionuclides in the release were
determined by the volatility of their compounds and the con-
ditions inside the reactor. Radioactive material with rela-
tively high vapour pressures (primarily isotopes of inert
gases and of iodine in different chemical forms) were trans-
ported in the atmosphere in the gaseous phase. Isotopes of
refractory elements (e.g. cerium, zirconium, niobium, and
plutonium) were released into the atmosphere primarily in
the form of fuel particles. Other radionuclides (isotopes of
caesium, tellurium, antimony, etc.) were found in both fuel
and condensed particles. The relative contributions of con-
densed and fuel components to the deposition at a given site
can be estimated from the activity ratios of the radionuclides
of different volatility classes.

A26. Fuel particles made up the most important part of the
deposited material in the vicinity of the damaged reactor.
Radionuclides such as *Zr, Nb, Mo, “.1#Ce, +15Ey,
237,239Np’ 2387242Pu’ 241,243Am and 242,244Cm were released in a
matrix of fuel particles only. More than 90% of the ¥-*Sr and
103,106Ry activities that were released were also in fuel
particles. The released fraction of **Sr, '**Eu, **Pu, #%40Py
and ' Am (and, therefore, of the nuclear fuel itself) deposited
outside the ChNPP industrial site has been recently estimated
to be only 1.5+0.5% [K13], which is half that of earlier
estimates.

A27. The chemical and radionuclide composition of fuel
particles was close to that of irradiated nuclear fuel, but with
a lower fraction of volatile radionuclides, a higher oxidation
state of uranium, and the presence of various admixtures,
especially in the surface layer. In contrast, the chemical
and radionuclide composition of condensed particles varied

widely. The specific activity of radionuclides in these
particles was governed by the duration of the condensation
process and the process temperature, as well as the particle
characteristics. The radionuclide content of some of the par-
ticles was dominated by just one or two radionuclides, e.g.
103,1()6Ru or 140Ba/140La.

A28. The form of a radionuclide in the release influenced
the distance of its atmospheric transport. Even the smallest
fuel particles consisting of a single grain of nuclear fuel
crystallite had a relatively large size (up to 10 pm) and high
density (8-10 g/cm?). Because of their size, they were trans-
ported only a few tens of kilometres. Larger aggregates of
particles were found only within distances of several kilo-
metres from the power plant. For this reason, the deposition
of refractory radionuclides strongly decreased with distance
from the damaged reactor and only traces of refractory ele-
ments could be found outside the industrial site of the power
plant. In contrast, significant deposition of gaseous radio-
nuclides and sub-micron condensed particles took place at
distances of thousands of kilometres from the site. Ruthe-
nium particles, for example, were found throughout Europe.

A29. Another important characteristic of the deposited
material is its solubility in aqueous solution. This determined
the mobility and bioavailability of deposited radionuclides in
soils and surface waters during the initial period after deposi-
tion. The contribution of the water-soluble and exchangeable
(extractable with 1M ammonium acetate solution) forms of
¥7Cs varied from 5% to more than 30% in deposited material
sampled daily at the Chernobyl meteorological station from
26 April to 5 May 1986. The water-soluble and exchangeable
forms accounted for only about 1% of the **Srin material
deposited on 26 April, and this value increased to 5-10% in
material deposited on subsequent days.

A30. The low solubility of deposited '¥’Cs and *Sr near the
power plant indicates that fuel particles were the major part
of the deposited material, even 20 km from the source. At
shorter distances, the proportion of water-soluble and ex-
changeable forms of '*’Cs and **Sr was lower owing to the
presence of larger particles; at further distances, the fraction
of soluble condensed particles increased. As one example,
almost all *’Cs deposited in 1986 in the United Kingdom
was water-soluble and exchangeable.
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3. Meteorological conditions during
the course of the accident

A31. The meteorological conditions during the accident
have been described in references [I121, U3]. There are no
new data, but efforts to understand better the meteorological
conditions during the accident are the subject of continuing
research [TS5, T6]. In this case, the primary goal is to be able
to reconstruct the pattern of '*'I deposition after the accident.
This is because the reconstruction of doses to the thyroid due
to radioiodine continues to be a major research effort, and
reliable measurements of the deposition densities of *'I are
lacking, especially in Ukraine.

4. Concentration of radionuclides in air

A32. The activity concentration of radioactive material in
air was measured at many locations in the former Soviet
Union and throughout the world. Examples of the results of
the measurements made are shown in figure A-IV for two
locations: Chernobyl and Baryshevka, Ukraine. The location
of the sampler at Chernobyl was the meteorological station
in the City of Chernobyl, which is about 15 km southeast of
the ChNPP. The initial concentrations of airborne materials
were very high, but dropped in two phases. There was a
rapid fall over a few months, and then a more gradual
decrease over several years. Over the long term, the sampler
at Chernobyl recorded consistently higher activity concen-
trations than the sampler at Baryshevka (about 150 km
southeast of the ChNPP), presumably owing to higher levels
of resuspended material [H5].

A33. Even with the data smoothed by a rolling average,
there are some notable features in the data collected over the
long term. The clearly discernible peak that occurred during
the summer of 1992 (month 78) was due to widespread
forest fires in Belarus and Ukraine.

5. Deposition of radionuclides on soil surfaces

A34. Mapping the deposition density of *’Cs throughout
the northern hemisphere was intensively pursued through
2000. Efforts continue to map the deposition density of *',
particularly in areas where an increase in the incidence of
thyroid cancer in children has been noted. Because the
half-life of “'I is short, direct measurements of deposition
densities are limited. In the absence of such data, three
approaches are being used to reconstruct the pattern of B!I
deposition: (a) use of ¥’Cs as a surrogate; (b) use of '*I as a
surrogate; and (c) use of advanced models of atmospheric
transport and deposition.

A35. The use of *’Cs as a surrogate for 3! has been
described in several publications but there is not a con-
sistent relationship between the depositions of the two
radionuclides. This is because the two elements have dif-
fering volatilities and rates of deposition on soil via dry

and wet processes. lodine-129 (half-life of 16 million
years) is generally regarded as a more natural surrogate,
but analysis is costly and time consuming. Nevertheless,
such work is proceeding, and four major papers [M6, M7,
P4, S17] have been published since 2000. If soil samples
are taken to sufficient depths to capture the deposited '*I,
then the deposition density of I can be calculated. Then,
if the isotopic ratio of '*I to *'T at the time of deposition
is known or can be inferred, the deposition density of 1
can be calculated. There is substantial variability in the
measured or derived values of this ratio. Pietrzak-Flis et
al. [P4] used a value of 32.8 for deposition in Warsaw,
Poland, whereas Straume et al. [S17] used a value of 12+3
for deposition in Belarus. Schmidt et al. [S11] have
recommended that “...the smallest measured '*I to B!'I
atomic ratio should come closest to the real emission
value”. This is because it is much more likely that samples
would have been contaminated with extraneous sources
of %1 than of B!I.

