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l.  INTRODUCTION

1. Exposure of the public to ionizing radiation from natural and human-made sources was firstly
evaluated by the Committee in the UNSCEAR 1958 Report [U8]. Further evaluations have been carried
out at regular intervals over the years since then [U10]. This annex presents an updated evaluation of
public exposure to ionizing radiation that takes account of several developments since the last
comprehensive assessment undertaken by the Committee and published in the UNSCEAR 2008 Report,
annex B [U19]. Since that report, the Committee has evaluated radiation exposure of the public arising
from electricity generation considering the principal relevant commercial technologies, both nuclear and
non-nuclear, in the UNSCEAR 2016 Report [U24]. In doing so, the Committee reviewed and revised its
methodology for estimating public exposure due to radioactive discharges to the environment. The
Committee also updated the methodology for estimating public exposure from radon and its decay
products in the UNSCEAR 2019 Report, annex B [U27], and published its final report related to the
accident at the Fukushima Daiichi Nuclear Power Station (NPS) in 2022 [U29]. In addition, the
Committee has been exploring ways to improve the collection, analysis and dissemination of data on
radiation exposure from natural and human-made sources of ionizing radiation. This annex also draws
on the experience gained from the UNSCEAR 2012 Report, annex B [U23] and 2017 Report, annex A
[U25] in developing quality criteria for the evaluation of public exposure data.

2. Public exposure to ionizing radiation varies across the world because of differences in natural
sources and in the uses of both natural and human-made sources. Two categories of data on public
exposures vary over time and were reviewed and analysed: changes in public exposures over time
resulting from the introduction of new or improved practices, technologies and revised regulations and
new data from studies on public exposure carried out in many countries since the publication of the
UNSCEAR 2008 Report, annex B [U19].

A. Scope and objectives of the annex

3. The objectives of this annex are:

(a) To provide a comprehensive and independent evaluation of public exposures to natural and
human-made sources of radiation. More specifically:

i. To identify sources and radiation levels worldwide of public exposures to naturally
occurring ionizing radiation and assess relevant doses to the public;

ii. To identify sources and radiation levels worldwide of public exposures to human-made
sources of ionizing radiation, including past radiological accidents, and assess relevant doses
to the public;

iii. To review and update, as appropriate, parameters included in the methodology for the
evaluation of public exposures from radioactive discharges presented in the UNSCEAR
2016 Report [U24] and used to estimate public exposures from electricity generation from
nuclear power. Public exposures from other forms of electricity generation have not, however,
been reevaluated in this annex;
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iv. To assess the variability and uncertainties of public exposures worldwide to different
sources to the extent possible;

v. To allow readers to derive benchmarks for comparison purposes and to manage exposures.

(b) To identify and analyse temporal and spatial trends in exposures from natural and human-made
sources of ionizing radiation. More specifically:

i.  To identify contributions of different sources to overall public exposure;
ii. To evaluate temporal variations in public exposure since the UNSCEAR 2008 Report;
iii. To assess dependence of exposures to geographical and environmental features.

(c¢) To identify essential data and develop quality requirements and quality criteria for data
evaluation for public exposure from natural and human-made radiation sources.

4.  The annex also identifies areas where improvements in global assessments of public exposure to
ionizing radiation and further research in the development of environmental models are needed to better
analyse the sources and levels of exposure of the public and their potential impact on the public.

5. This annex focuses on the evaluation of exposure of the public to ionizing radiation from natural
and human-made sources distributed across an environment and human habitat, or present in various
types of facilities where exposures occur as part of everyday life. Occupational exposures of radiation
workers and medical exposures of patients to ionizing radiation are not subjects of this annex as they
were evaluated in UNSCEAR 2020/2021 Report, annex A and annex D, respectively [U30, U31].

6.  For practical reasons, the Committee uses quantities and concepts recommended by the International
Commission on Radiological Protection (ICRP) and the International Commission on Radiation Units and
Measurements (ICRU) for purposes of radiation protection. Both ICRP and ICRU have developed a
comprehensive system of radiation protection dosimetry that allows the determination of doses to members
of the public from exposure to both external and internal irradiation and the quantities and units
recommended by these organizations are widely used and reported around the world. Furthermore,
continuing use of these quantities enables comparison with previous UNSCEAR reports.

7.  This annex does not cover exposures of the public previously described in detail in other
UNSCEAR reports; where appropriate, new information is provided alongside summary of information
provided in those annexes. In particular, exposures associated with accidental releases are not dealt with
extensively because the Committee evaluated these exposures in the UNSCEAR 2008 Report, annexes
C and D [U20]; and UNSCEAR 2020/2021 Report, annex B [U29].

8. There are many uncertainties associated with the information provided in this annex, owing to the
different ways countries collect, analyse, and manage their data. These uncertainties reflect differences
in the methodologies for sampling, measuring, treating, and reporting data, as well as differences in
assessment approaches. The Committee recognizes that standardized methodologies need to be used to
improve the comparison and analysis of reported data and to draw more reliable conclusions. To address
some of the uncertainties and to provide for consistency in the treatment of data, quality criteria were
established for the selection of the information to be considered. The quality criteria, including unified
statistical procedures, are presented in detail in electronic attachment A-7.
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B. Sources of public exposure to ionizing radiation

9.  The world population is exposed to ionizing radiation from sources of two types: natural and
human-made. The following radiation sources of public exposure are considered in this annex:

(a) Natural sources of ionizing radiation:
i. Radon and thoron;
ii. Natural radionuclides other than radon and thoron;
iii. Enhanced sources of naturally occurring radioactive material.
(b) Human-made sources of ionizing radiation:
i.  Nuclear power production and related nuclear fuel cycle facilities;
ii. Radioactive waste management;
iii. Applications other than nuclear power production;
iv. Military use of nuclear and radioactive materials;
v.  Exposure from radiological accidents and past peaceful practices;
vi. Transport of nuclear and radioactive material.

10. This categorization is considered to be the most consistent with the Committee’s earlier evaluations
[U15, U19] and facilitates the comparison of the results and the assessment of trends. The methodologies
adopted by the Committee for the assessment of public doses in this annex are described in detail in
appendix A, and in electronic attachments A-1 to A-6, while a general summary is given in chapter II.

1. Natural sources of ionizing radiation

11.  Exposure of the public to ionizing radiation from natural sources is a ubiquitous feature of life on
Earth and is influenced by many human factors, such as the proportion of time people spend outdoors or
indoors, the type and material of buildings where people reside or work, the ventilation of these premises,
and the dietary habits of people.

12.  For most individuals, exposure to sources of natural radiation is higher than that from all human-made
radiation sources combined. Notable exceptions include elevated exposures through medical diagnostic or
radiotherapy procedures, radiological incidents involving environmental release of radionuclides, and
occupational exposure in specific work environments. Nevertheless, natural background radiation is used
as the reference level against which all additional exposures are measured and evaluated.

13.  There are two main contributors to exposures from natural sources of radiation:
(a) High-energy cosmic ray particles incident on the Earth’s atmosphere;

(b) Radionuclides that originated in the Earth’s crust at its formation and are present everywhere in
the environment and in the human body.
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14. The most significant source of public exposure to ionizing radiation is natural radon and its decay
products that are inhaled by people from both indoor and outdoor air. Radon originates from the decay
of radium present in the ground and in building materials; radium is part of the uranium and thorium
decay chains which are present in all soils and rocks in various amounts.

15. The evaluation of doses from natural sources mostly focused on exposures to typical levels of the
natural radiation background, but data are also presented for areas designated in the literature as high
background radiation areas (HBRAs). It is important to highlight that the levels of natural background
radiation vary around the world.

16. Another source of public exposure to natural ionizing radiation is the industrial application of
various materials containing sources of natural radiation, such as the mining, milling, and processing
of ores and the use of fossil fuels containing natural radionuclides [U24]. In cases where natural sources
of ionizing radiation are modified by industrial practices, the term naturally occurring radioactive
materials (NORM) is used in this annex to refer to these materials.

2. Human-made sources of ionizing radiation

17.  The world population is also exposed to environmental releases of ionizing radiation from human-made
sources, such as those related to nuclear weapons production/testing, operating nuclear power production
facilities, and other applications of human-made radionuclides used for various peaceful purposes (e.g., in
medicine, some industries and in some consumer products). Other sources of exposure include the transport
of radioactive material and radioactive waste management at the end of these technological chains. The
evaluation of radiological consequences of those activities in terms of already received doses or dose
commitments, individual and collective, constitutes the subject of chapter IV of the annex.

18. Currently, the largest-scale activity associated with continuous releases of human-made
radionuclides into the environment is the generation of electrical energy in nuclear power plants (NPPs)'
and related processes. Overall, nuclear power capacity has shown a gradual growth trend over the past
decade [141]. The availability of extensive monitoring and reporting of radionuclide discharges to the
environment from nuclear facilities allows for a comprehensive evaluation of public exposures from this
source. Estimates of doses and analysis of temporal trends are included in section IV.A of this annex.

19. Global fallout from atmospheric tests of nuclear weapons were the most significant sources of
exposure of the world’s population to human-made sources of ionizing radiation. Although atmospheric
testing has ceased and the Committee’s assessment of global doses based on measured deposition of *Sr
remains an accurate evaluation of the resulting exposures, some new data on long-term exposure of the
public were assessed and doses were re-evaluated by the Committee. Estimates of doses from long-lived
radionuclides are presented in section IV.D of this annex.

20. Section IV.D also reviews new information on public exposure from sites contaminated with
residual radionuclides associated with past military activities, commonly referred to as legacy sites. New
data on radiation doses to the public residing in the vicinity of the Mayak Production Association facility,
the first plutonium and tritium production facility in the former Soviet Union have been reconstructed
from historical data and reviewed by the Committee for the purpose of this annex.

! The term nuclear power station (NPS) is also generally accepted as a synonym for NPP. For example it was used in UNSCEAR
publications on the Fukushima NPS accident [U29].
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21. Section IV.E includes an assessment of new data on public exposure from radiological accidents
and other past practices. The Committee last evaluated radiological consequences of the accident at
the Chornobyl NPP in its 2008 Report, annex D [U20]. Information collected since then has been
reviewed in this annex. The Committee recently reviewed the radiological consequences of the
Fukushima Daiichi NPS accident in its UNSCEAR 2020/2021 Report, annex B [U29]. A short
summary is included in this annex since there has been no substantial new information published.
Section IV.F summarizes the latest information related to transport of nuclear and radioactive material.

ll. DOSE ASSESSMENT METHODOLOGY

22. The most recent reports describing the methodology for the assessment of public doses are the
UNSCEAR 2000 Report, annex A [U15, U19, U24], the UNSCEAR 2008 Report, annex B [U15, U19,
U24] and the UNSCEAR 2016 Report, annex A [U15, U19, U24]. The methodology was reviewed and
updated as appropriate in this annex to take account of improvements in the models used and new data found
in the literature, such as:

(a) Advances in the model used to calculate dose rate from cosmic rays outdoors to account for
geomagnetic latitude, altitude and the 11-year solar activity cycle;

(b) Expanding the dose assessment methodology used to evaluate radioactive discharges from
nuclear power production and related nuclear fuel cycle facilities to account for liquid discharges
from uranium mining and milling.

Consistent values were also established for model parameters that are common to the dose assessment
methodologies used for different topic areas and are provided in appendix A.

23. The methodology aimed to provide best estimates of the dose to a characteristic individual unless
otherwise stated in contrast to other established methodologies which aim to ensure that doses are not
underestimated and thus adopt cautious parameter values and assumptions. The Committee first defined
a characteristic individual in its UNSCEAR 2016 Report, annex A [U24] and noted that this is not to be
confused with the representative person (previously termed by the ICRP as the critical group) used for
radiation protection purposes [I170]. The dose to the characteristic individual is indicative of most people
living in an area and exposed to a particular source of ionizing radiation. The dose to the characteristic
individual is assessed by means of dosimetric models that quantify external and internal exposure, as
appropriate. The values of the parameters related to human habits (e.g., breathing rate, ingestion rates of
food and drinking water, time spent indoors) of the characteristic individual were based on established
generic data from published literature.

24. Doses to the public were either calculated based on environmental measurements or model predictions
of radiological quantities, such as ambient dose equivalent rate or radionuclide activity concentrations in
various media, or taken from scientific papers and official national and international reports. Models used
in the assessment of doses varied in their complexity: very simple models were used to calculate doses from
inhalation of radon while compartment models were used to calculate doses associated with global fallout
or discharges from nuclear facilities. In some cases (e.g., non-nuclear source applications), the only available
information is dose estimates published in the literature or official reports.
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A. Dose quantities and units

25. The basic dosimetric quantity used in the Committee’s evaluation of public exposure is the effective
dose as this is the quantity that is better suited for comparison of public exposure from different sources
and more widely used and reported by many regulatory authorities. The effective dose is a quantity
defined by the ICRP for the purpose of radiological protection [170] as:

E= Y w ZrWrDt,r (1)

where w, and w, are the radiation weighting factors and the tissue weighting factors respectively and
D, , is the mean absorbed dose received by the organ or tissue ¢ due to radiation . The effective dose
is a conventional quantity defined by ICRP for a reference person based on the averaging of individual-
related characteristics of the human body. The SI unit for the effective dose is J/kg, and its special
name is sievert (Sv) [[70].

26. Another radiation protection quantity is the committed effective dose from radionuclides
incorporated into the human body as defined by the ICRP as the effective dose expected to be delivered
during the time when these radionuclides are expected to irradiate organs and tissues, called the
commitment time. The commitment time is assumed to be 50 years for adults, and to age 70 years for
other age groups [170].

27. For consistency, this annex adopts the same approach used in the UNSCEAR 2000 Report, annex A
[U15]. The total annual effective dose to members of the public (E;,;4;) 1s the sum of the effective dose
from external exposure (E,,;) received over one year, and the committed effective dose from internal
exposure due intake of radionuclides over the same year (E;,,;) [U15]:

Etotat = Eext + Eint @)

28. The effective dose from external exposure can be derived from the operational quantity ambient
dose equivalent or approximated by personal dose equivalent, provided by radiation monitoring
equipment or can also be calculated from activity concentrations of radionuclides in the environment and
appropriate dose coefficients for external exposure [177].

29. The committed effective dose from internal exposure from intakes of radionuclides (E;,;) is the
sum of the committed effective dose due to inhalation (Ej,;) and the committed effective dose due to
ingestion of radioactive material (Ej,g):

Eint = Eipn + Eing 3)

30. The latter method was commonly used to estimate effective doses from external exposure in this annex.
The individual committed effective dose from exposure to internal radiation can be estimated from the
activity concentration and physico-chemical forms of radioactive material in air foods, drinking water and
dose coefficients for internal exposure contained in relevant ICRP publications [169, 173, 175].

31. Since its 1993 Report, annexes A and B [U13], the Committee has also used the age-weighted
effective dose, E,_,,, to assess doses to the public. This conventional quantity is the sum of the effective
doses for three age groups (infants, children and adults), weighted using the fractions of these age groups
in the overall population:

Ea_w = 0.05 Einfant + 0.30 Echild + 0.65 Eadult (4)

Einfant> Ecnita and Eqqy,, are the doses to a 1-year-old infant, a 10-year-old child and an adult, respectively.
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32. To obtain a global estimate of the exposure of members of the public to natural radiation sources,
worldwide averages of the relevant doses were calculated using estimates for each country weighted
according to the population of the country. It should be noted that worldwide average doses are in fact
representative only of the countries for which information was available.

33. The collective effective dose S (in unit of person-Sv) is calculated from the average effective dose
in a particular subgroup (E;) and the number of people in that subgroup (N (E;) as:

S = YN (E)E; Q)

34. Extensive quantities, such as the collective dose, reflect the size of the system it describes and
generally provide limited useful information unless they are related to another relevant extensive quantity.
For instance, the Committee reported collective doses per unit of an attributable practice (e.g., the
collective dose per unit of generated electrical energy) in previous reports [U24].

35. In this annex, collective effective doses were calculated mostly for radiation sources for which the
Committee has developed specific dose assessment methodologies, such as radon and thoron, natural
radionuclides, and radioactive discharges, and were used to compare the radiation exposures of populations
from different sources of ionizing radiation locally and in different regions globally. The Committee does
not consider it appropriate to extrapolate incremental doses equivalent to, or less than, normal natural
background levels to estimate absolute numbers of radiation-induced health effects within a population.

B. Data sources

36. The evaluation of public exposure to ionizing radiation in this annex was based on input data
obtained in the same manner as for previous UNSCEAR reports [U15, U19] from the following sources:

(a) UNSCEAR Global Survey on Public Exposure;
(b) Review of the published peer-reviewed literature and official reports;
(c¢) International organizations.

37. The timeframe of the information collected for this annex was the period between 2007 and 2020.
The start year of 2007 was selected to capture data published in the year prior to the publication of
UNSCEAR 2008 Report, annex B [U19]. Since public exposure from naturally occurring sources of
ionizing radiation are generally considered to be well understood and relatively constant over time, the
evaluation focused on identifying new data and improved understanding of these sources. For other
sources of ionizing radiation, data and information were evaluated to quantify their magnitude, to
determine if understanding of these sources has improved, and to identify any temporal trends. For
completeness, information for the period 2005—2006 was also collected from the published literature that
was not referenced in the UNSCEAR 2008 Report, annex B [U19].

1. Global Survey on Public Exposure

38. The UNSCEAR Global Survey on Public Exposure was conducted by means of a series of
questionnaires distributed to all United Nations Member States through National Contact Persons
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(NCPs), which were designed to elicit essential data on a national or regional scale from the Member
States that are necessary to evaluate public exposures.

39. The questionnaire covered five topic areas: (a) radon and thoron; (b) natural sources other than
radon; (c) discharges from nuclear fuel cycle facilities; (d) applications other than nuclear power; and
(e) sites and areas contaminated with radionuclides due to past activities or accidents.

40. For exposure to radon and thoron, measurements of activity concentrations in indoor and outdoor
air were identified as essential data. Activity concentrations of radon in drinking water were also
considered essential.

41. For natural sources of ionizing radiation excluding radon and thoron, essential data included
measurements of air kerma rates,” ambient dose equivalent rates both indoors and outdoors, and
measurements of activity concentrations of radionuclides of natural origin in soils and building materials,
such as concrete, bricks and rocks. Data for areas identified as HBRA were requested separately. For
NORM industries, the number of facilities, annual production, and annual waste produced were identified
as essential data. References were also requested to official publications containing more specific data,
such as measurements of activity concentrations or dose evaluations.

42. The essential data requested for nuclear power production and related facilities were annual
atmospheric and liquid discharges. The radionuclide composition of discharges, and if applicable, the
body of water into which liquid discharges occurred (i.e., river, lake, marine) were also requested.

43. Preliminary research indicated that obtaining data for applications other than nuclear power
production might be a challenge. Therefore, the questionnaire focused on identifying the prevalence of
these sources in Member States, pathways of exposure, characteristics of exposed individuals, and
estimated annual doses. The requested data were separated into three categories: (@) medical applications;
(b) industrial, agricultural and research applications; (c) consumer products.

44. The essential data requested for sites and areas where radionuclides are present due to past civil or
military activities or accidents. included the location of settlements, the spatial extent of residual
radioactivity, a brief description of the affected area along with the inventory of the main radionuclides,
including activity concentrations in the media of concern (e.g., soil, water). The time when these data
were collected was also requested to account for radioactive decay and ingrowth. Data were requested
only for those remediated sites that require continued management of any residual radioactivity.

2. Literature review

45. The approach to identify and evaluate peer reviewed literature on public exposure to ionizing
radiation built on the experience gained in the preparation of the White Papers on the Fukushima Daiichi
NPS accident following the UNSCEAR 2013 Report, annex A [U22], and subsequent reports, such as
UNSCEAR 2017 Report, annex A, [U25] and UNSCEAR 2020/2021 Report, annex B [U29].

46. The objective of the literature review was to identify new data since the UNSCEAR 2008 Report,
annex B [U19] to complement obtained from the UNSCEAR Global Survey on Public Exposure. The
review also provided evidence to support assumptions and parameters used in the dose assessments
performed for this annex.

2 For external dose from terrestrial gamma radiation this may be assumed to be equivalent to absorbed dose rate in air.
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47. A search and selection process was used to identify the publications with the potential to provide
information for the Committee’s evaluation. The publications compiled from the search and selection
process were screened further using three key criteria:

(a) Absence of conflicts of interest among authors;

(b) Inclusion of only original publications, governmental, or international reports (editorials,
commentaries and correspondence were excluded); and

(c) Inclusion of publications that contained quantitative measurement or assessment data of
acceptable quality, in terms of completeness and ability to extract the data, information on quality
control procedures and use of appropriate statistical methods.

48. Preference was given to scientific articles published in peer-reviewed journals and reports from
international organizations, as they are subject to a rigorous review process prior to publication. Reports
published by government departments and national organizations were also considered reliable sources
as they also undergo a review and approval process before their publication.

49. Data on public exposure were used as originally reported. Where necessary, quantities and units
were converted to those adopted in this annex.

3. Data from international organizations

50. In addition to the UNSCEAR Global Survey on Public Exposure and the literature review,
international organizations were key sources of data to evaluate public exposure to ionizing radiation.
Relevant international organizations included the Comprehensive Nuclear-Test-Ban Treaty Organization
(CTBTO), Food and Agriculture Organization (FAO), European Commission (EC) and its Joint Research
Centre (JRC), International Atomic Energy Agency (IAEA), International Civil Aviation Organization
(ICAO), Nuclear Energy Agency of the OECD (OECD/NEA), United Nations Environment Programme
(UNEP), and the World Health Organization (WHO).

51. Information provided by the international organizations is generally compiled in a consistent
format and often on a global scale. Some datasets overlapped with those from other sources or lacked
information on quality criteria, limiting their usefulness, but were nevertheless valuable to verify
independently other information and, in some cases, to identify gaps. For example, the IAEA Power
Reactor Information System (PRIS) database® [I56] was used to support data on nuclear power
generation provided by Member States through the UNSCEAR Global Survey on Public Exposure.
Similarly national radon survey data compiled by WHO were used to confirm whether results from
these surveys were reported in the literature or provided through the UNSCEAR Global Survey on
Public Exposure.

3 The Power Reactor Information System (PRIS) is a comprehensive database developed and maintained by the IAEA that

contains information on nuclear power reactors in operation, under construction, or those being decommissioned.
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C. Review of data collected for the evaluation of public exposure

52. The data of interest for the evaluation of public exposure included:
(a) Dose rate measurements;
(b) Radionuclide activity concentrations in environmental media;
(c) Discharges of radionuclides to the environment;
(d) Doses to the public reported in published literature and official reports provided by Member States.

53. Activity concentrations of radionuclides in environmental media, such as air (indoor and outdoor),
soil, rocks, building materials, drinking water, and food, are essential input data for assessing public
radiation doses. Table 1 presents an inventory of environmental and source measurements compiled from
the UNSCEAR Global Survey on Public Exposure, supplemented by published literature and other
sources. These data were used to estimate public doses across different regions and globally.

54. Table | summarizes the number of measurement points for radon and its decay products in air and
drinking water, as well as measurements of activity concentrations of other natural radionuclides in soil
and building materials, categorized by region collated for this annex. European Member States contributed
the majority of radon measurements, with significant input also from Member States in Asia and the Pacific,
and North America. Indoor and outdoor activity concentrations of radon and thoron in air are typically
derived from national or regional surveys. Table 1 also gives the number of measurements of natural
radionuclides other than radon in soil and building materials, broken down by region. Most of these
measurements were submitted by Member States in Africa, Asia and the Pacific, and Europe.

55. The most commonly measured quantities for external exposure are the air kerma rate and the
ambient dose equivalent rate. These measurements are typically taken at a standard height of 1 metre
above ground in locations where individuals spend a significant portion of their time or floor. In this
annex, dose rates from terrestrial radiation were primarily estimated based on the activity concentrations
of naturally occurring radionuclides in soil and rock. For human-made sources, radiation dose rates are
measured through environmental monitoring programmes designed to verify that public exposure levels
comply with national safety standards. Generally, the contribution of human-made sources to public
exposure is lower than that of natural sources.

56. This annex uses data on activity concentrations in drinking water (tap water) obtained from
literature surveys, along with IAEA analysis of other foods and mineral water up to 2017 [144, 148], to
evaluate internal exposure doses from naturally occurring radionuclides (excluding radon and thoron).
These datasets have been supplemented with relevant information available through 2022 to ensure a
more comprehensive assessment.

57. The volume of data on radioactive discharges from nuclear power production facilities reported by
Member States reflects the geographic distribution of operational nuclear power plants, particularly in
Asia and the Pacific, Europe, and North America (see Table 1). These datasets are generally
comprehensive, as nuclear facilities are subject to strict regulatory oversight and are required to submit
annual discharge reports to national authorities.

58. However, variations in analytical detection limits and reporting thresholds across nuclear facilities
may introduce some uncertainty. These limits can also change over time. As emission controls and fuel
performance have improved, resulting in reduced discharges, radionuclides that were previously excluded
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from assessments—due to their minimal contribution to radiation dose—have increasingly been included
in monitoring and reporting.

59. The same approach was applied to other situations where radiation conditions in the environment
are non-uniform, such as areas impacted by the nuclear accidents at the Chornobyl Nuclear Power Plant
(NPP) and the Fukushima Daiichi Nuclear Power Station (NPS). In these situations, a single assessment
methodology is not feasible and, therefore, doses reported in the literature were used. Additionally, the
radioecological conditions in areas affected by nuclear accidents evolve significantly over time and are
typically monitored in the long term with less detail than during the initial years following the
emergencies. Since this annex primarily focuses on the long-term consequences of major events
involving large-scale radionuclide releases to the environment, the available information was often
insufficient for the Committee to conduct a dose assessment. This limitation also extends to certain inhabited
legacy sites or industrial areas, where detailed monitoring data is either scarce or not readily accessible.

60. Unlike occupationally exposed individuals, members of the public are generally not subject to
routine radiation monitoring, except under exceptional circumstances. Nonetheless, analyses of natural
and human-made radionuclides in human tissues, such as natural radionuclides in human tissues, *’Cs in
the whole body and °°Sr in bones and teeth, have been carried out in the past, notably following global
fallout from nuclear weapons testing, and summarized in the UNSCEAR 1962 Report [U9] and
subsequent reports.

61. In more recent decades, numerous whole body measurements of activities of certain radionuclides
(e.g., ¥Cs and 1**Cs), as well as assessments of external dose, were conducted in response to major
nuclear accidents, such as those at Chornobyl NPP [U20] and Fukushima Daiichi NPS [U29]. Extensive
individual monitoring of the public has also been conducted in the Urals for *°Sr, *’Cs, plutonium and
primordial *°K to evaluate exposures resulting from radioactive discharges to the Techa River and
associated with the Kyshtym accident at the Mayak Production Association facility [D13, T15].



Table 1. Inventory of some activity concentration measurements, and operational NPPs that provided discharge data used to evaluate doses to the public from external

and internal exposures

Region

Activity concentration measurements

Radon in air and drinking water

Natural radionuclides ® in environmental

Radioactive discharges from nuclear facilities to
the environment (Number of operational NPPs
with discharge data %)

(Number of measurement points ) samples (Number of measurements ©)
Indoor air Outdoor air Drinking water Soil Building materials Atmospheric Liquid
Africa 1519 32 317 1631 217 1 1
Asia and the Pacific 46 151 1246 2001 2380 229 29 30
Europe 1074438 8742 18730 1845 625 83 83
Lact::iggg;ca and the 3603 6 90 83 33 3 3
North America 27 512 82 175 40 5 71 65
West Asia 1435 110 112 43 34 1 1
Worldwide 1154658 10218 21425 6022 1143 188 183

¢ Measurement points are dwellings, outdoor locations, and water sampling points, respectively.

b QOther than radon.

¢ Radionuclides typically measured in soil and building materials are *’K, 2*U, ?*Ra, and **Th.

4" Number of facilities for which data were submitted via the UNSCEAR Global Survey on Public Exposure, for any year during the period 2007-2020.

140434 #Z0C 4¥IDSNN 9l
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D. Analysis of uncertainties and variabilities

62. The Committee evaluated uncertainties in risk estimates for radiation-induced cancer and identified
uncertainties in the assessment of exposure and dose as a source of uncertainty in the epidemiological
studies used to derive these risk estimates [U23]. In this annex, a Bayesian approach is used for the
analysis of uncertainties and variabilities. For measurement uncertainties, the approach is in line with the
internationally accepted methodologies formulated in the guides of the Joint Committee for Guides in
Metrology (JCGM) [J11, J12, J13]. The Bayesian approach allows uncertainties which are derived from
counting and repeated measurements—type A or aleatory uncertainties—and uncertainties originating
from other sources—type B or epistemological uncertainties to be considered.

63.  Whether it is feasible to quantify uncertainties and variabilities of input data depends on the type of
data. The types of analysis that can be performed range from a full analysis of the uncertainty to merely
descriptive statistics of the available data. Descriptions of the uncertainty analyses carried out for the
dose assessments for different sources are given in the relevant sections of chapters III and IV of this annex.

64. The uncertainties arising from dose rate measurements include the spatial and temporal variabilities
of the dose rate which depend on the area monitored. Factors, such as climate, time and season, can
contribute to the uncertainties of the dose assessment based on this measurements [191]. Uncertainties
also arise from the different measurement devices used, the calibration and counting procedures, and the
statistical calculation methods.

65. When doses from reports are used directly in the annex, the opportunity for independent dose
validation is limited. The annex provides an overview of original dose estimates with an indication of
their specific features. Uncertainty and variability in the collected data have been assessed and presented
in the relevant sections of this annex with a discussion of how they have been considered.

66. Both variability and measurement uncertainty are described by probability density functions (PDFs)
quantifying the probability that a quantity has a certain true value given all available information. The
PDFs of the final quantities are obtained by propagating the PDFs associated with the input quantities.
The mean values and the variances of the final PDF are the best estimates of the true values of the output
quantities and quantify their associated uncertainty. The final PDFs also allow coverage intervals and any
desired quantiles of the output quantities to be calculated. If temporal trends are investigated or
comparisons between two data sets are required, the final PDFs also need to be taken into consideration.
More information on how uncertainties and variabilities are dealt with, particularly with reference to this
annex, is given in appendix B and in electronic attachment A-6.

l1l. PUBLIC EXPOSURE FROM NATURAL SOURCES OF IONIZING
RADIATION

67. There are two main natural sources of ionizing radiation contributing to public exposures: high-
energy cosmic ray particles incident on the atmosphere, and radionuclides that originated in the Earth’s
crust. Naturally occurring radionuclides are also released to the environment as a result of industrial
activities associated with the processing of minerals, such as the production of phosphate fertilizer and
oil and gas extraction.
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A. Radon and thoron

68. Radon is a chemically inert noble gas. Its most common radioactive isotope, also commonly
referred to as radon, is 2Rn and has a half-life of 3.82 days. Radon is generated as an intermediate
product in the radioactive decay chain of **U present in rocks and soils in varying concentrations across
all geological formations. A portion migrates through pore spaces and fractures, eventually emanating
into the atmosphere, leading to human exposure via inhalation of both radon and its short-lived
radioactive progeny. Because of its solubility in water, radon is also present in groundwater that passes
through uranium-bearing soils and rocks. Consequently, exposure may also occur through ingestion of
water and inhalation of radon released from water into the air.

69. Thoron (**°Rn), a radioactive isotope of radon with a half-life of 55.6 seconds, is also an inert noble
gas and arises from the decay chain of **Th. Thorium is a common element in the Earth’s crust and
therefore, similarly to radon, thoron is universally present in air at varying concentration levels. The
radioactive half-lives of radon and thoron and their respective decay products are important in
determining the exposures from these radionuclides. Since thoron has a much shorter half-life than radon,
the distance it can travel before undergoing radioactive decay is much shorter than the distance radon can
travel in the same medium. Factors affecting exposure from radon and thoron are discussed in more detail
in sections II1.A.2. and II1.A.3, respectively.

70. Radon and its short-lived decay products are the most important radionuclides contributing to
human exposure from natural sources. While the health risks associated with exposures to high
environmental levels of radon in underground mines have been known for a long time, relatively little
attention was paid to radon exposure in dwellings and workplaces until the 1970s, when scientists began
to realize that exposures to indoor radon could be significant. Since then, there have been many studies
and publications on this topic.

71. The Committee previously considered sources and effects of exposure to radon and thoron in three
comprehensive reports [U15, U18, U19]. The Committee concluded that radon, thoron and their decay
products are established carcinogens for the lung while doses to other organs and tissues were at least an
order of magnitude smaller than doses to the lung. The Committee also recognized that the mean annual
individual dose from inhalation of radon and its decay products was typically about half of the dose
received on average by members of the public from all natural sources of ionizing radiation.

1. Outline of the dose assessment methodology

72. The methodology for the assessment of doses from inhalation of radon and thoron and ingestion of
radon in drinking water used in this annex is based on the methodology adopted in previous UNSCEAR
reports [U15, U21, U27].

73. Dose to the lungs from inhalation of radon and thoron decay products were based on the equilibrium
equivalent concentrations (EEC) of radon and thoron which are obtained by measuring the decay
products. For radon an alternative approach is to use activity concentration of radon in air only together
with an equilibrium factor. This approach was not used for thoron because of the large variability in the
values of the equilibrium factor for this radionuclide [U15]. The equilibrium factors for radon adopted in
previous UNSCEAR reports [U15, U19] of 0.4 and 0.6 for indoor and outdoor concentrations were also
used in this annex. More information on the equilibrium factors is given in appendix A.
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74. This annex adopted the same dose coefficients of 9 and 40 nSv/(Bq h/m?) for the EEC of radon and
thoron respectively as used in previous UNSCEAR reports [U15, U19]. The Committee’s review of
recent dosimetric and epidemiological studies on lung cancer from inhalation of radon and its decay
products, along with dosimetric models developed since 2006, supported the use of these dose
coefficients [U28]. More information on the dose coefficients is given in appendix A.

75. For completeness, the annual doses from two other relatively minor exposure pathways were also
estimated, namely the dissolution of radon and thoron in blood with distribution throughout the body
following inhalation [U15] and ingestion of radon in drinking water.

76. In this annex average radon and thoron concentrations in air, both outdoors and indoors, and
drinking water in various countries were estimated based on information provided by Member States
through the UNSCEAR Global Survey on Public Exposure and supplemented by data collated from the
literature review. The data include both activity concentrations of radon and thoron, and radon or thoron
equivalent equilibrium activity concentrations. To ensure that the data were of the quality required and
representative of population exposure, specific selection criteria and qualifiers were applied, including
measurement duration, population size, number of measurements, sampling design and method (e.g.,
random or selective), and other factors (e.g., season, and detector location). The method used to determine
the distribution of activity concentrations of radon in air (population- vs. non population-weighted) was
also considered. Worldwide average concentrations of radon and thoron in air and radon in drinking water
and doses to the public were estimated based on statistical parameters from national surveys—arithmetic
mean, (AM) geometric mean (GM), geometric standard deviation (GSD).

77. A formal and comprehensive analysis of uncertainty in indoor radon concentrations was not
possible because of the complex factors that affect indoor radon concentrations and exposure to radon.
Nevertheless, information on sources of uncertainty were used to provide a qualitative evaluation of the
uncertainty and variability in radon and thoron concentrations.

78. A more detailed description of the methodology to estimate doses to the public from inhalation of
radon and thoron and ingestion of radon in water is given in appendix A. Additional detailed assessment
data are presented in electronic attachment A-1.

2. Radon and its decay products

(@) Factors affecting radon exposure

79. This section describes the main factors affecting indoor radon concentrations and discusses the main
determinants of spatial and temporal variability of these concentrations, as well as the factors affecting
radon exposure. A comprehensive overview of the processes governing the generation of radon in the
subsurface environment, its transport, and its exhalation is provided in the UNSCEAR 2000 and 2006
Reports [U15, U18] A description of the interdependent factors affecting radon exposure is given in
electronic attachment A-1.

Sources of radon

80. The main source of radon is the Earth’s subsurface. The concentration of the progenitors of radon,
23U and **°Ra in rock and soil and, consequently, the concentration of radon in the subsurface, varies
greatly, mainly because of the geology of the subsurface. Some types of rock are frequently highly
enriched in 22U and ??°Ra. Typical examples of such rock types are acidic igneous rocks, such as granites
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or rhyolites, but organic-rich metamorphic rocks, such as black shales or organic-rich sedimentary rocks,
and some varieties of sandstone can also be highly enriched in uranium and radium [B41, K13, S24]. In
recent years, numerous studies confirmed the dependence of indoor radon concentration on geogenic
controls [A34, B6, B41, B43, C11, D16, L22, P19].

81. In addition to geological characteristics, which are the main controls of the radon potential in the
geogenic compartment, the physical characteristics of the soil and weather conditions (e.g., precipitation,
air pressure, air temperature) modify the radon potential [B43, P10, P20] by affecting the radon
emanation, transport in the soil compartment, and exhalation from the ground. Relevant soil physical
characteristics include grain-size distribution, pore-size distribution, bulk density or water saturation, and
gas permeability. Weather conditions can modify soil physical characteristics or boundary conditions,
which can affect radon emanation, transport, and exhalation. Emanation, transport and exhalation of soil
radon differ significantly between open ground and ground under buildings, which shield the soil from
the influence of the atmosphere, especially when covering a large area.

82. Emanation is the process by which radon is released in the connected pore space of a porous
material, which can also be described as the process of radon generation in the pore space by radioactive
decay of its parent radionuclide ?*Ra in the soil grains. Radon emanation depends on the concentration
of 26Ra and its distribution within the grains, the size and shape of the grains as well as water saturation
of the porous material (see UNSCEAR 2000 Report, annex B [U15]). The dependence of radon
emanation on soil moisture in unsaturated media has been the subject of several studies [AS, C35, H27,
K31, S7]. Results for different clay samples suggest that this general pattern of dependence of radon
emanation on soil moisture does not always apply [M26].

83. Radon transport in the ground and radon exhalation from the ground are governed by advective and
diffusive processes. Similar to radon emanation, radon transport and exhalation depend on the physical
characteristics of the soil and weather conditions [C14, H28, L8, P34, T4], the interplay of which, in turn,
governs the soil gas permeability. The advective flux and exhalation of radon also depend on the pressure
and temperature gradients between soil air and atmospheric air [S77].

84. A continental-scale map of radon exhalation was produced for Australia [G18] and Europe [K5]
using physical-based models. A study by Seco et al. [S24] found a dependence of radon exhalation on
the depositional environment of sedimentary rocks with highest values for sandstones and fine-grained
siliciclastic rocks for Jurassic rocks. Another study described a large variation of radon exhalation from
lithologically different granitic rocks in the Central Iberian Zone with highest values for
syn- to late-tectonic mica granites [D21].

85. Radon concentrations in the outdoor environment depend primarily on the exhalation rate from the
ground—measured as the activity released per unit time through a unit surface—and the dilution
processes in the outdoor environment. The dilution of radon in the outdoor air is driven by weather
conditions, since mixing and dilution of outdoor air largely depends on wind speed: higher wind speeds
cause rapid mixing and, consequently, a larger dilution of outdoor radon. Certain meteorological
conditions, such as inversion weather, can cause limited air exchange between near ground and upper air
masses. Another important criterion is the radon concentration in air masses which varies according to
its provenance and generally results in lower outdoor radon concentrations in areas near the coast and in
higher outdoor radon concentrations in continental regions.

86. Building materials are another source of radon indoors. Recent studies emphasized the role of
building materials in contributing to indoor radon concentrations [D16, G24, S2]. Although soil is the main
contributor to the indoor radon concentration [C46], building materials may provide the larger fraction of
the indoor radon levels in air in regions and countries in which the contribution from soil is small, such as
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the Netherlands (Kingdom of the), where on average, approximately two thirds of indoor radon comes
from building materials [S56], or in specific situations [S1], especially at higher floor levels [Y7], from
very thick walls [F16] or reduced ventilation rates after energy retrofitting interventions [M15].

87. Some studies focused on measurements of radon exhalation rates from building materials which
were used in the building structure [C14, F15, H14, K30, R2] and in decorative elements [C23, K24].
Others indicated that the radon exhalation rate depended either on physical characteristics of the material
itself, mainly the activity concentration of >Ra [M36, V7] and the porosity [K48, Z6], or environmental
conditions that affected the moisture content [H16]. The use of by-products from NORM industries in
building materials should be carefully considered due to the enhanced content of natural radionuclides
including #*°Ra [C53, K32, N31].

88. The contribution of radon in water to radon in indoor air depends on its activity concentration in
the water serving the indoor environment. Different water usages (e.g., showering, laundry) have been
investigated for different typologies of water supply in houses [B31] and specific workplaces [S59].
Radon levels at the distribution point depend on the origin of the water, with water from private wells
having typically the highest concentrations, and the various processes prior to delivery to the consumer
(e.g., storage, transport and treatment) [J19]. Dwellings using water from private wells have been found
to have, on average, higher indoor radon concentrations [C11, C28].

Factors affecting indoor radon concentrations
89. Concentrations of radon indoors can be influenced by various factors, such as:

(a) Building characteristics, including tightness of the building shell, age of the building, wall
coverings and floor coverings;

(b) Location of sites, including nearby environments, geological materials of the area, and the
elevation of the sites;

(c¢) Meteorological parameters, including rainfall, relative humidity, pressure, temperature, and
wind speeds [K38].

90. Entry of radon into buildings is caused by two processes: advective and diffusive flux [C18].
Advective flux results from pressure gradients triggering air flow from the subsurface into the building,
while diffusive flux depends on the gradient of concentration and the diffusion coefficient. In instances
of increased radon entry into buildings, advection typically emerges as the governing process [E2, M 18,
R22]. This process is driven by the pressure gradient between the building shell and the surrounding
ground near the foundation. It is mainly caused by higher temperatures in the building envelope, leading
to what is commonly known as stack effect, and by mechanical ventilation. Wind can also have an impact
on the pressure gradients across the building shell and, as a consequence, on radon entry and dilution in
a building. The efficacy of this pressure variance in drawing radon-laden soil gas through the foundation
hinges on the effective permeabilities of both the building’s foundation and the adjacent soil. Notably,
wind can reduce the concentrations of radon entering a building due to its diluting effect on radon in the
soil surrounding the building [R20].

91. Anomalous subterranean air flows have been observed in certain areas, such as hilly karst terrain,
permeable glacial sediments, and rock-avalanche deposit [A37, G3, S77]. In the United States, it was
observed that subterranean networks of cavities and fissures can facilitate advective transport of
radon-bearing air and that in eskers, which are long, narrow, raised lines of earth, small stones, and sand
left on the Earth’s surface where melted ice once flowed under a glacier, the coarse sand facilitated
underground air flows. In both cases, differences between underground and outdoor air temperatures and
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the accompanying differences in air density caused subterranean air to move between the upper and lower
parts of the area. Wind may also strongly affect the soil air and indoor radon concentrations in these areas.
These air flows increase levels of indoor radon in winter or summer, depending on the location of the
house, eventually leading to extreme reverse seasonal variation [D19]. Air flows due to thermal
differences and seasonal patterns of radon concentrations, which are comparable with the observations
described earlier, have been observed in caves and in mining regions close to the tunnels and air shafts
[C67, K44, 1L.25, M27, S87].

92. The indoor radon concentration is increased by showering and the transfer coefficient inside the
bathroom was found to be about one order of magnitude higher than the transfer coefficient for the whole
house [V18]. The ratio of the radon activity concentration in air to water was reported to be 1 x 10
[U13], a value also supported in a national review carried out in the United States based on experimental
and model study results [N28]. These values are consistent with recent findings by Di Carlo et al. [D19]
which have shown that an average radon concentration of 10 kBq/m? in water implies a contribution of
1 Bg/m? to radon in the air.

93. The outdoor radon concentration is generally much lower than the corresponding indoor radon
concentration. Consequently, ventilating indoor environments usually decreases the radon concentration
indoors due to the influx of outdoor air with lower radon concentration. The efficiency of this process
depends on the indoor to outdoor concentration gradient. In addition, the outdoor radon concentration
defines the minimum possible indoor radon concentration. However, in some situations, the outdoor
radon can be a non-negligible source for the indoor radon, either permanently (e.g., former mining areas
[K44, M27] or high background radiation areas [H31]), or temporarily, due, for example, to specific
weather conditions [H19]. An area with significantly elevated levels of outdoor radon and thoron is the
igneous Fen complex in Norway with elevated bedrock and levels of 2®U and **Th in soil. Parts of the
area were mined extensively, and local natural ventilation of the mines has resulted in elevated outdoor
levels of radon and thoron [H1, H2, M40]. In general, the outdoor radon concentration depends on the
radon exhalation from the ground and atmospheric mixing processes.

Spatial and temporal variability of radon concentrations

94. The spatial variability of soil and outdoor radon concentrations is a result of the interplay of largely
interdependent processes in the different compartments of the natural environment: lithosphere,
pedosphere, atmosphere, hydrosphere, and biosphere [B43, C38]. A key determinant of large-scale
variability of radon are differences in geogenic radon potential resulting from spatially varying geological
characteristics, which affect concentrations of 22°Ra, soil physical properties, climatic conditions, and terrain
attributes due to their combined effect on radon generation, transport and exhalation as described earlier.

95. In several studies, the geogenic radon potential has been mapped using natural conditions as
covariables [C39, P10, P20]. The variability of geogenic factors is also a major factor for governing
spatial variability of indoor radon concentration as shown in various studies in Austria [A16], Germany
[P20], Republic of Korea [R18], Switzerland [V17], the United Kingdom [F5], and Europe [E24].
Small-scale spatial variability can be caused by changes in lithology [L22], the presence of tectonic faults
[B21, P14], and volcanic activity.

96. Radon concentrations in soil, outdoors and indoors can vary on different temporal scales: hourly,
diurnal, seasonal and even interannual. Short-term fluctuations on hourly or diurnal scales can be caused
by daily changes in meteorological conditions [S23] (e.g., cyclic changes of land-sea breezes [H19]).
Irregular, abrupt changes have been linked with tectonic and seismic activity [L1, L24], but also with the
onset of heavy precipitation events [T17]. Seasonal variations in soil air radon concentrations [P18, T19,
W14] and indoor radon concentrations [B40, K33, S71] are caused by cyclic changes of weather leading
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to fluctuations in soil moisture, and groundwater level reversal of pressure and temperature gradients
between indoors and soil, and indoors and outdoors, respectively [P18]. Indoor radon concentrations often
reveal a diurnal variation with higher concentrations during night and lower concentrations during daytime
[H31, X2], due to a diurnal change of meteorological conditions [S23] or a higher ventilation intensity by
the residents during daytime [Y2].

97. The characteristics of the settlement and housing conditions can affect indoor radon concentrations
due to their influence on the distribution of the population across floor levels and radon entry rates into
buildings. While indoor radon concentrations can vary significantly from region to region, the variability
from home to home is usually greater, even within relatively homogeneous regions, and can reach
several orders of magnitude mainly due to differences in building characteristics (e.g., design of the
building foundation).

98. Daily fluctuations in indoor radon concentrations can be an order of magnitude or more [F14, H31,
V14]. Regarding seasonal variations, indoor radon concentrations vary by up to a factor of two or more
between months depending on the floor level and environmental conditions [K33], as well as by a factor
of up to three or more between seasons depending on construction type, environmental conditions, and
cultural factors [S71]. Most buildings show higher radon levels in winter than in summer but sometimes
the opposite pattern or the absence of a seasonal pattern can be observed. Indoor radon concentrations
also vary on an annual basis [A32, H42, S55, S65] because of interannual variability of environmental
and residential factors. Antignani et al. [A32] found considerable year-to-year variability (coefficient of
variation of 17%) for a study with 84 dwellings in Italy from 1996 to 2006. Steck [S64] reported on
median year-to-year variation of 26% (range: 3—110%) for a study comprising 98 residential houses in
Minnesota (United States) from 1983 to 2000.

(b) Indoorradon exposure

99. Radon exposures were assessed in this annex based on a review of studies published between 2006
and 2022. A long-term perspective is required to evaluate the effects of radon preventive measures on
exposures because time horizons measured in decades are typically necessary for these measures and other
building characteristics to become prevalent in the building stock and to affect radon exposures [M5].