A36. The effort by Talerko [T5, T6] to reconstruct the
deposition densities of *' using an atmospheric transport
model has been mentioned above. This type of calculation
is dependent on a great many assumptions, which are based
on very limited data; thus, the method is subject to large
uncertainties.

B. Urban environment

A37. Deposited radioactive material resulted in both short-
and long-term increases in the radiation levels over the natu-
ral background levels in thousands of settlements, which in
turn resulted in additional external exposures of the inhabit-
ants and internal exposures due to the consumption of food
containing radionuclides. Near the ChNPP, the towns of
Pripyat and Chernobyl and some other smaller settlements
were subjected to substantial deposition from the “undi-
luted” radioactive cloud under dry meteorological condi-
tions, whereas many more distant settlements incurred
significant deposition owing to precipitation at the time of
the passage of the cloud.

A38. The radioactive material deposited on exposed sur-
faces such as lawns, parks, streets, building roofs and walls.
The level and composition of the deposited material was sig-
nificantly influenced by whether the deposition was via dry
or wet processes. Under dry conditions, trees, bushes, lawns
and roofs became more contaminated than when there was
precipitation. Under wet conditions, horizontal surfaces—
including soil plots and lawns—received the highest deposi-
tion. These differences, including some marked changes
with time, are illustrated in figure A-V.

1. Migration of radionuclides in the urban environment

A39. Radionuclides became detached from surfaces in
urban environments owing to natural weathering processes
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(such as rain and snow melting) and human activities
(including traffic, street washing and other clean-up activi-
ties). The major processes of removal of radionuclides were
through run-off into storm and/or sanitary sewer systems
and through seasonal abscission of vegetation. These natural
processes and human activities significantly reduced the
dose rates in inhabited and recreational areas during 1986
and thereafter.

A40. In general, vertical surfaces of houses do not exhibit
the same degree of deposition or of weathering of deposited
radioactive material as horizontal surfaces. After 14 years,
the loss of radionuclides deposited on walls was typically
50-70% of the initial amount deposited. Levels of radio-
nuclides on roofs in Denmark naturally decreased by
60-95% of those originally present over the same period, as
illustrated in figure A-VI [A6].

A41. The level of radiocaesium on asphalt surfaces has
decreased so much that generally less than 10% of the initial
amount of deposited material is now left. Only a small frac-
tion is associated with the bitumen of asphalt; most is associ-
ated with a thin layer of street dust, which is expected to be
removed eventually by weathering.

A42. One of the consequences of these processes has been
secondary contamination of sewerage systems and sludge
storage, which necessitated special clean-up measures. Gen-
erally, radionuclides were not transferred from soil to other
urban areas within cities, but migrated down into the soil
through natural processes or mixing as a consequence of
digging of gardens and parks.

2. Dynamics of exposure rate in urban environments

A43. Gamma radiation from radionuclides deposited in
the urban environment has been a major contributor to
the additional external exposure of humans due to the
accident. Compared to the dose rate in open fields, the
dose rate within a settlement has always been signifi-
cantly lower, because of photon absorption by building
structures, especially those made of brick and concrete.
Lower dose rates have been observed inside buildings,
especially on the upper floors of multi-storey buildings.
Owing to radioactive decay of the initial radionuclide
mixture, wash-off from solid surfaces and migration into
soil, dose rates in air have been gradually decreasing
with time.

A44. A relevant aspect is the time dependence of the
ratio of the dose rate in air at an urban location compared
to that in an open field (this ratio is often called the “loca-
tion factor”). The dependence of location factors on time
after the Chernobyl accident is shown in figure A-VII for
measurements performed in Novozybkov in the Russian
Federation [G4].

C. Agricultural environment

1. Radionuclide transfer in the terrestrial environment

A45. Radionuclides may behave differently in the envi-
ronment. Some radionuclides, such as radiocaesium, radio-
iodine and radiostrontium, are environmentally mobile and
transfer readily to foodstuffs. In contrast, radionuclides
with low solubility, such as the actinides, are relatively
immobile and largely remain in the soil. The main pathways
leading to exposure of humans are shown in figure A-VIII
[S13].

A46. Many factors influence the extent to which radio-
nuclides are transferred through ecological pathways. If the
transfer is high in a particular environment then that envi-
ronment is referred to here as “radioecologically sensitive”,
because such transfer can lead to relatively high radiation
exposure [H7].

A47. During the short early phase after the Chernobyl acci-
dent (0-2 months), *'I was the most important radionuclide
for human exposure via agricultural food chains; in the
longer term, ¥’Cs was the most important.

A48. Radioecological sensitivity to radiocaesium in
semi-natural ecosystems is generally higher than in agri-
cultural ecosystems, sometimes by a few orders of magni-
tude [H9]. This difference is caused by a number of factors,
the more important being the differing physicochemical
behaviour in soils, the lack of competition between Cs and
K which results in higher transfer rates for radiocaesium in
nutrient-poor ecosystems, and the presence of specific
food-chain pathways that lead to high activity concentra-
tions in produce from semi-natural ecosystems. Also,
forest soils are fundamentally different from agricultural
soils; the former have a clear multilayered vertical struc-
ture characterized mainly by a clay-poor mineral layer,
which supports a layer rich in organic matter. In contrast,
agricultural soils generally contain less organic matter and
higher amounts of clay.

2. Food-production systems affected by the accident

A49. The material deposited as a result of the Chernobyl
accident had a major impact on the management of both
agricultural and natural ecosystems. This was true not only
within the former Soviet Union but also in many other
countries in Europe.

AS50. In the countries of the former Soviet Union, the pre-
vailing food production system at the time of the accident
consisted of two types: large collective farms and small pri-
vate farms. Collective farms routinely used land rotation
combined with ploughing and fertilization to improve pro-
ductivity. In contrast, traditional small private farms seldom
applied artificial fertilizers and often used manure for
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improving yield. Private farms had one or a few cows, and
milk was produced mainly for family consumption. The
grazing regime of private farms was initially limited to uti-
lizing marginal land that was not used by the collective
farms. Nowadays, private farms also use better quality
pasture.

A51. In western Europe, poor soils are used for extensive
agriculture, mainly for grazing of ruminants (e.g. sheep,
goats, reindeer and cattle). Areas with poor soils include
alpine meadows and upland regions in western and northern
Europe with organic soils.

(a) Effects on agricultural systems soon after the accident

AS52. Atthe time of the accident, vegetation was at differ-
ent growth stages that depended on latitude and elevation.
Initially, interception by plant leaves was the main path-
way of contamination. In the medium and long-term, root
uptake dominated. The highest activity concentrations of
radionuclides in most foodstuffs occurred in 1986.

A53. In the early phase, ®'T was the main contributor to
internal dose through the pasture—cow—milk pathway.
Radioiodine ingested by cows was completely absorbed in
the gut and then rapidly transferred to the animal’s thyroid
and milk (within about 1 day). Thus, peak concentrations
occurred rapidly after deposition (in late April or early May
1986, depending on when deposition occurred in different
countries). In several countries of the former Soviet Union
and elsewhere in Europe, concentrations of I in milk
exceeded national and regional (European Union) action
levels, which ranged from a few hundred to a few thousand
becquerels per litre.

A54. In late April/early May 1986 in northern Europe,
dairy cows and goats were not yet on pasture; therefore,
there were very low activity concentrations of *!I in milk.
In contrast, in southern regions of the former Soviet Union,
as well as in Germany, France and southern Europe, dairy
animals were already grazing outdoors and there were sig-
nificant levels of activity concentration in cow, goat and
sheep milk. The activity concentration of " in milk
decreased with an effective half-life of 4-5 days owing to
its short physical half-life and the processes that removed it
from leaves. The mean “weathering” half-life for radio-
iodine on grass was 9 days; that for radiocaesium was
11 days [K15]. Consumption of leafy vegetables onto which
radionuclides had been deposited also contributed to the
intake of radionuclides by humans.

A55. Plants and animals also had elevated levels of radio-
caesium in comparison with those caused by the fallout from
atmospheric nuclear weapons testing. From June 1986
onwards, radiocaesium was the dominant radionuclide in
most environmental samples (except within the 30-km zone)
and in food products. As shown in figure A-IX, the levels of
37Cs in milk decreased during the spring of 1986 with an

effective half-life of about two weeks because of weather-
ing, biomass growth and other natural processes. However,
the concentration of '*’Cs increased again during the winter
of 1986/87 owing to cows being fed contaminated hay that
had been harvested in the spring/summer of 1986. This
phenomenon was observed in many countries.

A56. The transfer to milk of many of the other radio-
nuclides present in the terrestrial environment during the
early phase was low. This was because of the low inherent
absorption of the elements in the ruminant gut, compounded
by their low bioavailability owing to their association within
the matrix of fuel particles.

(b) Effects on agricultural systems during the longer term

A57. Since the autumn of 1986, the radionuclide levels in
both plants and animals have been largely determined by
interactions between the radionuclides and different soil com-
ponents, because soil is the main reservoir of the long-lived
radionuclides that were deposited on terrestrial ecosystems.
These interactions control radionuclide bioavailability for
uptake into plants and animals and also influence radionuclide
migration down the soil column.

3. Physicochemistry of radionuclides in the soil-plant system

A58. Many measurements taken following the accident
demonstrate that the amount and nature of clay minerals
present in soils are key factors in determining radioecologi-
cal sensitivity with regard to radiocaesium. These features
are crucially important for understanding the behaviour of
radiocaesium, especially in areas distant from the ChNPP
where ¥'Cs was initially deposited mainly in condensed,
water-soluble, forms.

A59. Close to the ChNPP, radionuclides were deposited in
a matrix of fuel particles, which have been slowly dissolving
with time. The more significant factors influencing the dis-
solution rate of fuel particles in soil are the acidity of the soil
solution and the physicochemical properties of the particles
(notably the degree of oxidization). At low pH of 4, the time
taken for 50% dissolution of particles was about 1 year,
whereas at a higher pH of 7, as many as 14 years were needed
[F4, K14]. Thus, in acid soils most of the fuel particles have
now already dissolved. In neutral soils, the amount of mobile
%Sr released from the fuel particles is still increasing, and
this will continue for the next 10-20 years.

A60. In addition to soil minerals, microorganisms can
significantly influence the fate of radionuclides in soils
[K12, S21]. Microorganisms can interact with minerals
and organic matter and consequently affect the bioavail-
ability of radionuclides. In the specific case of mycor-
rhizal fungi, soil microorganisms may even act as a carrier
transporting radionuclides from the soil solution to the
associated plant.
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A61. With use of sequential extraction techniques, the
fraction of exchangeable *’Cs was found to decrease by a
factor of 3—5 within the decade after 1986. This time trend
may be because of progressive fixation of radiocaesium in
interlayer positions of clay minerals and to its slow diffusion
and binding to frayed-edge sites of clay minerals. These
processes reduce the exchangeability of radiocaesium so that
is not then available to enter the soil solution from which
plants take up radiocaesium via their roots. For *Sr, an
increase with time of the exchangeable fraction has been
observed, which is attributed to the leaching of the fuel
particles [K14].

(a) Migration of radionuclides in soil

A62. Vertical migration of radionuclides down the soil
column could arise from various transport mechanisms that
include convection, dispersion, diffusion and biological
mixing. High degrees of root uptake of radionuclides by
plants are correlated with high degrees of vertical migra-
tion, because in both processes the radionuclides are
relatively mobile. Typically, the rate of movement of radio-
nuclides thus varies with soil type and physicochemical
form. As an example, figure A-X shows the change with
time in the depth profiles of the activity concentrations of
%Sr and '"Cs in soil measured in the Gomel oblast of
Belarus. Although there has been a significant downward
migration of both radionuclides, much of the radionuclide
activity has remained within the rooting zone of plants
(010 cm). At such sites where deposition occurred directly
from the atmosphere, there is a low risk of radionuclide
migration to groundwater.

A63. The rate of migration down the column of differ-
ent types of soils varies for both radiocaesium and radio-
strontium. Low rates of °°Sr vertical migration were
observed in peat soils, whereas *’Cs migrated at the
highest rate in these highly organic soils, but moved
much more slowly in soddy—podzolic sandy soils. In dry
meadows, migration of *’Cs below the rooting zone
(0—10 cm) was hardly detectable 10 years after the acci-
dent. Thus, the contribution of vertical migration to the
decrease in activity concentration of *’Cs in the rooting
zone of mineral soils is negligible. On the contrary, in
wet meadows and in peatland, downward migration can
be an important factor that reduces the '*’Cs-activity
concentration in the root zone.

A64. Higher rates of *°Sr vertical migration were
observed in low-humified sandy soil, soddy—podzolic
sandy soil, and sandy-loam soil with low organic content
(<1%) [S13]. Generally, the highest rate of *°Sr vertical
migration is characteristic of non-equilibrium soil condi-
tions. This occurs in flood plains of rivers where soil is not
fully structurally formed (light humified sands), arable
lands in a non-equilibrium state, and in soils where the
organic layers have been removed, for instance, as a con-
sequence of forest fires and sites with sedimentary sand

with a low content of organic matter (<1%). In such condi-
tions, there is a high rate of vertical migration of radio-
strontium to groundwater with convective moisture flow,
and high activity in localized soil zones can occur. Thus,
the spatial distribution of **Sr can be particularly heteroge-
neous in soils where there have been changes in sorption
properties.

A65. Agricultural practices have a major impact on radio-
nuclide behaviour. Depending on the type of soil tillage and
on the tools used, a mechanical redistribution of radio-
nuclides in the soil may occur. In arable soils, radionuclides
are distributed fairly uniformly along the whole depth of the
tilled layer.