100. Variations in indoor radon concentrations have been associated with changes that have occurred for
new and existing buildings, such as:

(a) Introduction of radon preventive measures for new housing;
(b) Improved ventilation;

(c¢) Retrofit radon mitigation programmes for existing housing;
(d) Energy efficiency retrofits for existing housing;

(e) Energy efficient designs for new housing;

() Changes in construction materials.

101. As given in more detail below, updated estimates reporting an increase in national radon exposure
have been published for Canada and China. Reductions in national indoor radon exposures have been
reported for Ireland and Japan, and reduced radon exposures in new construction housing have also been
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reported for Finland, Norway, and the United Kingdom. These reductions have all been attributed to the
implementation of building code changes for housing at a national level or in designated high radon regions.

102. Chen et al. [C26] reported a substantial increase in the population-weighted mean indoor radon
concentration for low-rise housing in Canada, representing the majority of dwellings in the 2016 housing
stock [G7]. However, the increase in radon exposure from the value reported in the UNSCEAR 2006
Report, annex E [U18] was attributed to be mainly due to the use of more accurate alpha track detectors
for long-term measurement in residential homes, in comparison to the grab sampling employed in earlier
surveys. An updated analysis that incorporated more recent regional radon survey data showed a much
smaller increase [C28]. A trend of increasing indoor radon concentration by year of construction was
noted nationally and in the Western Prairies region in Canada [C28, K14, S63].

103. A trend of increasing indoor radon concentrations was reported in a secondary analysis of
residential radon surveys conducted in China since 1980. The average indoor radon concentration over
28 cities was estimated to be 0.8 Bg/(m® a) [Y1]. This secondary analysis of residential radon surveys
focused on the trend by decade in cities that had at least five surveys conducted over the last four decades
to minimize bias resulting from comparing studies based on different study designs. The increase was
attributed to several factors: the construction of new buildings using natural materials, economic
development leading to increased use of air conditioning with better sealed buildings and new
measurement procedures based on longer measurement periods.

104. In Ireland, the country-wide population-weighted mean indoor radon concentration estimated from
geographically based radon surveys of homes was reported to have decreased by 13% in 2015 [D22].
This decrease was attributed primarily to the 1998 change in building code regulations that mandated the
installation of a radon membrane in new buildings in designated high radon areas, with a lower
population-weighted mean indoor radon concentration reported for homes built after 1998 than those
built before 1998. A 55% reduction in the AM of the indoor radon concentration was reported from a
regional study of homes built before and after 1998 in County Cork (Ireland) [L27]. A new protocol was
recently developed to estimate the population-weighted mean indoor radon concentration and will be
used to characterize any future changes [M45].

105. The population-weighted mean indoor radon concentration in homes was reported to have decreased
in Japan following changes to the building code in 2003, with a statistically significant decrease for modern
wooden homes [S80]. The change in the building code, introduced to prevent sick building syndrome,
required the installation of mechanical ventilation, which also reduced the indoor radon concentration.

106. The radon preventive measures in the building code and the associated practical guidelines were
revised in Finland in 2004, requiring homes to be designed so that the indoor radon concentration would
be lower than 200 Bq/m?® [A38]. The mean reduction in indoor radon concentrations in low-rise housing
following the implementation of these preventive measures was 33% overall, with measures adopted in
46% of new homes across the country. A mean reduction in indoor radon concentration of 47% was
reported for housing in the higher radon zone where 83% of new homes adopted radon preventive
measures. An ongoing trend of decreasing mean indoor radon was reported for apartments in contact with
the ground constructed since the mid-1980s, while no trend was observed for apartments not in contact
with the ground, which generally have lower radon concentrations [K45, V3].

107. In Norway, it was reported that the indoor radon concentration was significantly reduced in new
dwellings, and almost halved in detached houses, after the building code was changed in 2010 to require
the installation of a foundation radon barrier in combination with a passive radon depressurization system
and a balanced ventilation system [F9, H3]. A 70% reduction in the number of new homes with radon
concentration above 100 Bq/m® was also reported.
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108. In designated radon affected areas in England and Wales, a building code change requiring
a 10 mil* polyethylene radon membrane be installed in new homes as a basic radon preventive measure
resulted in a 40% reduction in mean indoor radon concentration [H21]. This analysis included about
9,000 homes built between 1977 and 1992 and about 6,000 homes built from 2001 to 2011. Two studies
in the county of Northamptonshire (United Kingdom) reported a reduction in the AM of indoor radon
concentration following the installation of a 10 mil polyethylene radon barrier in new homes of 30-50%
and 45%, respectively [D17, G23].

109. Improved ventilation following the widespread introduction of mechanical supply and exhaust
ventilation systems decreased indoor radon concentrations in low-rise housing built after 1994 in Finland
[V2]. A consistent trend of reduced mean indoor radon concentration by build year in Sweden has been
attributed to the increased prevalence of mechanical supply and exhaust ventilation for new homes built
after 1980 [K14] and improved ventilation in older houses [T18]. The use of mechanical supply and
exhaust for indoor ventilation draws less soil gas through the foundations when compared to mechanical
exhaust only ventilation. In Eastern Denmark, a lower median indoor radon concentration was reported
for 200 newer homes having a balanced mechanical supply and exhaust ventilation system and an airtight
foundation barrier [B51]. A trend of decreasing mean indoor radon concentration by build year was
reported by the updated Austrian national radon survey [G25]. Similarly, a lower AM indoor radon
concentration for dwellings built after the year 2000 than for those built between 1930 and 2000 was
reported by a recent national radon survey in the Netherlands (Kingdom of the) [S56].

110. Retrofit mitigation of existing housing has been reported to be very effective in reducing the highest
radon exposures in the population. Active radon depressurization is the most common and the most
effective retrofit mitigation measure implemented [R19], with a reduction of indoor radon by a factor of
16 to 34 in schools [S85] and a reduction ranging from 61 to 95% in homes [B64, F17, G24, L27, S66].
The radon reduction tends to vary more in schools than homes because larger buildings have more
complex structures and conditions can differ greatly between rooms in an individual school. The
effectiveness of active sub-slab depressurization has been reported in these studies to depend on the radon
emanation from the soil, the permeability of the granular fill placed under the structure and the
airtightness of the building envelope. Active sub-slab depressurization was most effective when it was
combined with a foundation radon barrier and when a homogeneous pressure field extension was
maintained in the permeable aggregate layer beneath the slab by the fan. Higher radon reduction has also
been reported for higher initial indoor radon concentrations, with sub-slab depressurization capable of
reducing the contribution from the soil but not from the building materials. An average reduction in
indoor radon of 65-75% in homes was reported after the installation of passive radon depressurization
systems in Canada and Ireland [M38, Z7].

111. Increased indoor radon concentrations have been reported following retrofits to improve energy
efficiency in existing housing [B1, D3, D29, F11, J15, M24, N15, P1, P24, P37, S84]. Common retrofit
measures that increased airtightness of the above-ground sections of the building envelope included extra
insulation of the walls above the ground level and the roof, replacement of old windows with
double-glazed windows and improvement to the sealing around doors and windows. Nonetheless, several
studies reported that energy efficiency retrofits completed in homes and apartments having adequate
indoor ventilation did not result in any increase in mean indoor radon concentration [D29, F11, J16].

112. Indoor radon concentrations for new energy efficient housing designs have been reported to be
lower than in conventional new housing in Austria [R21] and in Luxembourg according to data
received through the UNSCEAR Global Survey on Public Exposure. Energy efficient designs for new

* 1 mil equals to one-thousandth of an inch.
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housing may include insulation under the floor slab, which reduces radon ingress, and energy efficient
ventilation, such as that provided by heat or energy recovery ventilation (HRV or ERV) systems, based
on balanced mechanical supply and exhaust air to dilute radon and other indoor air contaminants [A39,
M13]. Increased indoor radon concentrations were reported for housing having low average ventilation
rates [B1, V8, V23, Y3, Y4, Y5, Z10].

113. Several studies have linked trends in indoor radon over time to changes in building materials.
An increase in indoor radon concentrations in apartments built between 1990 and 2010 in Israel was
partly attributed to the use of building materials containing higher concentrations of natural radionuclides
[E30]. In the Chengdu and Shenzhen regions of China, a trend of increasing indoor radon in homes was
reported following the widespread use of more porous bricks that incorporated industrial waste containing
higher radionuclide concentrations, although a decrease was noted for homes built over the last 20 years
that may reflect improved standards on radioactivity in building materials [W22, X3]. In the Russian
Federation, lower indoor radon in residences built between 2005 and 2009 than in those built before 2000
was attributed to the implementation of regulations by 2000, limiting the radionuclide content of the
aggregate used in the concrete in three cities [G16].

(c) Concentrations of radon in indoor air

114. Several new or updated methods designed to improve the evaluation of radon concentrations in
indoor air have been introduced in this annex. These include:

(a) Use of defined criteria to select surveys, based on the evaluation of their representativeness;

(b) Identification of surveys that, on the basis of objective criteria, could have produced an over- or
an underestimate of the radon concentration representative of population exposure;

(c) Evaluation of the differences between the data reported in this annex compared with previous
ones, including the identification of some trends that are reported in more detail in section I111.A.2.(b);

(d) Evaluation of the uncertainty in the world average radon concentration;

(e) Evaluation of the overall variability of radon levels;

() Attempt to estimate the radon concentration for those countries with no available data.
Indoor radon surveys

115. About 170 papers containing information on indoor radon concentrations identified through the
literature review were included in this evaluation. Surveys were considered to provide a representative
value of radon concentration in a specific country, they included at least 100 dwellings, with
measurements lasting more than 30 days. Where a national survey was not available, regional surveys
covering at least 1 million people were taken into consideration. Fifty countries submitted information
through the UNSCEAR Global Survey on Public Exposure, reporting data on about 376 national and
regional surveys, mostly in dwellings but also in other building types. Surveys from over half of these
countries met the criteria for inclusion in the evaluation. Details on the surveys considered in the
evaluation are given in electronic attachment A-1.

116. Findings from national surveys are summarized in table 2. Each survey was assessed to qualify in
terms of representativeness—whether the indoor radon concentrations provided likely to be over- or
underestimated—based on the TAEA report Nuclear Applications Series No. 33. [131]. Table 2 gives the
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values of the parameters that best describe the log-normal distribution for the indoor radon concentration:
the arithmetic mean (AM), the geometric mean (GM) or median and the geometric standard deviation
(GSD). The values reported in table 2 were primarily taken from surveys of radon in dwellings and are
representative of annual exposures. Additional details are provided in electronic attachment A-1.

117. Many recent surveys have been carried out for mapping purposes and have focused on
measurements taken mainly on the ground floor; therefore, data from less recent but more representative
surveys were sometimes preferred for this evaluation. Values of the distribution parameters not reported
in the original sources of information were estimated either by assuming that the data followed a
log-normal distribution or by combining the available data using, for example, population or housing
stock as weights. Details on these calculations are given in electronic attachment A-1. Figure I provides
a global overview of available data on indoor radon concentrations globally.

Figure I. Mean indoor radon activity concentrations for countries with national surveys ¢
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¢ The boundaries and names shown and the designations used in this map do not imply official endorsement or acceptance by the
United Nations. Final boundary between the Republic of Sudan and the Republic of South Sudan has not yet been determined.
Dotted line represents approximately the Line of Control in Jammu and Kashmir agreed upon by India and Pakistan. The final
status of Jammu and Kashmir has not yet been agreed upon by the parties. A dispute exists between the Government of Argentina
and the United Kingdom of Great Britain and Northern Ireland concerning sovereignty over the Falkland Islands (Malvinas).

118. The parameter values reported in national or regional surveys considered in this annex were not always
population-weighted, since most surveys were not designed to evaluate exposures from radon. Typically,
the only population-weighted parameter values reported in national surveys were the AMs of the indoor
radon concentration. In table 2, underlined values are population-weighted, based on population
distributions determined either using a sampling strategy or specific weights. Values for which information
to verify whether they were population-weighted was insufficient are presented without being underlined.
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Table 2. National surveys on indoor radon activity concentration

AM: Arithmetic mean; GM: Geometric mean; GSD: Geometric standard deviation. Underlined parameters are

population-weighted

Population | Number of Radon activity concentration parameters
Country (millions) dwellings AM (Bg/m?) GM/Median ° (Bq/m?) GSD
AFRICA
Cameroon 26.5 1400 107 83 2.0
Tunisia 12.1 119 50 40°¢ 2.0
Total 38.6 1519 89 66° 2.2°
ASIA AND THE PACIFIC
Australia 25.7 3416 12 9 2.1
China 14249 20450 55 40° 24°
India 1396.4 1500 40 23 2.6
Indonesia 2719 2144¢ 38¢ 34¢ 1.2°¢
Iran (Islamic Republic of) 873 4414 75 71 1.5
Japan 125.2 3900 14 11 2.1
New Zealand 5.1 241 31 b4 23¢ 2.1°
Philippines 112.2 785 21 20 14°
Republic of Korea 51.8 9301 54 46 1.2
Total 3500.5 46 151 45 30° 2.5°%
EUROPE

Albania 29 247 1019 98¢ 1.8
Armenia 2.8 217 177 114 26°
Austria 8.9 27 630 112 79 26
Azerbaijan 10.3 2 404 844 58¢ 24°
Belgium 11.6 10477 69 49 1.6
Bulgaria 7.0 2778 1119 81 2.2
Croatia 4.1 782 68 50 23
Cyprus 1.2 894 21 17° 1.8°
Czechia 10.5 3582 119 94 1.9
Denmark 5.8 3120°¢ 59¢ 37¢ 28¢
Estonia 1.3 440 103¢ 57 2.8°
Finland 55 2882 96 62 250
France 64.5 10843 904 53 25
Germany 833 7 000 63 41 2.0
Greece 10.5 1577 724 40¢ 1.8°
Hungary 9.8 15602 82° 62 21
Iceland 0.4 250 13¢ 94 26°
Ireland 4.9 653 98 80° 1.9¢
Israel 8.8 2300 31 28° 1.6
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Population Number of Radon activity concentration parameters

Country (millions) dwellings AM (Bg/m?) GM/Median ° (Bq/m?) GSD
Italy 59.5 5356 72 50 2.2
Latvia 1.9 447 744 54° 2.2°
Lithuania 2.8 1009°¢ 32¢
Luxemburg 0.6 3738 729
Montenegro 0.6 1095 101 93 29
Netherlands (Kingdom of the) 17.4 2567 16 12¢ 1.9°
North Macedonia 2.1 437 105 84 19
Norway 5.4 29000 89 55° 2.7°%
Poland 38.4 129 1654 133 1.9
Portugal 10.3 1706 669 37°¢ 310
Republic of Moldova 3.1 2435 253¢ 158 3.0
Romania 19.4 4930 1497 124° 1.9
Russian Federation 145.6 797 363 53 41 2.0°
Serbia 74 5300 105¢ 60 3.0
Slovakia 55 3657 484 41 2.2
Slovenia 2.1 892 87 60 2.2
Spain 47.4 ~3 000 53 25 34
Sweden 104 1819 90 63° 2.3°%
Switzerland 8.6 80000 78 55 2.3°
Tirkiye 84.1 7 293 81 57 23
Ukraine 439 26 879 1484 88 2.8°
United Kingdom 67.1 2093 22 15 2.2
Total 837.7 1074438 77 46° 2.7°

LATIN AMERICA AND THE CARIBBEAN
Argentina 45.0 3170 46 37° 1.9°
Mexico 126.0 433 112 63 29°%
Total 171.0 3603 95 55° 2.7°
NORTH AMERICA
Canada 379 21818 82 55 25
United States of America 3359 5694 46 25° 341
Total 373.8 27 512 50 26° 3.1°
WEST ASIA

Syrian Arab Republic 20.8 1435 44

Median, because GM was not reported.

Calculated by assuming log-normality using different parameters reported in the references.
Calculated by combining the distributions and weighting by population/housing stock.
Potential overestimate.

Potential underestimate.
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119. The global population-weighted AM of the indoor radon concentration was estimated to be 53 Bg/m?,
based on data from 57 countries representing 63% of the world’s population [US5] (see figure I). The
inclusion of data from regional surveys does not significantly change this estimate, as they account for less
than 1% of the global population (see electronic attachment A-1). For 17 countries, the reported AM of the
radon concentration was qualified as overestimated, although the extent of the overestimation was not
known. However, applying correction factors to adjust for the overestimation of the indoor radon
concentration did not materially affect the estimate of the global average value.

120. A comparison of the average indoor radon concentration over 26 countries, covering about 35% of
the world population, for which national average values were reported in the UNSCEAR 2006 Report,
annex E [U18], shows that a population-weighted average of 55 Bq/m* was estimated for this annex,
while a value of 46 Bq/m® was obtained for the UNSCEAR 2006 Report. The difference is not a reflection
of a trend over time: 15 countries reported higher values than for the UNSCEAR 2006 Report, while
11 countries provided lower national or the same values. The population-weighted average indoor radon
concentration for the other 31 countries included in this annex was estimated to be 51 Bg/m?.

121. Given the uncertainty and variability in the data, as well as the lack of information from some major
regions, such as Africa and South America, a rounded value of 50 Bq/m?® was adopted as the reference
value for the global mean indoor radon concentration.

Figure Il. Worldwide radon activity concentration distribution

Comparison and Q-Q plot of worldwide radon activity concentration distribution versus theoretical log-normal
distribution. GM: Geometric mean; GSD: Geometric standard deviation
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122. Indoor radon concentrations vary widely among dwellings within a country and typically follow a
log-normal distribution. The distribution of the global indoor radon concentration was derived by
combining national distributions, weighted by country population. The resulting distribution is
log-normal, as illustrated in figure II. The methodology used for these calculations is detailed in electronic
attachment A-1 and was also applied to estimate distribution parameters for major world regions: Africa,
Asia and the Pacific, Europe, Latin America and the Caribbean, North America, and West Asia. Based
on data from 54 countries for which values of the GM were provided, the global GM for indoor radon
concentration was estimated at 33 Bq/m3, with a GSD of 2.7 Bq/m?®.The proportions of the global
population exposed to indoor radon concentrations exceeding the reference levels recommended by
WHO of 100, 200, and 300 Bq/m* were estimated at approximately 12, 3.1 and 1.2%, respectively.
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Correlation and regression analysis

123. Indoor radon concentrations were also analysed with respect to variables that are expected to act as
proxies for factors governing radon concentration in indoor air on a larger scale. Potential correlations
between the mean national indoor radon concentration and climate zones, geological (i.e., lithological)
units, population density, and the Human Development Index (HDI) were evaluated. The HDP is a
summary measure of average achievement in key dimensions of human development: a long and healthy
life, being knowledgeable, and having a decent standard of living. These variables were selected because
they are expected to reflect geogenic radon potential in soil and rock (geology), building styles (climate,
population density, HDI), airtightness of the building (climate, HDI), ventilation intensity/living habits
(climate), and floor-level distribution of the people (population density).

124. Additionally, a model-based approach was developed to estimate the indoor radon concentration
for those countries where no surveys were identified. The national AM of the indoor radon concentration
was modelled as a function of those variables also used for correlation analysis (i.e., population
distribution with respect to geology, climate, settlement typology and the HDI). A multivariate and
non-linear regression model (quantile regression forest) was fitted to the available indoor radon data and
used to predict the indoor radon concentration for those countries without data. However, the modelling
approach did not provide reliable estimates, probably because of the lack of training data (i.e.,
representative national radon data, especially from tropical and arid climate regions), uncertainty in the
national indoor radon data and coarse resolution of geological data. It was not possible, therefore, to
establish meaningful predictor-response relationships for all relevant predictors and countries with
missing data were not included in this evaluation. Details on the correlation analysis as well as the
modelling approach are given in electronic attachment A-1.

High radon areas

125. High radon areas are regions where radon concentrations in air, soil air or water are significantly
elevated due to local geological and environmental conditions. For example, elevated radon concentrations
can be detected in locations within an HBRA, characterized by high levels of uranium in soil or rock or in
areas with extremely high permeability of the soil, the existence of specific building styles, building
materials or living habits. The relationship between geogenic conditions and radon concentration in outdoor
air, soil air and water is often strong; however, the relationship between geogenic conditions and radon
concentrations in indoor air is weaker because it is also influenced by anthropogenic factors.

126. In the UNSCEAR 2008 Report, annex B [U19], radon data were presented for HBRAs in Austria,
Brazil, China, Czechia, Hungary, India, Indonesia, Iran (Islamic Republic of), Italy, Kyrgyzstan, Slovenia,
Spain, and the United Kingdom. Data presented in this section are based on new information from studies
conducted in areas described as HBRA in the literature; information presented in previous UNSCEAR
reports is not summarized. Further details are given in electronic attachment A-1.

127. A new HBRA was identified in Mamuju on Sulawesi Island (Indonesia) by the National Nuclear
Energy Agency of Indonesia.® It is characterized by very high outdoor radon concentrations, ranging from
22 Bg/m® to 760 Bg/m* with an AM of approximately 290 Bg/m?, which are similar to indoor radon
concentrations. The style of local buildings and living habits prevent further accumulation of radon indoors.
A comprehensive assessment of exposures from natural sources of radiation for this area estimated an annual
effective dose of 27 mSv to the local population [H31]. The highest mean indoor radon concentrations were

5 https://hdr.undp.org/data-center/human-development-index#/indices/HDI

¢ The National Nuclear Energy Agency of Indonesia has been replaced by the National Research and Innovation Agency, which
was officially established as a standalone body in April 2021.
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reported for Kinsarvik, Municipality of Ullensvang (Norway) [S76], Villar de la Yegua, Salamanca (Spain)
[S4, S5], and Niska Banja, Nisavski (Serbia), the location of a radon spa [Z14]. The AMs of the indoor
radon concentrations measured at these three locations were 4,340 Bg/m?® (n=104); 1,851 Bg/m* (n=56); and
1,163 Bg/m?® (n=102), respectively.

128. It should be noted that HBRAs are not necessarily high radon areas. The HBRAs in Kerala and
Odisha (India) are characterized by the presence of monazite sands and although external gamma doses
are 5 to 10 times higher than in areas with typical levels of background radiation, indoor radon
concentrations are not elevated, as indicated by several studies [B29, M32, N2, O8, R6]. The annual
effective dose from inhalation of radon and thoron was estimated to range from 0.5 to 1 mSv [M32], due
to the geological characteristics of the area, as well as other specific factors, such as building properties,
high ventilation rates, and use of building materials from other locations.

Radon levels in dwellings and workplaces

129. Public doses from exposure to radon estimated by the Committee are based on a worldwide average
radon concentration derived from residential surveys (i.e., surveys performed in dwellings). This
approach implicitly assumes that radon concentrations in dwellings are similar, on average, to those in
workplaces. A review of studies comparing radon concentration in dwellings and in workplaces,
performed for this annex, found no systematic differences between them. Indoor radon levels in
workplaces vary greatly depending on the type of workplace, and exposures depend on the distribution
of workers across different activities, as noted in the UNSCEAR 2020/2021 Report, annex D [U30].
These factors introduce significant uncertainty in the estimation of radon exposure in workplaces.
Therefore, the Committee considered it appropriate to continue using indoor radon concentrations
measured in residential settings to estimate the exposure for the general population, recognizing that
people spend most of their time indoors when at home, including night hours when radon levels are
generally the highest, whereas workplaces are occupied during daylight hours when radon concentrations
tend to be lower, likely due to the presence of ventilation systems. Information on the comparison between
radon levels at workplaces and in dwellings is given in electronic attachment A-1.

Uncertainty

130. Estimating the overall uncertainty in assessments of the exposure in residential radon surveys
remains a challenge and therefore it is rarely reported. Numerous sources contribute to this uncertainty,
many of which are difficult to quantify. These include: (@) sampling-related factors (e.g., sampling
design, selection or exclusion of specific building types, floor levels, or room types); (b) handling of
non-responders, which often represent a substantial proportion of the sample; (¢c) measurement duration,
particularly when detectors are deployed for less than a full year; (d) detector-related issues (e.g.,
calibration accuracy, sensitivity to thoron); and (e) analytical adjustments (e.g., application of seasonal
correction factors, and corrections for sampling bias and non-response). A brief discussion of these
uncertainty sources, along with a Monte Carlo-based estimate of the overall uncertainty in the population-
weighted global mean indoor radon concentration, is provided in electronic attachment A-1.

(d) Concentrations of radon and its decay products in outdoor air

131. Studies on outdoor radon levels are limited, primarily because radon in outdoor air poses only a
minor health risk to the general population, due to its low levels, resulting from rapid atmospheric
dilution after exhalation from the ground, and to the relatively low occupancy of the outdoor
environment. Consequently, doses from exposure to radon outdoors are considerably lower than those
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from exposure to radon indoors. The lack of specific regulations or guidance for outdoor radon also
contributes to the scarcity of measurements.

132. Data on outdoor radon concentrations from the UNSCEAR Global Survey on Public Exposure are
provided in electronic attachment A-1. Global coverage of surveys assessing radon in outdoor air is only
approximately 10%. To estimate the worldwide average concentration, the median of the outdoor radon
concentrations was selected as the representative value because it is more robust than the AM, given the
limited amount of data, since it is not skewed by extreme values and does not rely on representing data
through a standard distribution curve.

133. The median of the AMs from 9 national and 35 regional surveys selected from both the literature
review and the UNSCEAR Global Survey on Public Exposure was estimated to be 11 Bg/m?, close to the
typical radon concentrations value of 10 Bg/m? (with a range between approximately 1 and more than
100 Bg/m?) reported in previous UNSCEAR reports [U15, U18].

134. Some studies included in the review indicated that exposures from radon in outdoor air cannot be
overlooked in some specific locations where concentrations may reach hazardous levels, such as the sites
of facilities in the NORM industry. For example, a German survey investigating the impact of mining
and milling activities on outdoor radon levels, reported outdoor radon concentrations ranging from 5 to
1,700 Bg/m?3, with most values exceeding 50 Bq/m?® [K44]. In the Nowa Ruda region, a former coal
mining area in Poland, the mean outdoor radon concentration from 70 monitoring sites was 70 Bg/m?,
with the highest recorded value being 131 Bq/m? [T3]. Higher outdoor radon concentrations than the
worldwide average have also been measured in some regions characterized by high levels of natural
radiation, such as Niska Banja, Nisavski (Serbia), where an average annual outdoor radon concentration
of 57 Bg/m® was recorded, with a maximum value of 168 Bq/m’, and Kinsarvik, Municipality of
Ullensvang (Norway), where a maximum radon concentration of 114 Bg/m* was measured [C38, Z15].

135. A limited number of surveys have been undertaken to measure the EEC of radon in outdoor air.
Table 3 reports the descriptive statistical values derived from 10 surveys conducted in 6 countries and
shows that the AMs of the EEC of radon ranged from 1.5 to 23 Bg/m®. The observed variations in the
values of the EEC of radon underscore the influence of local geological, environmental, and possibly
anthropogenic factors on the distribution of radon decay products. The lack of information on standard
deviations or range in some studies limits a comprehensive comparative analysis. Further research and
standardized monitoring across regions are essential to interpret the factors contributing to these
variations and their potential implications for public health.

136. The measurement of outdoor radon concentration poses distinct challenges compared to indoor
measurements, primarily due to the significantly lower concentrations outdoors and the exposure of
detectors to harsh environmental conditions, such as precipitation, humidity, sunlight, and wind.
A review of outdoor radon surveys highlighted the use of various detector types, deployed at different
heights and with varying shelter configurations, requiring the development of a standardized
measurement protocol to harmonize and compare data [C14]. To optimize outdoor measurement
protocols, techniques commonly used for indoor measurements may need to be adapted. Celikovic et
al. [C14] explored specific treatments for Solid State Nuclear Track Detectors to enhance the
sensitivity and reduce the background interference from other alpha emitters in environment [C14].
Notably, outdoor radon surveys have been conducted on a much smaller scale compared to indoor
surveys. Details on survey design, quality control, and production of outdoor radon concentration maps
are limited. Because of the smaller coverage of outdoor radon surveys and uncertainty regarding the
representativeness of the measurements, the use of the results of these surveys to estimate a global
mean radon concentration outdoors warrants caution.
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Table 3. Compilation of descriptive statistics derived from surveys reporting radon equilibrium
equivalent activity concentration in outdoor air

Number of Radon EEC in outdoor air (Bq/m?>)
Country locations . : : — Reference
ange Arithmetic mean | Standard deviation
China 8 7.1 2.7 [Z3]
China 1 49 2.7 [Z4]
India 1 4.7 0.73 [M2]
India 60 6.8-24.2 13.0 [M19]
Ireland 18 5.6 0.7 [G29]
Malaysia 234 0.4-4.6 1.5 [N33]
Romania 1 8.1 7.3 [F10]
Romania 24 15-28 23.1 [Z213]
Spain 25 1.2-15.8 [A35]
Spain 1 13.2 10.8 [G4]

137. Several studies which attempted to establish correlation factors between indoor and outdoor radon
concentrations indicated that diverse parameters influence the concentrations [B8, H4, V13]. This
suggests that relying solely on outdoor radon concentrations to predict indoor levels may be inadequate
and that a simultaneous consideration of other influential factors is required.

(e) Concentrations of radon in water

138. Water can be enriched with radon following radon emanation into water-filled porous or interstitial
spaces of rock matrixes or by radioactive decay of 2*°Ra dissolved in water. Radon is soluble in water
(0.01 mol/(kgbar) at 293 K [L15]) and its solubility decreases with increasing temperature. Radon is
removed slowly from still water by molecular diffusion, but agitation and heating cause it to de-emanate
rapidly to the surrounding air. As a result, dissolved radon may escape during every step of the
distribution chain to final consumption (i.e., extraction, treatment and pumping, transport, and normal
household activities). The concentration of radon in drinking water, therefore, depends on the radon
concentration in the source, the amount of dissolved 2*°Ra, the time between extraction and use, and its
treatment during extraction, transport, and distribution.

139. An average value of 8 kBg/m® resulting from a single survey carried out in China was given in the
UNSCEAR 2000 Report [U15]. Reference values for radon concentrations in well-water, groundwater
and surface water were derived in the UNSCEAR 1993 Report, annex A [U13] as 100, 10 and 1 kBg/m?,
respectively. According to the main classification for drinking water based on the accumulation site [W7]
two different freshwater typologies are identified:

(a) Groundwater accumulated in underground water-bearing permeable rocks (from near-surface to
a depth of more than 9,000 m);

(b) Surface water in different water bodies above the ground (e.g., streams, rivers, lakes, and
reservoirs).
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140. Higher radon concentrations are much more likely to be detected in groundwater than in surface
water, since groundwater is in contact with larger radon emanating surfaces and is generally isolated from
the atmosphere where radon can easily escape to. Groundwater can be further classified according to the
uptake process in spring water and water drawn via private wells and boreholes. Spring and borehole
waters are distributed in bottles or fed into the water supply network, whereas well water is often drawn
for private use. The short time elapsing and the short path travelled from extraction to consumption are
the main reasons why, at the time of consumption, radon concentrations in water from private wells are
generally higher than in both surface water and other types of groundwater [D19, J19].

141. Data on radon concentrations in drinking water from 23 national surveys (22 in Europe and 1 in
Asia) submitted through the UNSCEAR Global Survey on Public Exposure are reported in table 4.
Further data from 28 regional surveys in 11 countries (11 in Europe and 17 in Asia) are provided in
electronic attachment A-1. For each country, table 4 gives the AM, which was used to derive the reference
value for calculating the dose, the SD, the GM, the GSD and the median, where available. Data on radon
in drinking water were also taken from 25 papers identified through a review of the published literature.
These papers provided data from two national surveys in two countries (Jordan and Luxemburg), included
in table 4, and 23 regional surveys in 12 countries (3 in Africa, 1 in America, 6 in Asia, 2 in Europe)
further discussed in electronic attachment A-1.

142. The surveys that were considered in the derivation of a representative value for a country had to refer
to a population of at least 1 million people, with at least five measurements sites per 1 million people. The
surveys were selected only if there was a clear indication that data related to drinking water. In countries
where a national survey was available, regional surveys were not taken into consideration for this assessment.
It should be noted that the original source of the water was not always specified or made clear. The very few
data for surface water only indicated a concentration of radon below 1 Bq/L. In general, the data reported
show a large variability, with the AM ranging from below 1 to 390 Bq/L, due to the influence of various
parameters like the origin of the source, the sampling location (e.g., well, borehole, tap outlet or water network
for groundwater, or lake, river or pond for surface water or water with a mixed origin) and the uptake process
(e.g., borehole, well, spring or water network) on the radon concentration in drinking water.

Table 4. National surveys of radon activity concentrations in drinking water (as provided in the
UNSCEAR Global Survey on Public Exposure and published literature, the values are rounded)

AM: Arithmetic mean; SD: Standard deviation; GM: Geometric mean; GSD: Geometric standard deviation

; Number of Radon activity concentration in water (Bg/L)
Population
Country - measurement Reference
(millions) sites AM SD GM | GSD | Median
ASIA AND THE PACIFIC
Republic of 51.8 501 91 70 | Global Survey
Korea
EUROPE
Belgium 11.6 214 37 57 21 0.9 13 Global Survey
Cyprus 4.1 200 <1 <1 <1 25 <1 Global Survey
Czechia 10.5 878 28 37 17 2.8 16 Global Survey
Denmark 58 70 <1 Global Survey
Finland 55 1247 31 Global Survey
France 64.5 2000 68 207 25 19 Global Survey
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. Number of Radon activity concentration in water (Bq/L)
Country Pop u l'atlon measurement Reference
(millions) sites AM sD GM GSD | Median

Georgia 338 396 10 18 4 3 6 Global Survey
Georgia 38 113 6 8 2 3 2 Global Survey
Georgia 38 92 8 14 3 3 3 Global Survey
Germany 83.3 510 8 20 5 2.6 7.3 Global Survey
Italy 59.5 1256 9.9 104 79 2.0 7.8 Global Survey
Latvia 1.9 154 7.2 5.1 58 2.1 6.0 Global Survey
Lithuania 2.8 117 34 39 2.0 2.0 Global Survey
Luxemburg 0.6 316 17 [T20]

Norway 54 33 31 23 22 25 Global Survey
Portugal 10.3 5874 78 195 11 Global Survey
Slovakia 55 168 8.5 19.1 Global Survey
Slovenia 2.1 108 73 6.9 <1 Global Survey
Spain 474 1801 48 147 7 57 5 Global Survey
Sweden 10.4 874 38 Global Survey
Switzerland 8.6 1454 7 Global Survey
Ukraine 43.9 355 32 74 8.7 44 6 Global Survey

WEST ASIA
Jordan ‘ 10.9 ‘ 87 ‘ 59 ‘ 9 ‘ ‘ ‘ ‘ [A22]

143. To estimate the worldwide average concentration of radon in drinking water, the median was
selected as the representative value because it is more robust than the AM, given the limited number of
data and the different methodologies employed in the reported studies, it is not biased by extreme values
and does not rely on representing the study measurements using a standard distribution curve. The results
for national, regional surveys, and for both national and regional surveys are given in table 5. The median
of the AMs was estimated at 11 Bq/L, taking account of data from both national and regional surveys.
Given the high uncertainty (e.g., unclear origin of sources) and the high variability of the data and

considering their low coverage, a reference value of 10 Bg/L was adopted in this annex.

Table 5. Worldwide radon concentrations in drinking water

Sources of data Number of | Population Worldwide Median of arithmetic | Arithmetic mean
countries (millions) population (%) means (Bq/L) ranges (Bq/L)
National surveys 20 433 55 14 <1-91
Regional surveys 21 147 2.0 11 1-390
National and 41 580 75 1 <1-390
regional surveys
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(f) Dose estimates from exposure to radon and its decay products

144. The annual dose to the lungs from inhalation of radon in air was derived from the equation A.1 in
appendix A. Using an indoor radon concentration (Cy52n,in) 0f 50 Bq/m?, an annual occupancy rate indoors
(03, of 0.8, an equilibrium factor for indoor radon (F22pn )" of 0.4 and a dose coefficient for EEC of
radon (DCgpc 222rn) Of 9 nSV/(Bq h/m®) [U28] the annual dose was estimated to be 1.3 mSv. The annual
dose to other organs from indoor radon dissolved in blood and soft tissue was estimated from equation A.7
in appendix A. Using a dose coefficient for radon in blood (DCp z52z,) of 0.18 nSv/(Bq h/m?) [175], the
annual dose to other organs from radon dissolved in blood was estimated to be 0.06 mSv. The annual dose
associated with inhalation of radon in indoor air was therefore estimated at 1.3 mSv.

145. Equations A.2 and A.10 in appendix A were used to estimate doses to the lungs and other organs
from inhalation of outdoor radon. In this case using an outdoor radon concentration (Cz22gn out) Of
10 Bg/m?, an annual occupancy rate outdoors (0,,,) of 0.2 and an equilibrium factor for radon
outdoors of 0.6 (Fyz2pn0ut) the annual dose to the lungs and to other organs were estimated at
0.095 mSv and 0.0032 mSyv, respectively. The annual dose attributed to inhalation of radon in outdoor
air was therefore estimated at 0.10 mSv.

146. The annual dose from ingestion of radon in drinking water was derived from equation A.11 in
appendix A. Using a radon concentration drinking water (C322rn aw) 0f 10 Bq/L, an annual ingestion rate
of drinking water (Ijngaw) of 0.5 m?/a, and a dose coefficient for ingestion of radon (€ing,222rn) Of
0.69 nSv/Bq [I75], the annual dose was estimated to be 0.0035 mSv. The total annual dose from
inhalation and ingestion of radon and its decay products was therefore estimated at 1.4 mSv.

3. Thoron and its decay products

(@) Factors affecting thoron exposure

147. Thoron (**°Rn) is released into the environment through the natural decay of »*>Th in the Earth’s
crust. Notably, monazite and zircon sands are characterized by particularly high concentrations of
thorium [V15]. Granite, black shale, and mylonitic rocks, are more likely to have an elevated thorium
content [A1, S8], while basalt, limestone, and sandstone generally are characterized by below-average
concentrations of thorium [R5]. The migration of thoron from the soil into buildings is limited by the
short distance it can travel before it decays and therefore the main source of thoron in indoor air is thoron
released through exhalation from the internal surfaces of building materials [C37, C66, D8, D9, H15,
M21, N16, N34, R6, S53, T22, Ul, Z9]. The indoor thoron concentrations are generally unaffected by
floor levels [C66, R6, S72].

148. Data from the UNSCEAR 2006 Report, annex E [U18] and the open literature [C37, G12, M21]
indicate that thoron concentrations in dwellings decrease with distance from the wall surface, resulting
in a heterogeneous distribution within a room. In experiments conducted under controlled conditions in
a facility built with unfired clay stones and clay plaster at the Helmholtz Zentrum Munich (Germany)
thoron decay products were found to be uniformly distributed spatially, while thoron remained unevenly
distributed [T23]. Since the dose from thoron exposure comes primarily from its decay products, thoron

7 The equilibrium factor and the dose coefficient (equilibrium equivalent exposure) are correlated [175] and therefore, it is not

appropriate to use a value for the equilibrium factor different from 0.4.
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measurements pose challenges because, without information about the location of the detectors, it is
difficult to assess the representativeness of the measured concentrations. Consequently, dose assessments
based on concentration of thoron decay products are more reliable than those based on the highly
heterogeneous thoron concentrations [M33].

149. Significant efforts have been devoted to developing numerical models to understand the behaviour
of thoron and its decay products within buildings, as well as their spatial distribution [A7, A8, D7, H37,
U33, Z11]. However, understanding this behaviour is complex and depends on numerous factors,
including airflow patterns, geometric configuration of the room, ventilation rates, locations of the thoron
source, positions of inflow and outflow points, gas kinematics, aerosol behaviour, and other relevant
parameters. Model results confirmed that the distribution of thoron within an enclosed space is highly
non-uniform, decreasing exponentially from the source. In contrast, the concentration of thoron decay
products is generally evenly distributed throughout the room due to their long half-lives.

150. Passive type measurement methods require careful calibration with respect to the deposition
velocity. Deposition velocities depend on several environmental parameters, such as ventilation rate,
turbulence, unattached fraction, and aerosol size distribution. These dependencies make the passive type
of thoron decay product monitor site-specific meaning that the decay product deposition velocities must
be determined for each location before deployment [M34].

151. Experimental results consistently show that thoron concentration depends on environmental
parameters, particularly humidity. The thoron exhalation rate tends to increase with rising humidity until
reaching a specific level beyond which it either saturates or decreases, as reported by Janik et al. [J6] and
Syuryavin et al. [S86]. Consequently, inhabitants of dwellings with elevated humidity levels may receive
higher doses from thoron and its decay products.

152. Tests investigating the effect of different wall paints on thoron exhalation indicate that, when applied
without a primer, many paints fail to act as effective barriers. Conversely, other paints demonstrated their
ability to reduce thoron exhalation by 70% or more with the application of a single just one coat.
Furthermore, a simulation study to assess the average performance of commonly used paints and wallpapers,
estimated an approximate 40% reduction in thoron concentration from the source [D9].

153. The concentration of indoor thoron may be affected by seasonal variation, often higher in winter
and spring than in autumn and summer, likely because of poor ventilation [R6, S12, S14, S49, S72].
Regional surveys conducted in India, based on a year-long measurements, reported that the EEC of thoron
was two to four times higher in winter than in other seasons, due to poor ventilation [G14, J4, J5, K9,
K41, P8, P35, P36, P39, R12, R13, S6, S25, S31, S47, S48, S50]. Similar seasonal trends were reported
for regional surveys carried out in China and Japan [H37]. In contrast, a study in India reported higher
values of EEC of thoron during the rainy season than in other seasons [K42], while another one reported
no seasonal variation based on long-term measurements [K10, O7]. These discrepancies highlight the
need for more long-term studies across diverse regions and climates to better understand the mechanisms
driving seasonal variation in the EEC of thoron.

154. The AMs of the EEC of thoron measured in dwellings in India made of mud or slate were reported as
0.94 and 0.89 Bg/m?, respectively [G14]. These values were higher than those obtained in dwellings made
of concrete or mud-tin (0.29 and 0.49 Bq/m?). Measurements of the EEC of thoron taken over a three-month
period of 12 £2, 3 £ 1, and 7 + 1 Bg/m? were reported for mud-walled, metallic or iron sheet-walled, and
stone-walled modern houses in the Kilimambogo region (Kenya) [N34]. Visnuprasad et al. analysed
long-term passive measurements of EEC of thoron in the Chavara and Neendakara hamlets (Kollam district)
across 58 houses categorized into four types: mud houses, brick houses with concrete roofs, houses with
asbestos roofs and brick walls and houses with tiled floors [V19]. The highest average values of the EEC of
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thoron were measured in mud houses and the lowest were in houses with tiled floors. Measurements in
93 Swedish dwellings grouped by construction material and location showed no significant difference in
the EEC of thoron between houses built with uranium-rich blue concrete and other materials [S53].

(b) Concentrations of thoron and thoron decay products in indoor air

155. Indoor concentrations of thoron and its decay products were derived from data obtained from the
UNSCEAR Global Survey on Public Exposure and the literature survey. National and regional studies
conducted both in dwellings and in highly occupied public buildings (schools, kindergarten, hospitals) were
considered. Only studies containing clear information on the detectors and their calibration, as well as
measurements taken in more than five households and over a period of at least seven days were considered.

156. The distribution of thoron concentrations inside a room are fairly uniform up to 50 cm from the
walls [H30, M21, S72, T23]; therefore, one of the criteria to select publications for the literature review
was that the detector should be positioned at least 50 cm from the walls was. However, in the case of
thoron decay products, the position of the detector does not need to be taken into account due to their
relatively uniform concentration across the whole room. As a result, the use of direct measurements of
the EEC of thoron is preferred as a more effective approach to assess exposures [T12].

157. Results from five studies on indoor thoron concentrations from Canada, India, Japan, North
Macedonia, and Slovenia included in this evaluation are summarized in table 6. The thoron concentrations
ranged from below detection limit to a few hundred Bq/m?. The GMs from three national surveys ranged
from 7.5 to 28 Bq/m®. Further details of the surveys are provided in electronic attachment A-1.

Table 6. Compilation of descriptive statistics from national surveys reporting thoron activity
concentrations in indoor air

AM: Arithmetic mean; SD: Standard deviation; GM: Geometric mean; GSD: Geometric standard deviation;

Min: Minimum; Max: Maximum

Numberof | Thoron concentration in indoor air (Bq/m?)
Country Note I . Reference
ocations | oM | SD | GM | GSD | Median | Min | Max
Canada Whole country 3534 13119 [C29]
Summer 20 43 24 39 51 10 82
Autumn 20 75 59 69 75 16 | 149
India [K40]
Winter 20 79 36 75 39 24 | 104
Spring 20 119 33 |108 86 29 | 171
Japan Whole country 24 1M1 127 |75 25 <74 524 | Sloba
Survey
North Macedonia Whole country 300 28 | 2.1 3 | 272 [S72]
Kindergartens 5 75 11 | 215
Slovenia [V12]
Elementary schools 35 87 21 | 368

158. Results from five national surveys of EEC of thoron in indoor air conducted in five countries are
presented in table 7. Details on the national surveys and of 61 regional surveys conducted in 12 countries
are reported in electronic attachment A-1. It should be noted that more than 70% of these regional surveys
were carried out in India. All surveys were conducted using a passive type, deposition based, thoron
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decay product detector. The statistical analysis in this annex were based on data from both the national
and regional surveys. The AMs of the EECs of thoron in indoor air varied between 0.47 and 11.4 Bg/m?,
with an estimated median of 1.2 Bq/m®. This is higher than the value of 0.3 Bg/m® reported in the
UNSCEAR 2008 Report, annex B [U19]. It should be noted that the results of this literature review and
the UNSCEAR Global Survey on Public Exposure cover only 4% of the world population.

Table 7. Compilation of descriptive statistics from national surveys reporting thoron equilibrium
equivalent concentration in indoor air

AM: Arithmetic mean; GM: Geometric mean; Min: Minimum; Max: Maximum

Measurement Total Thoron EEC in indoor air (Bq/m°)
Country . . Reference
duration samplesize | Am GM |Median| Min | Max
Cameroon ¢ 2 months (rainy 350 68 04 | 36 (53]
or dry season)
Canada 3 months 138 055 | 037 007 | 803 [C25]
(winter season)
Ireland Atleast 3 205 047 | 038 | 039 | <01 | 369 [M16]
months
Netherlands
(Kingdom of the) 1 year 2780 0.64 0.53 Global Survey
Republic of Korea 1 year 450 0.89 0.60 0.70 5.82 [K19]

9 The data from Cameroon is based on measurements in 4 out of 10 regions; surveys in other regions were ongoing at the time this

annex was compiled.
Thoron in High Background Radiation Areas

159. This annex summarizes new findings since the UNSCEAR 2017 Report, annex B [U25], while
detailed information on the surveys is given in electronic attachment A-1.

160. Nugraha et al. [N32] conducted a survey of indoor thoron decay products in 208 dwellings in the
HBRA of Mamuju on Sulawesi Island (Indonesia) using passive-type thoron decay product detectors to take
one year-long measurement over the period between November 2018 and March 2020. Most of the
dwellings in the area have wooden walls and coated cement floors. The AM of the EEC of thoron was
reported to be 13.6 + 5.6 Bq/m®. The maximum value of 39.8 Bq/m® was measured at Northern Botteng
Village. The main source of Thoron in Mamuju is the soil which contains high levels of natural radioactivity.
The concentrations of 2*®U and **Th in the soil of this area were found to be 23-30 times and 27-60 times
higher than the world average reported in the UNSCEAR 2008 Report, annex B [U19], respectively.

161. Kudo et al. [K39] determined the EEC of thoron at Yangjiang (China), based on long-term
measurements from July 2013 to January 2014 using passive-type thoron decay product detectors. The
AM was reported to be 7.8 £ 9.1 Bq/m® with a maximum value of 36.2 Bq/m®. The study concluded that
thoron exposure was not negligible. Ishikawa et al. [I88] reported that the AM and the maximum value
of the EEC of thoron measured in 29 dwellings in Gejiu City, Yunnan Province (China) were 10.2 and
23.9 Bg/m?, respectively.