A66. Lateral redistribution of radionuclides in catchments,
which can be caused by both water and wind erosion, is sig-
nificantly less than their vertical migration into the soil layer
and the deep geological environment [S13]. The type and
density of plant cover may significantly affect erosion rates.
Depending on the intensity of erosive processes, the content
of radionuclides in the arable layer on flat land with small
slopes may vary by up to 75% [B16].

(b)  Transfer of radionuclides from soil to crops

A67. The uptake of radionuclides by plant roots is a
competitive process associated with plant physiology
[E2]. For radiocaesium and radiostrontium, the main
competing chemical elements are potassium and calcium,
respectively. The major processes influencing radionu-
clide transport within the rooting zone are schematically
represented in figure A-XI, although the relative impor-
tance of each component varies with the radionuclide and
soil type.

A68. The main process controlling root uptake of radio-
caesium is the interaction between the soil matrix and
solution, which depends primarily on the cation-exchange
capacity of the soil. For mineral soils, this is influenced by
the concentrations and types of clay minerals and the con-
centrations of the major competitive cations, especially
potassium and ammonium. Examples of these relation-
ships are presented in figure A-XII for both radiocaesium
and radiostrontium. Modelling of soil-solution physico-
chemistry, which takes into account these major factors,
enables the uptake of both radionuclides by plant roots to
be calculated [K16, Z5].

A69. The fraction of a deposited radionuclide taken up by
plant roots differs by orders of magnitude depending prima-
rily on the soil type. For radiocaesium and radiostrontium,
the radioecological sensitivity of soils can be broadly divided
into the categories listed in table A2. For all soils and all
plant species, root uptake of plutonium is negligible com-
pared to the direct contamination of leaves via rain splash or
resuspension.
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Table A2. Classification of radioecological sensitivity for soil-plant transfer of radiocaesium and radiostrontium [121]

Sensitivity Characteristics Mechanism Example
For radiocaesium
High Low nutrient content Little competition with potassium and ammanium Peat soils
Absence of clay minerals in root uptake
High organic content
Medium Poor nutrient status, consisting of minerals Limited competition with potassium and ammonium | Podzol, other sandy soils
including some clays in root uptake
Low High nutrient status Radiocaesium strongly held to soil matrix (clay Chernozem, clay and loam soils (used for
Considerable fraction of clay minerals minerals) intensive agriculture)
Strong competition with potassium and ammonium
in root uptake
For radiostrontium
High Low nutrient status Limited competition with calcium in root uptake Podzol sandy soils
Low organic matter content
Low High nutrient status Strong competition with calcium in root uptake Umbric gley soils, peaty soils
Medium to high organic matter content

A70. Transfer from soil to plants is commonly quanti-
fied using either the transfer factor (TF, a dimensionless
quantity defined as the activity concentration in the plant,
Bg/kg, divided by activity concentration in soil, Bq/kg) or
the aggregated transfer coefficient (T,,, m*kg, defined as
the activity concentration in the plant, Bq/kg, divided by
the deposition density on soil, Bq/m?). It is common to
use dry weights for soil and vegetation when computing
such values.

A71. The highest '*’Cs uptake from soil to plants through
the roots occurs for peaty, boggy soils, and is one to two
orders of magnitude higher than that for sandy soils; this
uptake often exceeds that of plants grown on fertile agri-
cultural soils by more than three orders of magnitude. The
high radiocaesium uptake from peaty soil became impor-
tant after the Chernobyl accident, because in many Euro-
pean countries such soils are vegetated by natural
unmanaged grassland used for the grazing of ruminants
and the production of hay. Agricultural activity often
reduces the transfer of radionuclides from soils to plants by
physical dilution (e.g. ploughing) or by the addition of
competitive elements (e.g. in fertilizers).

A72. There are also differences in radionuclide uptake
among plant species. Although variations in transfer from
soil to plant among species may exceed one or more
orders of magnitude for radiocaesium, the impact of dif-
fering radioecological sensitivities of soils is often more
important in explaining the spatial variation in transfer
within agricultural systems. Accumulation of radiocae-
sium in crops and pastures is related to soil texture. In
sandy soils, uptake of radiocaesium by plants is approxi-
mately twice as high as in loam, but this effect is mainly
because of the lower concentration of its main competing
element, potassium, in sand.

A73. Thus, differences in the radioecological sensitivities
of soils explain why in some areas of relatively low deposi-
tion, there are high concentrations of radiocaesium in plants
and mushrooms harvested from semi-natural ecosystems
and, conversely, why areas of relatively high deposition may
show only low to moderate concentrations of radiocaesium
in plants.

(c) Dynamics of radionuclide transfer to crops

A74. In 1986, the '*'Cs content in plants was primarily
determined by aerial deposition and reached its maximum
value. During the first post-accident year (through 1987),
the ¥’Cs content in plants dropped by a factor of 3—-100 as
only the root uptake from different soil types remained
important.

A75. For meadow plants in the first years after deposition,
the behaviour of ¥’Cs was considerably influenced by the
radionuclide distribution between soil and mat. In this
period, ¥'Cs uptake from the mat exceeded significantly (up
to 8 times) that from soil. Further, as a result of mat decom-
position and subsequent radionuclide transfer to soil, the
contribution of the mat decreased rapidly, and in the fifth
year after the initial deposition, it did not exceed 6% for
automorphous soils and 11% for hydromorphous ones [F4].

A76. For most soils, the transfer rate of *’Cs to plants has
continued to decrease since 1987, although the rate of
decrease has slowed, as can be seen from figure A-XIII [F7].
A similar decrease with time has been observed in many
studies of plant—root uptake with different crops.

A77. For the soil-plant transfer of radiocaesium, a decrease
with time is likely to reflect: (a) physical radioactive decay;
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(b) the downward migration of the radionuclide out of the
rooting zone; and (c¢) physicochemical interactions with the
soil matrix that result in decreasing bioavailability. In many
soils, ecological half-lives of plant-root uptake of radiocae-
sium can be characterized by two components: (a) a rela-
tively fast decrease with a half-life of between 0.7 and
1.8 years (this dominated for the first 4-6 years after the
accident, and led to a reduction of concentrations in plants
by about an order of magnitude compared with 1987); and
(b) a slower decrease with a half-life of between 7 and
60 years [B20, F5, F7, P8].

A78. Caution should be used in generalizing these obser-
vations, because some data show almost no decrease of
root uptake of radiocaesium with time beyond the first
4-6 years, which suggests no reduction in bioavailability
in soil within the time period of observation. Furthermore,
quantifying ecological half-lives that exceed the period of
observation is highly uncertain. The successful applica-
tion of any countermeasures aimed at reducing the con-
centrations of radiocaesium in plants will also modify the
ecological half-life.

A79. Compared to radiocaesium, the uptake of *Sr by
plants has often not shown such a marked decrease with
time. In the areas close to the ChNPP, gradual dissolution of
fuel particles has enhanced the bioavailability of *Sr and,
therefore, there was an increase with time in the uptake of
%Sr by plants [K14].

A80. In remote areas, where radiostrontium was predomi-
nantly deposited in condensed form, and in lesser amounts
as fine dispersed fuel particles, the dynamics of long-term
transfer of *°Sr to plants were similar to those for radio-
caesium, but with different ecological half-lives of plant-root
uptake and with differing fractional amounts accorded to the
two components. These differences reflected various mecha-
nisms of transfer of these two elements in soil. The fixation
of radiostrontium by soil components depends less on the
clay content of soil than is the case for radiocaesium (see
table A2). More generally, the values of parameters for the
transfer of *°Sr from soil to plants depend less on the soil
properties than they do for radiocaesium [A3].

4. Transfer of radionuclides to animals

A81. Animals take up radionuclides in forage and through
direct ingestion of soil. Milk and meat were major sources of
internal radiation doses to humans after the Chernobyl acci-
dent, both in the short term (owing to *'T) and in the long
term (owing to radiocaesium).

A82. Levels of radiocaesium in animal products from
extensively farmed ecosystems can be high and persist for a
long time, even though the original deposition may have been
relatively low. This is because: (a) the soils often allow sig-
nificant uptake of radiocaesium; (b) some species accumulate
relatively high levels of radiocaesium, e.g. ericaceous species

and fungi; and (c) these areas are often grazed by small rumi-
nants that accumulate higher concentrations of radiocaesium
than larger ruminants [HS].

A83. Levels of radionuclides in animal products depend
on the behaviour of the radionuclide in the plant—soil sys-
tem, rate of absorption in the gut, metabolic fate in the ani-
mal and the rate of loss from the animal (principally in
urine, faeces and milk). Ingestion of radionuclides in feed,
and subsequent absorption through the gut, is the major
route of entry of most radionuclides. Absorption of most
elements from feed takes place in the rumen or the small
intestine at rates that vary from almost negligible, in the
case of actinides, to 100% for radioiodine, and varying
between 60% and 100% for radiocaesium depending on its
form [B15].

A84. After absorption, radionuclides circulate in the blood.
Some concentrate in specific organs; for instance, radio-
iodine concentrates in the thyroid and many metal ions,
including *Ce, '%Ru, and ""Ag, in the liver. Actinides and
radiostrontium tend to be deposited in the bone, whereas
radiocaesium is distributed throughout the soft tissues.

A85. The long-term time trend of radiocaesium levels in
meat and milk (e.g. see figure A-XIV) mimics that for veg-
etation, and can be divided into two time periods. For the
first 4-6 years after the initial deposition of radiocaesium,
there was an initial fast decrease with an ecological half-life
of between 0.8 and 1.2 years. For later times, only a small
decrease has been observed [F7].

A86. A significant amount of production in the former
Soviet Union was confined to the grazing of privately
owned cows on poor, unimproved meadows. Because of
the poor productivity of these areas, radiocaesium uptake
was relatively high compared to that for land used by col-
lective farms. As an example of the differences for the two
farming systems, changes in activity concentrations of
37Cs in milk from private and from collective farms in the
Rovno oblast, Ukraine, are shown in figure A-XV [P6].
The activity concentrations in milk from private farms
exceeded the national action level (referred to in the coun-
tries of the former Soviet Union as Temporary Permissible
Levels, TPLs), until 1991, when countermeasures for
private farms were implemented.

5. Current levels of radionuclides in foodstuffs
and expected future trends

A87. Table A3 presents a summary of activity concentra-
tions of radiocaesium measured between 2000 and 2003 in
grain, potatoes, milk and meat produced in the contaminated
areas of Belarus, the Russian Federation and Ukraine; the
results cover many different types of soil with widely differ-
ing radioecological sensitivities. The activity concentrations
of ¥’Cs were consistently higher in animal products than in
plant products.
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Table A3.

Mean and range of current activity concentrations of ¥’Cs in agricultural products across the contaminated areas
of Belarus [B16], the Russian Federation [F7] and Ukraine [B14]

(Data are in Bg/kg fresh weight for grain, potato and meat and in Bg/L for milk)

197Cs deposition density on soil Grain Potatoes Milk Meat
Belarus
>185 kBg/m? (contaminated districts of the Gomel oblast) 30 (8-80) 10 (6-20) 80 (40-220) 220 (80-550)
37-185 kBg/m? (contaminated districts of the Mogilev oblast) 10 (4-30) 6 (3-12) 30 (10-110) 100 (40-300)
Russian Federation
>185 kBg/m? (contaminated districts of the Bryansk oblast) 26 (11-45) 13 (9-19) 110 (70-150) 240 (110-300)
37-185 kBg/m? (contaminated districts of the Kaluga, Tula 12 (8-19) 9 (5-14) 20 (4-40) 42 (12-78)
and Orel oblasts)
Ukraine
>185 kBg/m? (contaminated districts of the Zhitomir and 32 (12-75) 14 (10-28) 160 (45-350) 400 (100-700)
Rovno oblasts)
37-185 kBg/m? (contaminated districts of the Zhitomir and 14 (9-24) 8 (4-18) 90 (15-240) 200 (40-500)
Rovno oblasts)

A88. 1In 2008, owing to both natural processes and agricul-
tural countermeasures, the activity concentrations of *’Cs in
agricultural food products were generally below national,
regional (EU) and international' action levels. However, in
some limited areas with high radionuclide deposition (parts
of Gomel and Mogilev oblasts in Belarus and of Bryansk
oblast in the Russian Federation) or with poor organic soils
(Zhitomir and Rovno oblasts in Ukraine) the activity con-
centrations of '¥’Cs in food products, especially milk, still
exceed the national TPLs of about 100 Bg/kg.

A89. Milk from privately-owned cows with activity con-
centrations of '¥’Cs exceeding 100 Bq/L (the current TPL for
milk) was being produced in more than 400, 200 and 100
Ukrainian, Belarusian and Russian settlements, respectively,
15 years after the accident. Concentrations of *’Cs in milk
higher than 500 Bq/L were occurring in six Ukrainian, five
Belarusian and five Russian settlements in 2001.

A90. Scrutiny of the activity concentrations and associated
transfer coefficients shows that there has been only a slow
decrease in activity concentrations of *’Cs in most plant and
animal foodstuffs during 1998-2008. This indicates that radio-
nuclides must be close to equilibrium within the agricultural
ecosystems. However, continued reductions with time would
be expected owing to continuing migration down the soil pro-
file and to radioactive decay, even if there was an equilibrium
established between '¥’Cs in the labile and non-labile fractions
of soil. Given the present slow declines and the large uncer-
tainties in quantifying long-term effective half-lives based on

'Current Codex Alimentarius Guideline Levels for '*’Cs in foods for use in
international trade are equal to 1,000 Bg/kg [C12].

data currently available, it is not possible to conclude that there
will be any further substantial decrease over the next decades,
except as a consequence of further radioactive decay of both
37Cs and *°Sr, each with half-lives of about thirty years.