162. Omori et al. [O7] performed long-term measurements of the EEC of thoron in Odisha (India) from
October 2010 to November 2021 using passive type thoron decay product detectors. The measurements
was almost constant throughout the year. The AMs measured in autumn-winter, summer, and during the
rainy seasons were 3.3 £2.8, 3.2+ 2.4 and 3.3 + 3.1 Bq/m®, respectively. The GMs in each season were
also reported as 2.4 £2.2,2.6 + 1.9 and 2.4 + 2,1 Bq/m’, respectively.
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163. In Norway, thoron decay products were measured in 11 municipal buildings, including
kindergartens and schools around a NORM area with high bedrock thorium and old mines. Measurements
were made during the cold season from December to April (112 days); and during the warm season from
April to August (133 days). High indoor radon concentrations were measured during the winter season
in some buildings, while in others high indoor radon and thoron concentrations, and very low associated
EEC of thoron were measured in summer. The AMs of the EEC of thoron measured in summer and winter
were 0.7 £ 0.5 Bq/m® and 0.8 + 0.6 Bg/m?, respectively, while the maximum values in the same seasons
were 2.1 Bg/m® and 2.5 Bg/m?, respectively.

Ratio of radon EEC to thoron EEC and indoor radon concentrations

164. Ratios of EEC of radon to EEC of thoron in indoor air and to radon concentrations measured in the
same survey are given in electronic attachment A-1. The ratios were calculated using the AMs of the
EECs measured in each survey. Ratios estimated for HBRAs were also included as they did not differ
significantly from other values. The median of the ratio of the EEC of radon to the EEC of thoron was
estimated at 0.07 (range: 0.01-1.13), while the median of the of EEC of radon to radon concentration was
estimated at 0.03 (range: 0.002—0.28). Applying the equilibrium factor of 0.4 to indoor radon concentration
to estimate the ECC of radon in indoor air yields a very similar ratio of the EEC of radon to EEC of thoron
0f 0.08 (range: 0.01-0.7). It should be noted that it is not feasible to deduce the EECs of thoron from radon
concentrations or from the EEC of radon because of the wide range in the ratio of the EEC of radon to
the EEC of thoron (a factor of about 100 between minimum and maximum values).

(c) Thoron concentrations in outdoor air

165. Similarly to radon, studies on thoron in outdoor air are limited because outdoor thoron does not
represent a significant health risk to the general population, due to its low concentrations, associated with
its short half-life, and the low occupancy factor for the outdoor environment. Outdoor thoron
concentrations depend primarily on the concentration of thoron precursors in the 2**Th decay series in the
subsurface and the properties of ground and the rocks, such as the size of mineral grains, porosity,
permeability, moisture content, which affect thoron emanation from the soil and its transport through the
soil towards the atmosphere. Other important factors are the type of soil cover that influences the thoron
exhalation rate and meteorological conditions [P25, R5]. Hosoda et al. reported measurements taken at
191 sites in Japan showing that atmospheric parameters can affect significantly thoron exhalation rates,
depending on the geology [H29]. The authors suggested that the influence of moisture saturation is greater
than that of soil-surface temperature [H29].

166. Table 8 gives the range and average values of the outdoor EEC of thoron in outdoor air measured
in various regions in ten countries. More detailed information on the surveys are given in electronic
attachment A-1.

167. Due to the limited coverage of the collected data, the same approach used for outdoor radon was
applied in the calculation of a global average of the outdoor thoron concentration, based on using median
estimates. The use of median values mitigates biases caused by extreme measurements and avoids
assumptions based on a log-normal distribution. Based on the results from 10 regional surveys obtained
from the literature review and the UNSCEAR Global Survey on Public Exposure, the median of the EEC
of thoron in outdoor air was estimated at 0.3 Bg/m*. For comparison the value reported in UNSCEAR
2000 Report [U15] was 0.1 Bg/m?.
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Table 8. Compilation of descriptive statistics from surveys reporting EEC of thoron in outdoor air

Country Nquer of Range (Bq/m’) Arithmetic .Stc.zndard Reference
locations mean (Bq/m3) | deviation (Bqg/m?)
AFRICA
Morocco 21 0.07-2.7 [M31]
Morocco 1 0.3-1.71 0.6 [A25]
ASIA AND THE PACIFIC
China 8 0.08-0.97 0.29 0.28 [Z2]
India 60 0.98-3.27 1.65 Global Survey, [M19]
Japan 42 0.22 [189]
Malaysia 234 0.1-1 0.3 [S74]
EUROPE
Romania 1 0.02-0.97 0.2 [Ce4]
Romania 6 0.001-0.5 [S37]
Romania 1 0.42 [F10]
NORTH AMERICA
United States 1 0.03-0.13 0.08 0.05 [H9]

168. Studies indicate that high outdoor thoron concentrations are potentially confined to specific
locations with monazite deposits, such as the HBRAs of Kerala and Odisha in India, and affected by
human activities involving NORM, such as thorium mining, milling, thermal power plants, or industries
generating waste containing elevated activity concentration of **Th or **U [K3, R5].

169. The CTBTO has established a network of 80 radionuclide monitoring stations for the continuous
global observation of aerosol samples containing radionuclides. The network reports activity
concentrations outdoor air for 16 radionuclides, including thoron decay products (*'?Pb, 2!2Bi, 2%8T1),
which are collectively referred to as ?'?Pb Family’, or ‘2'?PPb’ [C63]. Concentrations of 2'*Pb in outdoor
air collected at 1-day intervals from 52 stations between 2007 and 2021 were analysed to assess temporal
trend and seasonal variations. A summary of the concentrations is shown in figure III. Concentrations of
212FPh in outdoor air ranged from 3 uBg/m’ to 0.985 Bg/m® with an overall median of 0.013 Bg/m®.
Monthly data show that the median 2'>Pb concentration gradually increased from 0.009 Bg/m? in January
to 0.017 Bg/m® in August, followed by a gradual decrease to 0.009 Bg/m® in December, indicating a
marginal seasonal variation. Annual variations do not reveal systematic long-term changes in the
concentrations of 2?Pb in outdoor air.?

8 The views expressed in this study are those of the authors and do not necessarily represent the views of the CTBTO Preparatory

Commission.
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Figure lll. Monthly and yearly variations of 2'%Pb (22Pb, #'?Bi, ?°Tl) concentration resulting from 15 years
continuous data (1-day interval) during 2007-2021 at 52 CTBTO radionuclide monitoring stations [C63]
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(d) Doses from exposure to thoron and its decay products

170. Since it was not possible to estimate updated values for the thoron concentrations air based on the
information collected for this annex, due to the limitations of the studies investigated, a value of 10 Bg/m?
for both the indoor and outdoor concentration of thoron, as reported in the UNSCEAR 2000 Report [U15]
was used in the calculation of doses from inhalation of thoron.

171. The annual dose to the lungs from inhalation of thoron in air was estimated using equation A.2 in
appendix A. Using an EEC of thoron in indoor air (EEC,50gn,in) of 1.2 Bg/m?, an annual occupancy rate
indoors (0;,,) of 0.8, and a dose coefficient for EEC of thoron (DCggc 220rn) of 40 nSv/(Bq h/m?) [U19]

the annual dose was estimated at 0.34 mSv.

172. The annual dose to other organs from thoron dissolved in blood and soft tissue was estimated using
equation A.8 in appendix A. Using an indoor thoron concentration (Cz0zn,in) of 10 Bg/m? and a dose
coefficient for thoron in blood (DCy 250rn) of 0.11 nSv/(Bq h/m?) [U13], the annual dose to other organs
from thoron dissolved in blood was estimated at 0.008 mSv.

173. Equations A.5 and A.10 in appendix A were also used to calculate doses from inhalation of thoron
outdoors. In this case using an EEC of thoron in outdoor air (EEC,20gn0uc) of 0.3 Bq/m®, a thoron
concentration in outdoor air (Cyz0rn,0ut) of 10 Bg/m?, and an annual occupancy rate outdoors (0,y;)
of 0.2 yields an annual dose to the lungs and to other organs from inhalation of thoron of 0.02 and
0.002 mSyv, respectively. The annual dose from inhalation of radon in outdoor air was therefore estimated
to be 0.02 mSv, while the total dose from inhalation of thoron was estimated at 0.36 mSv.

B. Natural sources of ionizing radiation other than radon and
thoron

174. This section provides an overview of the natural sources of ionizing radiation excluding radon and
thoron and associated exposures. Two sources are considered: cosmic radiation and terrestrial
radionuclides—also called primordial radionuclides. More specifically this section provides estimates of
doses to the public from external exposure to cosmic radiation and terrestrial radionuclides as well as
internal exposure from ingestion and inhalation of terrestrial radionuclides other than radon and thoron.

1. Outline of the dose assessment methodology

175. The methodology to calculate doses from sources of natural radiation other than radon and thoron
follows the approach used in previous UNSCEAR reports [U11, U12, U15, U21]. More detailed
information on the methodology is given in appendix A.

176. The methodology for exposure to cosmic rays at ground level has been updated since previous
UNSCEAR reports [U15, U19] to account for improvements in the Particle and Heavy lon Transport code
System (PHITS)-based Analytical Radiation Model in the Atmosphere (PARMA) version 4 [S15, S17].
PHITS is a general purpose Monte Carlo radiation transport code, also available as Excel-based program
for calculating Atmospheric Cosmic-ray Spectrum (EXPACS) 4.10 [J1]. For exposure during air travel, the
methodology described in previous UNSCEAR reports has been used and incorporates more detailed flight
and passenger statistics. For cosmogenic radionuclides, the methodology relies on measurements of activity
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concentrations in air at exposure locations provided by Member States through the UNSCEAR Global
Survey on Public Exposure combined with data from the literature review and the CTBTO [C63].

177. External exposures to terrestrial radionuclides of natural origin in soil vary according to the
underlying geology. The dose assessment methodology for outdoor external exposure to terrestrial
radionuclides relies mainly on the measured activity concentrations in soil reported in the literature.
Worldwide estimates of external dose are presented in this annex and were extrapolated to areas lacking
data using geological data as a surrogate for activity concentrations or dose rates outdoors. High
background radiation areas were identified based on statistical evaluations of the extracted literature data.
External exposure also results from terrestrial radionuclides present in building materials, which serve
both as a shield and source of exposure. The shielding factor for terrestrial radiation previously used by
the Committee was applied to estimate doses from exposures indoors.

178. The methodology from the UNSCEAR 2008 Report, annex B [U19] was used to estimate the
ingestion doses from “°K. The methodology accounts for the natural abundance of *°K in natural
potassium and the homeostatic control of the concentration of potassium in the body. For other natural
radionuclides—excluding radon but including its long-lived decay products—the ingestion dose was
calculated based on activity concentrations measured in foods and drinking water.

179. The available data to quantify public exposures from the wide range of NORM industries are often
limited, preventing the calculation of worldwide average doses. Due to the lack of discharge data and
detailed information on exposure pathways, it was not possible to develop a consistent methodology for
all NORM industries. Consequently, the evaluation relied primarily on dose estimates reported in the
literature or provided by Member States through the UNSCEAR Global Survey on Public Exposure.
Given the diversity of NORM industries and the challenges in characterizing sources and exposure
scenarios, the assessment focused on specific case studies to estimate doses for particular situations rather
than deriving global averages.

2. Cosmic radiation and cosmogenic radionuclides

(@) Origin, composition and variability

180. Cosmic rays of high-energy particles entering the Earth’s atmosphere interact with atoms in the
atmosphere, producing a cascade of secondary interactions. The flux of resulting secondary particles,
which contribute to cosmic ray exposures, decreases with depth in the atmosphere. The cosmic ray
interactions also produce radioactive nuclei known as cosmogenic radionuclides. The best known of
these are *H, *C, "Be and **Na.

181. Most primary cosmic rays are galactic cosmic rays that arise outside the solar system. Galactic cosmic
rays incident on the upper atmosphere consist of a nucleonic component, which accounts for 98% of the
total flux, and electrons, which account for the remaining 2%. The nucleonic component consists primarily
of protons (~85% of the total flux) and alpha particles (~12%), with the remainder being heavier nuclei
(~1%) [U19]. The primary cosmic particles have an energy spectrum that ranges from 10® eV to more than
10?° eV. The flux of particles decreases with increasing energy and corresponds to approximately 1 particle
per m?%/s at 10'! eV; 1 particle per m*/a at 10'® eV; and 1 particle per km?/a at 10" eV [S83, U15].

182. Solar cosmic rays are another form of cosmic rays. Solar cosmic rays originate from solar flares when
the particles produced are directed towards the Earth. These events are of short duration, typically a few hours,
and are highly variable in their strength. They have a negligible impact on long-term doses to the public.
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Latitude effects

183. The Earth’s magnetic field reduces the intensity of cosmic rays reaching the upper atmosphere. The
shape of the Earth’s magnetic field is such that only particles of higher energies can penetrate at lower
geomagnetic latitudes. This produces the geomagnetic latitude effect, with intensities and dose rates
minimal at the equator and maximal near the geomagnetic poles. The latitude effect is illustrated in
figure IV, which shows the dose rate from neutrons only and the total cosmic ray dose rate—including
directly ionizing components and photons—as a function of geomagnetic latitude at sea level and at an
altitude of 12 km, respectively, for the northern hemisphere (N). For the southern hemisphere (S) the
curves are not strictly symmetric as illustrated by the total dose at an altitude of 12 km.

Figure IV. Variation in dose rate of cosmic radiation as a function of geomagnetic latitude

Note the different vertical scales for the dose rate at sea level (right axis) and 12 km (left axis), respectively.
Calculated using the PARMA model [S15] for a geographic longitude of 0°
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Altitude effects

184. An additional shielding to cosmic rays, besides the Earth’s magnetic field, is provided by an air
layer of approximately 10,000 kg/m?, which is comparable to a 10 m thick layer of water. As a result, at
sea level, cosmic radiation contributes about 10% of the total dose rate from natural radiation to which
the public is generally exposed. However, at high altitudes in the atmosphere or in space, cosmic rays
constitute the predominant source of ionizing radiation.

185. The complex set of secondary-charged and uncharged particles produced by cosmic rays incident on the
atmosphere includes protons, neutrons, pions, muons and lower-Z nuclei. The relative contributions to the dose
caused by secondary cosmic ray constituents at various depths in the atmosphere are illustrated in figure V.

186. Because of their longer mean free path, neutrons are the predominant nucleonic component at
altitudes below approximately 20 km and their relative contribution to dose is highest at altitudes of
around 5 km. Neutrally charged pions decay into high-energy photons, which in turn generate
high-energy electrons. These electrons produce additional photons, initiating a chain reaction known as
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the electromagnetic or photon/electron cascade. Photons, electrons, and positrons—alongside protons
and neutrons—are the primary contributors to the cosmic ray dose at aircraft cruising altitudes (~12 km).
Charged pions decay into muons, which, due to their long mean free path in the atmosphere, become the
predominant component of the charged particle flux at ground level. Below an altitude of 1 km, muons
can account for up to 70% of the total radiation dose.

Figure V. Effective dose rate as a function of altitude at a geomagnetic latitude of 45°N and relative
contributions of the components of cosmic rays

The dashed line shows the total dose rate calculated using EXPACS 4.10 [S15]
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(b) Exposure at ground level

187. External exposure to cosmic rays at ground level varies according to the latitude and altitude of the
exposure location and the 11-year solar activity cycle. The shielding offered by buildings reduces
exposure at indoor locations.

188. Muons, with energies mainly of between 1 and 20 GeV, constitute the prevalent component of the
cosmic ray field at ground level. At low latitudes, their relative contribution to the total dose rate from
cosmic rays is at its highest (70%), although it should be noted that the increase of the absolute dose from
muons with increasing latitude is very small. The absolute dose from muons increases with altitude, and
at 4 km is approximately double that at sea level.

189. Neutrons arise from collisions of high-energy protons in the upper atmosphere. Incoming protons
that initiate the cosmic ray neutron field are strongly affected by the Earth’s magnetic field, resulting in
a lower neutron fluence rate in equatorial regions than in polar regions. At altitudes below 2 km, their
contribution to the total dose from cosmic rays is roughly between 20% and 40%.

190. The PARMA model [S15] was used to calculate outdoor dose rates for each populated area of 1 km?
(see appendix A). This approach allowed the different contributing factors to the doses and their
variability as a function of altitude and latitude to be accounted for, without requiring any simplifying
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assumptions. The map of the resulting unshielded dose rate is shown in figure VI. More detailed maps
for each country are available in electronic attachment A-2.

Figure VI. Map of the unshielded dose rate of cosmic radiation in populated areas at the altitude of
Earth’s surface?
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¢ The boundaries and names shown and the designations used in this map do not imply official endorsement or acceptance by the
United Nations. Final boundary between the Republic of Sudan and the Republic of South Sudan has not yet been determined.
Dotted line represents approximately the Line of Control in Jammu and Kashmir agreed upon by India and Pakistan. The final
status of Jammu and Kashmir has not yet been agreed upon by the parties. A dispute exists between the Government of Argentina
and the United Kingdom of Great Britain and Northern Ireland concerning sovereignty over the Falkland Islands (Malvinas).

191. To estimate the global population-weighted average dose rate from cosmic rays, calculated dose
rates for each 1 x 1 km grid cell were combined with high-resolution population data [S20], which
removed the need for simplifying assumptions about the population distribution. Using this approach the
world population-weighted average dose rate was estimated to be 0.037 pSv/h; the uncertainty of the
PARMA-based cosmic ray dose rates is estimated to be around a few percent [S16]. Ignoring the effect
of building shielding, the world population-weighted annual dose was estimated to be 0.33 mSv.
Applying a shielding factor (SF;) of 0.9 and an indoor occupancy factor (0,) of 0.8, the adjusted
worldwide average annual dose from cosmic rays was estimated to be 0.30 mSv.

192. This estimate of the global average population-weighted annual dose due to cosmic rays is 21%
lower than its previous estimate, which assumed a higher average annual dose before shielding of
0.46 mSyv [U15]. In the UNSCEAR 1988 Report [U12], a representative absorbed dose rate in air at sea
level was given as 30 nGy/h, similar to the value obtained from the PARMA model applied in this annex.
However, at higher altitudes, the previous model predicted higher dose rates than the PARMA model
resulting in a higher average dose before shielding. Another factor affecting the dose from cosmic rays
was the relatively coarse population distribution model used in previous UNSCEAR reports based on a
paper by Bouville and Lowder [B45], which had a spatial resolution of one degree and therefore tended
to overestimate the altitude at which people reside, thereby overestimating the average dose.
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193. The world population-weighted average dose rate from neutron component of cosmic rays was
estimated to be 6.9 nSv/h. Neglecting the building shielding effect, the world population-weighted annual
dose due to this component was estimated at 62 pSv. Using a shielding factor of 0.9 and an indoor
occupancy fraction of 0.8, the world average annual dose from the neutron component of cosmic rays
was estimated to be 56 uSv. In the UNSCEAR 2000 Report, annex B [U15], the average value for the
neutron component of the annual cosmic-ray dose was estimated at 100 pSv.

194. The population-weighted annual effective dose due to cosmic rays by country is illustrated in
figure VII. The highest value was estimated for Bolivia (0.81 mSv), primarily due to its high population-
weighted elevation, despite its relatively low latitude in the southern hemisphere. In contrast, the annual
dose for countries with similar geomagnetic latitude but lower altitude, such as Singapore, was estimated to
be around 0.20 mSv. The total dose rate from cosmic rays at La Paz, Bolivia (3,625 m above sea level) was
estimated to be 0.16 uSv/h, five times higher than the one in Singapore (0.03 uSv/h). The neutron component
contributes significantly more at higher altitudes; for example, it contributes 38% of the total dose in La Paz
as opposed to 13% in Singapore (5 m above sea level). Similarly, at higher latitudes, the contribution of the
neutron component increases even at similar altitudes. For example, the dose rate in Oslo (94 m above sea
level) is 0.038 pSv/h, with neutrons contributing 22%.

Figure VII. Average annual effective dose of cosmic radiation to the public by country (indoor
occupancy factor is 0.8 and shielding factor is 0.9)°
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Dotted line represents approximately the Line of Control in Jammu and Kashmir agreed upon by India and Pakistan. The final
status of Jammu and Kashmir has not yet been agreed upon by the parties. A dispute exists between the Government of Argentina
and the United Kingdom of Great Britain and Northern Ireland concerning sovereignty over the Falkland Islands (Malvinas).

195. Figure VIII shows a histogram of the distribution of the annual doses from cosmic rays for the
world’s population. It is estimated that 3 billion people receive an annual dose from cosmic rays in the
range 0.25-0.3 mSv and about 2.5 billion people receive an annual dose in the range 0.2—0.25 mSv. About
19 million people living in regions at higher altitudes and latitudes receive an annual dose of more than
1 mSv from cosmic rays.
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Figure VIII. Distribution of annual effective dose from cosmic rays for the world’s population
accounting for shielding by buildings (reference date 27 December 2015)

Note the change in the bin widths for doses above 1 mSv

3500 4
3036

3000 +

22500_ 2425

®)

)

=|2000-

=

o)

51500-

3 1137

21000

(@]

¥

500 449

247
17096
42 27 36 22 11 8 5 319 1 0 0
W - 1w N W M o % WM O NI ©® M WO O O O Q
© o = o N o M S ¥ o N o W o N o ® o X - N F © O
°c 52 < 32 © , © ;7 © ;, © ;, © ;, © b © ;b <9 4 4 1 1 o
L U T - - =
© © = — N NN M m & & n Y Y N KN QY B RN = NF 9
O O © © O © © © O © 0 O © o 8 O o o o o 0
ANNUAL EFFECTIVE DOSE DUE TO COSMIC RAYS (mSv)

196. Cosmic ray fluxes at ground level also vary with the temporal variation in solar activity and other
factors (see electronic attachment A-2. The temporal variations of the outdoor dose rates between
2000 and 2020 evaluated for Sydney (Australia), Vienna (Austria), and Jakarta (Indonesia) are shown in
figure IX. For each location the dose rates shown were normalized to the dose rate obtained for a reference
date (27 December 2015) on which the solar modulation index was close to its mean value of 50. The
absolute values of the effective dose rates at the reference date for Sydney, Vienna, and Jakarta were
0.036, 0.039 and 0.029 uSv/h, respectively.

197. The most significant long-term solar effect is the 11-year cycle of the solar activity, which generates
a corresponding cycle in total cosmic radiation intensity (figure IX). The periodic variation in solar
activity produces a similar variation in the solar wind—a highly ionized plasma with associated magnetic
field. The strength of this magnetic field modulates the intensity of galactic cosmic radiation. During
periods of peak solar activity, the magnetic field reaches its highest level while the galactic cosmic
radiation intensity is at its lowest due to the shielding effect of the magnetic field [B20].

198. The intensity of cosmic rays is also affected by short term events, such as ground level enhancements,
which are sudden increases in the cosmic ray intensity near the ground, and Forbush decreases. Ground
level enhancements are caused by the acceleration of charged particles, mostly protons, from the sun to
energies above 500 MeV within the solar atmosphere or in interplanetary space [B20]. These enhancements
cannot be reproduced by the PARMA model due to their short duration—typically a few hours or less.
Forbush decreases are rapid reductions in the observed intensity of galactic cosmic rays, which are often
associated with coronal mass ejection events during periods of high solar activity [K2] and last for several
days. A coronal mass ejection is a phenomenon in which a large amount of plasma is ejected from the sun.
This plasma cloud covers the near-Earth interplanetary space, blocking the penetration of low-energy
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cosmic rays from the galaxy or the sun, resulting in a decrease in the observed cosmic ray intensity near
Earth. The PARMA model accounts for these sudden drops in cosmic ray intensity using daily observations
from neutron monitors. Various Forbush events are visible as negative spikes in figure IX, with the event
that occurred between the end of October and beginning of November 2003 being the most pronounced.

Figure IX. Temporal variation of the effective dose rate due to cosmic rays for Sydney, Vienna, and
Jakarta, normalized to the respective values determined for 27 December 2015

Note: Calculated using PARMA model [S15]
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199. Chen [C22] investigated the annual effective dose from cosmic rays across Canada, using the PARMA
model to estimate doses for over 1,500 communities, representing more than 85% of the Canadian
population. Their estimate of a population-weighted average annual effective dose at ground level was
0.31 mSv, which is lower than the 0.37 mSv reported in this annex. This difference can be primarily
attributed to two factors: the lower overall cosmic radiation intensity during the study period (2000-2006;
see figure IX), and the higher spatial resolution of the population distribution model used in this annex.

200. The EXPACS 4.10 software was used to evaluate variations in dose rates due to cosmic rays,
accounting for factors, such as the solar activity and water content of the ground. The neutron component of
dose rate from cosmic rays was found to vary by 5-7% between periods of maximum and minimum solar
activity, depending on the geomagnetic latitude, while the ionizing component was found to vary by 8-19%.

201. Variations in dose rates from cosmic ray due to different water contents in soil were specifically
evaluated for Vienna (Austria). The investigation showed that the ionizing component remained unchanged
across different moisture levels, while the neutron component was reduced by 10 and 14% at a moisture
content of 5 and 10%, respectively, compared to that for dry soil. This reduction was attributed to the albedo
effect, whereby increased hydrogen content in moist soil lowers neutron reflectivity. The rate of decrease
the neutron component of the effective dose rate due to cosmic rays slows at very high moisture levels in
the soil. The decrease of the dose rate at a moisture content of 100% (i.e., above a water surface) was
estimated to be 28% compared to dry soil.
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202. The latitudinal variation in the neutron component of the dose from cosmic rays at low latitudes
was clarified through comprehensive measurements by Nagaoka et al. [N1] conducted in Japan. The
effective dose rates due to the neutron component of cosmic rays between 14 and 36° of geomagnetic
latitude varied by about a factor of two, from 4.8 to 8.3 nSv/h. The average effective dose rate across
Japan due to the neutron component of the dose from cosmic rays was estimated to be 4.8 nSv/h.

(c) Exposures on aircraft

203. Aircraft passengers are exposed to significant higher levels of cosmic rays than people at ground level.
The radiation field at cruising altitudes consists of neutrons, protons, and photons. Neutrons contribute
between 40 and 80% of the dose rate, depending on altitude, latitude, and the phase in the solar cycle. The
exposure on a flight depends on its altitude and geomagnetic latitude, as well as the flight duration. Dose
rates vary from 1 pSv/h for a flight at low latitudes, to 6 uSv/h for a trans-Atlantic flight assuming that the
cosmic rays are of intermediate strength (see electronic attachment A-2). For example, a flight from Mumbai
to Delhi (duration: 1.8 hours) results in a dose of 2 uSv, while one from Los Angeles to London
(duration: 10.9 hours) results in a dose of 61 uSv.

204. Frasch et al. [F13] analysed the variation doses to aircraft passengers during the solar cycle.
Comparison of doses between the middle of the decreasing phase of solar cycle 23 (January 2004) and
its minimum (January 2009) showed an increase from 25 to 30 uSv on the trans-equatorial route from
Frankfurt to Johannesburg, and from 50 to 78 uSv on the polar route from Frankfurt to New York
[F13]. In-flight measurements during solar storms have shown an increase of up to about 80% in the
total dose for flights crossing the polar region [B9], though this increase could not be evaluated for
this annex due to lack of available data.

205. Annual average effective doses from cosmic radiation during air travel for different regions of the
world based on data for 2012, are given in table 9. These doses were calculated using the code SIEVERT
[C40] and air traffic data from ICAO. For flights before July 2021, SIEVERT used tissue and radiation
weighting factors taken from ICRP Publication 60 [165]. Therefore, doses calculated using SIEVERT were
multiplied by a factor of 0.8 to take account of the new factors included in ICRP Publication 103 [170].
Details on how calculations were performed are given in appendix A and in electronic attachment A-2. Data
provided by ICAO were revenue passenger kilometres (RPKs) for 50 region pairings, called route groups,
for 10 long-term traffic forecasts regions in the year 2012 [161]. Since no detailed data were available on
the proportion of non-flyers, occasional flyers, and frequent flyers, the doses given in table 9 represent the
average contribution of dose during air travel to the total dose from cosmic rays rather than the dose to a
specific individual.

206. The worldwide average annual dose from exposure to cosmic rays during air travel for the year
2012 was estimated at around 3 pSv (see table 9). The average doses for the different ICAO Long Term
Traffic Forecasts regions [I161] range from 0.1 puSv for Sub-Saharan Africa to 25 puSv for North
America. The high dose estimated for North America is a reflection of both the high number of flights
per person and the higher dose per flight for countries at these high latitudes. The uncertainty in these
annual doses is estimated to be around 10% (see electronic attachment A-2 for more information).
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Table 9. Average annual doses (uSv) from cosmic radiation during air travel for major ICAO regions
in 2012

Region Population (thousands) Average annual dose (uSv)
Central America/Caribbean 215970 1.6
Central and Southwest Asia 3251598 0.5
Europe 834928 8.7
Middle East 235068 3.0
North Africa 183 085 0.8
North America 357714 25.1
North Asia 202 021 6.1
Pacific Southeast Asia 619219 1.6
South America 418 446 1.1
Sub-Saharan Africa 1002516 0.1
Worldwide average 3.0

207. It should be noted that an estimated 60% of the world population receive no dose from flying, while
the annual dose to frequent flyers can exceed 1 mSv. The annual dose passengers flying an average of
100 h/a on domestic flights in North America was estimated at 0.63 mSv [U15]. The maximum dose for
frequent flyers is close to the annual dose of crew members for whom the average dose was estimated to be
2.7 mSyv (range: 1.5-4.5 mSv) [U30].

208. Air travel both in terms of passengers and RPKs have been steadily increasing by approximately
6% per year from 2001 to 2019 as presented in figure X. Due to the coronavirus pandemic, traffic was
less than half in 2020 and 2021 compared to 2019 but started rising again from 2022 onwards. Between
2003 and 2019, the RPKs nearly tripled and thus, the global average annual per capita dose from cosmic
rays during air travel increased from approximately 1.5 pSv to around 4.5 puSv over this period.

Figure X. Steady increase of air travel and pandemic effect between 2001 and 2022 [163]
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209. Chen and Mares estimated the fetal dose from cosmic rays for pregnant aircrew and frequent flyers
on commercial flights [C21]. Doses were calculated for long-distance Canadian domestic flights and
international flights between Canada and European countries using the Fluka Monte Carlo code. The
study estimated an average dose rate to a fetus of 5.3 uSv/h which is about half the dose rate to the mother
(10 uSv/h) during the commercial flight.

210. No significant differences in radiation doses have been observed when crossing the region of the
South Atlantic Anomaly at an aircraft altitude of 13 km [M20]. The South Atlantic Anomaly is an area
of anomalously low magnetic field strength in the South Atlantic region along the Brazilian coast. The
anomaly affects the position of the Van Allen radiation belts, which are zones with high dose rates due
to protons and electrons trapped in the Earth’s magnetic field. While the inner radiation belt typically is
situated at an altitude of a few thousand kilometres, it descends to a distance of a few hundred kilometres
from the Earth’s surface in the region of the South Atlantic Anomaly [U19].

(d) Cosmogenic radionuclides

211. Cosmic rays entering the Earth’s atmosphere interact with atmospheric nuclei to produce
cosmogenic radionuclides, such as *H, "Be, '*C and ??Na. In principle, all isotopes lighter than the target
nuclei—mainly nitrogen, oxygen and argon—are produced by high-energy spallation reactions.
Production rate of cosmogenic radionuclides is greatest in the upper stratosphere, but some energetic
cosmic ray protons and neutrons reach the lower atmosphere, where they also produce cosmogenic
radionuclides. A comprehensive list of cosmogenic radionuclides, with their properties, production rates
and average tropospheric concentrations, is provided in the UNSCEAR 2000 Report [U15].

212. Cosmogenic radionuclides are produced continuously by nuclear reactions with cosmic rays,
resulting in a steady state distribution in the environment. As described in the previous section, the
intensity of cosmic rays in the atmosphere varies due to the influence of the magnetic field and attenuation
due to air height distribution. This variability in cosmic ray intensity corresponds to a variability in the
production rate of cosmogenic radionuclides. The production rate of cosmogenic radionuclides is also
affected by the 11-year solar activity cycle, which modulates the penetration of cosmic rays through the
Earth’s magnetic field. Four of the cosmogenic radionuclides, *H, "Be, '°Be and !*C, are produced from
nitrogen and oxygen and have a higher atmospheric production rate than other radionuclides, such as
22Na, which are produced from argon, the fraction by volume of which in the Earth's atmosphere is only
about 1%. Carbon-14 arises from the interaction of the slow neutron component of cosmic rays with '“N.
Annual global production rate due to cosmic rays is estimated to be 2.2 £ 0.6 x 10?® atoms '“C,
corresponding to 8.43 x 10" Bq [K4]. This value is smaller than the past estimate of 1.54 x 10'°> Bq for
the annual quantity produced (see table 4 in UNSCEAR 2000 Report, annex B [U15]). The specific
activity of cosmogenic “C before the atmospheric nuclear weapons tests is estimated at 222 Bq/kg C
[U19]. The nuclear test explosions from the late 1950s and early 1960s introduced an estimated activity
of 0.35 x 10'"® Bq into the atmosphere. This resulted in a peak specific activity of '*C in the northern
hemisphere in the mid-1960s of around 400 Bqg/kg C, corresponding to approximately 770 A*C (%o)
[H39]. Since then, '*C in the atmosphere has been continuously absorbed into the marine environment.
Releases from NPSs are small in comparison and mostly of local importance. The burning of fossil fuels
dilutes the naturally produced “C and this so-called Suess-effect now dominates over the *C traces left
in the atmosphere by the bomb tests. The decrease in atmospheric '*C is illustrated by measurements of
14C in tree leaves from remote stations in Switzerland as shown in figure XI. Today, the specific activity
of *C in atmospheric CO> and fresh terrestrial organic matter is similar to, or even lower than, the level
before the atmospheric nuclear weapons tests.
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213. Tritium results from the interaction of cosmic rays with nitrogen and oxygen nuclei. Its production
rate was estimated to be 0.20 £ 0.05 atoms/(s cm?) [T5] (range: 0.14-0.37 atoms/(s cm?)). More recent
estimates are somewhat higher with an average of 0.32 atoms/s per cm? column [M10]. Multiplying this
rate by the surface area of the Earth (5.1 x 10® km?), the annual global production rate of cosmogenic
tritium was estimated to be 9.2 x 10'® Bq [I57]. Tritium concentration in the atmosphere increased
significantly due to the atmospheric nuclear tests in the early 1960s. Activity concentration of tritium in
rainwater in the northern hemisphere was up to 1,000 Bg/L in 1963 [J9]. By the 2020s, atmospheric
tritium was back to the levels before the atmospheric nuclear bomb tests with activity concentrations in
rainwater being 1 Bq/L or less. For example, activity concentrations of trittum measured in rainwater
collected in Japan from 2016 to 2017 were between 0.6 and 1 Bq/L [G30], while those in French river
waters between 2014 and 2016 ranged from 0.1 to 0.9 Bq/L [D30]. In the Southern hemisphere, maximum
concentrations of *H in the atmosphere in the 1960s were lower (less than 100 Bq/L) and the return to
levels before the atmospheric nuclear weapons tests occurred earlier [L5].

Figure XI. Decrease of '“C activity concentration in the atmosphere
The pre-bomb-level (early 1950s) corresponds to a "C activity concentration of 222 Bq/kg C. Data from Climate

and Environmental Physics (CEP) and Laboratory for the Analysis of Radiocarbon with AMS (LARA), University of
Bern, Switzerland [S70]
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214. Beryllium-7 is a cosmogenic radionuclide produced by the interaction between nitrogen and oxygen
atoms and energetic cosmic rays in the upper atmosphere, through reactions including “N(p,2a)"Be,
1%0(p,!°B)"Be, '“N(n,’Li)’Be, and '°O(n,'!°Be)’Be. The production rate of "Be in the atmosphere has also
been assessed in three-dimensional models of the atmosphere [U57]. The production rate varies with
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cosmic ray intensity and depends on geomagnetic latitude, altitude, and solar activity. The production
rate of "Be in the Earth’s atmosphere range between 0.00578 and 0.081 atoms/(s cm?) [H23]. Worldwide
activity concentrations of 'Be in the atmosphere are continuously monitored by the International
Monitoring System of the CTBTO [H23]. Figure XII shows the "Be activity concentration in air measured
by the CTBTO radionuclide monitoring network [C63]. The mean, median, 5th and 95th percentile
activity concentrations of 'Be in air were measured at 3.7, 3.1, 0.6, and 8.5 mBq/m?®, respectively.

Figure XIl. Activity concentration of ’Be and *Na in air obtained from the CTBTO radionuclide
monitoring network [C63]

Data for 'Be cover the full solar cycle 24 (2009 to 2019). Data for 2>Na were only available from 2005 to 2011, a
period with low solar activity
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215. Sodium-22 is produced by nuclear reactions with atmospheric argon. Activity concentrations in air
of 22Na from 2005 to 2011 are available for selected radionuclide monitoring sites operated by CTBTO
[H22]. The mean, median, 5th and 95th percentile activity concentrations of ?Na in air were measured
at 0.88, 0.55, 0.13, and 3.10 uBg/m>, respectively (see figure XII).

216. The annual average intake of '“C was estimated at approximately 2 x 10* Bq by assuming an ingestion
rate of carbon of 250 g/d [164], and using the specific activity of cosmogenic '“C before the atmospheric
nuclear weapons tests of 222 Bg/kg. It should be noted that ICRP Publication 23 [164] gives a value of
300 g/d for the ingestion rate of carbon; however, the Committee’s view was that the daily ingestion rate
adopted in this annex was more realistic based on the data given in the same publication. The average annual
worldwide intakes through ingestion of cosmogenic *H, "Be and ’Na were estimated at approximately 500,
1,000 and 50 Bq [U19]. Based on these intakes and using the dose coefficients for ingestion for adults from
ICRP Publication 119 [173] the worldwide average annual doses from ingestion of cosmogenic '*C, *H, "Be
and ??Na were estimated to be 12, 0.009, 0.028 and 0.16 pSv, respectively.

217. The average annual worldwide doses to the public from external exposure to ’Be and **Na in air were
estimated to be much lower. Using the mean activity concentrations in air from the International Monitoring
System of the CTBTO and the dose coefficients from ICRP Publication 144 [177] the annual doses due to
external exposure were estimated to be 2.4 x 10“and 2.7 x 10 uSv, respectively. On the basis of these
estimates, the worldwide average annual dose to the public from exposure to cosmogenic radionuclides was
estimated to be approximately 12 pSv, predominantly due to'*C. This dose is the same as the value estimated
in the UNSCEAR 2008 Report, annex B [U19].
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3. Terrestrial radionuclides

(@) Outdoor external exposure

218. Naturally occurring radionuclides of terrestrial origin are present to various degrees in all media in
the environment. Exposure is mainly due to gamma radiation from external sources and beta and alpha
radiation from internal sources from radionuclides of the 25U and 2**Th decay series and “°K. Other
terrestrial radionuclides, such as those in the 2*°U decay series, ¥Rb, '3¥La, '¥7Sm, and '7°Lu, are present
in the environment at such low levels that their contribution to public doses are negligible.

219. The radionuclides of the uranium and thorium decay series in rocks are typically in secular
equilibrium, achieved when the activities of all members of a decay series are equal. In the surface
environment of the Earth, this equilibrium can be disrupted since the elements in the decay series show
a wide range of geochemical behaviour.

220. The distribution and mobility of the longer-lived isotopes of the decay chains of natural radionuclides
in the environment is summarized in figure XIII. The isotopes 2*U and #*U are in approximate secular
equilibrium, as they are separated by two much shorter-lived radionuclides, 2**Th and ***Pa. However, the
recoil of the decay product facilitates the environmental transfer of 2#U. Therefore, 2**U may be slightly
enriched relative to 2*U in groundwater [153]. The activity concentrations of ?°Ra may differ from 2**U in
certain soils. The half-life of radon is sufficiently long for it to be absorbed from the soil into the groundwater
or emanate into the atmosphere. Its longer-lived decay products, 2'°Pb and 2'°Po, contribute significantly to
the dose from inhalation or ingestion. Similar considerations apply to the **Th decay series. Radium-228
has a sufficiently long half-life to be separated from its parent, 22Th.

Figure XIII. lllustration of the environmental behaviour of natural radionuclides
The dashed arrows indicate radioactive decay; the vertical arrows show environmental redistribution: ‘red.’ refers

to reducing environment; ‘ox.’ to oxic conditions. The top row represents more mobile forms of the radionuclides;
the bottom row shows less mobile forms
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221. External exposures outdoors arise from terrestrial radionuclides present in soils. The specific levels
are related to the types of rock from which the soils originate. Activity concentrations of natural
radionuclides are in general higher in igneous rocks, such as granite, and lower in sedimentary rocks,
although radionuclide levels in some shales and phosphate rocks are relatively high. Spectrometric
measurements indicate that, with a typical composition of soil or building material, the gamma-emitting
radionuclides in the 23%U and 2**Th decay series and *°K, make similar contributions to the external
exposure in typical situations both outdoors and indoors. The absorbed dose rate in air can also be
measured directly. However, a reliable estimate of doses from these measurements is complicated by
methodological issues, such as the correction for cosmic rays, the positioning of the probes, or temporal
variations due to washout of radon decay products from the atmosphere.
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222. The evaluation of doses from external radiation due to natural radionuclides in this annex was based
on three sources of data:

(a) An extensive compilation of results of spectrometric measurements of radionuclides activity
concentrations in soil, sands, and rocks, published in peer-reviewed journals. The focus was on
laboratory measurements obtained using high purity germanium (HPGe) detectors or sodium iodide
(Nal) detectors with sufficiently long counting times to ensure good data quality;

(b) Data on radionuclide concentrations in soil obtained from the UNSCEAR Global Survey on
Public Exposure;

(c) Measurements of uranium, thorium and potassium in rocks and soils available from the
EarthChem database [E1].

223. These three sources were complemented by direct measurements of dose rates obtained from the
UNSCEAR Global Survey on Public Exposure. Where feasible the collected data on terrestrial
radionuclides in rocks and soil were used to predict concentrations for areas lacking data to allow for a
more detailed evaluation of terrestrial dose rate, on both a country level and a global scale.

224. A substantial amount of information on radionuclide concentrations in soils is available in the recent
literature as there has been expanded interest in mapping exposures in many countries, especially in those
where technical capabilities have increased significantly in recent years. However, surveys may focus on
areas potentially posing problems in terms of radiation safety, leading to an uneven coverage of territory.
To minimize possible bias towards higher activity concentrations in the present evaluation, data from
areas with enhanced levels of natural radiation were treated separately from data from areas with typical
levels of background radiation as discussed in section II1.B.3(c).

225. Activity concentrations in this annex are given in Bg/kg dry weight. Earlier UNSCEAR reports
accounted for soil activity concentrations under in situ conditions (i.e., Bq/kg wet weight). Although it is
standard in almost all publications to report activity concentrations in Bq/kg dry weight, values are
required in Bq/kg wet weight (i.e., in situ soil conditions) to calculate dose rates. In this annex a
dry-to-wet conversion factor of 0.81 was used, as recommended in the UNSCEAR 2000 Report [U15]
(see appendix A for more detail).

226. Table 10 summarizes average activity concentrations of the key terrestrial radionuclides for the
80 countries where information is available. Priority was given to results from the literature review. The
worldwide population-weighted average activity concentrations of 23U, 2**Ra, ?**Th and *“K in soils, dry
weight, are 30, 33, 42 and 512 Bg/kg. Compared to the activity concentrations published in the UNSCEAR
2000 Report, annex B [U15] and 2008 Report, annex B [U19], the new estimates for 2¥U and »*?Th are
approximately 25% lower. However, the new values are in good agreement with the average concentrations
of natural radionuclides in the upper continental crust of the Earth [G19]. There is a large variation in activity
concentrations, with reported maximum levels being between 6 to 11 times higher than the average values.
More detailed information is provided in electronic attachment A-2.

227. Using equation A.15 in appendix A, the global average of the population-weighted absorbed dose
rate in air from terrestrial gamma ray outdoors was estimated at 49 nGy/h, with an estimated uncertainty
of around 10%. This value is 18% lower than the previous estimate by the Committee, due to the lower
activity concentrations used for the radionuclides in the U and Th decay series in soil. Based on this dose
rate in air and using equation A.13 the annual worldwide average outdoor dose due to external exposure
to terrestrial radionuclides was estimated to be 0.06 mSv.
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228. The range of absorbed dose rate in air from terrestrial radiation outdoors was evaluated based on
the data extracted from the literature review after removing values from areas with high gamma
background radiation. The 5th and 95th percentiles were calculated to be 10 and 100 nGy/h, respectively.
Taking into account both the outdoor and the indoor exposures, the total annual dose from terrestrial
radiation was estimated to be in the range of 0.1 to 0.8 mSv, which is lower than the Committee’s previous
estimate (range: 0.3—1.0 mSv) [U15, U19].

229. Lithology was used as a predictor for radionuclide concentrations in soil and rock to estimate
population-weighted gamma dose rates from terrestrial radionuclides at country level. To predict
concentrations in areas where measurements were not available, proxy data, such as geological
information were evaluated using the global lithological map of OneGeology [O9] and Geographic
Information System (GIS). Significant differences in average radionuclide concentrations across
lithologies were identified. By considering the proportion of each lithology within a country and its
associated activity concentrations, estimates the average activity concentrations of 2**U, *?Th and *’K
were derived for every country. These estimates were used to calculate gamma dose rates from terrestrial
radionuclides for each country (see electronic attachment A-2). The resulting population-weighted
worldwide average absorbed dose rate in air was the same as the one presented in table 10. Consequently,
the Committee has concluded that it would be reasonable to estimate the terrestrial gamma dose rate using
the approach based on lithology, when country specific data are not available.

Table 10. Summary of country-average activity concentrations of natural radionuclides in soils and
rocks and relevant absorbed dose rate in the air

L: Literature review; E: EarthChem portal; G: UNSCEAR Global Survey on Public Exposure; AM: Arithmetic mean

Soil/rock activity concentration, dry weight Absorbed dose
Country Data (AM in Bq/kg) rate in air
source 238() 226Rg 22Th w0 (AMin nGy/h) ¢
Algeria L+E 32 50 42 320 43
Argentina L+E 27 32 35 638 48
Armenia L 77 30 37 438 62
Australia L 26 104 29 219 31
Austria L 32 42 474 48
Bangladesh L 37 27 48 452 53
Belarus L+G 1 24 15 387 24
Bosnia and Herzegovina L 44 33 34 377 45
Botswana L+E 10 35 42 433 39
Brazil L 79 40 67 796 89
Bulgaria G 40 42 48 602 59
Cameroon L 14 30 103 23
Canada L 21 26 30 641 44
China L 27 22 38 663 51
China, Taiwan Province L 17 36 31 423 36
Congo E 28 33 546 45
Croatia L 36 37 29 388 1
Cuba L 20 15 657 37
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Data Soil/rock activity concen tration, dry weight Absorbed dose
Country source (AM in Bq/kg) rate in air
2381 26Rq 227H 0 (AMin nGy/h) °

Cyprus L+G 7 23 19 628 39
Egypt L 17 23 16 237 22
Finland G 41 46 640 59
France G 38 38 38 568 52
Georgia L 39 53 880 70
Ghana L 12 31 22 242 23
Greece L 35 63 72 789 75
Hungary L 35 32 34 422 44
India L 27 37 54 471 52
Indonesia E 27 41 33 569 46
Iran (Islamic Republic of) L 50 35 38 488 54
Iraq L 27 18 15 255 26
Ireland E 52 67 471 68
Israel L+E 13 31 15 151 17
Italy L 56 48 39 723 64
Japan L+G 34 52 40 421 47
Jordan 30 38 20 258 30
Kazakhstan G 40 37 70 300 59
Kenya 52 28 63 897 81
Kuwait L 15 15 12 342 23
Lebanon L+G 27 62 24 246 30
Libya 1 28 675 4
Lithuania 34 20 525 40
Luxembourg 773

Madagascar E+L 25 29 29 588 43
Malawi L 59 43 656 65
Malaysia L 21 48 49 282 41
Mexico L+E 24 31 37 618 48
Montenegro L+E 104 18 26 283 61
Namibia L 57 48 371 57
Nigeria L 31 27 33 193 34
North Macedonia L 39 48 569 57
Norway E 25 38 776 54
Oman L 19 13 45 15
Pakistan L+E 8 39 50 554 46
Philippines G 68 69 282 68
Poland E 31 34 865 57
Portugal G+E 34 20 19 401 36
Qatar L 17 10 201 18
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Data Soil/rock activity c0f7centration, dry weight Absorbed dose
Country source (AM in Bq/kg) rate in air
sy 26gg 2527}, wog (AM in nGy/h) °
Republic of Korea L+E 26 65 83 1015 85
Russian Federation L 27 21 23 422 36
Saudi Arabia L+E 19 30 23 221 26
Serbia L 43 30 42 490 53
Slovakia G 29 33 689 50
Slovenia L 32 56 77 724 74
South Africa L+E 24 24 28 254 31
Spain L 30 21 22 493 39
Sri Lanka E 4 4 219 1
Sudan L 19 10 25 145 24
Sweden G 28 29 566 44
Syrian Arab Republic L+E 17 20 26 174 25
Tajikistan L+E 23 34 80 578 67
Thailand L 49 43 44 330 50
Turkiye L 28 42 32 484 43
United Republic of Tanzania L 52 36 564 56
United Arab Emirates L 15 6 231 17
United Kingdom G 31 31 33 411 42
United States of America G 23 41 26 363 34
Vietnam L+E 41 39 56 396 56
Yemen L 29 39 1042 65
(KuTj«:rOUNSC res. 1244) L 17 27 340 31
State of Palestine L 41 28 262 38
:"l’:;';:hn'weighted 30 33 a2 512 49

@ Activity concentration of *°Ra was used when activity concentration of U was unavailable, assuming secular equilibrium in
the 28U decay chain.