A91. Activity concentrations of radionuclides in foodstuffs
can increase in some limited geographic areas located close
to the Chernobyl NPP through the dissolution of fuel parti-
cles, changes to the water table resulting from changes in the
management of the currently abandoned land or the cessation
of countermeasures.

D. Forest environment
1. Radionuclides in European forests

A92. Forest ecosystems were one of the semi-natural eco-
systems significantly affected as a result of deposited mate-
rial from the radioactive plumes. The primary concerns from
a radiological perspective are the long-term levels of *’Cs
(owing to its 30-year half-life and bioavailability) in the for-
est environment and forest products. In the years immedi-
ately following the accident the shorter-lived '**Cs isotope
was also significant. In forests, other radionuclides (such as
%Sr and the plutonium isotopes) are of limited significance
for human exposure, except in relatively small areas in and
around the 30-km zone. As a result, most of the available
environmental data collected have been focused on the
assessment of the behaviour of '*’Cs and the associated radi-
ation doses. The emphasis of this subsection is on the distri-
bution of '*’Cs in the forest environment and the relevant
pathways of human exposure to radiation.
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A93. Following the accident, substantial amounts of radio-
active material were deposited on forests in Belarus, the
Russian Federation and Ukraine and also in countries beyond
the borders of the former Soviet Union, notably Finland,
Sweden and Austria. The levels of '¥’Cs deposition on the
forests of these countries ranged from more than 10 MBg/m?
in some locations down to between 10 and 50 kBg/m? in
several countries of western Europe. In each of these coun-
tries, not only do forests represent an economic resource of
major importance, but they also play a central role in many
social and cultural activities. In some cases, these activities
have been curtailed on account of concerns and restrictions
relating to the *’Cs levels.

A94. Previous studies related to the global fallout from the
atmospheric testing of nuclear weapons had shown that the
clearance rate of radionuclides from the forest ecosystems
by natural processes is extremely slow. The net clearance
rate for ¥’Cs in forests contaminated by the radionuclides
deposited following the Chernobyl accident has been less
than 1% per year, so it is likely that, without artificial inter-
vention, the physical radioactive decay rate will largely
influence the long-term levels. Recycling of radiocaesium
within the forest ecosystem is a dynamic process, in which
two-way transfers between biotic and abiotic components of
the ecosystem occur on a seasonal, or longer-term, basis.
Much information on such processes has been obtained from
experiments and field measurements, and many of these data
have been used to develop predictive mathematical models
[118].

2. The dynamics of radionuclide levels during the early phase

A95. The levels of radioactivity in forests of the former
Soviet Union located along the trajectory of the first radio-
active plume were primarily the result of dry deposition,
while farther afield, in countries such as Sweden and Austria,
wet deposition also occurred and resulted in significant “hot
spots” of activity. Radionuclides were also deposited with
rain on other areas in the former Soviet Union, such as the
Mogilev oblast in Belarus and the Bryansk oblast and other
oblasts in the Russian Federation.

A96. The primary mechanism by which trees became con-
taminated after the accident was direct interception by the
tree canopy (between 60% and 90% of the initial deposition
of radiocaesium). Within a 7-km radius of the reactor, this led
to very high levels of deposition on the canopies of pine trees,
which consequently received lethal doses of radiation from
the complex mixture of short- and long-lived radionuclides
released by the damaged reactor. Gamma dose rates in the
days and weeks immediately following the accident were in
excess of 5 mGy/h in the area close to the reactor. The calcu-
lated absorbed gamma dose amounted to some 100 Gy to the
needles of pine trees. This small area of forest became
known as the “Red Forest”, as the trees died and became a
reddish-brown colour; this was the most readily observable
effect of radiation damage on organisms in the area.

A97. The levels of radionuclides in the tree canopies
reduced rapidly over a period of weeks to months owing to
the natural processes of wash-off by rainwater and of leaf/
needle fall. Absorption of radiocaesium by leaf surfaces also
occurred, although this was difficult to measure directly. By
the end of the summer of 1986, approximately 15% of the
initial radiocaesium burden in tree canopies remained and,
by the summer of 1987, the amount remaining had been fur-
ther reduced to approximately 5%. Within this roughly
one-year period, therefore, most of the radiocaesium had
been transferred from the tree canopy to the underlying soil.

A98. During the summer of 1986, radiocaesium levels in
natural products, such as mushrooms and berries, increased
and this led to increasing body burdens of forest animals,
such as deer and moose. In Sweden, activity concentrations
of ¥7Cs in moose exceeded 2 kBq/kg fresh weight and those
in roe deer were even higher.

3. The long-term dynamics of radiocaesium levels in forests

A99. By approximately one year after the initial deposition,
the major fraction of radiocaesium in the forest was that con-
tained in the soil. As radiocaesium migrated deeper into the
soil, root uptake by trees and understorey plants became pre-
dominant over the longer term. Just as in the case of its chem-
ical analogue, the nutrient potassium, the rate of radiocaesium
cycling within forests is rapid and a quasi-equilibrium of its
distribution is reached within a few years after the initial
deposition [S12]. The upper, organic-rich soil layers act as a
long-term store, but also as a general source of radiocaesium
for forest vegetation, although individual plant species differ
greatly in their ability to accumulate radiocaesium from this
organic soil (figure A-XVI).

A100. Loss of radiocaesium from the ecosystem via drain-
age water is generally limited because the element fixes
onto micaceous clay minerals. An important role of forest
vegetation in the recycling of radiocaesium is partial and
transient storage of radiocaesium, particularly in perennial
woody components. Although the concentration in tree
trunks and branches is low, their biomass can be large and
the total storage of *7Cs can be significant. A portion of
radiocaesium taken up by vegetation from the soil, how-
ever, is recycled annually through leaching and needle/leaf
fall, which results in long-lasting biological availability of
radiocaesium in surface soil. The store of radiocaesium in
the standing biomass of the forest amounts to approximately
10% of the total activity in the temperate forest ecosystem;
most of this activity resides in trees.

A101. Because of biological recycling and storing of
radiocaesium, migration within forest soils is limited and, in
the long term, most of the radiocaesium resides in the upper
organic horizons. Slow downward migration of radio-
caesium continues to take place, however, although the rate
of migration varies considerably depending on the soil type
and climate.
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A102. The hydrological regime of forest soils is an impor-
tant factor governing radionuclide transfer in forest ecosys-
tems. Depending on the hydrological regime, the radiocaesium
T,, for trees, mushrooms, berries and shrubs can vary over a
range of more than three orders of magnitude. Minimal T,
values were found for automorphic (dry) forests and soils
developed on relatively flat surfaces with low run-off. Maxi-
mal T, values are related to hydromorphic forests developed
under prolonged stagnation of surface waters. Among other
factors influencing radionuclide transfer in forests, the distri-
bution of root systems (mycelia) in the soil profile and the
capacity of different plants to accumulate radiocaesium are
of importance [F6].

A103. The vertical distribution of radiocaesium within soil
has an important influence on the dynamics of uptake by her-
baceous plants, trees and mushrooms. Another major conse-
quence is a reduction in the external gamma dose rate with
time, because the upper soil layers provide shielding against
the radiation emitted as the radionuclide migrates deeper into
the subsurface. The most rapid downward vertical transfer
was observed for hydromorphic forests.

A104. After the initial deposition onto forests, large-scale
geographical redistribution of radiocaesium is limited.
Processes of small-scale redistribution include resuspension
because of wind and fire, and erosion/runoff; however, none
of these processes is likely to result in any significant fur-
ther transport of radiocaesium beyond the area of initial
deposition.

4. Uptake into edible products

A105. Edible products obtained from the forest include
mushrooms, fruits and game animals; where radioactive
material was deposited on the forest, radionuclides have
been found in each of these products. The highest levels of
radiocaesium have been observed in mushrooms, due to
their great capacity to accumulate some mineral nutrients,
including radiocaesium. Mushrooms provide a common
and significant food source in many of the more affected
countries, particularly those within the former Soviet
Union. Changes with time in the activity concentrations in
mushrooms reflect the bioavailability of *’Cs in the
various relevant nutrient sources utilized by different
mushroom species.

A106. The high levels of radiocaesium in species of mush-
room are due to generally high soil-mushroom transfer coef-
ficients. However, these aggregated transfer coefficients
(T,y) are also subject to considerable variability and can
range from 0.003 to 7 m%¥kg, i.e. by a factor of more than
2,000 [I15]. Significant differences in accumulation of radio-
caesium occur among species of mushrooms; the rate of
accumulation generally reflects the ecological niche that the
individual species occupies. Like in plants, the agrochemical
properties of forest soils and growth conditions strongly
influence the aggregated transfer factors for ¥’Cs from soil

to different species of forest mushrooms [K12]. The degree
of variability of radiocaesium levels in mushrooms is illus-
trated by figure A-XVII [I18], which also indicates a slowly
decreasing trend during the 1990s.

A107. The level of radiocaesium in mushrooms in forests
is often much higher than that in forest fruits such as bilber-
ries. This is reflected in the aggregated transfer coefficients
for forest berries, which range from 0.02 to 0.2 m%kg [115].
Owing to the generally lower levels of radiocaesium and to
the lower masses eaten, exposure due to consumption of for-
est berries is smaller than that due to consumption of mush-
rooms. However, both products contribute significantly to
the diet of grazing animals and, therefore, provide a second
route of exposure to humans via game consumption. Ani-
mals grazing in forests and other semi-natural ecosystems
often produce meat with high activity concentrations of
radiocaesium. Such animals include wild boar, roe deer,
moose and reindeer, but also domestic animals such as cows
and sheep, which may graze marginal areas of forests.

A108. Most data on levels of radionuclides in game ani-
mals such as deer and moose have been obtained from those
western-European countries where the hunting and eating of
game is commonplace. Significant seasonal variations occur
in the body burden of radiocaesium in these animals owing
to the seasonal availability of foods such as mushrooms and
lichens; the latter are a particularly important component of
the reindeer’s diet. Particularly good time-series measure-
ments have been made in the Nordic countries and in
Germany. Figure A-XVIII shows a complete time series of
annual average activity concentrations of radiocaesium in
moose from one hunting area in Sweden between 1986 and
2003. A major factor for the radionuclide intake by game—
roe deer, in particular—is the high activity concentration of
radiocaesium in mushrooms. Aggregated transfer coeffi-
cients for moose range from 0.006 to 0.03 m*kg [I15]. The
mean T,, for moose in Sweden has been falling since the
period of high initial levels, which indicates that the ecologi-
cal half-life for radiocaesium in moose is measurably less
than 30 years, the physical half-life of '¥'Cs.

5. Radionuclides in wood

A109. The accident deposited radionuclides in many for-
ests in Europe and countries of the former Soviet Union;
most of these forests are planted and managed for the pro-
duction of timber. Potentially, one of the significant expo-
sure pathways to humans is through timber production. The
export and subsequent processing and use of timber contain-
ing radionuclides are pathways that can lead to the exposure
of people who would not normally be exposed in the forest
itself. Uptake of radiocaesium from forest soils into wood is
rather low; aggregated transfer factors range from 0.0003 to
0.003 m?/kg. Hence, wood used for making furniture or the
walls and floors of houses is unlikely to give rise to signifi-
cant radiation exposure of people using these products [119].
However, the manufacture of consumer goods such as paper
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involves the production of both liquid and solid wastes in
which radiocaesium concentrates. Handling of these wastes
by workers in paper-pulp factories can give rise to occupa-
tional exposure to radiation.

A110. Combustion of other parts of trees (such as needles,
bark and branches) may give rise to the problem of disposal
of radioactive wood ash. This practice has increased in
recent years due to the upsurge in biofuel technology in the
Nordic countries. The problem of radiocaesium in wood ash
is particularly notable because the activity concentration of
radiocaesium in ash is a factor of 50-100 times greater than
in the original wood. Domestic users of firewood from these
forests may be exposed externally to gamma radiation and
internally through inhalation as a consequence of the
build-up of ash in the home and/or garden [I19]. Such
exposures however are generally insignificant.

E. Radionuclides in aquatic systems
1. Introduction

Al1l. Surface-water systems in many parts of Europe
had elevated levels of radioactive material due to the
Chernobyl accident. Most of the radioactive material, how-
ever, was deposited in the catchment area of the Pripyat
River, which forms an important component of the Dnieper
River—Reservoir system, one of the larger surface-water
systems in Europe. After the accident, therefore, there was
particular concern about possible radioactive contamina-
tion of the water supply for the area along the Dnieper cas-
cade of reservoirs, which covers a distance of approximately
1,000 km to the Black Sea. Levels of radioactive material
increased in other large river systems in Europe, such as
the Rhine and the Danube, although the levels in the rivers
were not significant [U3].

A112. Initial activity concentrations in river water in parts
of Belarus, the Russian Federation and Ukraine were rela-
tively high, compared both to those in other European rivers
and to the standards for radionuclides in drinking water,
owing to direct deposition onto river surfaces and to trans-
port of radionuclides in run-off water from the catchment
area. During the first few weeks after the accident, the activ-
ity concentrations in river waters rapidly declined, because
of the physical decay of the short-lived radionuclides and as
catchment soils and bottom sediments absorbed the radionu-
clides. In the longer term, the long-lived *’Cs and *°Sr
became the dominant radionuclides in aquatic ecosystems.
Although the levels of these radionuclides in rivers in the
long term were low, temporary increases in the activity con-
centrations during flooding of the Pripyat caused serious
concern in areas using water from the Dnieper cascade.