(b) Exposure indoors and building materials

230. A summary of new data on radionuclide activity concentrations in building materials
complementing the information provided in the UNSCEAR 2000 and 2008 Reports [U15, U19], is
given in table 11. The new values are slightly lower than those reported in the UNSCEAR 2008 Report,
annex B and in an extensive review of building materials from Europe [T21]. The table shows a high
variability of activity concentrations of the three natural radionuclides 2*°Ra, 2**Th and “°K. Higher
activity concentrations were measured in some natural stones and in materials containing residues from
NORM industries. For example, the maximum value for *?Ra for the brick and tiles category in
table 11 is five times higher than the AM, while the 23>Th activity concentration in siliceous rocks can
be 15 times the average value. Trevisi et al. [T21] reported maximum values of 906 Bq/kg for *Th in
igneous plutonic rocks used as superficial building materials. For phosphogypsum, a NORM residue
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which may be used in the cement industry, the authors report activity concentrations of °Ra up to
1,406 Bqg/kg. However, average activity concentrations of natural radionuclides in the majority of
building materials or their constituents, are comparable (e.g., concrete and cement) or lower
(e.g., wood and natural gypsum) than those measured in soils.

231. Building materials are sources of radiation and simultaneously provide shielding against outdoor
radiation. In wooden and lightweight houses, both the contribution of the walls as a source of radiation
and their shielding effect against the outdoor radiation are negligible and the absorbed dose rate in air
indoors can be lower than outdoors. Accordingly, the shielding factor provided by the walls is close to
unity or lower. In contrast, in houses made of brick, concrete or stone, the gamma rays emitted outdoors
are efficiently absorbed by the walls, and the indoor absorbed dose rate depends mainly on the activity
concentration of natural radionuclides in the building materials. Indoor absorbed dose rates in this type
of dwellings tend to be higher, with shielding factors typically close to two or higher.

Table 11. Worldwide average activity concentrations of natural radionuclides in materials used in the
construction industry

Concrete includes aggregate, sand, and gravel. Cement includes all types of cement. Brick and tiles include clay
and ceramics. NORM residues are phosphogypsum, fly ash and slag.

Data are from the literature and the UNSCEAR Global Survey on Public Exposure (for more details refer to
electronic attachment A-2)

Activity concentration (Bq/kg)
Group n? 2%Ra 22Th 0K
AM® GM* GSD¢ AM® GM* GSD* AM® GM*© GSD*

Concrete 156 30 17 24 20 15 3.0 300 158 6.7
Cement 284 40 30 1.8 20 20 2.0 200 173 22
Brick and tiles 246 50 27 2.2 60 38 1.7 500 391 1.9
Marble 116 20 12 3.2 10 3 58 100 47 6.2
NORM residues 84 170 91 29 920 66 3.1 300 122 3.2
Siliceous rock 198 80 44 3.2 90 51 3.6 900 640 3.2
Natural gypsum 59 30 15 25 20 8 7.7 100 59 25
Wood ¢ 20 10 200

¢ The number of data (n) includes single values as well as averages.

b AM: Average of the arithmetic mean from literature review and the arithmetic mean from the UNSCEAR Global Survey on
Public Exposure; the values are rounded to the next 10 Bg/kg (100 Bg/kg in the case of “’K).

¢ GM/GSD: Geometric mean and geometric standard deviation calculated based on the results from the literature review.

4 Average values taken from [B26].

232. Information on distributions of indoor exposures derived from direct measurements is not extensive,
but doses can be estimated using information on soil, shielding, and building materials. One approach is
to evaluate the indoor dose rate using models based on radionuclide activity concentrations in building
materials and standard room geometries. However, detailed information on composition and market
shares of building materials and building styles is often not available. Therefore, the Committee continues
to use the approach from previous UNSCEAR reports, which estimates the indoor dose rate by
multiplying the corresponding outdoor dose rate by a globally averaged shielding factor.
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233. Although detailed statistics on the types of dwellings were not available for this annex, wooden
houses and other relatively light constructions make up an important part of dwellings in many countries.
Thus, the shielding factor that should be applied to estimate worldwide average indoor doses from
building material would be lower than the one for concrete buildings. Based on outdoor and indoor dose
rates reported by several countries through the UNSCEAR Global Survey on Public Exposure, the
average ratio of the indoor to outdoor terrestrial dose rate, after correction for the contribution from
cosmic rays was estimated at 1.2 (see electronic attachment A-2). Considering previous information
provided in its previous evaluations, the Committee has recommended that the previous value for the
shielding factor of 1.4 should be retained to estimate the worldwide average dose from indoor exposure
to terrestrial radionuclides.

234. Based on average outdoor dose rate of 49 nGy/h, a shielding factor (SF;,,,) of 1.4 and an indoor
occupancy (0;,,) of 0.8 and applying equation A.16 in appendix A, the annual worldwide average indoor
dose from external exposure to terrestrial radionuclides was estimated at 0.34 mSv. Adding the contribution
from the outdoor external exposure gives a total annual worldwide average dose due to external exposure
from terrestrial radionuclides of 0.4 mSv. This new estimate is lower than the Committee’s previous
estimate of 0.48 mSv, due to the lower estimates of the activity concentrations of 2**U and **Th in soil
adopted in this annex. The range of total annual dose from terrestrial radiation was estimated at 0.1-0.8 mSv.

(c) High gamma background radiation areas

235. In this annex, a statistical approach is used to identify areas with high gamma radiation from soils
and rocks. Such areas are referred to as ‘high gamma background radiation areas’ rather than ‘high
background radiation areas’ since the latter often includes areas with high indoor radon concentrations.
Areas with high indoor radon concentrations are treated separately in sections I11.A.2 and I11.A.3.

236. The complete dataset of activity concentrations of 233U, 22°Ra, *?Th, and *“’K in soil compiled from
the literature review was analysed by country and region to identify the extreme high values (EHVs),
defined statistically as values above a threshold equal to the third quartile plus three times the inter-
quartile range [T24]. The process was repeated by recalculating the threshold after the EHVs were
removed until no EHVs were left in the dataset. All the activity concentrations identified as EHVs were
verified against their sources, taking into consideration the geological setting. If a set of values was found
to be representative of a specific area, this region was classified as a high gamma background radiation
area. Data for these areas were evaluated separately, while single outliers were returned to the original
dataset for further standard statistical analysis. By applying this purely statistical approach, which
excluded subjective expert judgment, absorbed dose rates in air were found to vary by about two orders
of magnitude, across different high gamma background radiation areas. However, it should be noted that
these areas are country-specific, and their identification depends on the level of background radiation in
that country. The analysis was also limited by the amount of information collected, since a larger dataset
related to background radiation and better coverage of a country’s territory would allow high gamma
background radiation areas to be identified more accurately.

237. More than 50 new high gamma background radiation areas around the world were identified
through the review of publications in the open literature performed for this annex, mainly in Africa and
Asia. For each type of area, some examples are provided in table 12. More detailed information on the
high gamma background radiation areas identified for this annex, are given in electronic attachment A-2.

238. About half of the identified high gamma background radiation areas are associated with igneous
intrusive rocks, such as granites, granodiorites and thorium-rich carbonatites. These areas include the
regions of Paraiba in north-eastern Brazil and the newly identified Mamuju area in West Sulawesi
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(Indonesia). The second largest group consists of monazite and zircon coastal areas, characterized by
beach sands or placer deposits which have high levels of thorium; the Kerala region in India is a notable
example. Another type occurs where fault fluids enriched in radium, deposited from the waters when they
emerge to the surface as springs, create thermal water areas; examples of this type have been identified
in Africa, East Asia, and West Asia. Finally, uranium deposit areas include sedimentary uranium deposits
hosted in sandstone and conglomerate, such as those in Tiirkiye, which are characterized by high
concentrations of uranium and associated *°Ra.



Table 12. Activity concentration in soil and rock and absorbed dose rates in air measured in some areas with different types of geology around the world with high gamma
background

AM: Arithmetic mean; GM: Geometric mean; Min: Minimum; Max: Maximum

Soil/rock activity concentration, dry basis (Bq/kg) ° Absorbed

dose rate in

Country Area =8y 2Ra 22Th K air (nGy/h)®
AM ‘ GM ‘ Min-max AM ‘ GM ‘ Min-max AM ‘ GM ‘ Min-max AM ‘ GM ‘ Min-max AM

MONAZITE AND ZIRCON COASTAL AREAS

India Kerala 936 282 3-6 023 60 33-98 4952 820 7-41 280 530 258 22-2531 2774
Malaysia Penang Island 1023 354 24-2 641 2086 626 37-5622 381 373 296-495 1408
. Western Province
Sri Lanka 450 7-3150 2100 11-19600 220 14-1 210 1196
(Kaluthara)
URANIUM DEPOSIT AREAS
Amman
Jordan Governorate (Khan | 2262 1133 70-3 927 339 62-661 21 18-25 228 179-308 861
Al Zabib)
Troms og Finnmark
Norway (Orrefjell, 433 138 10-2 000 873 281 33-6 800 13 8 1-29 374 275 41-630 181
Salangen)

Tiirkiye Manisa Province 2011 | 514 24-9800 55 53 29-80 801 774 410-1215 1139
(Koprubasi )

RARE EARTH ELEMENT DEPOSITS (PLACERS)

Republic of Sakha

Russian (Yakutia)-Aldan 47 34 15-102 563 | 253 | 49-1403 | 970 | 923 635-1375 324
Federation Highlands (placer
Vasilievka)
Northwest Region
Vietnam (Lao Cai Province, 213 117 23-1635 250 119 21-3 633 866 280 41-15160 876 611 124-3 788 530

Bat Xat District)
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Soil/rock activity concentration, dry basis (Bq/kg) °

Absorbed

dose rate in
Country Area =8y 2%Ra Z2Th “K air (nGy/h)®
AM ‘ GM ‘ Min-max AM ‘ GM ‘ Min-max AM ‘ GM ‘ Min-max AM ‘ GM ‘ Min-max AM
URANIUM AND THORIUM AREAS (IGNEOUS INTRUSION)
Brazil . Paraiba 27994 | 10282 1847-199 384 18 265 8514 1979-85049 | 3137 | 1559 381-26458 14191 13724 10268-24 229 12438
(Sdo Mamede)
Indonesia W?;;asm“'u"’}":)es' 9660 | 1437 | 41-65455 1019 | 907 | 320-2195 | 7286 | 1117 | 58-195296 | 665 403 116-5710 7163
Dhale Governorate
Yemen L 1319 647 42-3 089 4929 | 2203 370-12513 1427 1255 702-2954 2936
(Juban District)
THERMAL WATERS
South Sinai
Egypt (Ras Sedr)-Abu 849 510 157-2 082 29 16 6-120 51 49 30-67 332
Sweera
Iran (Islamic Mazandaran
Republic (West, including 1189 12-57 500 65 1-1150 545 259-847 493
of) Ramsar)
Surat Thani
Thailand Province-Khao- 3057 1527 151-10 201 126 83 12-408 198 109 24-571 1207
Than hot spring
OTHERS
Indonesia Kei Islands 2162 863 8-6 326 70 45 1-157 31 23 3-99 840
Jordan Zarqa Governorate | ;g 12-943 214 13-1040 22 11-37 249 120-483 115
(Zarqa)
Malaysia Johor 138 114 38-300 217 172 56-513 199 143 6-363 164

¢ The values shown are AM; GM; min—max. GM and min-max may not be available for certain areas. Other parameters of distributions are available in electronic attachment A-2.

® The conversion factor for soil (dry to wet basis) of 0.81 was applied.
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4. Internal exposures

(@) Internal exposures from ingestion

239. Doses from ingestion are mainly due to “°K and the radionuclides in the 28U and %*?Th series present
in foods and drinking water. Potassium is uniformly distributed within the body, mainly associated with
muscle tissue, and its concentration is homeostatically controlled. This means that the amount of “’K in the
human body is controlled by physiological processes and largely independent of the intake of “’K and any
residual intake is rapidly eliminated from the body. As potassium is mainly found in muscles, the average
whole-body concentration of K for females is lower than for males and results in a corresponding
difference in the internal dose. For example, whole-body measurements on young adults from Switzerland
showed average concentration of 57 Bq/kg for females and 70 Bg/kg for males [Y9]. A further difference
exists between the dose to adults and the dose to children. Since these effects are biologically controlled,
the estimates of annual doses for “’K given in the earlier UNSCEAR reports [U15, U19] remain unchanged:
0.165 and 0.185 mSy for adults and children, respectively.

240. Exposures from ingestion of other natural radionuclides depend on the ingestion rates of foods and
drinking water and on their radionuclide activity concentrations. Doses were estimated in this annex for
nine radionuclides; results are given in this section for the four radionuclides that contribute the most to
the dose from ingestion: 2!°Po, 2!°Pb, 22®Ra, and ??°Ra. The complete results of the dose assessment are
given in electronic attachment A-2.

241. Table 13 gives median activity concentrations of the four most relevant radionuclides. The
concentrations were taken from IAEA Safety Reports Series No. 114 [148] which also provides a detailed
statistical analysis (see electronic attachment A-2). It should be noted that some of the activity
concentrations in the report are likely to be cautious estimates, due to several potential biases, such as
preference given to areas where high activity levels were expected, even though no significant
discrepancies were observed between information in published papers and data collected as part of
national monitoring programmes [148]. Also, the activity concentrations in the report do not take account
of the decay during storage or losses due to cooking. Since radioactive decay of 2'°Po in seafood during
storage is known to be significant, a correction factor of 0.81 [J20] was used in this annex and replaces
the correction factor of 0.6 used in the UNSCEAR 2000 Report [U15].

242. Another potential source of overestimation is the assumptions made to derive the ingestion rates for
some food subcategories. For example, the ingestion rate for the food category ‘meat and offal’, is the
combination of three different subcategories: eggs, meat and offal. Ingestion rates are given in
appendix A; electronic attachment A-2 provides details of how these ingestion rates were derived.

243. Worldwide average annual doses from ingestion of 2'°Po, 2!°Pb, *®Ra and ??Ra in food were
estimated using equation A.17 and are presented in the bottom row of table 13. The assessment of doses
from ingestion of other natural radionuclides (3*¥U, 24U, 2*°U, 228Th, °Th and 2**Th) was based on the
methodology described in the UNSCEAR 2000 Report [U15] since the data provided for those isotopes
in IAEA Safety Reports Series No. 114 [I48] are less comprehensive. The total annual dose from
ingestion of radionuclides of natural origin in food was estimated at 0.25 mSv. Detailed information on
how the doses were calculated is given in electronic attachment A-2.



68 UNSCEAR 2024 REPORT

Table 13. Worldwide average annual effective dose for adults from ingestion of terrestrial
radionuclides other than “K

Median activity concentration (Bq/kg)“

Food category Sopg 2opl rg oy other Annual dose (mSv)
Cereals 0.14 0.15 0.12 0.12 0.05
Vegetables and fruit 0.09 0.11 0.18 0.10 0.08
Milk and dairy products 0.04 0.04 0.02 0.03 0.007
Meat and offal 0.16 0.18 0.08 0.04 0.02
Freshwater fish 0.99 0.23 0.84 0.48 0.01
Marine fish 24 0.20 1.75 0.27 0.03
Crustaceans 9.38 0.14 0.40 0.06 0.01
Molluscs 25.1 2.00 0.19 0.20 0.04
Annual dose (mSv) 0.13 0.04 0.06 0.01 <0.005 0.25

¢ Primary source is IAEA Safety Reports Series No. 114 [I48] concentrations, or the average of medians for several food
subcategories, if applicable. For details, refer to electronic attachment A-2.

b Activities of ?'°Po in seafood are shown in this table as given by the IAEA at the time of analysis, but dose calculations are
carried out after application of a 0.81 correction factor for 2!°Po in seafood.

244. The total dose from ingestion of natural radionuclides other than *°K calculated in this annex is
compared with other estimates in table 14. The dose estimated in this annex is a factor of approximately
2 higher than the one in previous UNSCEAR reports [U15, U19], due in large part to the higher activity
concentrations in food, particularly of 2!°Po, in the IAEA Safety Reports Series No. 114 [I48]. This
increase in the dose does not reflect a temporal upward trend in the activity concentrations, but rather the
fact that more data on activity concentrations in food are available. Additionally, doses from ingestion
given in IAEA Safety Reports Series No. 114 [148], were based on dietary studies which tend to be lower
than estimates based on radionuclide concentrations in single foods, due to fact that they use activity
concentrations in food measured in food when consumed. It should be noted that the relative contributions
of the different radionuclides to the total are similar.

245. Doses from ingestion of drinking water were not included in the estimate presented in table 13.
IAEA Safety Reports Series No. 114 [148] assessed the GMs of various radionuclides in natural mineral
water. Based on these values and assuming an annual consumption rate of 0.5 m*/a, the worldwide
average annual dose would be 0.04 mSv if all water consumed was mineral water. In practice, drinking
water typically includes both mineral and tap water, and an analysis of data from the literature review
indicated that activity concentrations in tap water are generally lower than in mineral water. Taking these
differences into account, and assuming a combined annual consumption of 0.5 m’/a of both mineral and
tap water, the worldwide average annual dose was estimated at about 0.02 mSv. More information on
how this dose was calculated is provided in appendix A; complete results are provided in electronic
attachment A-2. For consumption of tap water, there is an additional dose due to ingestion of radon of
0.003 mSv (see section II1.A).

246. The total worldwide average annual dose to adults from ingestion of terrestrial radionuclides (e.g.,
40K, and radionuclides in the **Th and 238U decay series) was estimated at 0.5 mSv.
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Table 14. Reported worldwide average annual effective dose due to ingestion of natural radionuclides
other than “°K in foods (excluding water) from various international studies

Ingestion
Reference Approach dose (mSv)

UNSCEAR reports Dose calculated from radionuclide concentrations in food and annual 0.12

[U15,U19] consumption of food according to equation 9
IAEA Safety Reports Dietary studies (all radionuclides) 0.19

Series No. 114 [148]
This annex UNSCEAR 2000 Report [U15] approach with updated concentration data 0.25

from IAEA Safety Reports Series No. 114 [I48] combined with regional
ingestion rates from the UNSCEAR 2016 Report [U24], with a correction factor
for 2'%Po

(b) Internal exposure from inhalation

247. Inhalation of natural radionuclides other than radon makes only a minor contribution to internal
exposure. These radionuclides are present in air because of the suspension of soil particles. Assuming a dust
loading of 50 pg/m* and activity concentrations of 23¥U and *?Th in soil of 25-50 Bg/kg, the activity
concentrations in air would be 1-2 uBg/m?. These values are consistent with direct measurements, although
they are affected by a large variability, due to factors such as climate and type of soil. Another factor
affecting the variability of activity concentrations of terrestrial radionuclides in air is the contribution to the
dust loading of air from burning fuels, because fly ash contains significant concentrations of uranium,
although its organic content is usually deficient in uranium compared with soil. In addition, at coastal
locations, concentrations of uranium in air may be an order of magnitude lower than in continental or
industrialized areas inland.

248. The UNSCEAR 1993 Report, annex A [U13] provides representative values of the activity
concentrations of terrestrial radionuclides in air which were also adopted in this annex, because of the
lack of new information. The activity concentrations ranged from 0.05 uBg/m® for 2°U to 500 uBg/m*
for 2!%Pb. The concentrations of the other radionuclides were: 50 pBg/m? for 2°Po; 1 uBg/m® for 38U,
226Ra, 22%Ra and 2**Th; 0.5 uBg/m® for 2**Th and »*°Th. The age-weighted annual dose due to inhalation
of radionuclides from the uranium and thorium series in air was estimated to be 0.006 mSv [U15].

249. Smokers may receive additional doses due to intake of 2!°Pb and 2'°Po present in tobacco. Based on
data from the literature on activities of >!°Pb and ?'°Po in cigarettes, the average activity of both radionuclides
in one cigarette was estimated to be 16 mBq. According to Desorgher et al. [D18], the annual dose to people
smoking 20 cigarettes a day for similar activity concentrations is 0.3 mSv (see electronic attachment A-2).

C. Enhanced sources of NORM

250. Activities related to the extraction and processing of ores can lead to enhanced levels of natural
radionuclides in raw materials, products, residues, and wastes. Following the approach of the UNSCEAR
2008 Report, annex B [U19], NORM industries are grouped into eight categories: (@) uranium mining and
milling; (b) metal mining and smelting; (c) phosphate industry; (d) coal mines and power generation from
coal; (e) oil and gas drilling; (f) rare earth and titanium oxide industries; (g) zirconium and ceramic
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industries; and (%) groundwater treatment. Exposures from discharges operating uranium mines and mills
are discussed in section [V.A 2.

251. Pathways of public exposure associated with NORM industries are site-specific and depend on
local scenarios. Recent work under the EU project RadoNORM [M41], summarized typical public
exposure scenarios for the different categories of NORM industries: (@) exposure in the vicinity of
smaller water bodies (e.g., streams or small lakes), which receive discharges of liquid effluent
containing NORM; (b) exposure in the vicinity of disposal sites for NORM waste; and (c) exposure
during recreational time spent in the vicinity of old NORM-affected legacy sites. External exposure
generally occurs when accessing residual tailings or processed materials, which in some cases may
have been transported offsite. Exposure from inhalation of radon and radon decay products is most
significant on site but may also contribute to the dose received by people who reside nearby. Internal
exposure from ingestion of water, crops or animal products from affected areas can further contribute
to the doses. Overall, the number of locations with potential for public exposure from NORM industries
is very limited, and resulting doses are usually low.

1. Metal mining and smelting

252. The concentrations of uranium and thorium in metalliferous ores vary with geological formation
and region. NORM in the metal mining and smelting industry include the ores themselves, intermediate
streams, metal concentrates, tailings, and smelter slags. For some metals (e.g., copper, aluminium, iron,
steel), large bulk waste streams can create potential public exposure scenarios, as some processes
concentrate specific radionuclides. Depending on their geochemical affinities, radionuclides tend to
accumulate in different materials: actinium associates with lanthanum; radium with barium and calcium;
and polonium with tellurium and selenium [R4].

253. Activity concentrations of natural radionuclides in feed material for smelting of metals, such as
aluminium, copper, iron, lead, niobium, tin, zinc, and gold as well as in most slags and other wastes are
generally low, when considering. Activity concentrations of natural radionuclides in intermediary
products and wastes, however, depend on the initial content of the ore and on the type of process used to
extract the metal. In the case of thermal processes, a large part of the radionuclide content is concentrated
in metallic slags, such as those produced in the tin industry [V6].

254. Activity concentrations of natural radionuclides in the niobium industry may be high; for example
activity concentrations of *?Th in pyrochlore are between 10 and 80 Bq/g [V6]. Activity concentrations
of 228Ra in barium sulphate waste in one niobium facility in Brazil were as high as 200 Bq/g, while those
of 22Th in the slag reached 117 Bq/g. The main exposure pathways for public exposure are contamination
of groundwater with radium isotopes and external exposure to slag with high thorium content [112, P27].

255. Exposures due to inhalation of suspended material from tin and niobium slag used as landfill have
also been reported [V6]. In South Africa, the gold deposits from deep underground mines have low-grade
uranium associated with them. Since 1952, 170,000 tonnes of U3Og have been recovered as a by-product
of gold mining. Some six billion tonnes of mining tailings, containing about 500,000 tonnes of uranium
and 200 kg of 2°Ra, have been generated. New tailings are being generated at an annual rate of 86 million
tonnes. Elevated activity concentrations of *°Ra up to 1.7 Bq/L were measured in the discharges. Annual
doses to nearby populations were estimated to be up to 0.04 mSv due to ingestion of water and up to
0.086 mSv due to ingestion of fish. Annual doses due to ingestion of terrestrial foods were much lower,
ranging up to about 0.002 mSv. Annual doses to the public due to inhalation of radon and of dust from
the tailings were estimated to be about 0.04 and 0.02 mSv, respectively [W24].
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2. Phosphate industry

256. Global phosphate deposits are estimated to be 163 billion tonnes. Most of these deposits are of
sedimentary origin, with as little as 4% being of igneous origin. More than 75% of the known reserves of
phosphate rock in the world are found in Morocco and Western Sahara [129]. Phosphate ores of
sedimentary origin typically contain about 1.5 Bq/g of uranium and radium, (range: 0.2-2 Bq/g), although
uranium concentrations in some phosphate rocks can be as high as 20 Bq/g [129]. Ore is processed to
produce fertilizer, and the resulting waste is calcium sulphate dihydrate, known as phosphogypsum. The
fertilizer is enriched in uranium (up to 150% relative to the ore), while 80% of the *°Ra, 30% of the 2**Th
and 14% of the uranium are left in the phosphogypsum [V6]. In general, phosphate ores of sedimentary
origin have higher concentrations of radionuclides of the uranium family. Phosphate minerals in
magmatic rocks, such as those from Kola (Russian Federation), and Phalaborwa (South Africa), contain
lower concentrations of radioisotopes of uranium and higher concentrations of radioisotopes of thorium,
although the total activity concentration is lower than that from sedimentary minerals [V6].

257. Activity concentrations of *U and ?*2Th in phosphate rock originating from sedimentary and
igneous deposits in Europe are generally in the range 0.01-1.85 and 0.04—0.65 Bq/g, respectively; activity
concentrations of ***Ra, 2!°Po, and 2!°Pb are similar to that of >**U indicating that they are in secular
equilibrium. Data collected through the UNSCEAR Global Survey on Public Exposure are consistent
those given in IAEA Safety Reports Series No. 78 [129].

258. Activity concentrations of natural radionuclides in phosphate-based products may vary significantly
depending on the raw material used, as well as on the different technological processes employed. From
the available data, radionuclides of natural origin in the mineral fertilizers, detergents, and lime nitrates
are found to be below 1 Bq/g. Activity concentrations of **U up to 1.3 Bg/g were only found in
phosphoric acid, similar to values previously reported for the Netherlands (Kingdom of the) [M43] and
Spain [B34]. Higher concentrations of 2'°Pb and 2'°Po in comparison to other natural radionuclides were
measured in furnace dust and insoluble acid-residue minerals—up to 0.9 and 1.7 Bq/g, respectively.
However, the majority of the information provided through the UNSCEAR Global Survey on Public
Exposure reported the accumulation of radium salts in the form of scale in metal parts, pipes, vessels,
filters and tubes of facilities in the phosphate, with activity concentrations of **Ra and ***Ra up to
4,200 and 53 Bq/g, respectively. Similar findings were previously reported by the IAEA [129].

259. During the initial on-site processing of the raw material to separate the valuable minerals from
waste rock and impurities, three main fractions are obtained in similar proportions by mass. The first
fraction is composed of muds containing approximately 45% of the total activity. The second fraction
consists mainly of silica sands and contains low levels of radionuclides (<10% of the total activity).
Finally, the third fraction (approximately 45% of the total activity) is the commercial phosphate rock and
contains radionuclides in the 238U decay series in secular equilibrium with activity concentrations of the
order of 1 Bg/g [B34, D32, G9, M9, O13, QI, S18].

260. Phosphogypsum is still present in large quantities worldwide; it was used widely in the past, for
example, in agriculture and the construction industry, but was also considered waste and discharged to
water bodies for permanent disposal. Following the introduction of more stringent environmental
protection regulations, the disposal of phosphogypsum to water bodies ended while public concern also
led to a significant reduction in the use of phosphogypsum. Information provided for European countries
through the UNSCEAR Global Survey on Public Exposure included activity concentrations in
phosphogypsum of 22°Ra up to 4 Bqg/g, 2!°Pb up to 0.71 Bq/g and 2'°Po up to 0.95 Bq/g. The low solubility
of 2!%Pb and 2!°Po in phosphogypsum prevents their migration through the environment (e.g., adjacent
aquifers), while its low resuspension rate makes their radiological impact rather limited [GS5].
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261. Public exposure related to mining and processing of phosphate rock are very low regardless of the
pathway, because these operations tend to be undertaken in remote areas and involve materials with low
activity concentrations [D1, L29, Q1, S26, U32]. Most rock processing operations are conducted under
wet conditions. Under unfavourable wind conditions, exposure to radionuclides in airborne dust
generated by the crushing, milling, and drying of rock is possible. The migration of radionuclides from
mining and waste management facilities into water bodies could result in the contamination of drinking
water and foods but doses from this exposure pathway are not expected to be significant, particularly
because process water is usually recycled within the facility [A15, A18, D1, Q1].

262. Dust created during the ore crushing carried out in phosphoric acid plants tends to become rapidly
deposited in the vicinity of the source and is unlikely to be transported to nearby residential areas [A33,
129, O12]. Public exposure from contamination of surface water bodies is considered negligible because
process water is generally recycled from the phosphogypsum tailings back into the acidulation process.
Standard environmental protection requirements generally ensure that water discharged from the facility
is treated to reduce radionuclide concentrations to acceptable levels.

263. Public exposure associated with the production or use of fertilizers containing phosphate is not
regarded as a significant concern [M9]. Activity concentrations of ??°Ra, 2*U, 2!°Pb, 2'°Po and #*'Th in
phosphogypsum used as a soil amendment in the south of Spain reported in a study by Enamorado et al.
[E26] were about 600, 100, 500, 500 and 400 Bg/kg, respectively. The study estimated maximum annual
external doses of about 0.02 mSv, with doses from all other exposure pathways being negligible. Some
studies indicated that the application of fertilizers containing phosphogypsum to soil, generally at a rate
of the order of 1 t/ha, increases the activity concentrations of natural radionuclides in foods by less than
1% above background concentrations [E25, E26, H18].

264. Some studies have measured the activity concentration of natural radionuclides in different
materials containing calcium phosphates for animal feed, and in the tissues of animals (e.g., muscle and
bone). A maximum annual dose from ingestion of chicken meat was estimated to be of the order of
0.01 mSv [C9, C10].

265. Phosphate tailings, known as phosphogypsum stacks, are, in many cases, not adequately confined
and the migration of radionuclides through water is the main route of exposure. Despite this, exposures
of members of the public, irrespective the pathway involved, are likely to be very low because mining
operations tend to be conducted at considerable distances from residential areas and involve materials
with relatively low activity concentrations [G27, G28, H17]. Studies in Spain and Florida (United
States) have concluded that the annual doses received by the public from exposure to airborne aerosols
generated by the phosphate tailings are lower than 1 uSv [B35]. A hard crust on the surface of inactive
stacks essentially prevents resuspension and subsequent inhalation of phosphogypsum particles.
Several studies have determined the doses received by workers and the public when actively working
on phosphogypsum stacks. The annual doses from external exposure to gamma radiation received from
stacks containing phosphogypsum from Morocco were estimated at about 0.3 mSv, assuming a
cautious occupancy of 2,000 h/a [M9]. Public exposure may also result from releases of radon and
particulate matter to the atmosphere. The 2*’Rn exhalation rate from dry surfaces of inactive
phosphogypsum stacks can be relatively high, with values one to two orders of magnitude higher than
the typical values for soils of around 40 Bgq/m? h [D32]. The exhaled radon is quickly diluted in the
atmosphere and the increase in radon concentration decreases with distance and is generally less than
a few Bq/m® at 1 km from the pile. The fresh radon coming from the piles has a low equilibrium factor;
therefore, the increase in annual dose for the most exposed members of the public was estimated to be
less than 1 mSv.
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3. Coal industry and power generation from coal

266. The typical average activity concentration of both 2%U and *’Th in coal is around 20 Bq/kg
(range: 5-300 Bq/kg), with a U/Th ratio generally greater than one [112, L6, U15, U24]. During the burning
of coal, the organic compounds are converted into gases, while the naturally occurring radionuclides are
concentrated in the coal combustion residuals that include fly ash, bottom ash and slag [L6, V6]. In general,
the radionuclide enhancement factor in ash is about 10 (range: 3—20). Due to their volatility, '’Pb and 2'°Po
are particularly enriched in the fly ash. As stated in the UNSCEAR 2000 Report, annex B [U15], a small
amount of fly ash can be emitted into air. Typical annual emissions by a 600 MW coal fired power station
are 0.4 GBq for *'°Pb and 0.8 GBq for *'°Po. Aerial discharges of NORM from modern plants is lower
because they have more efficient filter systems [U24].

267. The UNSCEAR 2016 Report, annex B [U24] applied a comprehensive methodology to assess
public exposure due to atmospheric discharges from electricity generation coal-fired power plants, from
coal ash disposed in landfills and discharges from coal mining. Annual doses due to atmospheric
discharges from a coal-fired | GW power plant running for one year received by a typical person living
in the area around the discharge point were estimated to be in the range of 0.03—0.4 puSv [U24]. Global
average dose for the year 2010 was estimated to be of the order of 0.1 pSv, mainly due to the emission
ofradionuclides bound to fly ash and of radon. Doses associated with coal mine tailings were not included
in the dose assessment because the radioactive content of coal mine tailings does not differ significantly
from background concentrations of natural radionuclides in soil [U24].

268. There are few restrictions on the use of fly ash in landfill and road construction because leaching from
this material is low. The use of fly ash for building construction, however, results in exposure from external
radiation. Disposal of fly ash to surface facilities may increase the radiation level around the disposal site.
The most significant exposure pathways are ingestion and inhalation of !°Pb and '°Po [Z1].

269. There are about 50 underground coal mines in the Upper Silesian Coal Basin in the southern part of
Poland. Activity concentrations of radium up to 390,000 Bq/m® have been measured in the water flowing
from these mines mainly in the southern and central parts of the basin, where a thick layer of impermeable
clay overlies the coal seams. Water from coal mining is discharged into surface settling ponds and into
rivers from there. In some cases, radium isotopes are coprecipitated with barium in these ponds or are
absorbed on bottom sediments [C19, W25]. Slags derived from coal mined in the vicinity of the town of
Tatabanya in Hungary have elevated concentrations of 2*°Ra (range: 0.85-2.4 Bq/g). The slag is used as
filling and insulating material for the construction industry and as fill for playgrounds and roads [N14].

4. Oil and gas production

270. During the extraction process for oil and natural gas, radionuclides of natural origin from underground
formations are mobilized and brought to the surface. Activity concentrations of 2°Ra and ?*®Ra and their
decay products in NORM released by oil and gas industries are often elevated, particularly in production
waters. During extraction, radium and lead are coprecipitated along with barium and strontium and
deposited in scales in tubing or discharged with effluents. Mean concentrations in wastewater of 2?°Ra and
228Ra of 4 and 2 Bq/L, respectively, have been reported, but can be higher by a factor of 50 [I11, I12]. The
most radiologically significant radionuclides in the scales and other precipitates from the oil industry are the
isotopes of radium, with activity concentrations ranging from 10 to 100 Bg/g. Activity concentrations in
sludges are typically a factor of 10 lower. Some NORM wastes, however, contain *°Ra and **®Ra with
activity concentrations up to several hundreds of Bq/g or more [A19, A20, I11]. The decay of radon in
natural gas can result in high activity concentrations of >'°Po and ?'°Pb deposited inside pipes [V6].
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271. Waterborne pathways provide the most significant contribution to the dose to people living near oil
and gas extraction facilities, mainly from external exposure to gamma radiation and inhalation of radon
[R3]. However, no information on public exposures associated with the extraction of oil and natural gas
was found in the literature review or provided through the UNSCEAR Global Survey on Public Exposure.

5. Rare earth and titanium oxide industries

272. The rare earth elements (REE) comprise the 15 lanthanide elements, yttrium and scandium.
Compounds containing REE have many applications in electrical and electronic components, lasers,
glass, magnetic materials, and general industrial processes [F3]. Bastnaesite and monazite are the most
important minerals containing REE. Typical activity concentrations in bastnaesite range from 0.9 to
1.2 Bq/g for radionuclides in the 233U decay series, and from 0.7 to 7 Bq/g for radionuclides in the *2Th
decay series. Conversely, typical activity concentrations in monazite vary between 10 and 50 Bq/g for
radionuclides in the 23*U series and between 5 and 350 Bq/g for radionuclides in the 2**Th series. Activity
concentrations of *Th in REE ores are typically in the range of 1-5 Bg/g with somewhat higher
concentrations in heavy mineral sand, up to 16 Bq/g [126]. The activity concentrations of 2**U in these
ores may also be higher than natural background but typically remain below 1 Bq/g.

273. The ores are processed to obtain a heavy mineral fraction containing rare Earth minerals by
chemical treatment for extraction and isolation of the REE of interest. The radionuclide activity
concentrations in some specific solid residues obtained during this process can be high. For example,
activity concentrations of 2**Th measured in barium-sulphate residues and of 2**U in lead-iron residues
from the Bayan Obo REE mine in China were 89 and 57 Bq/g, respectively [126].

274. Public exposure during the mining and processing of REE may occur from the storage and disposal
of solid residues and liquid effluents. The annual dose received by people residing near the Bayan Obo
City area in China was reported to be 0.044 mSv. The annual dose from exposure to gamma radiation
attributable to bricks containing slag from the same area was estimated to be about 0.2 mSv [126]. The
same report concludes that public exposure in the REE mining area at Mount Weld (Australia) was not
of concern, with gamma dose rates being at background levels.

275. In areas with deposits of heavy mineral sand, annual public doses from exposure to external gamma
radiation can be up to several millisieverts. Studies from mining areas in India showed that the external
dose rate was substantially lower after completion of mining activities and site remediation compared to
the dose rate before mining started [126]. Annual doses received by members of the public from the
shallow land burial of waste from monazite processing plants can reach 0.25-0.3 mSv [126].

276. For titanium production, activity concentrations of radionuclides in the ***U and ***Th decay
series in amang, the mineral concentrate left after mining of tin ores, in Southeast Asia were reported to
be in the range of 1 to 3.2 and 0.6 to 1 Bq/g, respectively. Activity concentrations in concentrates of
single minerals, such as monazite or xenotime can reach several hundred Bq/g for radionuclides in both
the 28U and 23?Th decay series [126]. Activity concentrations of the radionuclides in the *Th decay series
in ilmenite sands are typically higher (range: 10-500 Bq/g) than those of the radionuclides in the
28U series (range: 1-30 Bq/g) [127]. Higher activity concentrations of up to 1,000 Bg/g or more were
reported in scales generated during production of titanium dioxide pigment. However, activity
concentrations of radionuclides in pigments are generally very low [112].

277. Members of the public may be exposed to natural radionuclides in the vicinity of industries handling
titaniferous feedstocks due to external gamma radiation from bulk quantities of material or from
inhalation of dust, but the doses are negligible [G8]. Further potential exposure pathways arise from the
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management of solid residues and the discharge of effluents from the feedstock upgrading process. These
pathways may include external exposure to gamma radiation, inhalation of dust and ingestion of
contaminated food and water. However, measures consistent with good environmental practice should
be sufficient to ensure that exposures do not become significant [127].

278. An environmental assessment for a facility producing titanium by the sulphate process, with full
neutralization of acid effluent to produce red gypsum, concluded that members of the public did not receive
any additional doses associated with the operation of the facility [127]. The same conclusion was reached
about the production of titanium by chloride process, as long as residues with higher activity concentrations
are handled and disposed of correctly.

6. Zirconium and ceramic industries

279. Zircon, also referred to as zirconium silicate (ZiSOs), is recovered during the processing of heavy
mineral sands. In general, zircon sand has elevated activity concentrations of radionuclides in the 23U
and #*?Th decay series. Typical activity concentrations of 28U and ***Th are 3 and 0.6 Bg/g [U19],
respectively; higher values can be detected in other materials which are not widely exploited on a
commercial scale [K47]. Most zircon sand is used for the manufacture of zirconia, also known as
zirconium dioxide (Zi03), ceramic pigments, glazed tiles, sanitary ware, and abrasives. It is also used for
foundry sands and mould washes and in the production of refractory materials. For many of these
applications, zircon sand is milled into smaller particles, in some cases down to particle sizes of less
than 5 pm. Modern zircon milling operations maintain a high standard of dust control. Zirconia may be
manufactured by melting zircon sand in a very high temperature furnace. Most of the 2!°Pb and *'°Po in
the feed material end up in the silica fume, which is removed by a fume collection system. Activity
concentrations of 2'’Pb and 2!°Po in particulate matter in silica fumes are reported to be up to 200 and
600 Bq/g, respectively [B2].

280. Activity concentrations in baddeleyite or zirconia are more variable with typical activity
concentrations between 3,000 and 13,000 Bg/kg for radionuclides in the 23U series, and between 100 and
26,000 Bg/kg for those in the 2*?Th series [119]. Assessments performed in several countries indicate that
the maximum annual dose received by an individual outside the facility would be less than 1 puSv from
discharges to water and 56 uSv from emissions to atmosphere; doses to people living nearby were
estimated to be negligible [119].

7. Groundwater treatment

281. Some drinking water supply systems treat groundwater to remove impurities or contaminants, such
as iron, manganese or arsenic. The filter gravels and filter sands used for this purpose often also remove
the naturally occurring radionuclides contained in the drinking water. Iron hydroxides or manganese
oxides which precipitate on the filters efficiently sorb radium isotopes. Uranium is sometimes removed
using ion-exchange resins. Depending on the service life of such filters, relatively high concentrations of
radionuclides can build up even with low-radionuclide concentrations in the water. An investigation of
filter sands and gravels from Germany reported maximum activity concentrations of 2*U, 2*°Ra, ?**Ra
and !°Pb of 2.5, 42, 13 and 2 Bg/g, whereas, maximum activity concentrations of *¥U and ?**U in
uranium-adsorbing resins were 670 and 830 Bq/g, respectively [D33]. The same study found activity
concentrations of 2*¥U, 22°Ra, and ?*Ra between 0.01 and 10 Bg/g in activated charcoal filters. Filter
sludges, which are continuously removed, show lower levels of radioactivity.
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282. Kleinschmidt and Akber [K25] calculated the dose to a suburban resident in southeast Queensland
(Australia) assumed to have acquired 40 m? of groundwater treatment sludge for use as soil conditioner
in a residential vegetable garden. The source term was based on the maximum sludge activity
concentration (100 Bg/kg). The dose assessment also assumed that 10% of leafy vegetables consumed
by the residents were produced from the garden. An annual dose of 0.21 mSv was estimated, with 89%
being associated with external gamma dose, 9% with ingestion of food and the remainder with inhalation
of dust and radon and ingestion of soil. The study also concluded that in a conventional water treatment
plant, liquid waste with enhanced concentrations of radioactivity would generally be recycled within the
treatment plant and therefore the public exposure would be negligible.

283. Hot, anoxic, and saline geothermal groundwater readily dissolves radium and radon. When this
water is pumped as a heat source for geothermal plants, these radionuclides may be released or form
deposits in the plants. Residues with an enhanced content of natural radionuclides result primarily from
the use of deep water with high salinity. Regenspurg et al. [R15] reported the activity concentrations of
naturally occurring radionuclides in filter residues at a geothermal site in the North German Basin. The
highest activity concentrations were measured for 2*°Ra (range: 1-102 Bq/g), *®Ra (range: 1-75 Bg/g)
and 2!°Pb (range: 0.7-24 Bq/g).

D. Summary on public exposure from natural sources

284. Worldwide average annual effective doses from natural sources of ionizing radiation are
summarized in table 15. The total worldwide average annual dose was estimated at 3.0 mSv, about
25% higher than the previous estimate of 2.4 mSv [U15, U19]. This increase mainly reflects more
comprehensive datasets and higher-quality data, particularly for inhalation of radon and thoron and
dietary intake of radionuclides. Table 15 also presents the ranges of the main dose components.

285. The doses in table 15 represent global averages intended as reference values or benchmarks for
comparison purposes rather than actual doses received by people at specific locations. While doses
from individual exposure pathways typically follow a log-normal distribution, correlations among
pathways can lead to significant variations in the distributions at regional levels [U19]. These reference
values can support assessments of population exposure to natural radiation and comparisons with doses
from human-made sources.
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Table 15. Summary on global public exposure from natural radiation sources

Source and pathway of exposure Chag;ii;f:g;‘;iﬁ?;‘;x ual Dose range® (mSv)
INHALATION EXPOSURE

Radon (*?Rn) and decay products 1.4(1.15) 0.3-7.5
Radon (*?Rn) and decay products (indoors) 1.3(1.05) 0.3-7°¢
Radon (**2Rn) and decay products (outdoors) 0.10 (0.10) 0.01-0.5¢
Thoron (**Rn) and decay products 0.36 (0.10) 0.15-3.2
Thoron (**Rn) and decay products (indoors) 0.34 (0.09) 0.15-3¢
Thoron (**Rn) and decay products (outdoors) 0.02 (0.01) 0.01-0.15¢
Terrestrial radionuclides 0.006 (0.006)
Total inhalation exposure 1.8(1.3) 0.3-11 (0.2-10)

COSMIC RADIATION EXPOSURE

Indoors 0.23
Outdoors 0.07
Total cosmic radiation exposure 0.3 (0.38) 0.2-0.8 (0.3-1.0)

EXTERNAL TERRESTRIAL RADIATION EXPOSURE

Indoors 0.34(0.41)

Outdoors 0.06 (0.07)

Total external terrestrial radiation exposure 0.4 (0.48) 0.1-0.7 < (0.3-1.0)
INGESTION EXPOSURE

4K 0.17 (0.17)

Uranium and thorium series in food 0.25(0.12)

Drinking water (radon) 0.003 (0.002) 0.001-0.03¢

Drinking water (other radionuclides) ¢ 0.02

Cosmogenic radionuclides 0.01 (0.01)

Total ingestion exposure 0.5 (0.29) 0.2-1.0 (0.2-1.0)

TOTAL
Total exposure 3.0(2.4) 1-14(1-13)

¢ Refer to table Al in appendix A for occupancy, shielding, equilibrium factors, inhalation rate, food and water ingestion rates,

and dose coefficients.
b Result of previous evaluation [U19].
¢ Range of country averages.

¢ Range of regional averages.

¢ Natural radionuclides other than radon and its short-lived decay products.
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1. Radon and thoron

286. The methodology for assessing public exposures from radon and thoron [U15, U18, U19, U27] was
expanded to improve consistency and evaluate the representativeness of concentrations measured in
national and regional surveys. Criteria were applied to survey design (e.g., population- versus
geography-based), measurement parameters (e.g., duration, number of measurements, detector
placement), and population coverage to improve the quality of the data. This approach will make the
results of future UNSCEAR evaluations more comparable and improve the analysis of trends.