A113. Lakes and reservoirs had increased levels of radio-
activity due to direct deposition of radionuclides onto the
water surface and transfers of radionuclides in run-off water
from the deposited material on the surrounding catchment

area. The radionuclide concentrations in water declined
rapidly in reservoirs and in those lakes with significant
inflow and outflow of water (“open” lake systems). In some
cases, however, the activity concentrations of radiocaesium
in lakes remained relatively high because of run-off from
organic soils in the catchment. In addition, internal cycling
of radiocaesium in “closed” lake systems (i.e. lakes with lit-
tle inflow and outflow of water) led to much higher activity
concentrations in their water and aquatic biota than were
typically seen in open lakes and rivers.

Al14. Bioaccumulation of radionuclides (particularly radio-
caesium) in fish resulted in activity concentrations (both in the
most affected regions and in western Europe) that were in
some cases significantly above national action levels for con-
sumption, i.e. of the order of some hundreds to some thousands
and even tens of thousands of becquerels per kilogram. In
some lakes in Belarus, the Russian Federation and Ukraine,
these problems have continued to the present day and may con-
tinue for the foreseeable future. Freshwater fish provide an
important food source for many inhabitants of the affected
regions. In the Dnieper cascade in Ukraine, commercial fisher-
ies catch more than 20,000 tonnes of fish per year. In some
other parts of Europe, particularly parts of Scandinavia, activ-
ity concentrations of radiocaesium in fish are still higher than
action levels.

Al115. The closest marine systems to the ChNPP are the
Black Sea and the Baltic Sea, both several hundred kilome-
tres from the site. The activity concentrations of radio-
nuclides in water and fish of these seas have been intensively
studied since the accident. Because the average direct depo-
sition onto these seas was relatively low, and owing to the
large dilution in marine systems, activity concentrations
were much lower in these seas than in freshwater systems
[120].

2. Uptake of radionuclides to freshwater fish

A116. Consumption of freshwater fish is an important part
of the aquatic pathway for transfer of radionuclides to
humans. Although transfer of radionuclides to fish has been
studied in many countries, most attention here will be
focused on Belarus, the Russian Federation and Ukraine
because of the relatively high activity concentrations in
water bodies of these countries.

(a) 'l in freshwater fish

A117. There are limited data on T levels in fish.
Todine-131 was rapidly absorbed by fish in the Kiev Reser-
voir; maximum concentrations in fish were observed in early
May 1986. Activity concentrations in fish muscle declined
from around 6,000 Bq/kg fresh weight on 1 May 1986 to
around 50 Bqg/kg fresh weight by 20 June 1986. This repre-
sents a rate of decline similar to that of the physical decay of
B, Because of the rapid physical decay, activity
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concentrations of *'I in fish became insignificant within a
few months after the accident.

(b) '¥Cs in freshwater fish and other aquatic biota

A118. During the years following the Chernobyl accident,
there have been many studies of the levels of radiocaesium
in freshwater fish. As a result of high bioaccumulation fac-
tors for radiocaesium, fish have retained high radiocaesium
levels in some areas, despite low levels in water. Uptake of
radiocaesium in small fish was relatively rapid, the maxi-
mum concentration was observed during the first weeks after
the accident. Because of the slow uptake rates of radiocae-
sium in large predatory fish (pike and eel) maximum activity
concentrations were not observed until 6-12 months after
the initial deposition, as shown in figure A-XIX [U19].

A119. In the Kiev Reservoir, activity concentrations of
37Cs in fish were 0.6—1.6 kBg/kg fresh weight (in 1987) and
0.2-0.8 kBg/kg fresh weight (for 1990-1995) and declined
to 0.2 kBqg/kg or less for adult non-predatory fish in 2002.
Values for predatory fish species were 1-7 kBq/kg during
1987 and 0.2-1.2 kBq/kg between 1990 and 1995.

A120. Inthe lakes of the Bryansk oblast of Russia, approx-
imately 200 km from Chernobyl, activity concentrations of
¥7Cs in a number of fish species varied within the range
0.2-19 kBg/kg fresh weight during the period 1990-1992. In
shallow closed lakes such as Kozhanovskoe (Bryansk oblast,
the Russian Federation) and Svyatoe (Kostiukovichy Raion,
Belarus), activity concentrations of '’Cs in fish have
declined slowly in comparison with fish in rivers and
open-lake systems, because of the slow decline in activity
concentrations of *’Cs in the water of the lakes [B22].

Al121. The differences in bioaccumulation of radiocaesium
in different fish species can be significant. For example, in
Lake Svyatoe, Belarus, the activity levels in large pike and
perch (predatory fish) were 5-10 times higher than in
non-predatory fish such as roach. Similarly, bioaccumula-
tion factors in lakes of low potassium concentration can be
one order of magnitude higher than in lakes of high potas-
sium concentration. Thus, it was observed [S15] that fish
from lakes in agricultural areas of Belarus (where run-off of
potassium fertilizer was significant) had lower bioaccumula-
tion factors than fish from lakes in semi-natural areas.

(c) %Sr in freshwater fish

A122. Strontium behaves, chemically and biologically, in
a similar way to calcium. Bioaccumulation of strontium
occurs most strongly in low calcium (“soft””) waters. Rela-
tively low bioaccumulation factors for *Sr in freshwater (of
the order of 100 L/kg) and the lower deposition density of
this radionuclide meant that the activity concentrations of
%Sr in fish were typically much lower than those of ¥’Cs. In
2000, for the lakes with higher activity levels around ChNPP,

the maximum level of **Sr concentration in the muscles of
predatory and non-predatory fish varied between 2 and
15 Bg/kg fresh weight. In 2002-2003, the activity concentra-
tions of Sr in fish in reservoirs of the Dnieper cascade were
only 1-2 Bq/kg, which is close to the pre-accident levels.
Freshwater molluscs showed significantly stronger bioaccu-
mulation of °Sr than fish. In the Dnieper River, molluscs
had approximately ten times more *Sr per kilogram in their
tissues than fish muscle. Similarly, bioaccumulation of *Sr
in the bones and skin of fish is approximately a factor of 10
higher than in muscle.

3. Radioactivity levels in marine ecosystems

A123. Marine ecosystems were not seriously affected by
deposited material from the accident; the nearest seas to the
reactor are the Black Sea (around 520 km) and the Baltic Sea
(about 750 km). Activity levels increased in these seas pri-
marily because of direct deposition from the radioactive
cloud, with smaller inputs from riverine transport occurring
over the years following the accident. The total surface dep-
osition of *’Cs was approximately 2.8 PBq on the Black Sea
and 3.0 PBq on the Baltic Sea.

F. Countermeasures and remediation

Al124. Since the very first days after the Chernobyl acci-
dent, countermeasures were instituted with the purpose of
reducing doses to humans. The range of countermeasures
applied was notably wide, i.e. from urgent evacuation in
1986 of inhabitants from the nearby areas of highest radio-
nuclide deposition, to bans on the use of contaminated food-
stuffs in many European countries [S16]. The whole
spectrum of the applied countermeasures and their effective-
ness has been considered in a number of international reports
(e.g. [117, U3)).

A125. This section does not consider specifically the past
emergency mitigation actions at the ChNPP that were aimed
at reducin