287. As in previous reports [U15, U18, U19, U27], inhalation of radon, thoron, and their decay products
remains the predominant contributor to public exposures to natural radiation, accounting for about 60%
of the total annual dose (1.8 mSv). The worldwide reference value for indoor radon concentration in this
annex reflects broader coverage—63% of the global population compared with 37% in the UNSCEAR
2006 Report [U15, U18, U9, U27]. The population-weighted AM was estimated at 50 Bg/m?, higher
than the previous estimate of 40 Bq/m?®.

288. Data from regional surveys showed that radon concentrations indoors vary widely due to geological
and environmental factors, with some areas exceeding 1,000 Bg/m?®. Globally, concentrations follow a
log-normal distribution, with a GM of 33 Bg/m* and a GSD of 2.7 Bg/m®. National averages can change
over time, due to the introduction of novel building practices and technologies which help reduce radon
levels indoors, although thermal retrofitting and reduced ventilation can increase concentrations.

289. Coverage of data on radon outdoors, thoron indoors and outdoors, and radon in water remains
limited, making dose estimates for these pathways less reliable than for indoor radon. Furthermore, about
37% of the world’s population—mainly in Africa and Latin America—Ilacks representative national
indoor radon surveys. The Committee recommends that countries conduct and periodically repeat such
surveys using comparable methodologies to track trends.

2. Cosmic radiation and terrestrial radionuclides

290. The worldwide average annual effective dose from cosmic radiation was estimated at 0.3 mSv,
lower than the Committee’s previous estimate of 0.38 mSv [U19]. This estimate was derived using a
comprehensive model with a higher resolution for the population distribution by altitude and latitude,
enabling a more detailed assessment of the exposure from cosmic rays to be performed.

291. For public exposure during aircraft flights, doses received by passengers on individual flights were
estimated to be low, ranging from a few to several tens of microsieverts. However, frequent flyers may
receive doses comparable to those from natural radiation. Annual collective doses have tripled between
2003 and 2019, driven by the global increase in air travel.

292. Measurements of radionuclide concentrations in soils, drawn from the literature and supplied
through the UNSCEAR Global Survey on Public Exposure and a geochemical database [E1], were
analysed after excluding areas with high gamma background radiation. The resulting worldwide average
annual external dose from terrestrial radiation was estimated at 0.4 mSv, a slightly lower value than the
previous estimate of 0.48 mSv [U19].

293. Doses due internal exposure from “°K in the body and ingestion of natural radionuclides were
evaluated using the established UNSCEAR methodology [U15]. Analysis of recent data indicated that
activity concentrations of 2!°Po, 2!°Pb and 2*®Ra in food were higher than previously reported, increasing
the estimated worldwide average annual ingestion dose to about 0.5 mSv.
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294. Areas with high gamma background radiation were categorized through a statistical screening of
radionuclide concentrations in soil. Several new potential high gamma background radiation areas were
identified through this process. Because the variability of indoor radon concentrations depends on a
number of factors unrelated to activity concentrations of ***Ra in soil, the correlation between high
gamma background areas and indoor radon levels is weak.

295. NORM industries worldwide can lead to public exposure from enhanced concentrations of
naturally occurring radionuclides in products, by-products, and wastes, as well as through the disposal
of residues to landfill or their use as building materials. Significant efforts are underway at national
and international levels to assess exposure associated with NORM and develop strategies for managing
such situations [D10, 118, 176, M42]. Annual doses to the public associated with the NORM industry
are generally very low, typically only up to a few microsieverts.

V. PUBLIC EXPOSURE FROM HUMAN-MADE RADIATION
SOURCES

296. This chapter evaluates sources of human-made ionizing radiation and exposures of the public
associated with these sources. In this annex sources of human-made ionizing radiation have been divided
into the following categories:

(a) Exposure associated with nuclear power production and related nuclear fuel cycle facilities;
(b) Applications other than nuclear power production;

(¢) Military use of nuclear and radioactive materials;

(d) Exposure associated with radiological accidents and past peaceful practices;

(e) Radioactive waste management;

() Transport of nuclear and radioactive material.

A. Nuclear power production and related nuclear fuel cycle
facilities

297. The Committee has routinely collected data on radionuclide discharges from the operation of NPPs
and related facilities and evaluated the associated public exposure. The UNSCEAR 1993 Report [U13]
provided an overview of annual routine discharges of radionuclides from the main types of NPPs and
other facilities in the nuclear power production cycle since the practice of commercial nuclear power
generation began. Data for uranium mines and mills, NPPs, and reprocessing plants were provided for
the years 1985-1989 [U13]. Data for the period 1990-1997 were presented in the UNSCEAR 2000
Report [U15], while operational data for NPPs and uranium mining for the periods 1998-2002 and
1998-2003, respectively, were provided in the UNSCEAR 2008 Report, annex B [U19]. Exposures from
electricity generation, including nuclear power production, were also presented in the UNSCEAR 2016
Report [U24]. This annex provides data for the period between 2007 and 2020 and an assessment of
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associated public exposure. As illustrated in figure XIV, the net generation of electricity was relatively
stable over the period between the previous and this annex (2002—2007), such that the discharges in the
intervening period are unlikely to have been significantly different from those presented in this annex,
and broadly consistent with data for the representative year of 2009.

298. The generation of electrical energy by nuclear means grew steadily since the world’s first
commercial NPP, Calder Hall at Windscale (United Kingdom) started operating in 1956 until the early
years of the current century, when capacity and electricity generation reached a plateau. The relatively
rapid expansion in energy generation that occurred from 1970 to 1985, at an average annual rate of over
20%, slowed to a rate averaging around 3% per year from 1990 to 2000, as illustrated in figure XIV.
Between 2003 and 2010, net generation continued at a steady level of around 300 GW a. There was a
significant reduction of around 6% between 2011 and 2012, following the accident at the Fukushima
Daiichi NPS; since then, net generation has increased steadily to reach the previous level of around
300 GW a. Since 2005, more than 80 reactors closed; 5 were shut down because of the accident at the
Fukushima Daiichi NPS; 27 were closed prematurely, while the remaining 50 reactors were closed having
fulfilled their purpose or being no longer economical to run [W19]. In 2020, there were 442 operating
NPPs in 32 countries, representing a total capacity of 393 GWe and a net generation of 291 GW a, 5
connections to the grid and 52 NPPs under construction. Conversely, 172 NPPs were at various stages of
the decommissioning process with 20 having been fully decommissioned [156].

Figure XIV. Trends in the capacity of operational and suspended nuclear reactors and net generation
worldwide [156]
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299. The nuclear power production cycle includes the mining and milling of uranium ore and its
conversion to nuclear fuel; the fabrication of nuclear fuel elements; the production of energy at nuclear
power plants (NPPs); disposal of spent nuclear fuel or its reprocessing, with the recycling of the fissile
and fertile materials recovered; and the storage, discharge, treatment, and disposal of radioactive waste.
For some types of NPPs, enrichment of the isotopic content of **°U in the nuclear fuel is an additional
step in the nuclear fuel cycle. The nuclear power production cycle also includes the transport of
radioactive materials between various facilities. Public exposures associated with discharges from
radioactive waste facilities are considered in section IV.B, while those related to the transport of
radioactive materials are dealt with in section IV.F.
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300. Public exposure resulting from radioactive discharges from facilities in the nuclear power
production cycle were assessed in previous UNSCEAR reports [U15, U19, U24]. Given that the
electricity generation profile does not generally vary significantly year-to-year on a regional or global
scale, trends in normalized releases and the resultant doses from discharges from NPPs and associated
processes are presented for two representative years in the period 2007-2020. The first representative
year, 2009, was chosen to represent the period before the accident at the Fukushima Daiichi NPS, while
the second, 2016, was chosen to represent the period after the accident when manufacturing had settled
into a more normal pattern.

301. Doses to the public from exposure to effluents discharged by nuclear installations vary widely from
one facility to another, between different locations and with time. To evaluate the total impact of
radionuclides released at each stage of nuclear power production, the exposures have been evaluated in
terms of collective dose per unit electrical energy generated, expressed as person—-Sv/(GW a) The
UNSCEAR 2016 Report [U24] also included an assessment of the public exposure from other forms of
electricity generation, such as coal, natural gas, oil, and geothermal energy. This assessment indicated
that the normalized collective dose from electricity generation from coal was between two to over three
times greater than that from nuclear power production facilities, depending on the age of the coal plants
involved. The normalized collective dose from geothermal technologies was also greater than nuclear
power production, while the corresponding values for natural gas and oil were lower [U24].

1. Outline of dose assessment methodology

302. Doses to the public from radioactive discharges of operating nuclear fuel cycle facilities, including
uranium mines and mills, in this annex have been estimated using the dose assessment methodology
described in UNSCEAR 2016 Report [U24]. A review of the methodology was performed as part of this
evaluation to ensure that model parameter values and habit and dosimetric data were up to date. Details
of the review and of the changes made to the methodology are provided in this section, in appendix A
and in electronic attachment A-3.

303. The dose to a characteristic individual was calculated in the 100th year following a continuous
discharge at the rate for the year under consideration, which is equivalent to the integrated dose to 100 years
from a single year’s discharge [U24]. Collective doses were also calculated for discharges in a single year
integrated to 100 years. When developing the methodology, the Committee considered that 100 years was
a reasonable basis for the calculation as it covers the lifetime of individual NPPs and the possibility that
additional NPPs may be constructed on the same site. The environmental models in the methodology take
account of the accumulation of radionuclides in the environment over the integration period.

304. For atmospheric discharges, a Gaussian model was used to simulate the dispersion and deposition
of radionuclides released to the atmosphere. Estimates of doses for discharges to atmosphere were based
on the population distributions around coastal or inland NPPs, using updated population distributions
generated for the different regions adopted by UNEP [U24]. The inland or coastal location of NPPs was
determined from information provided in the PRIS database [156].

305. The model for dispersion of radionuclides to freshwater is a simple dilution model which considers
two generic types of rivers, small and large. The model used for the dispersion of radionuclides in the marine
environment is a simple two-compartment model (e.g., a local compartment and a regional one). Further
information on these models is provided in appendix A.

306. Collective doses to the world population for four globally circulating radionuclides (*H, '“C, ¥Kr
and '¥T) were integrated to 500 and 10,000 years in addition to 100 years to evaluate the long-term



82 UNSCEAR 2024 REPORT

component of exposures arising from the discharge of these radionuclides. The Committee adopted these
integration times using the approach described in the UNSCEAR 2016 Report [U24]. The longer
integration periods are included for globally circulating radionuclides to take account of the fact that these
radionuclides continue to contribute to the collective dose beyond 100 years. However, it should be noted
that the collective doses calculated for longer time periods have increasing uncertainties associated with
them and are not intended to be used for risk estimations.

307. The Committee updated its methodology to include aquatic discharges from uranium mines and
mills to the freshwater environment [U24]. The updated methodology also takes account of the effect of
different tailings management practices, on atmospheric releases related to different water coverage in
arid and non-arid areas. Further information is provided in appendix A and in electronic attachment A-3.

2. Uranium mining and milling

308. Uranium ore can be extracted by physically removing it through conventional surface or
underground mining methods or by chemically dissolving the uranium out of the rock ore through either
heap leaching or in-situ leaching (ISL) [U48]. Surface mining techniques—also referred to as opencast,
open pit or strip mining—are applied to ores that are close to the surface. Underground mining involves
extracting rock through a tunnel or opening on the side of a hill or mountain and is generally applied for
the extraction of higher-grade ores. In-situ leaching is generally applied to shallow deposits that exist in
non-porous shale or mudstone, or in situations where uranium can be recovered from otherwise
inaccessible or uneconomical formations [U48].

309. Uranium ores typically contain from about 0.05 to 0.3% of uranium oxide (U3Os) [U48], although
some higher-grade ores exist (e.g., some ores in Canada contain from 4 to 11% of U3Og [O3]). The mined
uranium ore is sent to a mill for its processing, usually located close to the mine. Milling involves the
extraction and purification of uranium from the uranium ore. After an initial purification process, uranium
is precipitated in a partially refined form of uranium oxide concentrate, known as yellowcake. The
uranium concentrate, typically containing 75-95% of uranium, is shipped to a chemical plant for further
purification and chemical conversion [E27].

310. In-situ leaching is an alternative method to extract uranium through an ion-exchange process, and
the yellowcake is then precipitated, dried and packed. After recovery of the uranium, wastewater
containing various dissolved ions, such as chloride, sulphate, sodium, radium, arsenic and iron, is
re-injected into approved disposal wells in a depleted portion of the ore body [U24].

311. In the past, open pit and underground mining were the main methods used to extract uranium.
However, over the last 20 years, ISL has become the dominant method. In 2020, around 58% of the world
production of uranium was from ISL, while around 19 and 16% was derived from open-pit and underground
mining, respectively [O3]. The remaining 7% was recovered as a by-product of other mineral processing.
According to the 2022 edition of the Joint NEA/IAEA Report on Uranium Resources, Production and
Demand [O3], 17 countries produced uranium in 2020 with a total production of 47,342 tonnes of uranium.
A summary of global production of uranium in 2020 is presented in table 16.

312. Since 2018, there has been a general reduction in uranium production in major producing countries
as shown in figure XV, with the exception of Niger, largely due to depressed market prices and reduced
activity resulting from work restrictions following the COVID-19 pandemic [O3]. Data from the World
Nuclear Association indicate that, in 2022, over half of the world’s uranium production was derived
from 10 mines distributed among 5 countries: Australia, Canada, Kazakhstan, Namibia and Niger [W17].
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Table 16. Uranium production in 2020 [O3]

Country (UNEP Region) Uranium production in 2020 (tonnes U)
Australia (Asia and the Pacific) 6195
Canada (North America) 3878
China (Asia and the Pacific) 1600°
Czechia (Europe) 34
India (Asia and the Pacific) 540¢
Iran, Islamic Republic of (Asia and the Pacific) 21¢
Kazakhstan (Asia and the Pacific) 19477
Namibia (Africa) 5412
Niger (Africa) 2991
Pakistan (Asia and the Pacific) 457
Russian Federation (Europe) 2 846
South Africa (Africa) 627
Ukraine (Europe) 711
United States (North America) 8¢
Uzbekistan (Asia and the Pacific) 3512¢
Total 47 342°
¢ NEA/IAEA estimates.

b Small production from mine rehabilitation in Germany and Hungary included in the total, although not listed separately.

Figure XV. Trends in world uranium production® [03]
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(@) Effluents and solid waste

313. The mining and milling processes create waste residues in addition to the uranium product, such as
waste rock piles and tailings accumulated as a result of the mining operations carried out in open pits and
underground mines. It has been estimated that uranium mill tailings are generated at a rate of about
1 tonne per tonne of ore extracted, and they generally retain 5-10% of the uranium and 85% of the total
activity [U19]. The long-lived precursors of radon present in the mill tailings, namely **Ra and **°Th,
provide a long-term source of radon release to the atmosphere.

314. In-situ leaching facilities generate no surface tailings and limited radon emissions after closure
[U10]. Radon is, however, released during the ISL process [B4, B5] and waste slurries and wastewater
arise during recovery of the uranium. In non-arid environments, discharges of radon to the atmosphere
are not expected due to the presence of water covering uranium tailings, but discharges to the aquatic
environment may Occur.

315. Inprevious assessments [U15, U19, U22], the average normalized radon releases were derived from
the limited data available. For the purposes of the UNSCEAR 2016 Report, the radon release rate from
non-ISL mines was estimated at 66 TBq/(GW a), while the corresponding values for other mines, milling
and operational milling operations were each estimated at 3 TBq/(GW a) and 0.1 TBq/(GW a) for mill
tailings from non-ISL processes [U24]. Data for releases of other radionuclides from milling activities,
normalized to electricity generation, were also presented [U24].

316. In this evaluation, doses arising from discharges from mines and mills have been calculated based on
information supplied by Australia, Canada, Czechia, and the Russian Federation through from the
UNSCEAR Global Survey on Public Exposure and the data from OECD/NEA [O3]. The Committee’s
previous assessments did not explicitly address exposures from aquatic effluents from mines and mills and
the management of tailings by water cover. However, the UNSCEAR Global Survey on Public Exposure
provided estimates not only of emissions of radon and decay products resulting from current tailings
management practices, such as saturation and water coverage, but also from discharges of radionuclides in
the uranium decay series to the aquatic environment. Typical annual discharges are summarized in table 17.
These discharges are averages over a five-year period between 2007 and 2020 chosen to represent typical
operational discharges from the facility; consequently, the five-year period varied between facilities. It
should be, however, noted that the data submitted through the UNSCEAR Global Survey on Public
Exposure are only representative of non-ISL facilities (e.g., open pit, underground and by product
production). No information was available for ISL facilities, which is the dominant production method. As
a consequence, discharge data for ISL facilities to estimate worldwide average values were derived from
information available in the UNSCEAR 2016 Report [U24].



Table 17. Typical annual discharges from uranium mines and mills averaged over a five-year period between 2007 and 2020

Average annual discharges from uranium mines and mills (GBg/a)
Radionuclide Australia Canada Czechia Fizsefrisgon
Olympic Dam Ranger Cigar Lake Key Lake McArthur River | McClean Lake Rabbit Lake 0.z. TUU 0.z. GEAM PPGHO
ATMOSPHERIC DISCHARGES
219Pp 1.0x 107 3.0x 107 2.5%x10"
210po
22Rn 3.1x10° 2.1x10° 3.8x10°
2Ra 3.1x10? 44x10° 14%x103
Z0Th 35x10° 50x10?
32Th 4.1 x10°
B4y 4.1x10° 1.3x 107 2.1x10° 2.2x10°
28y 4.1x10° 1.2x 107 2.0x10° 2.1x10° 44x10* 2.3x10?
LIQUID DISCHARGES

21%pp 79%x10?% 6.9 X 10 5.0% 107 7.3x 107 2.7%x107 1.9x10°
21%Po 1.9%x103 3.1x10? 1.2x107 3.8x 107 1.1x107 3.5%x10° 1.1x10°
22Rn
22Ra 27x103 7.9%x10? 1.6x 107 1.3%x10? 3.1x10? 3.5x%x10" 6.3 x 107 3.0x10"
Z0Th 3.5x 10?3 6.9 x 107 2.5x 107 1.9%x10? 8.5x 107 3.8x10°
32Th
V) 9.1x 103 24x107 24x107 8.2x 107 3.5x 10°
V) 8.8x10° 23x10" 24x107 8.2x 107 35x%x10° 1.2x10° 1.7 x10° 1.6 %10’

98 NOILYIAYH SNIZINOI OL 34NSOdX3 DI7dNd 40 NOILYNTVAST :d XINNV
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(b) Dose estimates

317. Annual doses to the characteristic individual associated with the uranium mining and milling
facilities for which discharge data were available are presented in table 18. The highest annual
characteristic individual dose was 9.5 uSv, for the Priargunsky Mining and Chemical Production
Association (PPGHO) facility in the Russian Federation. The corresponding annual doses estimated for
the other facilities ranged from 0.001 to 0.7 uSv.

Table 18. Annual doses to characteristic individual from discharges from mines and mills

Annual dose to characteristic individual (mSv)
Country Site
Atmospheric discharges Liquid discharges All discharges

Olympic Dam 42x10* 42x10*

Australia
Ranger 1.3x10% 1.3x10°
Cigar Lake 2.0x10° 2.0x10°
Key Lake 23x10* 1.8x10* 4.1x10*
Canada McArthur River 3.4x10* 3.4x10*
McClean Lake 23x10* 1.5x10* 3.8x10*
Rabbit Lake 7.0x10* 7.0x10*
0.z.TUU 22x10°% 1.8x10* 1.8x10*

Czechia

0.z. GEAM 1.7x10° 8.6x10° 1.0x10*
Russian Federation PPGHO 46x 103 49x%x103 9.5%x 103

318. Collective doses integrated to 100 years for uranium mines and mills for which discharges were
provided through the UNSCEAR Global Survey on Public Exposure are presented in table 19. Collective
doses from atmospheric discharges were calculated assuming that the facilities are located in areas with
very low population density, while those from liquid discharges were based on the model for discharges
into a small river. All the facilities in the table are non-ISL facilities which accounted for around 42% of
the global uranium production in 2020 [O3]. The table shows that the total collective dose to the world
population integrated to 100 years from a single year’s discharges from these non-ISL facilities was
estimated to be around 0.6 person—Sv. The collective dose was scaled up using the global uranium
production for 2020 to estimate a collective dose for all non-ISL facilities of 1.3 person—Sv. No discharge
data were made available to calculate a total collective dose to the world population for ISL facilities,
which were therefore calculated based on the normalized collective dose per unit energy production of
0.22 person—Sv/(GW a), given in the UNSCEAR 2016 Report [U24], and the proportion of annual
uranium production from ISL facilities for 2020. The collective dose to the world population from ISL
was estimated at 29 person—Sv, while the overall collective dose to the world population due to discharges
from uranium mines and mills was estimated at 31 person—Sv.

319. Using the nuclear power generation for 2020 of 291 GW a [156], the normalized collective dose
from a single year’s discharges per unit energy production was estimated to be around
0.11 person—Sv/(GW a). This is a factor of two lower than that given in the UNSCEAR 2016
Report [U24], which was based on more limited data and past management practices. Nevertheless,
significant uncertainties remain due to the limited data on discharges provided through the UNSCEAR
Global Survey on Public Exposure, most notably the lack of information for ISL facilities, which
represent the dominant production method for uranium.
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Table 19. Collective doses integrated to 100 years due to a single year’s discharges from uranium
mines and mills

Collective dose from uranium mines and mills (person-Sv)
Country Site Atmospheric discharges Liquid )
. All discharges
Local Regional Total discharges

Olympic Dam 29x%x10° 1.4 %102 1.7 x 102 1.7 x 102

Australia
Ranger 9.1 x10° 43x10* 52x10* 52x10*
Cigar Lake 1.3x10°% 1.3x%x103
Key Lake 1.7 %103 7.9x10° 9.5x10? 1.1x10? 2.1x 107
Canada McArthur River 2.1x10? 2.1x10?
McClean Lake 1.6%x103 7.7x10° 9.3x10° 9.6 x10° 1.9x 102
Rabbit Lake 44%x10? 4.4%x10?
0.z.TUU 1.5%x107 7.4x107 8.9x 107 1.1x10? 1.1%x102

Czechia
0.z. GEAM 2.7 x10* 1.3%x103 1.6%x103 51x10? 6.7 x 103
Russian PPGHO 33x10? 16x 10" 19107 | 3.1x10° 50% 10"
Federation

Worldwide 4,0x 102 1.9x 107 23 %107 4.1%x 107 6.4%x 10"

3. Nuclear fuel manufacturing

320. Nuclear fuel manufacturing include uranium conversion and enrichment and nuclear fuel
fabrication. As of 2023, there were 12 commercial facilities for the conversion of uranium oxide, of
which 9 were operational, and 21 for the conversion of UF,4 and UFs, of which 11 were operational. These
facilities are located in Canada, China, France, and Russian Federation. There were also 23 facilities for
uranium enrichment, of which 14 were operational, located in France, Germany, Netherlands (Kingdom
of the), Russian Federation, the United Kingdom, and the United States, and 84 nuclear fuel fabrication
facilities existed, of which 41 were operational, 10 being decommissioned within one year, and 2 fully
decommissioned [149].

321. Radioactive discharges from nuclear fuel manufacturing facilities are generally low and consist
mainly of radioisotopes in the uranium decay series. Discharges for nine uranium conversion facilities,
three uranium enrichment installations and seven nuclear fuel fabrication plants, located in various
countries, were provided through the UNSCEAR Global Survey on Public Exposure and were used to
calculate doses to the characteristic individual and collective doses for the representative years 2009 and
2016. The annual doses to the characteristic individual for conversion and fuel fabrication facilities were
estimated to be a small fraction of 1 uSv (further information is given in electronic attachment A-3).

322. Collective doses integrated to 100 years due to a single year’s discharges in 2009 and 2016 from
fuel manufacturing facilities were at around 0.9 and 0.5 person—Sv, respectively (see table 20). The
largest contributions are from installations in Europe and North America. These values are similar to the
collective dose from a single year’s discharges of 0.8 person—Sv estimated for the period 1998-2002 in
the UNSCEAR 2008 Report, annex B [U19]. The annual doses to characteristic individual were estimated
to be negligible, typically of the order of less than 1 pSv. The highest doses were estimated for
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Springfields (United Kingdom), for which annual doses to the characteristic individual were 1.4 and
0.7 puSv for the representative years of 2009 and 2016, respectively.

323. Normalized worldwide collective doses for nuclear fuel manufacturing facilities were calculated by
dividing the worldwide collective dose by the average global electricity generation values for 2009 and
2016 0£292 and 282 GW a, respectively. The values of 0.003 and 0.002 person—Sv/(GW a) are consistent
with the value of 0.003 person—Sv/(GW a), given in the UNSCEAR 2008 Report, annex B [U19],
although uncertainties associated with this estimate are significant, mainly due to the discharge data being
incomplete. Information on UFs global capacity for conversion, enrichment and fabrication of nuclear
fuel for 2020 [W18], suggests that the sites for which discharge data were provided represent around
70% of the world conversion and enrichment capacities and around 30% of the fabrication capacity,
although this latter value is based on data for fuel rods alone.

Table 20. Collective doses integrated to 100 years due to a single year’s discharges from nuclear fuel
manufacturing for representative years 2009 and 2016

Collective dose for nuclear fuel manucaturing facilities (person-Sv)

Region Year Atmospheric discharges
Liquid discharges | All discharges
Local Regional Total

2009 6.8 x10° 1.3%x10° 2.0x10° 5.0x10° 7.0%x10°
Asia and the Pacific

2016 8.9x%x10° 1.7x10° 2.6x%x10° 2.1x10° 4.7 x10°

2009 7.6 x10? 2.2x 10" 3.0x10" 52x10° 3.1 %107
Europe

2016 5.5x 107 1.7 %107 22x107 1.0%x 102 23x 107
Latin America and 2009 | 86x10° 42x10° 13x10* 24x10° 25%10°

the Caribbean 2016 | 7.2x107 3.5%107 1.1x10° 9.6%10° 9.7%10°

2009 1.8%x 10" 3.1x 10" 5.0x 10" 1.1x10%? 5.1%x10"
North America

2016 9.0x 10 1.5x 10" 24 %107 2.8x%x 103 2.5%x 10"

2009 2.7 x 107 6.2 % 10" 9.0x 10" 2.7 X107 9.2x 10"
Worldwide

2016 1.5x 107 34x10" 49x 107 1.8 x10% 5.1x10"

4. Nuclear power plants

324. Nuclear reactors used for the generation of electrical energy in NPPs are for the most part classified
according to their coolant systems and moderators: (@) light-water-moderated and -cooled pressurized- or
boiling-water reactors (PWRs or BWRs); (b) heavy-water-cooled and -moderated reactors (HWRs);
(c) gas-cooled, graphite-moderated reactors (GCRs); and (d) light-water-cooled, graphite-moderated
reactors (LWGRs). These are all thermal reactors, in which the moderator material is used to slow down
the fast fission neutrons to thermal energies. In fast-breeder reactors (FBRs), where there is no moderator,
fission is induced by fast neutrons, and the coolant is a liquid metal. Fast-breeder reactors make only a
minor contribution to global energy production. The distribution of types of operational NPPs by UNEP
region is presented in table 21 based on data from the IAEA PRIS database [156]. Pressurized water
reactors are the most numerous nuclear reactors worldwide. The highest number of operational NPPs is
in Europe, but it has decreased during the period of the assessment while the number of reactors in Asia
and the Pacific region has increased.
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Table 21. Number of operational NPPs by reactor type, location and UNEP region

All operational reactors are included, regardless of whether electricity was generated in the reference year. The
last GCR was permanently shut down in 2015

Asia and the Latin America
Africa Pacifi Europe and the North America Total
Reactor type acimic Caribbean

2009 | 2016 | 2009 | 2016 | 2009 | 2016 | 2009 | 2016 | 2009 | 2016 | 2009 | 2016

PWR total 2 2 52 83 140 | 139 2 2 69 66 265 | 292
Coastal 2 2 51 80 34 34 2 2 16 13 105 131
Inland 0 0 1 3 106 105 0 0 53 53 160 161
BWR total 0 0 38 28 19 14 2 2 35 34 94 78
Coastal 0 0 38 28 9 9 2 2 2 2 51 41
Inland 0 0 0 0 10 5 0 0 33 32 43 37
HWR total V] V] 23 25 2 2 2 3 18 19 45 49
Coastal 0 0 11 1 0 0 0 0 1 1 12 12
Inland 0 0 12 14 2 2 2 3 17 18 33 37
LWGR total 0 (1] 0 0 16 15 0 0 0 0 16 15
Coastal 0 0 0 0 4 4 0 0 0 0 4 4
Inland 0 0 0 0 12 11 0 0 0 0 12 11
AGR (all coastal) 0 0 0 0 14 14 (1] 0 0 0 14 14
GCR total 0 0 0 0 4 0 0 0 (1] 0 4 0
Coastal 0 0 0 0 2 0 0 0 0 0 2 0
Inland 0 0 0 0 2 0 0 0 0 0 2 0
FBR (all inland) 0 0 0 1 2 2 0 0 (1] 0 2 3
All types total 2 2 113 | 137 | 197 | 186 6 7 122 | 119 | 440 | 451

325. Table 22 provides an overview of the electricity generated in the representative years 2009 and
2016 by type of nuclear reactor and UNEP region derived from the PRIS database [I56]. Data on the
electrical energy generated by various types of NPPs for the period 1998-2002 and 2010 were presented
in the UNSCEAR 2008 Report, annex B [U19] and the UNSCEAR 2016 Report [U24], respectively. The
total energy generated in one year by NPPs in the reporting period was close to 300 GW, around 70% of
which was generated by PWRs followed by BWRs. The contribution of BWRs to the global nuclear
energy production decreased during this period from around 20 to 16%, due to reduced generation in the
Asia and the Pacific region, following shutdowns and testing in the aftermath of accident at the
Fukushima Daiichi NPS accident. Trends in nuclear electricity generation for the UNEP regions are
shown in figure XVI. Data for 2009 are generally consistent with, albeit a little lower than, the value
presented in the UNSCEAR 2016 Report for the year 2010 [U24].
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Table 22. Electricity generation of NPPs (GW a) by reactor type and UNEP region

All operational reactors are included, regardless of whether electricity was generated in the reference year

Electricity generation of NPPs (GW a)

Region Year
PWR BWR HWR LWGR AGR GCR° FBR Total
2009 1.32 0 0 0 0 0 0 1.32
Africa
2016 1.74 0 0 0 0 0 0 1.74
2009 38.08 17.26 483 0 0 0 0 60.18
Asia and the Pacific
2016 42,99 1.95 6.03 0 0 0 0 50.97
2009 97.66 11.83 1.24 9.1 5.26 0.88 0.45 126.41
Europe
2016 95.74 10.86 1.19 8.28 6.45 0 0.89 123.41
Latin Americaand | 2009 14 115 0.87 0 0 0 0 3.42
the Caribbean 2016 | 171 117 0.88 0 0 0 0 3.76
2009 60.42 30.55 9.72 0 0 0 0 100.69
North America
2016 60.54 31.46 10.92 0 0 0 0 102.92
2009 0 0 0 0 0 0 0 0
West Asia
2016 0 0 0 0 0 0 0 0
2009 198.87 60.8 16.65 9.1 5.26 0.88 0.45 292.02
Total
2016 202.72 45.45 19.01 8.28 6.45 0 0.89 282.8

¢ The last GCR was permanently shut down in 2015.

Figure XVL. lllustration of trends in nuclear electricity generation by region [156, W19]
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(a) Effluents

326. Annual radioactive discharges from operating NPPs were provided by 28 United Nations Member
States through the UNSCEAR Global Survey on Public Exposure and were supplemented by information
obtained from national and international organizations where necessary. Most of the available data were
related to PWRs, BWRs, and HWRs. Only limited information was available for AGRs, GCRs, LWGRs,
and FBRs. A full compilation of the discharges provided, for each NPP and each year in the period
2007-2020 is provided in electronic attachment A-3.

327. Normalized discharges have traditionally been compiled separately for each reactor type because
of the different composition in the discharges, notably for noble gases and tritium. Discharges are often
only available for groups radionuclides; however, to be able to estimate doses using the UNSCEAR
methodology, it is necessary to apportion these groups to one or more particular radionuclides. The
assumptions made in this assessment to derive the radionuclide composition of different groups of
discharges are summarized in table 23, while the approach is described in detail in annex B of the
UNSCEAR 2016 Report [U24]. It should be noted that these assumptions are intended only for use in
estimating doses from discharges from operating NPPs for the purpose of this annex.

Table 23. Composition of radionuclide groups reported in discharges

Radionuclide groups Radionuclides
ATMOSPHERIC DISCHARGES

Noble gases “1Ar, 8Kr, 33Xe, '*Xe, 1*¥Xe, ‘Noble gases’

Tritium *H

) )

e “C

S4Mn' SSCO, 60C0, 652n’ QOSr' 106Ru' '\29'[ 134CS’ 137Cs, ZWOPb, ZWOPOI 226Ra' 230Th' 232Th' 234U’ 238U’ 239PU,

Particulates
240py, 2" Am, ‘Gross alpha’, ‘Gross beta’ and ‘Other’

AQUATIC DISCHARGES

Tritium (liquid) 3H

14C, 355, 54Mn, 58C0, 60C0’ GSZn, Qosr’ QQTc, 106RU, 129|, 131 Ir 134CS, 137CS, Z'IOPb, ZWOPOI 226Ra, 230Th, 232Th,

Other .
B4, 238, B9Pu, %Py, 2'Am, ‘Gross alpha’, ‘Gross beta’, ‘Particulates’ and ‘Other’

328. Normalized annual discharges per unit energy generated from NPPs in different UNEP regions for
the representative years of 2009 and 2016 are presented in table 24. Tritium and noble gases provide the
highest contributions. Discharges of noble gases are higher for LWGRs than for other reactor types.
Normalized discharges of *H in both atmospheric and liquid effluents are higher for HWRs than for other
reactor types.
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Table 24. Normalized discharges from NPPs in the representative years of 2009 and 2016 by reactor

type
Normalized discharges per unit electricity generated (TBq/(GW a))
Radionuclide | Year
PWR BWR HWR LWGR AGR GCR FBR
DISCHARGES TO ATMOSPHERE
2009 | 3.6x10° 1.1x 10 6.4 %10’ 1.1x 102 1.5x 10 53x%x 10 1.0x 10’
Noble gases
2016 2.2x10° 6.6 X 10° 3.6x 10 1.6 X 102 1.0x 10’ 1.2x 10
2009 1.8 x 10° 1.2x10° 2.9 x10? 2.6 x 10 3.6x%x10° 5.6 % 10° 49x10'
3
H
2016 | 2.0x10° 1.9 % 10° 2.3 x10? 2.6 x 10 1.5x 10° 49x10'
2009 | 4.7x10° 1.0x10* 3.1x10° 24%x10* 9.6 x 10° 2.0x10*
131|
2016 | 2.2x10° 9.0x10° 6.0x 10" 2.2x10* 5.1x10° 1.8x103
2009 | 1.9x107 43 %107 6.2%x 10" 1.3x10° 1.5%x10° 3.2x10° 1.2x 107
14C
2016 | 2.6x 107 52x10" 6.0x 10" 1.3x10° 1.6 %x10° 1.2x107
2009 | 2.1x10° 43x10° 21x10° 1.0x10* 3.0x10° 1.8%x10°
Particulates®
2016 | 9.1x10° 6.7 x 103 3.0x10* 74x10° 2.1x10° 8.0x10°
2009 6.3 %107 29x%x 10"
355
2016 5.7 x 10
AQUATIC DISCHARGES
2009 | 2.0x10 1.0x 10° 2.4 x 10? 2.7 %107 3.3 x10? 2.3 x%x10° 2.1x10°
3
H
2016 1.9x 10 1.1x10° 2.5 x 10? 3.0x10? 3.0 x 10? 55x%x 10"
2009 | 58x10° 44x10* 3.0x10? 9.1x10° 33x10" 3.4x107 1.7 x10*
Other?
2016 | 6.2x103 11x10% | 20x102 | 21x10° | 7.1x10" 1.7 x10*

@ Refer to table 23.

(b) Dose estimates

329. Doses to the characteristic individual from all discharges, normalized to electricity generation, were
estimated to be in the range 0.1-0.8 uSv/(GW a). These data are presented in table 25 by discharge mode
and region. Typical individual doses associated with electricity generation in 2009 estimated for NPPs in
Europe, which was the only region to include all types of reactors, ranged between around 0.003 and
6 uSv across reactor type and location (see electronic attachment A-3).

330. Collective doses to the local and regional populations for atmospheric and liquid discharges, to
coastal and inland sites for an integration period of 100 years, are presented in table 26 as a function of
region for the representative years of 2009 and 2016. The total worldwide collective doses from a single
year’s discharges to the local and regional populations for all reactor types are of the order of
120 person—Sv for both representative years.
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Table 25. Annual doses to the characteristic individual, normalized to electricity generation due to
discharges from NPPs in the representative years of 2009 and 2016

Normalized annual dose to characteristic individual
Region Year (mSv/(GW a))
Atmospheric discharges | Liquid discharges All discharges

2009 2.8x10° 7.5%x10° 1.0x10*
Africa

2016 3.7x10° 8.0x10° 1.2x10*

2009 9.7x10° 7.5%x10° 1.7x10*
Asia and the Pacific

2016 1.0x10* 1.1x10* 2.1x10*

2009 7.6x10° 2.6x10* 3.4x10*
Europe

2016 8.6 x10° 6.7 x 10* 7.6x10*

2009 2.1x10* 9.7x10” 3.1x10*
Latin America and the Caribbean

2016 1.8x10* 1.1x10* 29x10*

2009 1.1x10* 53x10° 1.6 x10*
North America

2016 1.3x10% 5.5x%x10° 1.8x10*

Table 26. Collective doses due to a single year’s discharges from NPPs for the representative years
2009 and 2016

Collective dose for NPPs (person-Sv)°

Atmospheric discharges
Region Year - - - Liquid discharges Al
Local population Regional population discharges
Inland Coastal Inland Coastal Inland Coastal

2009 0 2.7 x 107 0 3.8x10°% 0 2.1%x10* 3.1x 107
Africa

2016 0 4.7 X102 0 6.6 x 10 0 29x%x10* 54x107

2009 | 1.0%x10° | 83x10° | 3.2%x10° | 1.8x10" | 1.1x10° | 3.8%x10? 3.2x 10
Asia and the Pacific

2016 | 2.2x10° | 6.0x10° | 6.7%10° | 1.3x 10" | 29x10° | 40x%x 102 3.1x 10

2009 | 3.6%x10° | 26x10° | 1.3%x 10" | 6.7%x10° | 1.6x 10" | 5.8% 102 42x10
Europe

2016 | 3.7x10° | 3.1x10° | 1.3x10" | 7.8%x10° | 1.5%x 10" | 1.5%x 10" 43x10'

Latin America and 2009 | 3.5x 10" | 45%x10% | 2.7%x10" | 93%x 102 | 1.3x10° | 55%x 10* 20x10°

the Caribbean 2016 | 29x 10" | 7.6x102 | 23x 10" | 1.6x10" | 1.3x10° | 82x10* |  2.1x10°

2009 | 5.1x10° | 23x 10" | 1.2%x10" | 3.5x10" | 24x 10" | 29%x10°® 42x10'

North America
2016 | 58x10° | 46%x10" | 1.3x10" | 7.8x 10" | 25x 10" | 3.0x 103 45x 10

2009 | 1.0x10" | 1.1x10" | 3.3%x10" | 22x10" | 42x 10" | 3.6%x 10" 1.2x10%
Worldwide

2016 | 1.1x10" | 1.0x10" | 3.5x 10" | 2.1x10" | 44x10" | 8.6%x 10" 1.2x10?

¢ Excluding the contribution from globally circulating radionuclides.

331. Figure XVII shows that HWRs in North America and Asia and the Pacific regions, provide the
greatest contribution to the worldwide collective dose. Pressurized water reactors are the second highest
contributors to the collective doses, primarily in Europe, North America and, to a lesser extent, in Asia
and the Pacific regions.
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Figure XVII. Collective doses integrated to 100 years, due to discharges from NPPs by UNEP region
and reactor type, excluding globally circulating radionuclides
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332. Collective doses integrated to 100 years due to a single year's discharges from NPPs normalized to
electricity generation for the representative years of 2009 and 2016 are presented in table 27. The
worldwide annual collective doses for the representative years 2009 and 2016 were estimated at 0.41 and
0.44 person—-Sv/(GW a), respectively. These values are higher than that given in the UNSCEAR 2016
Report, annex B, mainly due to increases in the discharges and to a lesser extent to the use of revised
age-related dose coefficients, but are consistent with the normalized collective doses evaluated for the
period 1985-1997 [U19].
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Table 27. Collective doses integrated to 100 years due to a single year's discharges from NPPs
normalized to electricity generation for the representative years of 2009 and 2016

Collective dose per unit electricity generated for NPPs (person-Sv/GW a)“

Atmospheric discharges
Region Year Liquid discharges All
Local Regional .
discharges
Inland Coastal Inland Coastal Inland Coastal
2009 0 2.0x10? 0 29x%x10° 0 1.6 x10* 2.3%x10?
Africa

2016 0 2.7 x10? 0 3.8%x10° 0 1.7x10* 3.1 x10?
Asiaandthe | 2009 | 1.1x10° | 14x10" | 33x10° | 3.1x10" | 1.2x10° | 65x10* | 53x10"
Pacific 2016 | 93x107 | 13x10" | 28x10° | 28x 10" | 12x10° | 89x10* | 65x 10"
2009 | 4.0x10? 7.2%x10? 1.5x 107 1.8x 107 1.8x 107 1.6%x 103 34x%x10"

Europe

2016 | 44x10% | 8.2x10? 1.6x 10" 2.1x107 1.8%x 10" 39%x10% | 3.6x10"

Latin America 2009 | 41x10" 1.8x102 | 3.1x10" 3.7%x107? 1.5x10° 2.1x10* | 6.0x10"

and the
Caribbean 2016 | 34x10" | 26%x102 | 26x10" | 54%x10% | 1.5%x10° | 2.8x10* | 55x 10"

2009 | 59x107? 1.6 %102 14x107 25x10% | 28x 10" 21x10* | 42x10"

North America
2016 6.5 % 10 3.3x107? 1.5%x 107 5.7x 107 2.8x 107 2.2x10* 4.4 %107

2009 | 58x102 | 9.2x107? 1.8x 10" 2.0x 10" 24x107 3.1x10% | 41x10"

Worldwide
2016 | 6.5%10? 1.0x 107 2.0x 10" 2.1x107 2.5%x 10" 85x10° | 44x10"

¢ Excluding the contribution from globally circulating radionuclides.

333. Figure XVIII shows the collective doses integrated to 100 years from a single year’s discharges per
unit of electricity generation, to the population of different regions of the world for different reactor types
for the representative years of 2009 and 2016, excluding the contribution from globally circulating
radionuclides. Discharges from HWRs provide the highest contribution to the collective dose per unit
electricity generation, followed by GCRs in 2009, and by AGRs in 2016.

334. Table 28 presents the collective doses the world population integrated to 100 years due to a single
year's discharges from NPPs normalized to electricity generation for the representative years 2009 and
2016 by radionuclide and reactor type, excluding the contribution from globally circulating radionuclides.
The table shows that the most significant contribution to the collective doses comes from discharges of *H
from HWRs, and '*C from GCRs in 2009.
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Figure XVIII. Collective doses integrated to 100 years due to a single year's discharges from NPPs
normalized to electricity generation for the representative years of 2009 and 2016 by UNEP region
and reactor type
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Table 28. Collective doses to the world population integrated to 100 years due to a single year's discharges from NPPs normalized to electricity generation for the
representative years 2009 and 2016 by radionuclide (excluding contribution from globally circulating radionuclides)

Collective dose to the world population for NPPs per unit electricity generated (person-Sv/(GW a))
Radionuclide PWR BWR HWR LWGR AGR GCR FBR
2009 2016 2009 2016 2009 2016 2009 2016 2009 2016 2009 2016 2009 2016
3H 8.9x 107 8.5x 1072 1.2%x102 1.4 %102 3.1x10° 3.0x10° 1.9%x 107 1.7 %107 3.2x10? 1.6%x102 5.0x 107 - 3.2x 10" 6.1x 10"
“C 1.1x 107 1.4 %107 1.6%x10" | 1.4%x10" | 22x10" | 22x10" | 47x10" | 43x10" | 6.8%x10" | 93x10" 1.4%x10° - 38x10% | 7.4x107?
S 0 0 0 0 0 0 0 0 1.1x 107 1.2x 107 4.5x%x107 - 0 0
“1Ar 3.7x10° 23x10° 40x10° 1.6%x10° 3.0x 10?3 1.8%x103 1.0x 103 14x%x103 1.1x103 9.0x 10* 33x10° - 0 0
*Mn 47x10° | 46x10° 1.8x10° 1.2%x103 0 0 88x10° | 58x10° 0 0 0 - 14%x10° | 26x%x10°
8Co 6.9x10° 74x10° 6.0x 10° 1.0x10* 0 0 3.9%107 2.6 x 107 0 0 0 - 1.3%x10° | 24x%x10°
®Co 34x10* | 31x10* | 32%x10* | 3.1x10? | 3.7x10* | 55x10° | 68x10* | 45%x10* | 57%x102 | 1.5x10" | 14x10? - 28x10* | 26x10*
6Zn 0 0 54x10° 1.6%x103 0 0 1.0x10° 7.0x10° 2.0x10* 1.7x10* 0 - 0 0
8Kr 40x10° 24%x10° 2.6 x10° 1.1x10° 0 0 0 0 0 0 0 - 9.6 x 10° 22x10*
0Sr 7.5%x10° 3.2x10° 6.7 x 107 55x 103 0 0 82x10* | 52x10* 2.0x10° 53x10° 9.3x 107 - 0 0
196Ry 57x10° 5.9x%x10° 54x10%® 58x10° 0 0 0 0 0 0 0 - 0 0
129 0 0 0 0 0 0 0 0 0 0 0 - 0 0
3 8.2x10° 3.8x10° 1.8x10* 1.1x10* | 51x%x10° 1.0%x10° | 41x10* 34x10* 2.1x10* 14x10* 0 - 29x10* | 53x10°%
13Xe 9.2x10° 55x%x10° 1.2x10* | 49x%x10° 0 0 32x10% | 44x10° 0 0 0 - 0 0
13Xe 2.8x%x10° 1.7%x10° 29x%x10* 1.2x10* 0 0 7.4 %10 1.0x103 0 0 0 - 0 0
138Xe 1.8%x10? 1.1x10° 3.8x 107 1.5%x107 0 0 4.7 X107 6.5x 107 0 0 0 - 0 0
134Cs 48x10* | 50x10* 3.2x10° 49x10* 0 0 1.6x10° 7.1x10° 2.7 x10* 7.3x10* 7.6x10° - 8.0x10° 1.5%10*
1¥7Cs 63x10* | 65%x10* | 6.5%10° 28x10% | 44x102 3.3x 107 3.1x10* 1.7x10* 25x10* | 6.6x10* 1.2%x107 - 57x10° 1.1x10*
Total 20x10" | 22x10" | 1.7x10" | 1.9x10" | 3.3x10° | 3.2x10° | 6.6x10" | 6.2x10" | 8.8x10" | 1.2x10° | 2.1x10° - 3.6x10" | 6.9x 10"
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5. Spent nuclear fuel reprocessing

335. Reprocessing of spent nuclear fuel has been carried out in a number of countries to separate out and
recover reusable uranium and plutonium from spent nuclear fuel from nuclear reactors which is currently
mostly retained on site in interim storage. As of December 2016, there were operational commercial scale
reprocessing facilities at La Hague (France), Mayak Production Association (Russian Federation), and
Sellafield (United Kingdom). The THORP and Magnox Reprocessing facilities at Sellafield ceased
operation in 2018 and 2021, respectively. Decommissioning of the UP1 reprocessing facility at Marcoule
(France), which was shut down in September 1997, and of La Hague’s first reprocessing facility,
UP2-400, which was shut down in January 2004, is still ongoing. The Rokkasho-Mura facility (Japan) is
in the commissioning phase due to be completed in early 2027, while the RT-2 Zheleznogorsk (Russian
Federation) is under development [142]. According to the IAEA, between the start of nuclear power
electricity production in 1954 and the end 0f 2016, a total of about 390,000 tonnes of heavy metal (t HM)
of spent nuclear fuel was generated from all nuclear power plants worldwide. About one third of all spent
nuclear fuel generated in nuclear power plants (127,000 t HM) has been reprocessed [134].

(@) Effluents

336. Annual discharges from reprocessing facilities of spent nuclear fuel were provided through the
UNSCEAR Global Survey on Public Exposure and supplemented by information from other sources.
The full dataset of the discharges for each facility and each year in the period 2007-2020 is provided in
electronic attachment A-3. Annual discharges for the representative years of 2009 and 2016 are presented
in table 29.



Table 29. Annual discharges from spent nuclear fuel reprocessing facilities for the representative years 2009 and 2016

GKhK-Mining and Chemical Combine; JAEA-Japan Atomic Energy Agency; JNFL-Japan Nuclear Fuel Limited

(a) 2009
Annual discharges from spent nuclear fuel reprocessing facilities (Bq/s)
Radionuclide Atmospheric Liquid
JAEA-Tokai JNFL Sellafield | LaHague | Marcoule Mayak GKhK JAEA-Tokai JNFL Sellafield | LaHague | Marcoule Mayak GKhK

*H 7.0x10% | 3.4x10? 19%x10° | 47x10* 1.0x10° | 41x10° 1.5%x10° | 9.1x10° 1.7 x10*

“C 3.8x10? 1.5x10* 82x10° 6.1 x 10

*Mn 1.1%x102 1.8x10° 22x10°
8Co 1.4x107 6.9 x 107 5.5x 10°
“Co 89x10% | 9.1x10? 8.3x 10’ 8.9x10' 3.2x10'
Zn 89x10% | 34x10° 1.8x 10’
8Kr 7.2x10° 4.2 %107 2.0x 108 54x10* 1.6 x10°

0Sr 3.9x 107 29x%x 103 8.5x 102

196Ry 9.7 x 107 32x10°

129 84x103 1.8x 10?3 7.6x10° 45x%x10° 6.5%x 103 1.2x 102 2.5 x 10? 1.1x10°

3 6.9x 10" 1.6%x 107 1.1x 10

13Cs 1.5x 102 1.1x10? 1.4 %102 6.9%x 10" 49x%x107
1¥7Cs 1.3x10' 1.4x10° 2.8x 10" 2.6 x10* 1.0x10° 4.0x%10' 7.9x10°
9Py 1.3x10" 54x10" 2.0x10° 2.7 x 10?

21Am 1.9x 102 46x10'
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(b) 2016°

Annual discharges from spent nuclear fuel reprocessing facilities in 2016 (GBg/a)
Radionuclide Atmosphere Aquatic
JAEA-Tokai JNFL Sellafield | LaHague | Marcoule Mayak GKhK JAEA-tokai JNFL Sellafield | LaHague | Marcoule Mayak GKhK

3H 2.3 x 10? 1.2%x102 1.2x10° 7.5%x10* 1.8x 10’ 1.0x 10" 1.9%x 102 49x10' 2.1x10° 1.2x 107 3.8x10*
“C 7.1x10° 4.4%x10° 1.9%x10* 48%x10° 7.6 x 10° 46x10°
*Mn 24x10°
8Co 5.0x 10"
“Co 46x10° 2.4 %107 3.5x 10 5.8x 10 4.1 %107
85Kr 2.4%x10" 8.8 x 107 3.2x108 4.1 %107
Sr 3.0x 107 1.4x107 2.0x10° 3.0 x 10? 5.9x10°
1%Ru 7.0%x 10" 2.2x%x103 1.1x10%
129] 1.3x 10 5.9x10° 37x10% | 82x10% | 52x10% 14x10°
¥ 42x107 3.7x 107 2.6x 107 1.5%x10'
134Cs 3.2x10" 6.6 %10’ 5.0x 10
1¥7Cs 1.2x10' 3.7x10° 1.8%x 102 2.0x10* 6.6 x 102 44 %x10°
22Rn 43 %10’
24y 7.9x10*
29Ppy 1.3%x107 1.0x10° 2.8x 107 43%x10? 1.7 x10° 1.2x107
21AmM 1.4 %102 2.6 x 10

¢ By 2016, JAEA-Tokai and GKhK had shut down, while JNFL was in the process of active testing. Discharges from these sites are therefore unlikely to be direct result of reprocessing operations.
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(b) Dose estimates

337. Annual doses to the characteristic individual were calculated for each of the nuclear fuel
reprocessing facilities for which discharge information was available: La Hague and Marcoule in France,
JAEA-Tokai and JNFL facilities in Japan, Ozersk (Mayak) and GKhK in the Russian Federation, and
Sellafield in the United Kingdom. Doses for the representative years of 2009 and 2016 range from
nanosieverts for INFL, to 40 and 60 puSv at La Hague and Sellafield, respectively (see table 30), mostly
from liquid discharges. The worldwide collective dose integrated to 100 years due to a single year’s
discharges was estimated to be around 20 person—Sv (see table 31), with the main contribution coming
from European facilities which are responsible for the largest production of reprocessed uranium and
mixed oxide nuclear fuel [156].

338. Table 32 summarizes the contribution of different exposure pathways and radionuclides to the
collective doses integrated to 100 years due to a single year’s discharges from spent nuclear fuel
reprocessing facilities. This table shows that the predominant contribution to the collective doses is due
to discharges to atmosphere (around 70% in 2009 and over 80% in 2016). Carbon-14 provided the
greatest radionuclide contribution to collective dose in both years. Other notable contributing
radionuclides are Kr, *°Sr and 3H.

339. In the UNSCEAR 2000 Report, annex A [U15], discharges and collective doses from spent nuclear
fuel reprocessing facilities were normalized to electricity generation. However, in the UNSCEAR
2008 Report, annex B [U19], information on the amount of nuclear fuel reprocessed was not available
and therefore normalized values were not provided. For the UNSCEAR 2016 Report, annex B [U24], it
was only possible to derive normalized values for La Hague, although it was acknowledged that
discharges from that and other installations (e.g., Sellafield) would include contributions from operations
other than reprocessing, such as decommissioning. Although facilities in France continue to operate, no
assemblies containing reprocessed nuclear fuel have been used in the country since 2013 [I56].
Furthermore, NPPs in Japan have not used reprocessed nuclear fuel in recent years [156]. Consequently,
reprocessing cannot be directly linked with energy generation for the period under consideration and the
Committee did not consider it appropriate to estimate collective doses normalized to electricity generation
for the representative years of 2009 and 2016 for this annex.
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Table 30. Annual doses to the characteristic individual due to discharges from spent nuclear fuel
reprocessing plants in the representative years 2009 and 2016

Annual dose to the characteristic individual (mSv)
Facility Year
Atmospheric discharges Liquid discharges All discharges

2009 1.5x10° 9.8 x 10 1.5x10°
JAEA-Tokai

2016 1.4%x10° 2.2x10° 1.4x10°

2009 6.9 % 107 2.7 x10% 7.1 x107
JNFL

2016 2.3 %107 2.8x10° 2.3 %107

2009 1.1x103 5.8 x 107 59 x 107
Sellafield

2016 1.3x%x103 5.7 x 102 5.9 x 102

2009 3.5%x 103 2.6 x 107 2.9x%x10?
La Hague

2016 49x%x103 3.0x 107 3.5%x10?

2009
Marcoule

2016 3.7x10% 6.5%x10° 6.5 % 10°

2009 3.6x10* 1.1x 10?3 1.4x10°%
Mayak

2016 9.1 x10* 3.6x10* 1.3%x10°%

2009 7.8%x10° 1.5%x10° 9.3x10°
GKhK

2016 2.1%x10° 9.1x10° 3.0x10°

Table 31. Collective doses integrated to 100 years due to single year’s discharges from spent nuclear
fuel reprocessing facilities for the representative years 2009 and 2016

Collective dose for spent nuclear fuel reprocessing facilities (person-Sv)
Region Year Atmospheric discharges
Liquid discharges | All discharges
Local Regional Total
Asia and the 2009 | 3.8x10° 9.9%10° 1.4x10? 82x107 1.4%10?
Pacific 2016 | 29x10° 6.0 107 8.8x10° 1.1x 107 8.8x10°
2009 2.8x10° 8.2 x 10° 1.1x10 47x10° 1.6x 10
Europe
2016 3.9x%x10° 1.1x 10 1.5x 10 23x%x10° 1.8x 10’
2009 43 x10° 9.3x10° 1.4 %10 6.3 x 10° 2.0x 10
Worldwide
2016 59x10° 1.3x 10 1.9x 10 40x10° 23 %10
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Table 32. Collective doses to the world population integrated to 100 years due to a single year's
discharges from spent nuclear fuel reprocessing facilities for the representative years 2009 and 2016
by radionuclide (excluding contribution from globally circulating radionuclides)

Collective dose for spent nuclear fuel reprocessing facilities (person-Sv)
Radionuclide Atmospheric discharges Liquid discharges All discharges
2009 2016 2009 2016 2009 2016

°H 2.1x10° 1.8%x10° 1.2%x107 2.7x107 23x10° 2.1x10°
“C 6.9 x 10° 9.0x 10° 7.9x 107 7.9x 10" 7.7 x10° 9.8 x 10°
*Mn 5.0x 107 3.0x10* 2.8x10* 5.1x107? 2.8x10*
*Co 45x%x10° 40x10* 2.8x%x10° 44x10* 2.8%x10°
“Co 1.6%x103 45x10* 7.8x 107 3.5x 107 7.9x10? 3.6 x 107
%Zn 5.5x%x10° 7.1%x103 7.2x103

85Kr 3.2x10° 59x10° 3.2x10° 59x%x10°
Sy 1.8x 10?3 59x%x103 4.5x%x10° 1.6 x 10° 45x%x10° 1.6 x 10°
1%6Ru 3.0x10° 22x10° 44x10? 1.5x 107 4.7 x10? 1.7x10?
129) 8.7%x 107 1.3x10° 54x10° 8.0x10°% 8.7x 10" 1.4x10°
¥ 1.8x 103 2.1x10° 49x%x10° 6.6 X 10° 1.8x10° 2.1x10°%
134Cs 1.9%x10* 24x10° 22x10° 46x%x10* 24x103 2.8x10°
1¥7Cs 1.8%x 107 1.8%x 107 1.8%x 107 7.3%x10? 3.6x 10" 2.5x 107
222Rn 2.8x10°® 2.8x10°®
24y 3.9x 10" 3.9x 10"
29y 3.1x 107 5.1x10" 5.1x10" 8.2x 10" 8.2x 10" 1.3x10°
21Am 9.6 X103 7.1x103 2.8 %107 1.6 %1072 3.8x 107 2.3x 107
Total 1.4x10' 1.9x 10’ 6.3x10° 4.0 x 10° 2.0x10' 2.3x10’

6. Globally dispersed radionuclides

340. Long-lived radionuclides that are easily dispersed in the environment can give rise to doses to
people across the world. The radionuclides of specific interest are *H, '*C, 3Kr and '*’I. Large
uncertainties are associated with estimating doses over prolonged time periods due to the difficulty in
predicting environmental pathways, population distributions, dietary habits, the effect of climate change
and other factors. The uncertainties in dose calculations increase when the integration of the dose is
carried out for very long periods of time—hundreds or thousands of years or even longer.

341. The methodology presented in the UNSCEAR 2016 Report, annex A [U24] was applied to the
calculation of doses from these radionuclides. The collective doses to the world population from a single
year’s discharges from facilities in the nuclear fuel cycle integrated to 100, 500, and 10,000 years for
2009 and 2016 are presented in table 33. The predominant contribution to the collective doses from a
single year’s discharges integrated to 100 years are discharges from NPPs, which is of the order of
1,000 person-Sv. The corresponding values for the collective doses from a single year’s discharges from
nuclear fuel manufacturing and spent nuclear fuel reprocessing installations were estimated to be lower,
at around 0.01 and 300 person-Sv, respectively.
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Table 33. Collective and worldwide annual average individual doses to the public due to globally
circulating radionuclides from fuel manufacturing, electricity generation from NPPs and spent nuclear
fuel reprocessing in the representative years of 2009 and 2016

Integration Collective dose to the W(S)Cl)d population (person- Worldwide annual average individual dose (Sv)°
time (years)
2009 2016 2009 2016
NUCLEAR FUEL MANUFACTURING
100 1.4 %107 1.4x10"
500 2.9x%x 107
10 000 1.5x 107
NUCLEAR POWER PRODUCTION
100 8.6 x 102 9.6 x 102 8.6x10°® 9.6 x 10°®
500 1.7%x10° 1.9%x10°
10 000 83x10° 9.2x10°
SPENT NUCLEAR FUEL REPROCESSING

100 2.5 % 10? 3.3x10? 25x%x10°® 33x10%®
500 4.8 x10° 6.0 X 102
10 000 2.5%x 103 2.8x%x10°

9 Worldwide annual average individual doses are presented for the integration period of 100 years only.

342. Collective doses per unit energy generation from globally dispersed radionuclides were also
estimated for NPPs and are presented in table 34. The annual collective dose integrated to 100 years was
estimated to be of the order of 3 person—Sv/(GW a), while the worldwide annual average individual dose
was estimated at 3 x 107'° Sv/(GW a).

Table 34. Collective and worldwide annual average individual doses due to a single year’s discharges
of globally dispersed radionuclides per unit electricity generated from NPPs for the representative
years 2009 and 2016

) Collective dose to the world population Worldwide annual average individual dose °
Integration (person-Sv/(GW a)) (Sv/(GW a))
time (years)
2009 2016 2009 2016
100 3.0%x10° 3.5x10° 3.0%x 107 3.5x 107"
500 5.8%x10° 6.8 x 10°
10000 2.8%x 10 3.3x 10

9 Worldwide annual average individual doses are presented for the integration period of 100 years only.
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343. Figure XIX illustrates the collective doses per unit of electricity generated due to the globally
circulating radionuclides (°*H, '*C and *Kr) integrated to 100, 500, and 10,000 years, for each type of
NPP considered for the representative year of 2016. The figures illustrate the predominant contribution
of C to the doses, which increases with integration time. Doses from global circulation for '*°I are not
included, since this radionuclide is only discharged from spent nuclear fuel reprocessing installations.

Figure XIX. Collective doses from globally circulating radionuclides per unit electricity generated
from discharges in 2016
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(c) Krypton-85
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344. Monitoring surveys of the environment around nuclear facilities are regularly performed by either
the facility operators or the national organizations regulating the nuclear industry, to determine whether
the operators are compliant with the terms of their authorizations. The data collected generally include
measurements of dose rates and activity concentrations in various environmental media, which are
combined with appropriate habit data to estimate doses received by people living in the vicinity of the
nuclear facilities. The objective of these assessments is to ensure that doses to people living near nuclear
facilities are below the criteria established in national regulations and the methodologies used differ
substantially from those adopted in this annex. Dose assessments for regulatory purposes focus on people
who are likely to receive the highest dose from a given facility, and therefore, are generally based on
cautious assumptions. It should also be noted that monitoring data may include contributions from
different nuclear facilities located on the same site and past discharges, as well as other sources, such as
global fallout from nuclear weapons tests and major nuclear accidents. Therefore, a direct comparison
between doses estimated in this annex and those evaluated through monitoring surveys of nuclear
facilities cannot be made. Nevertheless, the latter provides a useful indication of the upper level of the
doses received by members of the public in the vicinity of nuclear facilities. Some examples of doses
estimated in Canada, China, France and the United Kingdom are provided in this section.

(@) Canada

345. In Canada results of environmental monitoring programmes around nuclear facilities are submitted
annually to Canada’s regulatory authority to verify compliance with applicable guidelines and limits. An
element of the reports submitted is the calculation of doses to people living around the nuclear facilities
who are likely to receive the highest dose. The methods to calculate these doses differ between NPPs and
are based on a mixture of monitoring data and model predictions: annual doses have been estimated to
be in the order of a few microsieverts [C44]. For example, the highest annual doses to the public living
around the Bruce NPP were estimated to be around 2 puSv [C44]. The annual doses to people
representative of the most highly exposed individuals residing around Point Lepreau NPP for the period
2018-2022 were estimated to be between 0.64 and 1.29 pSv for atmospheric discharges and between
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0.03 and 0.08 uSv for liquid discharges, while the corresponding values for people representative of the
most highly exposed individuals residing near the Darlington NPP (farmer) and Pickering NPP (urban
resident) for the period 2019-2022 were estimated to be in the range 0.4-0.6 and 1.2-2.0 uSv,
respectively. Finally, annual doses to people representative of the most highly exposed individuals living
near the Gentilly NPP for the period 2016-2022 were estimated to be between 1 and 9 pSv.

(b) China

346. In China, measurements of radioactive effluents from NPPs and radioactivity in the surrounding
environment are reported to the Ministry of Ecology and Environment monthly and annually.
Strontium-90 and '*’Cs can be detected in some environmental samples around some NPPs, which are
mainly due to the fallout from nuclear weapons tests and are not related to the normal operation of NPPs.
In general, activity concentrations of radionuclides except for tritium and '*C in various environmental
media are far below the detection limits.

347. The annual dose received by people representative of the most highly exposed individuals and the
collective dose to the public due to normal operation of NPPs and nuclear fuel cycle facilities between
2006 and 2013 were evaluated using the effluent release data and the site-specific environmental and
habit data [P5]. Annual doses to people representative of the most highly exposed individuals around
NPPs in China were estimated to be between 0.2 and 2.6 uSv, mainly due to ingestion of agriculture
produce or marine produce and seashore activities. The most radiologically significant radionuclides vary
across the NPPs, being '“C for Qinshan NPP, ''"""Ag for Daya Bay NPP, and *Fe for Tianwan NPP,
respectively. For nuclear fuel cycle facilities in China, the doses to people representative of the most
highly exposed individuals were estimated to be between 0.6 nSv and 1.8 puSv, mainly due to internal
exposure from ingestion of agriculture produce and inhalation.

(c) France

348. In France, measurements of radioactivity in the environment carried out by the Institut de
Radioprotection et de Stireté Nucléaire (IRSN)® close to nuclear facilities allow the assessment of doses
to people living in the surrounding area for different radionuclides and various exposure pathways.
Tritium and '*C are measured in the atmospheric and terrestrial environment mainly within 5 km of PWR
NPPs. Tritium, '*C and gamma emitters (mainly **Co, ®*Co and '*’Cs) can be found in the river or marine
environment, notably fish. Annual doses due to discharges were estimated to be below 1 puSv for people
living close to NPPs. The main exposure pathways were ingestion of terrestrial foods and freshwater fish
for 1*C, and ingestion of water for *H [183].

349. In the environment around the reprocessing plant at La Hague, 3°Kr is regularly measured in the
atmosphere. Tritium and '“C are measured in both the terrestrial environment and in the marine
environment, as are '°I and gamma emitters. Annual doses estimated for different groups of people
(fishermen and farmers) living in the vicinity of this facility were estimated to be below 10 uSv, mainly
due to external exposure to 35Kr and ingestion of terrestrial or marine foods containing '*C [183].

° The Institut de Radioprotection et de Stireté Nucléaire (IRSN) was merged with the Autorité de Streté Nucléaire (ASN) to form
the Autorité de Stireté Nucléaire et de Radioprotection (ASNR) on 1 January 2025.
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(d) United Kingdom

350. In the United Kingdom, an independent monitoring programme of radioactivity in food and the
environment around nuclear sites is undertaken annually by different government agencies. This
programme supplements surveys carried out by operators of nuclear sites and includes measurements of
activity concentrations in food generally consumed around the sites and other environmental media and
gamma doses rates. An assessment of doses to people living near the facilities who are likely to receive
the highest dose is also carried out based on the results of the monitoring programme. The report
published in 2022 included an analysis of trends in doses evaluated for the period 2009 to 2020 [C13].
Annual doses received by people living near operating NPPs in the United Kingdom were estimated to
be between less than 5 and 67 puSv, while doses calculated for NPPs which were closed down in this
period were estimated to be in the range of less than 5 to 320 pSv. It should be noted that the main
contribution to the higher doses in these ranges was from direct radiation rather than from discharges to
the environment. Similar annual doses were calculated for facilities involved in fuel enrichment and
fabrication (range: 28-260 uSv); again, the higher doses in the range were delivered through direct
radiation from the facility. Finally, doses to people living near the nuclear fuel reprocessing plant at
Sellafield in the period 2009 to 2020 were estimated to range from 76 to 420 puSv, mostly due to liquid
discharges not only from the site but also from other nuclear and non-nuclear facilities in the area.

B. Radioactive waste management

351. Solid radioactive wastes arise from the use of radioactive substances in industry and research and
at various stages in nuclear power production. They include low- and intermediate-level radioactive waste
from the operation of NPPs and other industrial processes; high-level waste from spent nuclear fuel
reprocessing; and spent nuclear fuel for direct disposal. Low- and intermediate-level wastes are generally
disposed of in engineered near surface facilities. Intermediate-level waste, containing long-lived
radionuclides, are subject to greater isolation during storage and disposal at depths of the order of tens to
a few hundred of metres is recommended [120]. High-level waste and spent nuclear fuel are currently
retained in interim storage pending the development of appropriate disposal facilities recommended to
be within deep geological formations at a depth of several hundred of metres [120].

1.  Amounts of radioactive waste

352. Information on the amounts of radioactive waste and spent nuclear fuel can be obtained from the
national reports of countries that are parties to the Joint Convention on the Safety of Spent Nuclear Fuel
Management and on the Safety of Radioactive Waste Management [145]. The UNSCEAR 2008 Report,
annex B [U19] summarized the amounts of spent nuclear fuel that had been generated and in storage and
reprocessed up until the end of 2002. In addition, information on the amounts of long-lived and
high-activity radioactive waste produced in a cross-section of countries was used to estimate the annual
amount of radioactive waste generated by different types of reactors per unit installed capacity. However,
there are two difficulties associated with this approach: radioactive waste disposed of in dedicated
facilities does not originate solely from nuclear energy production; and more recent information on solid
radioactive waste does not generally include data on its radionuclide composition. It should be noted that
an increasing number of nuclear facilities are being decommissioned, giving rise to an additional source
of radioactive waste.
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353. The TAEA report on status and trends in spent nuclear fuel and radioactive waste management
provides an overview of the volumes of different forms of radioactive waste in storage and disposal
facilities, as of December 2016 [142], derived from information in national profiles and reports under the
Joint Convention on the Safety of Spent Nuclear Fuel Management and on the Safety of Radioactive
Waste Management. This information is summarized in table 35, which shows that the highest volumes
of radioactive waste for disposal are in the very low and low-level waste categories and that the highest
waste arisings are in the Americas.

Table 35. Volumes of different forms of radioactive waste by region [142]

Regions and radioactive waste categories are specified in [142]

. Volume of radioactive waste in storage and disposal, 31 December 2016 (m?)
Region Very low-level waste Low-level waste Intermediate-level waste High-level waste
STORAGE
Africa 14 000 25000 1000 0
Americas 2309 000 303 000 85000 6000
Asia 350000 249 000 69 000 600
Europe 245000 890000 2583000 22000
Oceania 0 4000 0 0
Global total 2918000 1471000 2740000 29000
DISPOSAL
Africa 0 14 000 0 0
Americas 11 041 000 15392 000 91 000 0
Asia 800 67 000 0 0
Europe 369 000 3002000 43 000 0
Oceania 432 000 24 000 0 0
Global total 11842000 18 499 000 134000 0

354. Some national reports for the Joint Convention on the Safety of Spent Fuel Management and on the
Safety of Radioactive Waste Management, provide information on the relative volumes of radioactive
waste at some radioactive waste facilities that are associated with nuclear energy production, and the
volumes of wastes within specific categories derived from, for example, decommissioning and research
activities. Some examples are provided in the remainder of this section.

355. Finland [F8] reported that 6,541 m® of low-level waste and 2,117 m® of intermediate-level waste
are disposed in rock caverns at intermediate depth near the Olkiluoto NPP. In total, 2,261 tonnes
heavy metal (t HM) of spent nuclear fuel will be disposed of in a deep geological repository, for
which a construction license was granted in 2015. The predominant radionuclides in the waste are
reported to be '37Cs, 2#'Pu and *°Sr [A36].

356. France reported that the closed radioactive waste repository at Manche—known as the Centre de
stockage de la Manche (CSM)—received 527,000 m® of low- and intermediate-level waste. The waste
disposed of at the Manche repository mainly contains radionuclides with a half-life of less than 30 years,
but also long-lived radionuclides, such as radium, uranium, thorium and plutonium [A26].
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357. Germany [G11] reported that 124,736 m® of radioactive waste with negligible heat generation were
in storage at the Konrad site. The volume of waste from NPPs in operation in 2019 was relatively small
(7% of the total volume) compared with waste from research institutions (36%) and from the
decommissioning of NPPs (32%). Approximatively 37,000 m® of low- and intermediate-level waste were
emplaced at the Morsleben repository for radioactive waste [G11], containing mainly '*’Cs, ®Ni, *Sr,
14C and ®°Co and low concentrations of alpha emitters. About 80% of the emplaced waste originated from
the operation and decommissioning of NPPs; the remaining 20% came from research, industry, the
medical sector, and other waste producers.

358. Japan reported that low-level waste was classified into four categories (L1, L2, L3, and TRU waste)
each of which is disposed at different types of facilities ranging from surface facility to disposal in
geological formation. For example, L2 type waste is disposed of in a concrete pit at the depth of 10 metres
or more at the JNFL site, with a total capacity of 124,672 m>.

359. Sweden [S82] reported that approximately 36,000 spent nuclear fuel assemblies were stored in
pools located at NPPs or in the central interim storage facility before placement in a disposal facility. The
repository for short-lived low- and intermediate-level waste (SFR) situated beneath the Baltic Sea, had
received approximatively 40,000 m® of radioactive waste in 2019. The main radionuclides in the waste
were %Ni, ©°Co, '*’Cs and 3°Fe [S52]. The shallow land disposal facilities situated near the NPPs as well
as the Studsvik site had received approximately 28,000 m* of very low-level radioactive waste in 2019.
In general, the predominant radionuclides were °Co, '*’Cs and ®Ni.

360. The United Kingdom [O10] reported that the volumes of high-, intermediate-, low-level and very
low-level radioactive waste reported in April 2019 were 2,150 m?, 102,000 m?, 27,400 m®, and 1,040 m>,
respectively. However, the United Kingdom Office for Nuclear Regulation estimated that the volume of
low- and very low-level radioactive waste that would arise in the future could be equal to 1,480,000 m?
and 2,830,000 m?, respectively, because of decommissioning of nuclear facilities. It also estimated that
up to 6,000 tonnes of spent nuclear fuel were in reactor core or in storage.

2. Discharges and exposures from radioactive waste facilities

361. Information on discharges from radioactive waste facilities was provided through the UNSCEAR
Global Survey on Public Exposure and other sources, mainly for sites in Europe, specifically in Belgium,
France, Spain, Sweden and the United Kingdom. Doses in this annex were calculated using the average
annual discharges for the period between 2016 and 2020 (see table 36).

362. The characteristic individual, regional and global collective doses associated with these
discharges estimated using the UNSCEAR methodology for assessment of doses from discharges
[U24] are presented in table 37. The table shows that the characteristic annual individual doses in the
vicinity of these waste disposal facilities range from a small fraction of a microsievert in most cases,
to around 10 pSv for the Low Level Waste Repository (LLWR) in the United Kingdom.

363. For general context, these values may be compared with those included in national reports. In
France, for example, the national operator assessed individual doses from radioactive discharges from
the Centre de stockage de I’Aube (CSA) and the Centre de stockage de la Manche (CSM). The annual
dose to an adult for CSA was estimated to be 0.19 nSv [A27], while the estimated annual dose to an adult
using the Saint Héléne River near CSM was 0.11 uSv [A28].
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Table 36. Average annual discharges from radioactive waste disposal facilities during 2016-2020

Average annual discharge from radioactive waste disposal facilities (GBq/a)

Radionuclide Belgium France Spain Sweden UK
Belgoprocess | Belgoprocess | -, csMm El Cabril Clab | Studsvik | LLWR
site 1 site 2
ATMOSPHERIC
*H 48x10° 1.9%x10° 9.0x 10 9.1x 10" 5.8x 10
%C 6.1x 1072 1.4x107
**Mn 1.5%x10°
%Co 33x10% | 1.0x103
85Kr 4.6 x 10° 4.0x10%
106Ry 6.7 x 10°
3 1.1%x10°
134Cs 36x10°
37Cs 1.5% 102
240py 1.2x10°
2Am 39x10° | 6.0x10'
Gross Alpha 2.5x10* 2.7x10° 9.1x 107 1.7%10° 46x10* | 6.6x10°
Other 34x10* 1.3%x10* 2.1x10° 74x10° | 54x10° | 9.0x10° | 5.1x10°
LIQUID
*H 1.2x10° 7.8x 10" 20 5.9x 10" 3.4 % 10? 55x 10
%C 2.1%x10*
%Co 1.9x 102 1.3%x102 | 22x10°
0S¢ 1.1x107 8.0x 107
134Cs 9.6x10° 49x10*
37Cs 1.8x 10" 53%x10% | 1.8x10"
22Ra 2.7%x107
B4y 34x10*
38y 7.1x10°
3%y 2.7x10°
240py 3.6x107
2Am 1.2%x 1072 2.8x10° | 1.2x10*
Gross Alpha 3.7x107? 39x10° | 3.0%x103 1.1x10% | 5.1x10?
Gross Beta 3.8x 107 1.1x10* | 1.0x10? 1.7x10" | 87x10"
Other 9.1x10% | 29x10*
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Table 37. Annual doses to characteristic individual from average discharges from waste disposal
facilities for the period 2016-2020

Annual dose to the characteristic individual (mSv)
Country Site
Atmospheric discharges Liquid discharges All discharges

Belgoprocess site 1 6.8x 107 6.8x 107

Belgium
Belgoprocess site 2 1.8x 107 6.5x10* 6.5x10*
CSA 33x10% 2.8x%x107 3.1x107

France

CSM 1.6x10* 1.6x10*
Spain El Cabril 1.2x107 1.2x107
Clab 1.3x107 1.1%x10°% 1.1x103

Sweden
Studsvik 9.2x 107 2.1x10° 2.1x103
UK LLWR 6.4x10°® 1.1x10? 1.1x1072

364. Table 38 presents the collective doses associated with discharges from radioactive waste
facilities. The total collective doses due to a single year’s discharges integrated to 100 years to the
European and world populations were estimated to be around 0.1 and 0.6 person—Sv, respectively. The
additional contribution from globally dispersed radionuclides was estimated of 0.003 person—Sv. It is
recognized that there are many more radioactive waste disposal facilities in the world than those on
which the evaluation in this annex was based and that these results are therefore incomplete.

Table 38. Collective doses to the world population integrated to 100 years from a single year’s
discharges from radioactive waste disposal facilities for the period 2016-2020

Collective dose for waste disposal facilities (person-Sv)
Country Site Atmospheric discharges
Liquid discharges | All discharges
Local Regional Total

Belgoprocess site 1 1.7x10* 5.3 x 10 6.9%x10* 6.9x 10*

Belgium
Belgoprocess site 2 45x%x10° 1.4x10* 1.9%10* 4.1x10%? 4.1%x10?
CSA 1.2x10° 3.7x10° 48x10° 2.6%x10° 74%x10°

France

CSM 9.9x10* 9.9x10*
Spain El Cabril 39x10° 1.2x10* 1.6 x10* 1.6x10*
Clab 46x10° 1.1x10* 1.5x10* 6.9% 1073 7.1x10°

Sweden
Studsvik 3.6x10* 9.9x10* 1.4x%x 1073 1.3% 10?2 1.4%x 102
UK LLWR 1.7x10° 40x10° 5.7x10° 6.9 x 107 6.9 x 10
Europe 6.9%x10* 2.0x 103 2.7 %103 1.3x 107 1.3x 107
Worldwide 8.7x10* 1.8x103 2.7x10? 5.6x 10" 5.6x 10"
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3. Long-term (post-closure) exposures

365. In addition to the assessment of doses from discharges from radioactive waste disposal facilities,
previous UNSCEAR reports [U15, U21] included an evaluation of long-term (post-closure) doses from
leaching of radionuclides to groundwater from waste disposed of at these facilities. The approach used
was based on parameter values that are now outdated and depend on assumptions about the containment
of the solid waste and the site characteristics. Furthermore, a representative radionuclide specific
inventory of low- and intermediate-level waste that is directly associated with electricity generation is
difficult to determine. A fraction of the waste inventories is associated with, for example,
decommissioning activities or waste from other sectors. In addition, the timescales for estimating
post-closure exposures differ from other forms of public exposure and are difficult to present in a
consistent manner. Therefore, the Committee decided that an update of long term (post closure) doses
associated with radioactive waste disposal facilities was beyond the scope of the current evaluation.

366. As an alternative, this annex provides relevant information from case studies on long-term safety
assessments for low- and intermediate-level waste carried out by some Member States and reported in
official publications:

(a) In Sweden, for the SFR 1 disposal facility for low-level waste and intermediate-level waste
located at an intermediate depth of 60 m of rock, the highest individual annual dose for the reference
scenario was estimated at 12 uSv with organic *C as the predominant radionuclide [S51];

(b) In France, the highest individual annual dose for the reference scenario for the disposal facility
at CSM, was estimated around 0.1 mSv [A26];

(c¢) In Canada, the Canadian National Laboratories proposed to construct and operate the Near
Surface Disposal Facility for the disposal of solid low-level waste at Canadian National Laboratories
in Chalk River. The maximum annual dose to the critical receptor in the Normal Evolution Scenario
was estimated at 0.015 mSv [C43].

C. Applications other than nuclear power production

367. Applications other than nuclear power production include a broad range of human activities that
can cause public exposure. These applications can be divided into three categories:

(a) Medical applications for both human and veterinary medicine;
(b) Industrial and research applications;
(c) Production, use and disposal of consumer products.

It should be noted that these applications can also result in occupational and medical exposures, but only
public exposures are assessed in this annex.

368. Doses to the public resulting from these applications are typically very low; however, the improper
use of radioactive sources, as well as incidents, accidents and malevolent acts involving radioactive
sources may result in elevated levels of public exposure. Public exposure caused by such events where
there is no long-term contamination of the environment with radioactive materials is covered in this
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section, while public exposure due to long-term contamination of the environment caused by past civilian
and military applications, and past accidents is described in sections [V.D and IV.E.

369. In previous UNSCEAR reports dealing with public exposure to ionizing radiation [U15, U19] the
Committee did not develop specific dose assessment methodologies for this topic area, due to the wide
variety of sources, the numerous exposure scenarios, and the sparse nature and inhomogeneity of relevant
information. Estimates of doses to the public from applications other than nuclear power production
available in the literature, are generally performed using a variety of methodologies. Consequently, a single,
robust methodology to assess public exposure on a global scale could not be developed by the Committee
and dose estimates in earlier UNSCEAR reports were taken from national reports and publications in the
open literature. The Committee adopted the same approach for this annex and updated and expanded its
evaluation of public exposure from applications other than nuclear power production to the extent possible
based on the information provided through the UNSCEAR Global Survey on Public Exposure, information
from the open literature, and reports of national and international organizations.

1. Medical applications: human and veterinary medicine

370. Technologies that make use of ionizing radiation are widely employed in medicine, for example,
in the detection, diagnosis and treatment of cancer. Medical applications of ionizing radiation also play
an important role in different areas, such as the treatment of injuries, cardiovascular diseases and the
management of noncommunicable and infectious diseases.

371. Public exposure can occur before, during, and after medical procedures as an unintended consequence.
Sources of public exposure in medicine include radiopharmaceuticals, sealed radionuclide sources and
radiation generators. Members of the public can be exposed to sources of ionizing radiation in a variety of
medical applications, such as radiopharmaceuticals and sealed radioactive sources for medical applications;
nuclear medicine; radiation therapy; diagnostic and interventional radiology and veterinary medicine.
Medical and occupational exposures related to medical applications were evaluated by the Committee most
recently in UNSCEAR 2020/2021 Report, annex A [U31] and annex D [U30], respectively.

(@) Production and supply of radiopharmaceuticals

372. Radiopharmaceuticals can be bound to vehicle molecules or used in an ionic or inert form for the
in vivo and in vitro diagnosis of diseases and therapy. The use of radiopharmaceuticals in clinical
applications and biomedical research is rapidly growing. The most common radionuclides used for
medical diagnostic imaging and therapy are *Tc, '*'T and **Xe. Due to their short half-lives, these
radionuclides cannot be stockpiled and must be constantly produced and delivered to medical facilities.
Technetium-99m is the decay product of ®Mo, which is produced in research reactors as a fission product
of 2°U, or can be obtained by the neutron activation of **Mo in a high neutron flux reactor. As of 2016,
about 95% of the global production of *’Mo for medical use was carried out in seven research reactors in
Australia, Canada, Europe, and South Africa and supplied from five target processing facilities.
Companies in Australia, Canada, Europe, South Africa, and the United States participate in this global
supply chain for ®Mo and *"Tc, while Argentina, Brazil, China, Republic of Korea, and the Russian
Federation provide regional supplies of ®Mo. About 10,000 targets are used annually to produce *Mo
for medical application. Production of *Mo is frequently expressed in a quantity called six-day curie
(Ci), which is the residual activity of Mo six days after it leaves the production facility. In 2016, the
estimated annual production capacity of Mo was approximately 1.5 six-day MCi corresponding to
roughly 5.5 10* six-day TBq [N5].
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373. Other medical radionuclides, such as ¥Fe, %I and 2°!T], can also be produced in research reactors
and cyclotrons. Radiopharmaceuticals containing '¥F, 1*N, 'C and 'O for positron emission tomography
(PET) are generally produced using cyclotrons. In 2012, at least 150 cyclotrons were producing PET
radiopharmaceuticals in the United States [O6]. A study on the use of cyclotrons for nuclear medicine
and radiopharmacy in Austria, Germany, and Switzerland [Z12] indicated that the total number of
cyclotrons used for production of radiopharmaceuticals in these countries increased from 23 in 1998 to
28 in 2006 and 42 in 2022.

374. Reliable estimates of doses to the public resulting from the production and distribution of medical
radionuclides are unavailable owing to the complexity of the global production and supply chains, and
the limited availability of data. Facilities involved in the production of radiopharmaceuticals comply with
national regulations to control their radioactive discharges which typically result in negligible levels of
public exposure. The UNSCEAR 2008 Report, annex B [U19] estimated that the annual collective dose
due to the production and use of radioisotopes in medicine was of the order of 100 person—Sv.

(b) Nuclear medicine

375. The UNSCEAR 2020/2021 Report, annex A [U31] estimated that the global annual number of
diagnostic procedures and radionuclide treatments of nuclear medicine were 40 million and 1.4 million,
respectively, an increase of 22% and 63%, respectively, compared to the data presented in the
UNSCEAR 2008 Report, annex B [U19]. The most common radionuclide used in nuclear medicine
diagnostic procedures is *™Tc, which is employed in 30 million examinations worldwide [O5].

376. Nuclear medicine facilities can cause exposure of members of the public via discharges of
radioactive material to the environment or to the sewer systems. Decay tanks and other abatement
technologies substantially reduce the activity of these discharges from hospitals. In a hospital, exposure
of other patients, visitors, and staff not classified as radiation workers may occur due to their proximity
to a treated patient. A patient released from the hospital can expose family members, other members of
the public and bystanders. The exposure pathways are direct radiation from the body, excreta, vomit
masses, and exhalation of residual amounts of the administered radionuclide or its decay products.

377. The impact of hospital discharges into sewage system in Denmark, Finland, Iceland, Norway and
Sweden was investigated by Sundell-Bergman et al. [S78]. The study focused on selected sewage
treatment plants that serve various hospitals handling radionuclides for medical purposes and carried out
assessments of doses to members of the public. The annual discharges were between 1.4 and 7.5 TBq for
PmT¢ and between 0.1 and 0.9 TBq for "*'1. The study estimated that the doses to workers at the sewage
treatment plant from inhalation and external exposures were higher than those to farmers who consume
crops fertilized with sludges from the plant. All predicted annual doses were below 10 uSv. A study in
Spain [J14] analysed the levels of '*'T in sludge from a sewage treatment plant and estimated an annual
dose of 800 uSv to workers at the plant due to external exposure from sludges [J14].

378. Most recent studies focused on family members or caregivers who come in contact with
therapeutically treated patients. Doses from external exposure to caregivers of 31 outpatients and
33 inpatients treated with 1.11 GBq and 3.7-7.4 GBq of "*'I after thyroidectomy, respectively, were
estimated using thermoluminescence dosimeters. The average dose was estimated to be 0.61 =+
0.56 mSv (median: 0.50 mSv) for outpatients who were isolated for two hours after treatment, and
0.16 £ 0.34 mSv (median: 0.06 mSv) for inpatients who were quarantined in the hospital for 2-3 days
after treatment, over seven days after discharge [L10]. A study by Griindel et al. [G26] estimated that
the dose from inhalation of radioiodine exhaled by patients treated with 0.2-10 GBq of *'T was
0.77 mSv to children and less than 0.1 mSv to adult relatives. A study of internal doses to family
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members of patients treated with radioactive iodine indicated that the highest observed equivalent dose
to thyroid based on measurements using whole body counter was 2.4 mSv [B55].

379. Studies of exposures of children, other household members and relatives of patients treated with
radioiodine demonstrated that typical doses were of the order of 1 mSv or less [D6, G1, G2, G21, L10,
L19, M6]. However, a study by Barrington et al. [B7] reported that in the case of outpatients, many young
children received more than 1 mSv at home, while an investigation by Mathieu et al. [M12] found that if
children of outpatients stayed away from home for the first eight days after therapy, median doses over
the two weeks following treatments for thyroid cancer and hyperthyroidism were 0.08 and 0.13 mSyv,
respectively. It also indicated that providing relevant safety information to patients and their relatives
when patients were released allowed exposure of household members and other members of the public
to be reduced to small fractions of one millisievert. In contrast to these findings, a study of 22 caregivers
in India reported that doses to caregivers in the week following discharge of the patients after radioiodine
therapy ranged from 9.7 to 24.2 mSv [K15].

380. Targeted alpha therapy with >**Ra, 2*’Th and ?*Ac is widely used for the treatment of metastasis in
patients with prostate cancer [F12], while ?Ac labelled antibodies and peptides have been used to target
various types of cancer [S33]. Public exposure is caused by decay products of ??’Ra and ?>’Th, such as
21%Rn exhaled by patients and 2'°Rn decay products (2'*Po, 2!'Pb, 2!'Bi and*’Tl). Hosono et al. [H32]
estimated that the dose to a member of the public or caregiver was about 3.5 uSv following an injection
of 3.0MBq of **Ra. Public exposure is also associated with the production of alpha-emitting
radiopharmaceuticals containing alpha-emitting radionuclides, such as ***Ac, which is produced by
radiochemical extraction from ??Th sources or by accelerator driven processes. Actinium-227 is also a
by-product of the accelerator-based production of *°Ac.

381. Positron emission tomography uses various radiopharmaceutical tracers for the functional imaging
of biokinetic processes, such as blood flow, regional chemical composition, and absorption. The most
common radionuclides used as PET tracers are '8F, 130, and !'C, ®Ga, ¥Zr, and '**I. Single-photon
emission computed tomography (SPECT) uses gamma-emitting radionuclides, such as 21, *"Tc, 133Xe,
201T] and '''In, for imaging of the blood distribution within tissues. An overview of public exposure from
mobile PET and SPECT systems by Studenski [S73] reported that, following a 555 MBq injection, the
dose rate at 30 cm from a patient was 0.8 mSv/h for '*F and 0.13 mSv/h for ™ Tc.

382. In a study by Lee and Park [L11] to determine the appropriate isolation time for patients with
differentiated thyroid carcinoma treated with '*'I, ambient dose equivalent rates were measured at 1 m
from 71 patients who had been administered between 3.7 and 7.4 GBq of '*'I. Upper estimates of doses
to other members of the public ranged from 0.2 mSv to 2.14 mSv. A similar study conducted in Germany
to estimate the exposure of members of the public from patients with prostate cancer undergoing
treatment with !7’Lu-PSMA-617 [K46] reported ambient dose equivalent rates measured at a distance of
2 m from the patients. The average dose to members of the public was estimated at 70 uSv, with a
maximum value of around 260 puSv when patients were discharged 48 hours after treatment.

(c) Radiation therapy

383. The UNSCEAR 2020/2021 Report, annex A [U31] estimated that the global annual number of
radiation therapy treatment courses was 6.2 million, an increase of 22% from the 5.1 million treatments
reported in the UNSCEAR 2008 Report, annex B [U19]. Of these, 5.8 million were delivered using
external beam therapy, and 0.4 million were brachytherapy.
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384. Public exposure from external beam therapy and radiosurgery is restricted by the design criteria
of the facility. Members of the public receive high doses only following unauthorized access to the
therapeutic units or events associated with the loss of control over radioisotope units. An example of
such an event is the accident that occurred at Goidnia (Brazil) in 1987, which is illustrated in the
UNSCEAR 1993 Report, annex B [U13] and in the UNSCEAR 2008 Report, annex C [U20] and
described in detail in a dedicated IAEA report [11].

385. Public exposure in case of interstitial or intracavitary brachytherapy is predominantly associated with
external exposure from sealed radioactive sources in the form of seeds, wires and tubes containing such
radionuclides as ®°Co, 13!Cs, 1¥Cs, %1, "I, 1%Pa, '%Ru or 2?°Ra, which are temporarily or permanently
placed into or next to the tumour or with external exposure from a sealed radioactive source in the form of
a container temporarily placed in a body cavity, such as the rectum, uterus, or vagina.

386. In intra-arterial microbrachytherapy, which involves injecting insoluble microspheres with embedded
Y or !%Ho into the bloodstream, some fraction of microspheres can be eliminated from the patient with
excreta, blood or vomit masses and cause exposure to people in close contact. Pathways of public exposure
are similar to those following treatment with soluble radiopharmaceuticals. Prince et al. [P38] estimated that
external doses to people in close contact with patients treated with *Ho microspheres with an activity of
up to 7 GBq would not exceed 5 mSv and that for microsphere with higher activities, restricting contact
during the first six hours after treatment would keep doses to people in close contact below this level.

387. Exposure of members of the public in close contact with 108 prostate cancer patients who
underwent brachytherapy with low dose-rate implants of '#°T and a prescribed absorbed dose to target
areas of 145 Gy was reported by Licciardello et al. [L19]. In the study the air kerma rates were measured
at different distances from the patients (e.g., in contact with the skin, at 0.5 m and 1 m). The estimated
doses to these individuals were estimated to be in the range of 0.1-1.2 mSv with a median value of
0.5 mSv at 1 m from the patient, assuming an occupancy factor of 0.25. In a different study [D5] the
exposure rates at 30 cm from the anterior skin surface were measured in 1,127 colleagues of patients with
prostate cancer who underwent 21 seed implantation. The upper estimate of the dose to colleagues of
patients with %I seed implantation was 0.041 mSv [D5].

388. Radiopharmaceuticals and brachytherapy sources are typically used for patients with a sufficiently
long-life expectancy. Nevertheless, death can occur shortly after administration of radioactive material.
Improper management of a body containing radioactive material can result in public exposure, especially
in the case of cremation [A6, 130].

(d) Diagnostic and interventional radiology

389. Radiological imaging procedures, such as mammography, computer tomography and interventional
radiology, are the most extensively used medical applications of ionizing radiation. More than one billion
procedures are carried out in the European Union and United States annually [E21, S60]. Computed
tomography accounts for about 10% of Europe’s radiological imaging procedures [E16]. In general,
public exposure from a stationary imaging facility is negligible. However, mobile scanners used in
emergencies, in remote locations or field conditions, may cause elevated exposure to members of the
public, if appropriate protective equipment and procedures are not utilized [K21].
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(e) Veterinary medicine

390. Veterinary medicine includes most of the procedures described in previous sections. However, in
veterinary medicine, such procedures can be less optimized, as they are often applied outside dedicated
facilities and generally require the presence of additional people, such as animal handlers. These factors
potentially increase the magnitude of public exposure associated with veterinary medicine [I40].
Information on public exposure are not available, but a survey by Epp and Waldner [E29] indicated that
the annual doses to individuals manually restraining animals for veterinary radiological procedures
exceeded 20 mSv and that, among individuals who manually restrained animals, 39% experienced
unintended exposure.

2. Industrial, research and other applications

391. Applications of ionizing radiation in industrial, research, and other sectors include research reactors,
accelerators and other research and industrial facilities, nuclear propulsion and autonomous power
sources, non-medical human body imaging, imaging of objects with ionizing radiation for security
screening, non-destructive testing and ensuring product quality (e.g., industrial gauges, moisture and
density gauges, industrial radiography).

(@) Research reactors and research facilities

392. Nuclear fission reactors have been used for research, development, education, and training for over
80 years. Nowadays, research reactors serve as a neutron source for research, medicine, various industrial
applications, non-destructive testing, analysis of materials, and production of radioisotopes for medical,
industrial, and research use. Many research reactors were built in the 1960s and 1970s. In 1975, the number
of operational research reactors in 55 countries was 373. As of April 2023, the total number of research
reactors in 70 countries exceeded 800, with 222 operational in 50 countries, 573 shut down or
decommissioned, and 23 reactors planned or under construction in 16 countries [I50]. Research reactors
require less nuclear fuel to operate and generate fewer fission products than nuclear power reactors but use
uranium typically enriched to up to 20% in **>U, and to as much as 90% in ***U in some cases. The thermal
power output of research reactors ranges from zero (e.g., for critical assemblies), to a few hundred megawatts.

393. Memon et al. [M23] reported radiation levels in and around research reactors at the Pakistan
Institute of Nuclear Science and Technology. Measurements of ambient dose equivalent were made with
thermoluminescent dosimeters between 1998 and 2002. The mean ambient dose equivalent rates for
individual locations ranged from 0.14 + 0.01 to 0.19 + 0.03 uSv/h, with a mean value of
0.16 £ 0.03 puSv/h. Khomich et al. [K16] reported on a WWR-M heterogeneous water moderated pool
type research reactor operating with thermal neutrons at a power level of 10 MWth. The primary
radionuclides released into the atmosphere were noble radioactive gases and radioisotopes of iodine.
During the period between 1979 and 2011, measurements of activities of noble gases discharged from
the reactor showed that the predominant radionuclide was *'Ar—contributing about 95% of the
discharges—with minor contributions from 3°Kr, ¥Kr and '**Xe. Among radioisotopes of iodine, '3'I was
the primary contributor. Atmospheric discharges ranged from 10> Bg/d for the noble gases to
9.4 x 10° Bg/d for '*'1, and 1.3 x 10* kBq/d for long-lived radionuclides, such as '"mAg, 3Co, %°Co, 5'Cr,
134Cs, 1¥Cs, Fe, >*Mn, *°Sr, *Nb, and **Zr. The activity concentrations of the radionuclides discharged
to the environment were generally below detection limits.
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394. Fernandez et al. [F4] reported on the environmental monitoring of terrestrial ecosystems in the
Obninsk region (Russian Federation), where the WWR-c research reactor is used mainly for the
production of medical radioisotopes as well as gamma and electron irradiation facilities. Upper-level
estimates of doses to members of the public due to '3'I arising from the production of
radiopharmaceuticals were several orders of magnitude below the dose limit. The activity concentrations
of 1¥7Cs in environmental samples were slightly higher than the levels from global fallout; however, there
was no clear evidence that such slight elevation was due to the operation of the research reactor.

395. Amekudzie et al. [A24] reported ambient equivalent dose rates around the nuclear research reactor
on the publicly accessible premises of the Ghana Atomic Energy Commission in the range of
0.14-0.27 pSv/h with an average value of 0.2 uSv/h. The survey also showed that measured dose rates
are primarily due to natural background and no estimates of associated public exposure were performed.
Hoq et al. [H26] reported on the activity concentration of radionuclides discharged from the TRIGA
Research Reactor at the Bangladesh Atomic Energy Commission reactor. The primary activation product
released from the reactor was *'Ar and its activity concentrations in the air were well below the
permissible level. No estimates of public exposure were carried out. Adelikhah et.al. [A4], performed
dose assessments for liquid discharges into the sewage system from the Tehran Research Reactor in Iran.
The assessment showed that the annual dose to members of the public was below 10 uSv.

396. In Canada, research reactor and high energy accelerator facilities are required to provide the Canadian
Nuclear Safety Commission with estimates of annual releases and associated estimates of dose to members
of the public. Annual doses to members of the public from Canadian research reactors are below 10 pSv.
Data for 18 research reactors in Canada were also provided to the Committee through the UNSCEAR Global
Survey on Public Exposure. The SLOWPOKE-2 reactors are designed to operate at low power and are
fuelled with either highly enriched uranium, (e.g., research reactors at University of Alberta and the
Saskatchewan Research Council), or low-enriched uranium (e.g., research reactors at the Royal Military
College of Canada and Ecole Polytechnique de Montréal). The SLOWPOKE-2 facilities discharge
negligible quantities of noble gases, mainly '**Xe and '**Xe, from the weekly purge of reactor head space,
and *' Ar from irradiation activities. The McMaster Nuclear Reactor, which first became operational in 1959,
generally operates at a thermal power of 3 MW. Iodine-125 and *'Ar are the only radionuclides routinely
discharged to the environment in measurable quantities. According to data provided to the UNSCEAR
Global Survey on Public Exposure, the maximum annual doses to members of the public due to discharges
from research reactors in Canada, were of order of a few pSv or less.

397. Cyclotrons are widely used in basic research, production of radiopharmaceuticals, and for particle
therapy, where a particle beam is applied directly to pathological tissues of the patient. According to the
IAEA Database of Cyclotrons for Radionuclide Production there were over 1,500 cyclotron facilities
around the world as of 2020 [I51]. Additionally there were more than 50 synchrotron radiation facilities
in the world in 2023 [L20], which have various research, industrial, and medical applications.

398. During routine operation, a cyclotron can produce high intensity neutrons and gamma radiation.
The neutrons undergo multiple scattering events with nitrogen and oxygen in air and public exposure
may result from the skyshine. Kaur et al. [K8] reported that the highest ambient dose equivalent rate
0f 0.93 uSv/h were measured at the back wall of the radiochemistry laboratory facing the cyclotron vault
during the bombardment period of 40 minutes. The radiochemistry laboratory was accessible to
non-occupationally exposed individuals. Typically, public exposure from a cyclotron is limited by
licensing conditions and applicable dose constraints. For example, regulations in the United States require
ensuring that air emissions of radioactive material should not result in an annual dose above 0.1 mSv and
the total dose received in any 1 hour in any unrestricted area should not exceed 0.02 mSv [U53].
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399. The synchrotron is a component of the highest energy Large Hadron Collider of the European
Organization for Nuclear Research (CERN), which is the world’s leading international laboratory for
particle physics, with nuclear facilities at two main campuses in Meyrin, Switzerland on the French-Swiss
border, and in Prévessin (France). In 2011, CERN generated 398 m? of solid radioactive waste and
processed 342 m? of radioactive effluents and its activities resulted in an annual dose to members of the
public living in the immediate vicinity below 0.02 mSv in a typical year assuming that all the CERN
facilities are operational [C16, C17]; for the major part this dose was due to stray radiation. For example,
in 2011, atmospheric releases from CERN accelerator facilities resulted in a dose to members of the
public of less than 6.6 pSv, mostly from external exposure to photon radiation of short-lived radioactive
gases. Releases of radionuclides to the aquatic environment (HTO, **Na) resulted in an annual dose
below 0.05 pSv. Except for trace amounts of **Mn in sediments and moss from the Le Lion and
L’ Allondon Rivers, no radionuclides originating from CERN could be clearly identified [C15].

400. The TRIUMF facility, located in Vancouver, British Columbia (Canada), is a major producer of
radioisotopes for medical diagnosis and operates one 520 MeV cyclotron accelerator facility, four smaller
cyclotrons, and three linear accelerators. Annual doses to members of the public from TRIUMF were
estimated to range from 7 to 16 uSv [M28]. The Canadian Light Source Inc. operates a synchrotron
facility at the University of Saskatchewan campus in Saskatoon, Saskatchewan (Canada). Data from its
2016 monitoring programme showed that doses to members of the public were not distinguishable from
natural background [C45].

401. Thermonuclear fusion devices used in research have been in operation for many decades. Currently
there are more than 140 fusion facilities operating, in construction, or planned in 28 countries [I55]. ITER
is a global thermonuclear fusion project of 35 nations. Its thermonuclear reactor in Cadarache (France) is
scheduled to begin its research operations in 2034. An overview of exposure pathways and projected
levels of public exposures associated with ITER is presented in safety reports by Taylor et al. [T1, T2].

(b) Nuclear propulsion and autonomous power sources

402. Nuclear reactors generating thermal and electrical energy are used on surface ships and submarines
operated by several nations, including China, France, Russian Federation, United Kingdom and the
United States. The main sources of radioactivity in liquid effluents from operating naval nuclear
propulsion systems are activated corrosion and wear products from metal components in contact with
cooling water of the reactor, namely °'Cr, *Fe, **Fe, *Co, ®’Co, ®Ni, ®Nb, *Zr, >*Mn, ©Zn, '>*Sb, '8'Hf,
182Ta, and '®’W. Cobalt-60 is the most radiologically important among these radionuclides [M44].

403. As of 2022, the United States Navy operated 11 aircraft carriers and 64 submarines powered by
nuclear reactors [N30, U47]. In 2019, the total activity of long-lived gamma emitters in liquid discharges
to the environment from all United States nuclear-powered ships and supporting tenders, naval bases, and
shipyards was less than 74 MBq [M44]. These discharges would give rise to doses to the public of a few
microsieverts or less. Reliable information about discharges and public exposure associated with marine
nuclear propulsion in other countries is not available.

Power sources in space and terrestrial autonomous instruments

404. Radionuclide power systems are important sources of energy for spacecraft and satellites.
A Radioisotope Thermoelectric Generator (RTG) converts the heat released by radioactive decay into
electricity without a chain reaction. Most RTGs use 2**Pu due to its high energy yield of 0.56 kW/kg,
short-range alpha radiation, low gamma radiation, and minimal requirements for shielding. Radioisotope
Thermoelectric Generators with the yield of 0.15 kW/kg are also used by the European Space Agency.
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To date, the major users of nuclear power systems in space are China, the European Space Agency, the
Russian Federation, and the United States. As of 2021, over 45 RTGs powered more than 25 United
States space vehicles, including Apollo, Pioneer, Viking, Voyager, Galileo, Ulysses, Cassini, and New
Horizons space missions. The latest design RTG with 4.8 kg of ***Pu dioxide and a thermal power of
2 kW is being used in the Mars rover Curiosity, which was launched by the United States National
Aeronautics and Space Administration (NASA) in 2011 and landed on Mars the following year. As well
as RTGs, 28Pu heaters with a power of typically 1 W and a mass of less than 3 g are used in outer space
equipment. Both RTGs and heaters are designed to withstand major launch and re-entry accidents.
Radionuclides have also been used in various onboard instruments [W16].

405. The former Soviet Union and the United States also used radionuclide power systems in autonomous
ground and sea-based navigation beacons, uncrewed lighthouses, meteorological stations, and similar
facilities in remote areas. Over a thousand RTGs were deployed at unmanned, remote facilities along the
northern coast of the Russian Federation [P31], primarily as energy sources for lighthouses, each containing
high-activity sources of °’Sr. Following the collapse of the Soviet Union in 1991, an international
programme was launched to decommission these sources and bring them into safe and secure storage due
to the significant threat they posed [S57, S58]. By 2015, 751 RTGs had been recovered [P31] and by 2019
all initially manufactured RTGs were decommissioned [R32]. Terrestrial radionuclide power systems have
since been phased out because of environmental and safety concerns.

406. Miniature diamond semiconductor batteries, as low as 3 X 3 x 0.03 mm in size, are used as a DC or
pulse power source with a high lifespan. These batteries contain up to 2 TBq of ®*Ni [B24]. No estimates
of public exposure are available for such batteries.

407. Nuclear fission reactors were used on satellites by the former Soviet Union and the United States.
Between 1967 and 1988, the former Soviet Union launched 34 Radar Ocean Reconnaissance Satellites
(RORSATS), within the Cosmos series, equipped with low-powered fission reactors with thermoelectric
converters. These reactors included fast spectrum graphite reactors with 90% enriched uranium, which
produced 3 kW for up to four months. The United States flew one system for nuclear auxiliary power,
the SNAP-10A (System for Nuclear Auxiliary Power), in 1965. This reactor operated for 43 days at
590 W but remains in orbit as of 2023 [W16].

(c) Non-medical imaging of a human body with ionizing radiation

408. Non-medical human imaging with ionizing radiation is the intentional exposure to ionizing
radiation for purposes other than medical diagnosis, treatment, or biomedical research. Such applications
are used for security screening at airports, sport venues and other public facilities, customs checkpoints,
diamond mines, detention facilities, for evaluating the age of children for legal purposes, identifying the
physical potential and development of young individuals and to underpin professional contracts,
insurance, and compensation claims in sport, performing arts and other areas.

409. X-ray transmission and backscatter imaging are the two leading security full-body scanning
technologies that use ionizing radiation. Security X-ray full-body scanning can expose a subject for
imaging and other bystanders, who may receive a dose because of their proximity to the inspection area.
Bystanders include passengers, operators, security and airline personnel [139, N5]. In X-ray transmission
imaging a subject stands between the X-ray tube and the detector array and is scanned by an X-ray beam
about 2 mm wide. The X-ray peak voltage is usually in the range of 140220 kV, the current is 0.1-4 mA,
and the duration of the exposure is between 5 and 15 seconds. The transmission imaging typically results
in a dose of 0.1-5 uSv per screening [E16].
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410. X-ray backscatter imaging is based on the Compton scattering effect. A detector array is placed on
the same side of the body as the X-ray tube. A typical system uses a peak voltage of about 50 kV and a
current of 5 mA. The duration of a single scan can be up to eight seconds. Backscatter body imaging
results in a typical dose of 0.01-0.1 uSv per screening; for example, the Rapiscan Secure 1000 SP system
delivers a dose in the range of 11-33 nSv per screening. The dose to bystanders can be up to 10% of the
doses to screened individuals [N4].

411. A report by the National Academies of Sciences, Engineering, Medicine of the United States [N5]
indicated that for two backscatter systems, a dose of 250 nSv per screen would not be exceeded regardless
of the age and weight of the screened individual. The absorbed dose to the skin’s epithelial layer of
radiosensitive cells is 1.6% higher than the average absorbed dose to the skin as defined by the ICRP
[I70]. The report confirmed that the tissue absorbed doses received by the lens of the eye, skin, or female
breast are at least two orders of magnitude below the thresholds of harmful tissue reactions [172].

412. X-ray security body scanners can be classified as ‘general use systems’, which deliver a dose under
250 nSv per screening and ‘limited use systems’ which deliver higher doses. Annual doses due to systems
in both categories are usually expected to be less than 250 uSv for a single source or set of sources under
the control of an operator [N11].

413. A report by IRSN [I82] indicates that potential malfunctions of intensively used security body
scanners may result in abnormally high exposures to a large number of people. X-ray body scanners for
security screening have not been allowed in European airports since 2012 [E18] nor used in United States
airports since 2013. Nowadays, many other countries have also switched to security scanners without
ionizing radiation. X-ray body scanners can be used for other purposes, such as customs control at
national borders and security screening in prisons. In 2021, 52 prisons in the United Kingdom used
specialized X-ray body scanners developed for the Prison Service [M29]. Norway reported through the
UNSCEAR Global Survey on Public Exposure that its custom authorities had used four X-ray body
scanners for control of suspected smugglers between 2007 and 2021. These systems produced about
2,000 body images and each image resulted in a dose of up to 5 uSv.

(d) Imaging of objects with ionizing radiation

414. Imaging of objects is widely used for security and customs screening both in industry for quality
control and production optimization, and in research. The range of applications of such imaging devices
is constantly growing. Members of the public might be exposed to radiation due to their proximity to the
imaging area, human errors, and malfunction of the equipment or access barriers.

415. Scanning of letters, parcels, baggage, cargo containers, and vehicles is usually performed with
X-rays generated by a vacuum tube with a peak voltage of up to 450 kV. Trace quantities of explosives
and narcotics can be detected with a ®*Ni source, which emits beta particles with a maximum energy of
67 keV. A typical activity of the source in such devices is about 600 MBq [130, 139]. Photons produced
by '37Cs and ®Co sources are also used for inspection, although devices using X-ray tubes and linear
accelerators are preferred in many applications. The typical activity of a *°Co source is around
50-100 GBq, but sources with activities in the order of 10 TBq are also common [I139]. The design criteria
for such equipment usually stipulate that in normal circumstances, radiation doses to operators and people
in the vicinity should be less than 10 uSv [130, 139].

416. The use of ionizing radiation to screen cargo containers is increasing. Vehicle scanners typically
use X-rays tubes with a peak voltage above 160 kV. Systems with radionuclide sources and neutron
generators are also in operation. Interlocks in the scanner and controlled area ensure that doses to
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bystanders are low, typically less than a few microsieverts. In some drive-through systems, drivers are
present in scanning vehicles and exposed to the scattered beam only. Safety systems prevent drivers from
being exposed to the primary beam. Individuals may be concealed in a cargo container and inadvertently
exposed to the primary beam. In typical conditions, estimates of whole-body dose to a driver in drive-
through systems range from 250 nGy, for a beam energy of 4.5 MeV, to 600 nGy, for a beam energy of
6-9 MeV, per scanning. In accident conditions with exposure to the primary beam, the estimated whole
body absorbed dose is about 0.1 mGy [G15].

417. Mobile scanning accelerator-driven devices typically use photons with an energy of 3—6 MeV. Mobile
scanning devices usually operate with a photon energy of about 6 MeV, and stationary cargo scanning
facilities use photon beams of up to 9 MeV [139]. Most portable X-ray security screening devices produce
an open beam and consist of an X-ray generator with a 250-300 kV peak voltage placed at the front the
object to be inspected, and an imaging system placed behind. Exposure of bystanders is minimized by a
controlled area around the object being examined. Handheld backscatter X-ray devices typically use peak
voltage in the 50-120 kV range and produce an open beam. A controlled area of around 3 m in the direction
of the beam is usually required to minimize the exposure of bystanders. There is a growing trend in using
handheld backscatter X-ray devices due to the rising demand for various applications. Annual doses to the
operator and bystanders of security scanners—typically of a few microsieverts—are restricted by the design
criteria. The actual dose depends primarily on the scanners’ frequency and mode of operation. In the
UNSCEAR Global Survey on Public Exposure, Norway reported the use of 434 X-ray scanners with peak
voltage in the 75-270 kV range for customs and security control. Norway indicated that these scanners are
designed to comply with national and international radiation protection standards, and the annual dose to
members of the public is much less than 1 mSv.

3. Consumer products and other goods

418. Radionuclides can be added to a consumer product for functional reasons because of their physical
or chemical properties. Examples of consumer products containing radionuclides are radioluminous
products, smoke detectors, thoriated tungsten welding electrodes, high-intensity discharge lamps and
lamp starters, gemstones with colour intensified or altered by irradiation, and high-voltage radiation
generators or electronic tubes capable of producing ionizing radiation [136, U55].

419. Products containing radioluminous paint or tritium light sources include timepieces, navigational
instruments, such as compasses, torches, fishing floats, exit signs, dials and switches on boats and aircraft.
weapon sights and key fobs. Historically, the predominant radionuclide used in radioluminous consumer
products was 22°Ra, but its use has been discontinued because of safety concerns, as this radionuclide
presents a significant hazard due to its gamma emission and it has been replaced by less radiotoxic
radionuclides, such as '4’Pm and *H [E4].

420. A gaseous tritium light source (GTLS) consists of a sealed glass container filled with gaseous
tritium and coated internally with phosphor. A gaseous tritium light device (GTLD) contains one or more
GTLS. International standards [O2] require that members of the public be exposed to GTLDs as little as
practicable, and the annual dose received by a member of the public is constrained to a small fraction of
1 mSv. A GTLS is not allowed for use unless it is contained in a GTLD. Only *H in the form of *H; or
H*H is allowed in a GTLS except for small amounts of tritiated water, provided that, during the lifetime
of the GTLS, the activity in the form of tritiated water does not exceed 2% of the total tritium activity.

421. Tonization chambers, smoke, gas, and aerosol detectors and alarm systems usually contain 2*!Am
but other radionuclides, such as ®Ni, Kr, 22°Ra, 23®Pu and 2*’Pu have also been used. A smoke detector
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with 40 kBq of 2*' Am results in an ambient dose equivalent rate below 2.4 x 10 uSv/h at 2 m from the
detector. The estimated maximum annual dose is less than 0.07 puSv assuming a daily exposure of
eight hours [U19]. An environmental assessment of ionization chamber smoke detectors was also
undertaken in the United States [U54]. The report concluded that radiation doses associated with these
detectors were far below that from natural background.

422. Thorium, 35Kr and tritium are all used by the lamp industry to improve the metallurgical properties
of electrodes, optimize the light spectrum, or provide a starter aid in high-intensity or fluorescent lamps.
Example applications of high-intensity lamps include Xe car lighting and low-wattage specialist lamps.

423. The United States Nuclear Regulatory Commission [U55] estimated public exposure caused by
selected goods during their normal life cycle, including distribution and transport, expected routine use,
and disposal. Estimated annual individual doses for two products—thoriated gas mantles and tungsten
inert gas arc welding electrodes—were equal to or greater than 0.1 mSv:

(a) Thoriated gas mantles generate bright luminescent light when heated by a flame. The estimated
annual dose for incandescent gas mantles was estimated to be 2 mSv for a person using lighting gas
lanterns only, while the dose to an individual using portable camping lanterns was estimated at 0.1 mSv
[US55]. A study by Hassan et al. [H13] analysed five different types of thoriated mantles. The highest
activity of 2*Th in the mantle was 1.25 x 10* Bq. The ambient dose equivalent rate on the surface of a
single mantle was 0.68 uSv/h, and 1.9 uSv/h on the surface of a package of six mantles. It was estimated
that the annual dose to a member of the public handling such mantles could be up to several
millisieverts. Previously, the Committee indicated that the collective dose associated with portable
camping lanterns might exceed 100 person—Sv [U19];

(b) Thorium added to tungsten inert gas arc welding electrodes improves the welding characteristics and
prolongs the lifetime of the electrodes. Some members of the public use these consumer products. The
estimated annual dose to welders is usually well below 1 mSv [H35]. The annual dose to a dedicated
grinder of welding rods representing an atypical exposure scenario was estimated to be 8 mSv [U55]. The
estimated collective dose to members of the public who are welders was about 300 person—Sv [U19].

424. The colour of gemstones can be enhanced by irradiation with neutrons generated by research
reactors, electron beams from linear accelerators, or photons emitted by radionuclides. Some levels of
public exposure can be associated with gemstones, such as topaz, that contain activation products after
irradiation in research reactors [136]. Studies carried out in the United States [N12, S21] estimated that
the annual equivalent dose to the skin of a member of the public, continuously wearing an irradiated 6 g
topaz, can be up to 15 mSv. A European study of 5,000 gemstones [E4] sold directly to the public did not
identify any residual activation products in these items.

425. Some members of the public collect fossils, rocks, or minerals, which might contain significant
concentrations of natural radionuclides. The overall dose from such specimens under normal handling
and display conditions is only a very small fraction of the overall dose from natural radiation [U55].

426. Photographic lenses used to have 2’Th added to them to increase the refractive index.
Photographers carrying a camera with such lenses around the neck for several hours a day on many days
of the year could receive an annual dose of a few hundred microsieverts [U55]. However, in many
countries the use of such lenses has been discontinued.

427. Glass, to which uranium is added to produce a yellow or green colour, was popular for over a
hundred years and is still made in Czechia and the United States. The dose rate from gamma radiation
close to the surface of the glass item is less than 0.1 pSv/h. A typical surface dose rate due to beta radiation
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is 15 puSv/h, while dose rates measured a few centimetres from the surface are negligible. Individual doses
to owners of some collections of uranium glass could be up to 0.5 mSv annually.

428. Uranium salts have also been used for glazing ceramic products, such as tableware and tiles. They
were also used as a colourant in the United States in ceramic tableware produced in the 1930s and 1940s.
Nowadays, these items may be found in collectors’ markets. Handling such items may give rise to low-level
radioactivity on the skin, while using this tableware for eating could lead to very low ingestion doses [W2].

(@) Depleted uranium

429. The term depleted uranium (DU) refers to uranium containing lower fractions of **U and *°U than
natural uranium. Depleted uranium is usually a by-product of the processing of natural uranium to
produce enriched uranium. The mass fractions of U and 2**U in DU are typically 0.2-0.3% and
0.001-0.002%, respectively, and therefore the specific activity of DU is about 60% that of natural
uranium [U24]. The properties and biological effects of uranium were reviewed in the UNSCEAR 2016
Report, annex D [U24] and in other publications by international organizations [E8, W5].

430. Because of its availability, high density—DU is 1.67 times denser than lead—and chemical
properties, DU has a variety of civilian and military applications. Military applications of depleted
uranium are described in section IV.D.6. Depleted uranium is used as ballast and counterweights in
forklifts, sailboat keels, aircraft, and missiles and is also a valuable material for radiation shielding and
collimation in medicine, industry and research. A list of devices that contain DU is provided in the IAEA
report Services Series 22 [I33]. Depleted uranium is used as shielding and collimators of medical
radiation instruments, such as teletherapy, brachytherapy, and scanner units. The typical DU mass in such
equipment can be up to about 600 kg. Similarly, DU shingling masses are used in industrial radiography,
measurement gauges, well-logging devices, research, and academic equipment [133].

431. Under normal conditions, most such devices can result in low-level external exposure to members
of the public of the order of microsieverts. For example, the IAEA recommends a procedure to determine
whether the shielding or collimator in the device contains DU by using a dose rate meter held close to the
suspected DU material. A dose rate reading more than 2 pSv/h above the background level indicates the
potential presence of DU [146].

D. Military use of nuclear and radioactive materials

432. The most significant impact on public exposure associated with the military use of nuclear and
radioactive materials is due to global fallout from the testing of nuclear weapons. All types of
tests—atmospheric, underground, and underwater—have created legacy sites that have had an impact on
the surrounding environment, but only atmospheric tests have contributed significantly to global fallout and
exposures at local and regional levels.

433. Nuclear weapons tests were carried out at various locations by eight countries—China, Democratic
People’s Republic of Korea (DPRK), France, India, Pakistan, United Kingdom, United States, and the
former Soviet Union. In all, 530 atmospheric tests were conducted between 1945 and 1980—although
testing was most active between 1952 and 1958 and between 1961 and 1962—with a total fission and
fusion yield of 440 Mt [U19] (see electronic attachment 4-A). After the Treaty Banning Nuclear Weapons
Tests in the Atmosphere in Outer Space and Under Water was signed in 1963, tests of nuclear weapons
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were mainly conducted underground. It has been estimated that there have been 1,882 underground
nuclear weapons tests in total. This figure is a slight increase to the number of 1,877 reported in a
UNSCEAR 2008 Report, annex B [U19], as it includes an additional five tests performed by the DPRK
since 2008 [D15]. Some radionuclides were unintentionally vented during a few underground tests,
although data remains insufficient to assess their radiological impact. Excluding the tests performed by
the DPRK, India, and Pakistan, the total yield of the underground tests was estimated to be 90 Mt [U19].
The debris from these tests remains underground but is a potential source of human exposure.

434, This section primarily addresses public exposures associated with global fallout from nuclear
weapons tests and legacy sites from the production and testing of nuclear weapons. Public exposure
resulting from nuclear weapons programmes and other military uses including the use of depleted
uranium in ammunition are also considered in this section.

435. The radiological consequences of the explosion of atomic bombings over the cities of Hiroshima
and Nagasaki (Japan) in August 1945 was not included in this annex since this topic has not been
discussed in previous UNSCEAR reports; however, a short summary of the public exposure has been
included for completeness.

1. Outline of dose assessment methodology

436. Detailed data on the deposition of radionuclides on the Earth’s surface as a function of time and
geographical latitude due to global fallout from nuclear weapons tests are available and the Committee
has developed a robust methodology to assess public exposure, which allows doses to be updated and
refined when new environmental and dosimetric models become available. The methodology adopted in
this annex to estimate public doses due to global fallout is largely the same as the one used in the
UNSCEAR 2000 Report, annex A [U15]. Minor changes were made to the methodology to estimate
doses from external exposure to account for updated dose coefficients from ICRP Publication 144 [177].

437. For the calculation of doses to the public from external exposure, the only radionuclide currently of
interest is '*’Cs, and its decay product *"™Ba, in soil, given that more than 40 years have elapsed since
the last atmospheric test. Based on recent information for soil depths reported for '3’Cs, the Committee
adopted for this annex the same approach described in the UNSCEAR 2020/2021 Report, annex B [U29],
as a more realistic exponential distribution of '*’Cs in soil rather than using a planar source (0.5 g/cm?)
[B15] and an attenuation function. Relaxation mass depths of 10 g/cm?or 20 g/cm? correspond reasonably
well to the reported soil depths for 1*’Cs in global fallout, for a range of soil bulk of '*’Cs+!3"™Ba densities.
Updated, age-dependent dose coefficients from ICRP Publication 144 [177] for '3’Cs+'3""Ba and for '>°Sb
were used in this annex (see appendix A and electronic attachment A-4). These coefficients are based on
exponential distributions of the radionuclide for various relaxation mass depths, which were selected to
allow for increased migration of the radionuclides into soil over time.

438. Updates to the methodology for evaluating doses from ingestion due to radioactive discharges
[U24] have not been implemented to estimate doses from global fallout because doses for this exposure
pathway were expected to be very low. The dose estimates for H and '*C are based on global
specific-activity models as described in the UNSCEAR 2000 Report, annex A [U15]. Doses from
inhalation were assessed as only occurring when tests took place and used dose coefficients compiled in
ICRP Publication 119 [173]. These are the same dose coefficients for inhalation for members of the public
that were used for the UNSCEAR 2008 Report, annex B [U19].

439. For other military sources of radiation, information on the radiological conditions usually does not
contain complete datasets needed to enable the Committee to perform an independent assessment of public
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doses. Due to the many types and sources of public exposure associated with legacy sites from testing and
production of nuclear weapons and the numerous exposure scenarios, previous UNSCEAR reports [U15,
U19] did not include specific assessment methodologies on this topic but relied on data on public exposure
published in literature, information compiled by international organizations or submitted through the
UNSCEAR Global Survey on Public Exposure. This approach was retained for this annex.

2. Exposures from global fallout

440. The UNSCEAR 2000 Report, annex C [U15] estimated worldwide annual average doses by
radionuclide and exposure pathway (external exposure, inhalation, and ingestion) for various periods
from 1945 onwards. Except for *H and '“C, these dose estimates were based on the time-integrated
cumulative deposition densities provided in the UNSCEAR 2000 Report, annex C [U15]. Table 39 gives
worldwide annual average doses to adults for the period 1945-1999 and 2000-2099. Doses for the period
1945-1999 are the same as those in the UNSCEAR 2000 Report, annex A [U15]. The worldwide annual
average dose to adults from ingestion for the period 2000-2099 was estimated at 139 pSv; '*C was the
predominant radionuclide (120 pSv), with lower contributions from *’Cs (10 pSv) and *°Sr (8.6 pSv).
As a result of changes to the dose coefficients for external exposure and other parameters, the revised
worldwide annual average dose to adults from external exposure has been estimated at 78 uSv, almost
entirely due to '*’Cs. The total worldwide annual average doses due to global fallout for the period
2000-2099 previously reported as 253 pSv [U19] has been revised to a value of 217 puSv. Age-dependent
estimates of the doses are provided in electronic attachment A-4.

Table 39. Estimated individual average doses due to global fallout received by the world population
[B46, U13, U15]°

Adult dose received in 1945-1999 (uSv) Adtlr:tzcj)o.;g_t;)ol;e;l'(icse‘i;/ed

Radionuclide

Ee))((l:Zslsie Inhalation Ingestion All pathways All pathways
34 24 24 0.10 (ingestion)
1c 144 144 120 (ingestion)
M 19 0.1 19
55Fe 0.01 6.6 6.6
89Sr 2.6 1.9 4.5
0Sr 9.2 97 106 8.6 (ingestion)
9Ny 4.1 4.1
SZr 81 29 84
103Ry 12 0.9 13
105RY 25 35 60
125, 12 0.1 12 0.003 (external)
137 1.6 2.6 64 68
14085 27 0.4 0.5 28
“Ce 1.1 0.8 1.9
*Ce 7.9 52 60
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Adult dose received in 1945-1999 (uSv) Ad?ritzdooosoe—?ogzr( de‘:')ved

Radionuclide

Zf:;:gle Inhalation Ingestion All pathways All pathways
137Cs 166 0.3 154 320 88 Fexterr?al and

ingestion)®

PP 20 20
P 13 13
#1py 5 5
Total 353 149 492 994 217

¢ Adapted from UNSCEAR 2008 Report, annex B, table 36 [U19].

b 78 uSv from external irradiation and 10 pSv from ingestion.

441. Figure XX is a revision of figure XXVII of the UNSCEAR 2008 Report, annex B [U19] showing
updated doses for the period 2000—2024. The average annual individual effective dose to the global
population for the period 2020-2024 was estimated at 3 puSv.

Figure XX. Global fallout doses for the period 1945-2024
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442. In response to concerns about the extent and impact of global fallout, the island of Guam was
included in aerial surveys from 1952 [N29], while a monitoring station was operated on the island from
1954 [E28, H8], as part of the global fallout monitoring system. Guam is part of the Northern Mariana
Islands in the South Pacific and a United States territory. It was not used as a site for any nuclear
weapons testing and it is located approximately 1,900-2,200 km west of Enewetak and Bikini Atolls
in the Marshall Islands, where major nuclear weapons testing occurred between 1946 and 1958.
Radionuclide activity concentrations in samples of fish, plants, and soil collected in Guam in 1975
were similar to those measured in comparable samples from other Pacific Islands (Palau, Ponape, and
Truk) and lower than those measured in the Marshall Islands [N13]. Hamilton [H6] concluded that
deposition of fallout in Guam was consistent with worldwide values and that the annual external dose
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in Guam in 2001 was about 0.017 mSv. The United States National Research Council [N29] estimated
that fallout in Guam during the period of nuclear weapons testing in the Pacific was similar to that in
other parts of the United States and its territories and concluded that the estimated annual dose to
residents of Guam from nuclear weapons testing was a small fraction of the dose received by these
residents from natural sources of radiation [N29].

3. Public exposure after military uses of nuclear devices

443, In August 1945, at the end of World War II, two atomic bombings were detonated over the Japanese
cities of Hiroshima and Nagasaki. The atomic bombing deployed over Hiroshima used enriched 23°U as its
fissile material and had an energy yield equivalent to 16 kt of 2,4,6-trinitrotoluene (TNT), while the atomic
bombing deployed over Nagasaki used **°Pu, and had an energy yield equivalent to 21 kt of TNT [J21]. The
explosions were followed by localized radioactive fallout of fission products, including some settling on the
ground described as ‘black rain’. The death tolls from the detonations of the nuclear weapons up to the end
of 1945 were estimated to be between 130,000 and 150,000 in Hiroshima and between 60,000 and 80,000
in Nagasaki [J8]. The causes of death included burns, mechanical injury, and radiation sickness from
exposure to gamma radiation, although the contribution of these causes to the deaths varied significantly
between the two detonations [J8].

444, The Radiation Effects Research Foundation (RERF) has published two reports on radiation
dosimetry related to the atomic bombings in Japan. The reports estimated the radiation exposure to organs
resulting from the explosions and residual radioactivity in the environment using a methodology known
as Dosimetry System 2002 (DS02) [J21, R16]. Dose estimates received by the civilian population as a
function of distance from the epicenter are shown in electronic attachment A-4; doses received by the
public up to 1 km away from the epicenter of the explosions were more than 4 Gy for Hiroshima and 8 Gy
for Nagasaki. Some more recent work by RERF has revised its estimates of organ doses based on
corrections to the locations of the survivors [C65]. Exposure from the initial blast was due to gamma
radiation and neutrons; the impact of residual radionuclides on individuals varied based on their habits,
making it a challenge to provide general assessments.

445. According to the calculations performed with DS02, doses from external exposure to gamma ray to
an individual near the epicenter of the Hiroshima blast ranged from 120 Gy immediately after the blast
to 130 mGy for an individual accessing the area one day after the explosion and staying for a full day.
The dose would decrease to 2 mGy for an individual accessing the area one week later and staying for
one week. However, the accuracy of these calculations is difficult to determine as their uncertainty can
be significant depending on conditions. Consideration was given to the internal exposure through
inhalation or ingestion of radioactive materials on individuals visiting the city shortly after the explosion
or engaging in activities, such as searching for survivors or disposing of corpses [H20].

446. The RERF has also responsibility for conducting the Life Span Study, a cohort study consisting of
about 120,000 survivors who have been followed since 1950. Cohorts of in utero survivors and survivors’
children, which include about 3,600 and 77,000 subjects respectively, have been followed since 1945.
Radiation doses were estimated based on bombing location and shielding conditions. Exposures received
by the Life Span Study participants, estimated using a recent revision of the DS02 dosimetry system
(DSO02R1), are provided in electronic attachment A-4. Approximately 2,200 people in the cohort received
doses greater than 1 Gy while 45% of the people in the cohort received doses of less than 5 mGy [C65].
More detailed information can be found on the RERF website [R17].
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4. Nuclear legacy sites (tests and residues)

447. Nuclear weapons tests produce short-term local, regional and global exposures as well as long-term
exposures due to residual radionuclides that are still present in the environment [U15, U19]; nuclear
weapons test legacy sites remain a potential source of public exposure. Areas within a few hundred
kilometres of the test site are generally designated as local, while those within a few thousand kilometres
are defined as regional. Local fallout may include as much as 50% of the total radioactive material
produced by a surface test and includes large radioactive aerosol particles. Atmospheric nuclear weapons
tests were conducted in relatively remote areas; therefore, in general, exposure of local populations did
not contribute significantly to the global collective dose. However, individuals living downwind of the
test sites received significant doses.

448. Six papers published in 2022 described an internally consistent method for the estimation of
deposition of fallout radionuclides and both external and internal doses to humans from the deposited
fallout, within a few hundred kilometres of the site of an atmospheric nuclear fission event [A31, B19,
B49, M22, S46, T9]. The method emphasizes that doses received during the first year following an event
constitute 90% of the lifetime dose from that event [B49]. This method is based on experience gained in
estimating the deposition and doses from atmospheric weapons testing, including several nuclear legacy
sites described in this annex, such as the Trinity Test in New Mexico (USA) and the Nevada National
Security Site (NNSS) in the United States; Marshall Islands; French Polynesia and Semipalatinsk
(Kazakhstan). Locations of all nuclear weapons test sites are provided in figure XXI.

Figure XXI. Sites of nuclear weapons tests [U19]
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(@) United States
Nevada

449. The Nevada National Security Site (NNSS), formerly known as the Nevada Test Site, in the
United States was the location of 86 atmospheric nuclear tests carried out between 1951 and 1962
[S41, U39]. In addition, 38 of the approximately 800 underground tests at the site involved releases of
radioactive material that were detectable offsite but did not contribute significantly to public exposure
in comparison with the atmospheric test releases [S41, U39]. A comprehensive review of the
radiological effluents released from these tests between 1961 and 1992 was performed by the United
States Department of Energy [S22]; however this review did not include an assessment of doses
relating to leakage from underground tests.

450. Estimates of doses from external exposure due to atmospheric tests at the NNSS were derived
from survey meter and film badge measurements of approximately 180,000 people living in
300 communities in an area within 300 km of the test site, including locations in the states of Nevada,
southwestern Utah, and parts of Arizona and California [A29, A30, S41]. Most individual doses,
accounting for shielding, were estimated to be less than 5 mSv [S41]. The population-weighted average
was 2.8 mSv, with the highest doses being in the range of 60-90 mSv. Exposures resulted primarily
from short-lived gamma emitters, with half-lives of less than 100 days. Collective doses to the
population within 300 km and 800 km of the test area due to external exposure were estimated at about
500 person Gy and 12,000 person Gy, the latter value arising primarily from exposure in areas with
large populations [A29, S41].

451. Doses from internal exposure resulting from atmospheric testing at the NNSS were estimated from
deposition measurements using an environmental transfer model [S41]. Absorbed doses to organs and
tissues from internal exposure were substantially lower than those from external exposure, except for the
dose to the thyroid, for which ingestion of "'l in milk contributed relatively higher doses. Estimates of
absorbed doses to the thyroid in 3,545 individuals living in the vicinity of the site ranged from 0 to 4.6 Gy,
with an average of 98 mGy [S41, T10].

452. Current annual dose from all exposure pathways to the maximally exposed individual'® was
estimated to be 6 uSv [U42], mostly due to ingestion of 20 kg of game meat (5.4 uSv), with contribution
from inhalation being 0.61 uSv.

New Mexico, Trinity Test

453. The first nuclear weapons test ever carried out was the Trinity Test, which took place on
16 July 1945 in New Mexico [S45, W9]. Until recently, no assessment of public exposure from this event
[C1, S44, S45, W9] had been undertaken, and the Trinity Test was not included in previous UNSCEAR
reports on public exposure.

454. The Trinity Test involved a plutonium implosion device of the type dropped on 9 August 1945
over Nagasaki (Japan) [W9]. The device was placed atop a 30.5 m (100 ft) shot tower located at ground
zero on the Alamogordo Bombing and Gunnery Range in New Mexico. Several ranches were located
in an area within 48 km of ground zero, the nearest being 19 km away, while 14 small towns were also
in the area within 48 km of ground zero, five of which were at a distance of 32 km or less. Two towns

10 Maximally exposed individual is a concept used in the United States defined as a hypothetical member of the public at a fixed
location who, over an entire year, receives the maximum effective dose equivalent (summed over all pathways) from a given source

of radionuclide release.
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with populations of at least 1,000 people were located at a distance of just over 48 km from ground
zero, The United States Army operated a monitoring programme during and after the test, which
provided some information on dose rates at various times and locations following the test, albeit with
early instrumentation and limited capabilities.

455. The device that detonated during the Trinity Test contained approximately 6 kg of *°Pu as its sole
fissile material, with an often cited yield of 21 kt of TNT equivalent [B18, W9]. Following the explosion,
the highest deposition of fallout was detected in a region approximately 160 km long and 48 km wide,
extending to the northeast from ground zero [W9]. Field measurements of exposure rates recorded on the
day of the test “ranged as high as 15 R/h (0.14 Sv/h)”, “vicinity of 20 R/h (0.19 Sv/h)”, and “off scale”.
Estimates of total accumulated external exposures over 14 days were as high as 139 R (1.3 Sv),
uncorrected for height or shielding, in an area that came to be known as Hot Canyon. Isopleths of the
measurements taken after the test are presented in figure XXII. No measurements to determine internal
exposures were made following the test, although members of the public were certainly exposed through
inhalation and ingestion of contaminated water and food products [W9].

456. The heaviest fallout was toward the area northeast and north of ground zero, but the whole area to
the east, north, and some distance to the west was affected (see figure XXII) [B48, C12, Q3]. For each
geographic area in the state of New Mexico (31 counties in 1945) the exposure rates and times of arrival
of fallout were assessed [B48]. These data were used to estimate the external doses in each precinct and
the deposited activity for each of 63 radionuclides (activation and fission products and 2***240Py).
Normalized time-integrated activity concentrations in air, foods, and drinking water were calculated and
used to estimate internal doses. Six population types living in New Mexico in 1945 were categorized in
terms of location and ethnicity to characterize their diet and other habits [P32, S45].

457. Simon et al. [S45] estimated absorbed doses during the first year after the Trinity Test to five organs
or tissues—thyroid, red bone marrow, colon, stomach, and lungs—from external and internal irradiation
from 63 radionuclides as a function of diet, age, and location. Dose estimates for the 721 precincts were
summarized in terms of population-weighted average doses by county, ethnicity, and age group. Doses
from external exposure from the Trinity Test ranged up to 100 mGy immediately downwind of ground
zero, but in most areas were considerably lower; and most organ doses were also low. Individuals living
in locations not on the centre line of the deposition pattern generally received doses at least a factor of
1,000 lower than those along the centre line. Thyroid doses were larger than the doses from external
exposure, reaching values up to 250-350 mGy for 1 to 2-year-olds in some counties. The most important
exposure pathway contributing to internal doses to the thyroid was ingestion of cow’s milk, followed by
consumption of drinking water, leafy vegetables, fruits and berries predominantly from '*'T and '**I, with
smaller contributions from !*'™Te, 3?Te and '°I. Cahoon et al. [C1] provided a summary of the
population-weighted average organ doses by age group for the state, the five counties most affected by
fallout from the Trinity Test, and the remaining counties.

458. Currently, the site remains within the boundaries of the White Sands Missile Range under the
control of the United States Air Force. Public access to the site is limited to open visits twice a year, and
doses to visitors were estimated to be less than 10 puSv per visit [H7]. Based on available data from soil
sampling and modelling, Beck et al. [B18] estimated that approximately 60% of the non-fissioned
plutonium had been deposited within 100 km of the detonation site, and 80% deposited within the state
of New Mexico. Most of the fallout plutonium was expected to be fixed on large, non-respirable particles,
limiting exposure from inhalation. Given the time elapsed since the test, plutonium has migrated through
the soil and is no longer available for resuspension and inhalation; therefore, the remaining plutonium
from the Trinity Test is not considered to pose a radiological hazard to members of the public.
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Figure XXII. Isopleths of exposure rates at 12 hours after the Trinity test (adapted from [B48])

Note: The isopleths are derived from measurements of exposure rate (mR/h) conducted during the first days
following the test. Fuzzy spots show the locations of the eight cities with 1945 populations greater than 10,000.
The approximate centre line of the fallout is represented by two segments [C12]
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Bikini and Enewetak Atolls, Marshall Islands

459. Bikini and Enewetak Atolls in the north-western end of the Marshall Islands, were the sites
of 66 nuclear weapons tests carried out by the United States between 1946 and 1958. Twenty of these
tests resulted in measurable fallout over the Marshall Islands in areas away from the test sites [S40, S42].
A substantial body of literature describes the history of nuclear weapons testing in the Marshall Islands
and its aftermath [N17, S38], assessments of the ground deposition and continued presence of
radioactivity in the environment [A2, B17, B58, C51, H40, R24, S39, W4], estimates of external and
internal doses to members of the public [B47, L18, M46, R23, S42, S43, S75], resulting health effects or
health risks to members of the public [C55, H33, L2, S42], and the prospects for resettling evacuated
areas [I4, R25]. The Committee has previously provided summaries of public exposure due to nuclear
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weapons testing in the Marshall Islands [U15, U19], and a map of the test sites and evacuation locations
is provided in electronic attachment A-4.

460. Bikini Atoll was the site of 23 underwater, ground level, and above ground nuclear weapons
tests [U39]. An additional test was carried out about 100 km west of Bikini Atoll in 1958 [S40]. Enewetak
Atoll was the site of 43 tests [U39]. The total explosive yield for the 66 tests was 108 Mt TNT equivalent,
of which 76.8 Mt was from tests at Bikini Atoll and 31.6 Mt was from tests at Enewetak Atoll [S40, U39].
A summary of the 20 tests presumed to have contaminated parts of the Marshall Islands beyond the
immediate test locations is provided in electronic attachment A-4 [S42]. These tests included several
thermonuclear devices, with fusion yields ranging from 0.04 to 6 Mt TNT [S42].

461. The largest thermonuclear device ever exploded at Marshall Islands was Castle Bravo, which was
detonated on 1 March 1954 at Bikini Atoll, yielding 15 Mt TNT equivalent, including a fusion yield of
6 Mt TNT equivalent [S40, S42, U39]. The total explosive yield of Castle Bravo was three times the
expected yield and twice the expected upper limit [S38]. At the time of the test, winds above 17,000 feet
caused heavy fallout east of Bikini Atoll at Rongelap, Ailinginae, Rongerik, and Utrik Atolls [B17], while
lower levels of fallout were detected at more distant atolls southeast of Bikini Atoll, including two of the
most populated atolls, Kwajalein Atoll and Majuro Atoll [B17, S38]. This test resulted in the exposure
of the population of Rongelap and Utirik, United States service personnel and the crew of the Japanese
fishing vessel Daigo Fukuryu Maru (Lucky Dragon). Estimates of doses to these groups have been
previously reported by the Committee in the UNSCEAR 2008 Report, annex B [U19].

462. Beck et al. [B17] estimated the total deposition of 63 radionuclides on all inhabited islands from each
of'the 20 tests that were presumed to have contaminated inhabited islands. Several radionuclides contributed
to external and internal doses immediately after each test; however, in the long-term, '’Cs+!'>"™Ba were the
most radiologically significant. The dose assessment took account of the transfer of '*’Cs through the
environment over time and, whenever relevant, of the relocation of various groups of people; in all, doses
were calculated for 26 population groups as shown in electronic attachment A-4 [B47, S43].

463. Simon et al. [S42] estimated the total internal doses to four organs—red bone marrow, thyroid,
stomach wall, and colon—and external whole-body dose, for acute and chronic exposures, for four
representative population groups living on the islands of Majuro, Kwajalein, Utrik, and Rongelap. Table 40
presents the population-weighted average total organ doses to adults of these four population groups from
all tests. Doses to the population of Rongelap Island were the highest, several times greater than those to the
population of Utrik Island.

464. The average uptake of 2*°Pu by adult residents of Enewetak Atoll has been estimated at 4.7 Bq, with
an average committed dose of 0.2 mSv to age 70 years [S75]. This estimate was based on urine samples
collected in 1989 and 1991, following repatriation of the people of Enewetak Atoll in 1980 and assumed
constant intake from 1980 to 1990. The assessment is supported by more recent assessments of exposure
to the inhabitants of the Marshall Islands [160].

465. Ambient dose equivalents were measured in 2015 at Enewetak, Rongelap, and Bikini Islands.
Enewetak Atoll was remediated prior to resettlement and measurements of annual dose ranged from
0.0048 to 0.166 mSv, with a mean value of 0.076 mSv. The average ambient annual dose equivalents
on Rongelap and Bikini Islands were estimated to be 0.198 and 1.84 mSv, respectively (range for
Bikini Island: 0.10-6.48 mSv). These measurements do not account for shielding or time spent in
various locations [B39].
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Table 40. Population-weighted average total dose to adults of four groups of atolls and/or
communities [S42]

Grouping is based on similar levels of deposition of total *’Cs. Range in parentheses represents the minimum and
maximum total dose within the group of atolls or communities. All values are rounded to two significant digits

Atoll or population Total dose to red Total dose to Total dose to Total dose to colon
rou bone marrow- thyroid-mGy (range) stomach wall- mGy (range)
group mGy (range) 4 Y g mGy (range) 4 g
Southern latitude * 10 (6.1-43) 30 (17-75) 10 (6.0-39) 14 (8.0-49)
Mid-latitude® 37 (24-65) 130 (89-220) 38 (24-66) 56 (36-100)
Utrik community ¢ 160 890 170 340
9 4 9 (500-1 600) (3 000-9 200) (700-2 100) (1 400-4 400)
evacuees
All 29 (6.1-1600) 124 (17-9 200) 32(6.0-2100) 56 (8.0-4 400)

¢ Ailinglaplap, Arno, Aur, Ebon, Jaluit, Kili Island, Lae, Lib Island, Majuro, Maloelap, Mili, Namorik, Namu, Ujae and Kili
Islands were the primary residence locations of the Bikini Atoll community during the testing years. Majuro includes Majuro
permanent residents and Rongelap control group.

b Ailuk, Kwajalein, Likiep, Mejit Island, Ujelang, Wotho, Wotje and Ujelang were the primary residence locations of the Enewetak
community during the testing years.

¢ Utrik and atoll of relocation.

¢ Rongelap, Ailinginae, Rongerik, and atolls of relocation.

Johnston Island

466. Johnston Atoll is located about 1,330 km southwest of Honolulu, Hawaii (United States). The
largest island in the atoll, Johnston Island, was used by the United States as the launch site for
12 high-altitude nuclear weapons tests: two in 1958 and ten in 1962 [S40, S41, U39]. An additional four
tests launched from Johnston Island in 1962 were aborted before detonation of the nuclear devices and
are not included in the list of nuclear weapons tests conducted by the United States [B22, N24, U36,
U39]. Three of the aborted tests resulted in radioactive contamination on or near the atoll; in particular,
extensive residual contamination of alpha-emitting radionuclides occurred in the aftermath of a launch
pad fire [B22, D28, J2, N24, R1, S41, V16]. The radionuclide contamination was primarily in the form
of particulate debris from the rockets or weapons [B22, J2, R1, S41, W21]. The 12 successful tests
contributed to global fallout; local fallout did not occur [B22, S41]. The island has been extensively
surveyed and remediated [B22, D28, J2, R1, V16, W12, W13].

467. There is no evidence of native populations ever having lived on Johnston Atoll [S41], and the
closest populated islands are those of Hawaii. Non-essential personnel were evacuated from the atoll
during every test [B22, R1] and it is believed that no members of the public were within the immediate
area to be exposed to the radioactive debris from the aborted tests. Johnston Atoll is not accessible to
the public [U50, U51]; access is generally limited to personnel and volunteers with the United States
Fish and Wildlife Service. Therefore, exposures to members of the public are currently limited to a
very small number of people, generally for no more than about six months at a time.
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Amchitka Island

468. Amchitka Island is part of the Aleutian Island chain of Alaska and was the site of three underground
nuclear tests carried out by the United States: Long Shot in 1965; Milrow in 1969; and Cannikin in 1971.
With a yield of approximately 5 Mt TNT, Cannikin was the largest United States underground test [D4,
S27, U39]. The island is uninhabited, but it is part of the large area used for subsistence fishing and
hunting by the Aleuts, the indigenous people living on Aleutian Islands. The Bering Sea to the north and
the North Pacific Ocean to the south of Amchitka Island are important commercial fishing areas [B57,
B61, B62, B63, D4, U35] and, therefore, any radionuclides released from the test locations could
potentially lead to exposure of members of the public through consumption of seafood and wildlife.

469. Following the 1965 Long Shot test, trace quantities of *H, ¥Kr and *'I were detected in samples of
water and soil gas taken from the immediate area of the detonation site [D4, S27], but only *H was detectable
one year after the test [S27], and its concentrations declined significantly in the following years [D4, S27,
S35]. The peak activity concentrations of °H in water samples measured in 1966 near the Long Shot test site
were of similar levels to those measured throughout the 1960s in rainfall at Adak Island, 300 km east of
Amchitka; and at continental locations in the United States and Europe [S27]. No migration of radionuclides
was observed following either the 1969 Milrow or 1971 Cannikin tests [S27], although there was some
venting of ¥Kr, *H, and '*C from a Cannikin post-shot drill pipe in 1972 [D4]. Plutonium concentrations
measured in various terrestrial and marine biota have always been very low [B57, D4, U35, U42]. The ratios
of %Py to 2*°Pu are consistent with plutonium originating from atmospheric deposition from global fallout,
and a secondary marine source, likely to be the nuclear weapons tests in the South Pacific [B57].

470. Potential releases of radionuclides from the test locations on the Amchitka Island raised public
concern, and the monitoring programme implemented in 2000 reflected a high level of public
involvement, including the assistance of the Aleuts with the sampling of fish and wildlife using their
traditional methods [B62, B63, P33, U42]. In general, radionuclide concentrations in environmental
samples on and near Amchitka Island are comparable to those on the islands selected as measurement
controls, Adak and Kiska [B57, B59, B60, B61, U42], and reflect primarily the contributions from global
fallout, nuclear weapons testing undertaken by China, and the accidents at the Chornobyl NPP and
Fukushima Daiichi NPS [B57, P33, S27, U42]. Currently, releases of radionuclides to the biosphere due
to leakage from the test sites on Amchitka Island are considered unlikely [B57, U35, U42].

(b) United Kingdom
Montebello Islands, Australia

471. The Montebello Islands are a chain of remote uninhabited islands approximately 130 km off the
Northwest Coast of Australia. In 1952 and 1956, the United Kingdom detonated a total of three nuclear
devices in atmospheric tests at different locations across the islands (see electronic attachment A-4). The
1952 test, known as Operation Hurricane, took place on board the naval ship HMS Plym harboured 700 m
off Trimouille Island, while the two tests conducted in 1956, known as Operation Mosaic, were based on
31 m tall towers located on Timouille and Alpha Islands.

472. Public exposure resulting from the tests was assessed as part of the exposure of the Australian
population to all nuclear testing [W15]. The total collective dose to the Australian population from the
Montebello tests was estimated to be 172 person—Sv. Population centres across Northwestern Australia
—Broome, Onslow, Port Headland—received the highest doses from the tests followed by population
centres located in the same latitudinal band across Australia (i.e., Cloncurry, Townsville, Fitzroy Crossing).
Doses are provided in electronic attachment A-4 [W15].
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473. An assessment of possible exposure to visitors to the islands, now a marine park, was published by
the Australian Radiation Laboratory [C49]. It indicated that inhalation of dust was the most significant
pathway contributing to the exposure at specific sites, with a cautious estimate that an occupancy of
three days at one site would result in a dose of 1 mSv. External exposure to gamma radiation was the next
highest contributor with a minimum of eight days required at one site to receive a dose of 1 mSv. Doses
from ingestion were assessed to be negligible and consumption of seafood in the region is not restricted.
However, this assessment is more than 30 years old and exposures at the site are likely to have
significantly changed since then. The site has been the subject of a recent investigation of radionuclide
activity concentrations and re-evaluation of doses, the findings of which are yet to be published.

Emu and Maralinga sites, Australia

474. Emu and Maralinga are remote locations in the northwest of the state of South Australia (Australia)
(see figure XXIII). Two nuclear weapons tests were performed as part of Operation Totem at the Emu
site in 1953, while seven tests were carried out at the Maralinga site, with four being conducted under
Operation Buffalo in 1956, and three as part of Operation Antler in 1957 [U15]. The United Kingdom
also conducted hundreds of minor trials involving chemically generated explosions of radioactive
material at Maralinga. These minor trials resulted in the dispersion of 2*°Pu over some hundreds of square
kilometres around Maralinga.

475. Estimates of collective doses to the Australian population for each test were published along with
those for the tests that occurred in the Montebello Islands [W15]. Collective doses were estimated at
70 person—Sv and 60 person—Sv, respectively for the Totem tests 1 and 2 performed at Emu; 83 person—Sv,
11 person—Sv, 56 person—Sv and 101 person—Sv for the Buffalo tests 1-4; and 3 person—Sv, 28 person—Sv
and 118 person—Sv for the Antler tests 1-3 all performed near Maralinga. The total collective dose to the
Australian population from the Emu and Maralinga tests was estimated at 528 person—Sv.

476. More recently, estimates of the exposure to a group of Aboriginal people camped 170 km downwind
from Emu Field during the Totem 1 test have been revised [W11]. This work included skin dose estimates
and determined that an upper estimate of the effective doses received was of the order of 4 mSv during
the time the Aboriginal group were located there.

477. The Emu and Maralinga sites underwent three rehabilitation programmes run by the United
Kingdom in 1963, 1964 and 1967 and were finally rehabilitated by the Australian government between
1995 and 2000 [M8]. The subsequent dose assessment considered the use of the test sites for visitors as
well as permanent occupancy and traditional use by the Tjarutja Aboriginal people. The report provided
a maximum potential annual exposure of 3.6 mSv to 10-year-old children permanently residing in the
worst affected 3 km? area; other annual doses estimated for permanent occupants were generally below
or around 1 mSv. The report noted that the estimates were very cautious.
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Figure XXIIl. Maralinga and Emu sites
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(c) Joint test sites (United Kingdom and United States)
Kiritimati (Christmas) and Malden Islands, Kiribati

478. Kiritimati (Christmas) and Malden Islands in Oceania were used by both the United Kingdom and
United States to test nuclear military devices from 1957 to 1958 (Operation Grapple), and in 1962 (as
part of Operation Dominic), respectively. Malden Island is uninhabited, while Kiritimati Island had a
population of approximately 500 at the time of the tests.

479. The United Kingdom tested three devices on Malden Island in 1957, and another six tests were
conducted at the southeast end of Kiritimati Island. In 1962, the United States, in an agreement with the
United Kingdom, used Kiritimati Island for a series of 24 tests that took place in the vicinity of the island.
All the tests that occurred on Kiritimati and Malden Islands were airburst over the ocean or explosion of
devices suspended from balloons at 300-450 m above land. Local fallout is believed to have been
minimal from this testing, and no reliable information has been found relating to exposures of public or
civilian personnel involved in the tests [S41, U19].

480. Following clean-up operations at the sites, an environmental radiological survey was conducted
and found that while traces of residual radionuclides from the tests were detectable in a few localized
areas, the radiological conditions on Kiritimati Island did not present a risk to health or required any
restriction on use; the annual dose from consumption of locally produced foods and water was
estimated to be 0.01 mSv [M14].

(d) Former Soviet Union
Semipalatinsk

481. The Semipalatinsk Test Site (STS) was the largest site in the former Soviet Union used for the
testing of nuclear weapons. It is located in the north-eastern territory of modern Kazakhstan. In total,
456 nuclear tests with 616 nuclear devices were carried out at the test site between 1949 and 1989, of
which 340 were underground, 86 atmospheric, and 30 surface tests. The largest number of tests occurred
in the early 1960s, when the transition from atmospheric tests to underground tests occurred [I5, L30,
N7]. A map of the STS is provided in figure XXIV.

482. The experimental field site was the first area of the STS which was intended for near ground and high
altitude atmospheric nuclear tests between 1949 and 1962. The site is characterized as a flat landscape typical
of the plains of the dry Eurasian steppe, with a diameter of about 20 km and surrounded on three sides by low
hills. The site is located about 50 km from the city of Kurchatov. The first test of a nuclear device at the
experimental field was conducted on 29 August 1949; the site was also used for the first test of a neutron
enhanced nuclear device on 12 August 1953. In total, 116 nuclear tests were conducted at the experimental
field site, 86 of which were atmospheric and 30 were ground-based.

483. The Sary-Uzen and Balapan sites were used to conduct underground nuclear explosions in drill shafts.
From 1965 to 1989, 105 tests were carried out in 106 wells and 167 nuclear charges were detonated, while
13 wells remained unused. A small difference between the sites was the depths of the charges and their
yield: the average depth for Balapan was 650 m, while for Sary-Uzen it was about 250 m.

484. The Degelen Test Site was used to conduct tests of medium and low power nuclear weapons. The
site is in the mountain range of the same name, which is a dome-shaped uplift measuring 17-18 km in
diameter [L30, N7, P7]. The total area of the site is about 300 km?. A total of 209 nuclear tests were
conducted in 181 tunnels between 1961 and 1989. Of the underground tests, 13 resulted in the release of
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radioactive gases to the atmosphere [U19]. A radioecological survey of the Degelen site showed that most
of its territory had no residual fissile radioactive materials, since more than 90% of the radionuclides
generated during past nuclear weapons tests was concentrated in the cavities of the tunnels. However,
there are areas with increased concentrations of radionuclides in soil, water and vegetation [K37, L3,
L30, P7, P30].

Figure XXIV. Map of Semipalatinsk Test Site [L31]
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485. Radioactive clouds generated by the nuclear weapons tests at the STS went beyond the boundaries
of the site, leading to the deposition of radioactive material on the adjacent areas. The main footprints of
the fallout—known locally as traces—were directed in northeast, southeast and south directions.
Radionuclides spread for hundreds of kilometres forming traces tens of kilometres wide. The only
settlements within the STS in period when tests were carried out were the town of Kurchatov, north of
technical area S, built for servicing the test site, and the small settlements of Akzhar and Moldari along
its northern edge. Two tests led to the most significant exposures of the population of Kazakhstan: the
first test on 29 August 1949; and the first thermonuclear test on 12 August 1953. These and two
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additional tests on 24 September 1951 and 24 August 1956, are considered to have contributed 85% of
the total collective dose from all tests combined [U19].

486. Doses estimated by the Committee in the range of 0.2-0.9 Gy [U19] were revised using a more
detailed methodology [B19, B49]. Updated whole-body doses to the residents in the Semipalatinsk area
were estimated to range from 0.02 to 0.63 Gy [G22].

487. Following two missions to the site in 1993 and 1994, the IAEA concluded that residual radioactivity
over most of the test site was low. The missions detected localized radioactivity at the ground zero of
technical area S and Lake Balapan areas which were described as heavily contaminated. The dose
assessments carried out by the IAEA indicated that annual effective doses of 10 mSv could be received
by individuals making daily visits to these sites and annual effective doses of the order of 100 mSv could
be received if these sites became permanently inhabited. The estimates of annual effective doses to the
nearby settlement of Dolon and other settlements were 0.14 mSv and 0.06 mSv, respectively [15].

488. Surveys performed between 2012 and 2016 showed the presence of traces of radioactive fallout far
beyond the test sites. The traces from the ground-based nuclear weapons tests extended from the
experimental field almost to the borders of the STS with the width of traces being up to 15 km, and a
length of over 100 km. Several radionuclides (**Co, *°Sr, '*’Cs, 23**240Py, 2! Am, and Eu isotopes) were
detected in soils withing these traces. The maximum activity concentrations in soils due to radioactive
fallout were detected about 40 km from the epicentre of the tests [L4, L30].

489. Currently, the average activity concentrations of radionuclides from the tests in the soil of the most
affected settlements—Dolon, Sarzhal, and Bodene—do not exceed the national reference levels [N8]. The
water bodies of this territory and groundwater are used by the local population for drinking and household
needs; activity concentrations of radionuclide levels in water do not exceed the WHO guidance levels [L30].

490. Measurements of activity concentrations of human-made radionuclides—!'*’Cs, *°Sr, 2***24°Py and
2'Am—in food products of animal and agricultural origin were below 1 Bg/kg. However, activity
concentrations of '’Cs up to 260 Bq/kg were detected in mushrooms. Whole body monitoring of
residents in settlements adjacent to the borders of the STS did not detect '*’Cs activity. It was estimated
that the projected annual dose to the public, under the worst-case scenario, did not exceed 0.3 mSv.
Special measures aimed at reducing the dose to the public by recultivating affected areas, limiting access
and optimizing economic activities are not currently required [L30].

Novaya Zemlya

491. Novaya Zemlya is an island located at the most northerly edge of Europe. Testing of nuclear
weapons by the former Soviet Union on Novaya Zemlya began in 1955. Novaya Zemlya was the site of
the world’s largest nuclear weapons test, a 50 Mt detonation at an altitude of about 3.5 km. In total,
91 atmospheric nuclear tests took place on Novaya Zemlya, and tests performed on the island account
for about one half of the total energy yield of all nuclear tests carried out in the entire world. Only one
test, in 1957, was conducted on the ground surface. In addition, there were two tests on the water surface
and three underwater tests. There were also 17 underground tests that vented radioactivity, resulting, in
most cases, in onsite contamination only.

492. Testing at Novaya Zemlya was conducted in three distinct areas, and residual radionuclides were
reported in all the testing areas. The most affected areas are the site of one of the surface test sites and
the sediments where underwater testing occurred [E23]. The native population was relocated to mainland
Russian Federation before tests took place, and the current population consists of military personnel,
families, and construction workers located in two towns. No information relating to public exposure from
the testing or from the current condition of the sites is publicly available.
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Kapustin Yar

493. Kapustin Yar is the site of a missile testing range located 250 km northwest of the Caspian Sea. Ten
atmospheric nuclear tests took place at Kapustin Yar over a period of six years from 1957. All the tests
were conducted at high altitude (10.4-300 km) and no residual radioactive material was reported on the
ground [E23, U19]. The high-altitude explosions contributed predominantly to global fallout and did not
cause significant exposure to the population residing in the local area or in the wider region.

Totsk

494. In September 1954, a 40 kt atmospheric test was conducted at a military range near the village of
Totsk in the Orenburg Oblast. This test was part of a nuclear exercise involving more than 40,000 troops
who were close to the explosion and advanced through areas impacted by the blast towards ground zero
within an hour of the explosion. Nearby villages within 7 km from the test site were evacuated, while
villages further away were partially evacuated or sheltered during the test [H25].

495. No doses were reported to local inhabitants of the region that were affected by the fallout from
this exercise. Two studies performed to investigate the health status of children living in the region
and the long-term consequences [B33, K28, L9] provide some details on the radioecological conditions
in local villages that were affected by the exercise, noting that the activity concentrations of *’Cs,
23%Pu and 2*°Pu were all elevated above background levels for the region by up to 2.5 times for '*’Cs
and up to 5 times for 2*Pu and ?*°Pu [B33, K28]. Surveys of ambient gamma dose rate performed at
five affected villages, ground zero, and a non-affected village 255 km away reported no increased dose
rates in the affected villages [K28].

(e) China
Lop Nor, China

496. The Chinese nuclear weapons test site of Lop Nor is located in a desert region of the Xinjiang
Autonomous Region in northwest China. A total of 22 atmospheric and 12 underground tests were
performed at the site between 1964 and 1988. The total yield of the atmospheric tests was 20.72 Mt [P4,
S41, U19]. It was previously reported [U19] that the average dose from external exposures to the
population of cities and towns 400—800 km downwind of the test site was estimated to be 0.044 mSv.
Thyroid doses to people living in the region due to *'I ranged from 0.06 mGy to 2.5 mGy while the
average thyroid dose to the population of China was 0.14 mGy.

497. Studies which evaluated doses from external exposure to the population in the Jiuquan district, as
well as exposure resulting from the deposition of fallout radionuclides in the Xinjiang area, were
summarized in a report on the radiation levels in China [P4]. An average dose commitment of 4.86 mSv
(range: 1.52-18.9 mSv), and a collective dose of 374 person—Sv were reported. The assessment of
exposure resulting from measurements of **Sr and '*’Cs in water, vegetation and soil was also reported for
the Xinjiang area, which was separated into a control area and a survey area. The report estimated average
annual individual doses of 0.79 mSv for the population in the control area and 0.98 mSv for the survey area,
while collective doses were estimated to be 237 person—Sv for the control area (based on a population of
300,000 people) and 196 person—Sv, for the survey area (based on a population of 200,000 people). These
doses include a contribution from fallout from the tests conducted at the Semipalatinsk site [P4].



ANNEX B: EVALUATION OF PUBLIC EXPOSURE TO IONIZING RADIATION 143

(f) France

Reggane and In Ekker, Algeria

498. Between 1960 and 1966, France conducted four atmospheric tests, 13 underground tests and
40 minor experiments at remote locations near Reganne and In Ekker, in southern Algeria. The Reggane
Test Sites are in the Sahara Desert approximately 50 km south-southwest of the village of Reggane, which
had an estimated population of a few thousand inhabitants at the time of the tests. The tests conducted at
Reganne are known as the Gerboise series of tests (Gerboise Bleue, Gerboise Blanche, Gerboise Rouge,
and Gerboise Verte); the total yield was previously reported as 73 kt but has more recently been estimated
to be between 70 kt and 120 kt [S41, U19].

499. For the atmospheric tests that occurred at the Reggane Test Sites, film badge monitoring was
performed on members of the local population including nomads in the region. A total of 125 civilians
located in Reggane were monitored for the first test, Gerboise Bleue, while 70 nomads located around
Tamanrasset, approximately 700 km southeast of the test site, were monitored for the third test, Gerboise
Rouge. A report published by the Parliamentary Evaluation Office of Scientific Technologies noted that
no activity was detected from the monitoring of civilians. Meteorological monitoring was a key safety
measure to ensure that the conditions were suited to a test, particularly that the wind direction carried
emissions away from populated areas [B11].

500. The second main Algerian site used by France was the Taourirt Tan Afella massif located near
In Ekker in southern Algeria, which was used for 13 underground tests. The area is reported to have had no
more than 2,000 people living within 100 km of the site at the time of the tests. Four of the 13 tests were not
fully contained, and two of these resulted in a significant release of radionuclides to the atmosphere. The
impact to local populations was assessed for each of the unplanned releases and described in a parliamentary
report which indicated that committed doses to 280 people following the Amethyst test were less than 1 mSv
from external irradiation; the dose from radionuclides detected 150 km from the test sites at Tamanrasset
following the Rubis test was 0.01 mSv and that no public exposures were estimated following the Beryl and
Jade tests [B11]. Thirty-five subsidiary experiments were performed at the Reggane Test Sites and another
five in the region of Adrar Tikertine, 30 km southwest of Taourirt Tan Afella. These tests resulted in
localized dispersion of plutonium in the environment with no potential for public exposures.

501. The Algerian test sites were the subject of an IAEA radiological assessment conducted in 1999
[I16]. The study estimated that daily doses to visitors of the Reggane Test Sites would be of the order of
a few microsieverts and estimated annual doses to residents of the town of Reggane at less than 1 uSv.
The assessment also concluded that the annual doses received by nomadic herders or their families at the
subsidiary trial site of Adrar Tikertine would be unlikely to exceed 1 uSv. The report noted that it was
possible for nomadic camel and goat herders to receive annual doses of up to 50 uSv around two of the
galleries at In Ekker where the Beryl and Amethyst tests took place, and that scavenging activities could
result in exposures of 0.5 mSv in eight hours.

Mururoa and Fangataufa, French Polynesia

502. France conducted 193 nuclear experiments at the atolls of Mururoa and Fangataufa between July
1966 and January 1996. Of these, 178 were nuclear tests, in which nuclear devices were exploded with
large releases of fission energy, and 15 were safety trials. Forty-one atmospheric tests (37 at Mururoa
Atoll and 4 at Fangataufa Atoll) were completed between July 1966 and September 1974; and
137 underground nuclear tests (127 at Mururoa Atoll and 10 at Fangataufa Atoll) were carried out
between June 1975 and January 1996. Of the 15 safety trials, all of which were carried out at Mururoa
Atoll, 5 were atmospheric and 10 were underground [U19].



144 UNSCEAR 2024 REPORT

503. Most atmospheric tests were conducted at an altitude designed to minimize surface interaction and
thereby reduce local fallout. Four atmospheric tests, three at Mururoa and one at Fangataufa, were conducted
with the devices mounted on barges floating in the lagoons and produced the majority of residual radioactive
material present in the environment. The underground nuclear tests were conducted in the basalt basement
at depths of between about 500 and 1,100 m in shafts drilled vertically beneath the rims of the lagoons.
Much of the residual radioactive material associated with the underground nuclear tests was trapped in
molten basalt rock that solidified as glass-like lava, but some radionuclides were deposited on fractured
basalt rock that collapsed into the cavity-chimney and remained available for exchange with water [13].

504. Since 2013, studies have been performed to review the doses received by populations of French
Polynesia and other countries [D24, D26, D27]. One of these assessments reviewed the monitoring data
from several nations and provided whole-body doses for the populations of Australia and French Polynesia
(Tahiti) and thyroid doses for Australia, Bolivia, Chile, Colombia Ecuador, French Polynesia (Tahiti),
Madagascar, New Zealand, and Peru for the years 1966 to 1974 [D27]. As noted in previous
UNSCEAR reports [U15, U19], the highest whole-body dose (average: 0.34 mSv) and thyroid dose
(average: 3.2 mSv) to the inhabitants of Tahiti were calculated for 1974 mainly due to a rain-out that
occurred after the test of 17 July 1974 [D27]. The Committee previously reported that maximally exposed
individuals received doses between 1 and 5 mSv during 1974 [U19]. Average whole-body doses to the
population of Tahiti between 1966 and 1973 were less than 0.1 mSv (range: 0.0036-0.032 mSv), while
average thyroid doses were less than 1 mSv (range: 0.053-0.87 mSv) [D27].

505. The IAEA performed a series of studies on the radiological conditions at Mururoa and Fangataufa
Atolls between 1996 and 1998 [I13]. These studies estimated the doses that people living in the South
Pacific would receive due to the residual radioactive material present in the accessible environment of
Mururoa and Fangataufa Atolls and their surrounding waters. The main exposure scenario included in
the assessment was the release of residual radioactive material underground into the lagoons or directly
into the surrounding ocean through migration across the geosphere, modified by the hydrogeological
effects of the nuclear testing. Particular attention was paid to three radionuclides of potential radiological
significance, *°Sr, '¥’Cs and 2**Pu, in addition to H, which is a useful tracer for model validation. Doses
were calculated to hypothetical dwellers of the atolls who were presumed to eat mostly local seafood and
other locally grown food. Using cautious assumptions about diet and other habits, the study estimated an
upper limit of the annual dose of 0.01 mSv. A cautious estimate of the annual dose received by the present
population of Tureia Atoll, the nearest inhabited island to Mururoa and Fangataufa Atolls, located at a
distance of about 130 km, was less than 0.1 pSv [I3].

506. French authorities have monitored the radiological conditions in French Polynesia since 1962,
specifically outside of the testing sites of Mururoa and Fangataufa Atolls to assess possible exposures to
the public. Annual reports on the monitoring programme are readily available, and since 2020 the
monitoring programme has been incorporated into the French National Monitoring Network to widen its
accessibility. The annual report for 2021 and 2022 calculated that annual individual dose to the population
of Tahiti from exposure to human-made radionuclides from nuclear weapons testing was 2.3 uSv, with
1 uSv due to external exposure and 1.3 pSv to ingestion [I85].

(9) India

507. India has conducted six underground nuclear weapons tests at the Pokhran site located in the Indian
state of Rajasthan. The first test, carried out in 1974, was named Smiling Buddha, also referred to as
Pokhran-I. The device used in the test was a plutonium fission bomb with an estimated yield of
approximately 12 kt. On 11 and 13 May 1998, India also conducted five tests at the site, under Operation
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Shakti, which are commonly referred to as the Pokhran-II tests. The largest device detonated during these
tests was a 45 kt thermonuclear device; the total yield of all the devices was reported to be 60 kt [S36].

508. The official statement provided after the 1998 tests was that there was no release of radioactive
material into the atmosphere [I80]. There have been four Bhabha Atomic Research Centre publications
relating to fission signatures, yield estimates, and radioactivity measurements from borehole samples
[A42, M3, S36]. No publications have been identified with information on any monitoring performed or
possible exposures to the public.

(h) Pakistan

509. Pakistan conducted six nuclear weapons tests at two locations in the Chagai district of the Province
of Balochistan in 1998. All tests were underground, with five of the six tests conducted simultaneously
on 28 May 1998, and the sixth test on 30 May 1998. These tests are referred to as Chagai-I and Chagai-II.
The first of them was announced to have a total yield of between 30 and 45 kt, while the yield of the
second was 18 kt. Other estimates based on seismic data have concluded that these tests had lower yields
[S30]. No publications have been identified with information on any monitoring performed or possible
exposures to the public.

(i) Democratic People’s Republic of Korea

510. The Democratic People’s Republic of Korea (DPRK) conducted six underground nuclear weapons
tests between 9 October 2006 and 3 September 2017. Assessment of the seismic data shows that they
occurred at the Punggye-ri Test Site in the North Hamgyong Province. Due to the secrecy applied by the
DPRK, the yield of these tests could only be estimated from seismic data applied to modelling tools [D15].
There is no publicly available information to confirm the site’s current state or possible exposures to the
public. Higher concentrations of '33Xe detected in Yellowknife (Canada) in October 2006 were consistent
with leakage from the test that occurred on 9 October 2006; **Xe was also detected in Takasaki (Japan) in
February 2013, consistently with leakage from the test that occurred on 12 February 2013. No detections of
noble gas have been reported related to leakages from the other tests [C58, C59, C60, C61, C62].

5. Nuclear weapons production, maintenance and decommissioning

511. Inaddition to nuclear weapons testing, facilities at which nuclear material was produced, and weapons
that were fabricated or are decommissioned have been sources of radionuclides released to the environment.
Information relating to significant releases, including accidents and the resulting public exposure, has been
provided in previous UNSCEAR reports [U13, U15, U20]. This section summarizes information relating to
public exposure from these facilities since the UNSCEAR 2008 Report [U20]. Information on public
exposures due to accidents at weapons production facilities is provided in section IV.E.

512. Nuclear weapons require a combination of industrial processes for the production, management,
and decommissioning of nuclear warheads. These include uranium mining, milling and enrichment
facilities to supply and produce weapons grade uranium; reactors to produce plutonium; trititum
production facilities, required to boost yields; assembly, decommissioning, and associated fabrication
facilities; waste disposal sites; and supporting institutions for research and development. These processes
are performed across a range of sites within countries that have nuclear weapons capability. As nuclear
weapons have been available for almost 80 years, several sites used for their production, maintenance
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and decommissioning have themselves been decommissioned and are managed as legacy sites with the
potential for public exposure. France, Russian Federation, the United Kingdom, and the United States no
longer produce fissile material for nuclear weapons programmes [I81]. Only France and the United States
have reported a reduction in their warhead stockpiles [U6].

(@) United States

513. The United States Department of Energy (USDOE) has overall responsibility for all weapons related
research and development activities, the management of legacy sites that have been decommissioned, the
decommissioning of sites that have ceased activities, and reporting of releases and public exposures relating
to current nuclear weapons activities. Public exposures are provided in two main reports produced by the
USDOE, for both active sites and those currently undergoing decommissioning. The latest iteration of these
reports, published in 2022, summarize results for the period 2015-2018 [U40, U41] and provide the results
of monitoring from 43 sites that have the potential for radionuclide releases to the environment. Eight of
these sites are involved with the United States nuclear weapons programme. The Office of Environmental
Management is currently performing decommissioning activities at seven sites, four of which have been
involved in the nuclear weapons programme at some stage. Individual Annual Site Environmental Reports
for the sites are summarized in the multi-year summary report that is also available [U46].

514. Public exposure from sites relating to decommissioning, current activities and research, and
development associated with nuclear weapons are provided in electronic attachment A-4. The total annual
dose to the maximally exposed individual estimated for all USDOE nuclear weapons programme related
sites between 2015 and 2018 ranged from less than 0.001 mSv to 0.129 mSv. Three of these sites have
reported exposures greater than 0.01 mSv were possible in 2018. These are the Paducah Gaseous
Diffusion Plant decommissioning works (0.051 mSv); Nevada National Security Site (0.129 mSv); and
Sandia National Laboratories in California (0.04 mSv) [U41]. Exposures reported from USDOE legacy
sites are provided in electronic attachment A-5.

(b) Russian Federation

515. The main sites where weapons material was produced in the former Soviet Union are Chelyabinsk-40
(now Ozersk) and Chelyabinsk-70 (now Snezhinsk), Krasnoyarsk-26 (now Zheleznogorsk), and Tomsk-7
(now Seversk). Public exposure relating to accidents and releases from the Mayak Production Association
facility in Chelyabinsk has been analysed in detail in previous UNSCEAR report [U20], as well as the
1993 accident that occurred at the Seversk facility of the Siberian Chemical Plant (see section IV.E.2).

516. The Russian Federation’s nuclear weapons programme provides limited information on public
exposure from its facilities. A summary of public exposure is provided in their annual reports with doses
only mentioned for the area in the Chelyabinsk region that has the highest exposure due to the Mayak
Production Association facility [R29]. The nuclear weapons production sites, are included in an
automated radiation monitoring system programme [159], which provides real-time dose rate monitoring
at stations located around the facilities; historical data dating back to the start of monitoring at each station
can be viewed through the interface.

517. Krasnoyarsk-26, also known as the Mining and Chemical Combine, was the site of a nuclear power
plant and a reprocessing facility located approximately 50 km north from the city of Krasnoyarsk in
Siberia. Operations at three industrial graphite reactors for the production of weapon-grade plutonium
from irradiated natural uranium at Krasnoyarsk-26 began in late 1958. Two of the reactors were designed
to extract cooling water directly from the Yenisei River and subsequently discharge it back to the river.
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The water discharged into the river contained both activation and fission products causing significant
radionuclide contamination for hundreds of kilometres downstream [110, U20].

518. The contaminated floodplains provide the most significant pathways for public exposure in the
coastal settlements downstream from Krasnoyarsk-26. Current doses to the public from the plant’s
present and past activities are significantly lower than the levels of exposure from natural background
radiation. Average annual public doses due to human-made radionuclides range from 0.06 to 0.11 mSv.
Annual doses from external exposure vary between 0.011 to 0.053 mSv, while annual doses from internal
exposure range from 0.045 to 0.058 mSv. The most important exposure pathway contributing to internal
dose is consumption of fish [P6] (see electronic attachment A-4).

(c) United Kingdom

519. The United Kingdom began its nuclear weapons programme in the 1950s with a range of sites
dedicated to their development (Springfields, Capenhurst, Sellafield, Aldermaston, Harwell, and
Chapelcross). In the early years, these sites were exclusively dedicated to nuclear weapons activities,
However, some of them became subsequently involved with the United Kingdom’s civilian nuclear power
programme. An accident that occurred at the Windscale reactor (Sellafield) in 1957 is described in section
IV.E.2 of this annex. The current United Kingdom nuclear weapons programme operates two major sites:
Aldermaston, for research and development, and Burghfield, for assembly, maintenance and
decommissioning, both located in Berkshire. Results of their monitoring programmes including an
assessment of public exposure are reported annually [C13]. The latest available report published for 2022
shows that doses to the public from the two sites are less than 0.005 mSv [C13]. Public exposure from
United Kingdom legacy sites, including those used for the production, maintenance and decommissioning
of nuclear weapons are provided in electronic attachment A-5.

(d) France

520. Three main sites are part of France’s nuclear weapons programme: Bruyéres-le-Chatel (design and
simulation), established in 1957; CEA Valduc Centre (production, maintenance, and decommissioning)
created in 1957; and Centre d’Etudes Scientifiques et Techniques d’Aquitaine (research and
development), founded in 1965. Comprehensive monitoring programmes are in place for the three
facilities [C3] with information available online via an interactive map including data from a real-time
radiation monitoring network [I86]. Public exposure estimates for the sites of Bruyéres-le-Chatel and
CEA Valduc Centre are provided in an annual report of environmental monitoring [184]. The results of
the monitoring programme at Bruyéres-le-Chatel are too low to estimate public exposure from the
operation, while the annual effective dose from CEA Valduc Centre is estimated to be 1 uSv for a person
spending significant time near the site, with ingestion of *H being the most significant exposure pathway.
Information on exposures from legacy sites associated with the French nuclear weapons programme are
provided in the electronic attachment A-5.

(e) China

521. China has a range of sites dedicated to the production and maintenance of nuclear weapons.
Monitoring programmes have been established at each site and provide adequate information to assess
possible exposures [N20]. The monitoring programmes are also supported by automated radiation
monitoring stations, and an assessment of the data provided by these stations, with a note regarding public
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exposures, is provided in annual reports [N22]. Public doses from specific facilities are not readily
available; the latest available annual report of the National Nuclear Safety Administration notes that “the
assessment results indicate that the radiation doses exposure to the public caused by the operation of the
above-mentioned nuclear facilities were far lower than the national limits, without any impact on
environmental safety and public health” [N21].

522. Public exposure estimates from the Chinese nuclear weapons programme were noted in
UNSCEAR 2000 Report [U15], which indicated that an assessment of exposures to populations living in
the vicinity of nuclear installations had been reported by Pan et al. [P2, P3]. Since China did not develop
a civilian nuclear programme until the 1990s, the nuclear installations considered in these papers were
taken to be part of China’s nuclear weapons programmes.

6. Residual radioactive material in the environment due to other military
applications

523. In military applications, depleted uranium (DU) is used as ammunition for its exceptional
armour-piercing capabilities, due to its high density, kinetic energy, and pyrophoric properties, making it very
effective against armoured targets [B32]. DU is also used in heavy tank armour plates. DU ammunition was
first deployed during the 1991 Gulf War and continued to be used in other conflicts, such as the war in the
Balkan region in the late 1990s, the 2003 Gulf War, and it has been recently used in the conflict in Ukraine.

524. When DU ammunition, commonly known as penetrators, strike a target, part of the material is released
into the environment as metal fragments, and dust containing uranium oxides is deposited on the soil surface.
DU penetrators that do not hit any target may remain intact and penetrate soft soil for several metres
underground, where they slowly oxidize and dissolve over a long period of time, depending on soil
conditions. It has been estimated that DU penetrators deposited near the ground surface completely dissolve
within 35 years [M17, U7]. The main radiological risk from DU residues in the environment is inhalation
of resuspended dust, but annual public doses from this exposure pathway were estimated to be
low—typically a few microsieverts per year [U7]. Direct dermal contact with DU metal is another potential
exposure pathway of radiological significance, usually through handling of DU fragments [113]. Dissolved
depleted uranium may add to the levels of natural uranium in the soil, but this increase would be minimal,
due to the comparatively high levels of natural uranium already in the soil and would not significantly affect
public exposure. For example, ingestion of food is not considered a radiologically significant exposure
pathway due to the low mobility of depleted uranium through the environment.

525. A few studies have examined public exposure due to the military use of depleted uranium [B23,
Co6, M7, R11, S9]. Of these, an assessment based on a worst-case scenario estimated that children
assumed to play for 500 hours in abandoned or destroyed vehicles would receive a dose of 49 mSv; while
they would receive a dose of 1.5 mSv if they played 50 hours [M7]. The general conclusion of these
studies was that radiation exposure from DU after military use poses a low radiological risk and is
confined to areas where residues are present.

526. Nuclear propulsion systems developed for naval vessels are designed to allow the vessels to remain
at sea for very long periods of time. Except for accidents relating to these vessels or the transport of the
decommissioned units, as described in section IV.E, public exposure associated with these reactors during
operation and storage is considered negligible. A study of the site used for the temporary storage of spent
nuclear fuel and radioactive waste, established by the Russian Federation as part of its programme of
decommissioning and remediation of its Navy’s bases in the Russian Far East, located at Sysoeva Bay,
indicated that the annual dose to the public from the remediated site was less than 0.04 mSv [K23].
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E. Exposure from radiological accidents and past peaceful practices

527. Public exposure from nuclear and radiological accidents were addressed in previous UNSCEAR
reports. In particular, the Committee has published scientific reports and White Papers that have
specifically addressed the two most severe accidents in the history of the nuclear industry, at the
Chornobyl NPP (Ukraine) in 1986 and the Fukushima Daiichi NPS (Japan) in 2011 [U12, U13, U14,
uUl6, U20, U26, U29]. These comprehensive reports remain the primary sources of information on public
exposure associated with the accidents at these nuclear facilities.

528. Exposures related to accidents described in this section include not only nuclear accidents, but also
other radiological incidents which resulted in releases of radionuclides, such as those involving industrial
and orphan sources and the peaceful use of underground nuclear explosions. The focus of this annex is on
the current radiological consequences of these activities, with a summary of past events. Due to the diversity
of the events and the radiological conditions, the Committee has not developed a specific methodology for
the assessment of doses from radiological incidents other than major accidents. Estimates of doses were
instead compiled from various sources, including reports from national and international organizations,
publications in the open literature and information submitted through the UNSCEAR Global Survey on
Public Exposure.

529. Past peaceful practices considered in this section include public exposure from legacy sites and
disposal at sea. Previous UNSCEAR reports [U13, U15, U19] have provided details on public exposure
from legacy sites resulting from past peaceful practices. The evaluation of public exposure from legacy sites
presents a challenge since the radiological conditions at these sites can vary significantly and the assessment
methodologies are not standardized. This annex therefore relied on information on assessments of public
exposure from legacy sites provided through the UNSCEAR Global Survey on Public Exposure, or
available in the open literature or in publications from national and international organizations.

1. Radiological accidents

530. This section summarizes previous evaluations carried out by the Committee on public exposures
associated with the accidents at the Chornobyl NPP and Fukushima Daiichi NPS and provides an
updated assessment of current exposures to the public. Other accidents, such as those involving
industrial and orphan sources, spacecraft and satellites, the loss of radioactive material at sea or other
accidents reported in this section either occurred since the publication of the UNSCEAR 2008 Report,
annex C [U20], had not been previously reported, or have had exposure assessments updated. This
section is limited to a description and analysis of public exposures related to these events. Further
information on these accidents is provided in electronic attachment A-5.

531. Relevant IAEA reports on radiological accidents !' were the main source of information for

accidents that have resulted in public exposures included in this annex. The IAEA also maintains the
Unified System for Information Exchange in Incidents and Emergencies (USIE) website for the
exchange of details during emergencies relating to radiological accidents. Information from the USIE
website was reviewed to obtain data about accidents with an International Nuclear and Radiological
Event Scale (INES) rating of 3 or higher that resulted in public exposures.

! www.iaea.org/publications/search/topics/accident-reports.
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(@) Accidents at nuclear facilities
USSR: Southern Urals, Techa River (1949-1956) and Kyshtym accident (1957)

532. The first facility in the former Soviet Union dedicated to the production of plutonium was built in
1948 in an area east of the southern Ural Mountains, about halfway between the major cities of
Ekaterinburg and Chelyabinsk. The facility, now known as the Mayak Production Association, was
designed to irradiate uranium in reactors, separate the resulting plutonium in reprocessing plants, and
prepare plutonium metal in the metallurgical plant. Several operational and accidental releases of
radionuclides led to radioactive contamination of large territories of the Urals region in the 1950s and
1960s as shown in figure XXV. Information on these releases was provided in previous UNSCEAR
reports [U13, U15, U19, U20].

533. Discharges of a total of approximately 115 PBq of uranium fission products in operational low-level
liquid radioactive waste into the Techa River started in January 1949 followed by major releases in
September 1950 [A12, D11, D12]. In 1951, liquid wastes were diverted to Lake Karachay, which still
holds over 4 EBq of radioactive waste. In the spring of 1951, accidental releases periodically occurred
because of damage to tanks storing high activity waste; the largest releases occurred in September and
October 1951. The liquid radioactive waste contained a large array of radionuclides, such as *°Sr, 137Cs,
103.106Ry, %5Zr, Nb, 41144Ce, °'Y and '°Ba, with '*’Cs and *°Sr contributing to the largest portion of
activity released. Radionuclides were transported downriver and deposited in sediments and adjacent
floodplain soils [A14, S28].

534. The Techa River served as the main supply of drinking water for 41 villages, and its floodplains
were used to produce cattle pasture and hay. The primary exposure pathway for internal irradiation
was ingestion of radionuclides in water and milk. Between 1953 and 1956, authorities implemented
measures to prohibit the use of river water for drinking and domestic purposes [A17, P28]. Additional
measures to control public exposures included the creation of a system of dams in the upper reaches
of the Techa River, known as the Techa Cascade of Reservoirs, and the resettlement of residents of
villages that had been affected. Between 1955 and 1960, 19 settlements comprising approximately
7,500 people were evacuated from the upper reaches of the Techa River. However, these protective
actions were implemented several years after the initial releases, resulting in prolonged exposure of the
local population [D14]. The estimated intakes of *°Sr for a typical adult resident in the villages of
Metlino and Muslyumovo [T13, T14], located 7 km and 78 km downstream from the release site,
respectively, are provided in electronic attachment A-5.
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Figure XXV. Relationship of the areas impacted by releases from the Mayak Production Association
facility: Techa River, East Urals Radioactive Trace, and Karachay Trace (adapted from [K29])
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535. On 29 September 1957, a major radiation accident occurred at the Mayak Production Association
when a storage tank containing liquid radioactive waste exploded due to a disruption in the operation of
the cooling system. Approximately 90% of the total activity released by the explosion was deposited
within a 5 km radius of the epicentre. The remaining activity was carried into the upper atmosphere
forming a radioactive cloud that led to widespread deposition [194, R28]. This event resulted in the
formation of the East Urals Radioactive Trace (EURT), characterized by a total deposition of 74 PBq of
radionuclides [A1l, A12]. The area where deposition levels were above 3.7 kBg/m? extended to
23,000 km? and included 217 settlements with a combined population of 270,000 people [A11]. Three of
the most heavily contaminated settlements with deposition levels ranging from 59 to 122 MBg/m? and a
population of approximately 1,100 people were evacuated within two weeks. An additional
2,280 residents were evacuated within 250 days from areas with an initial *°Sr deposition of exceeding
150 kBg/m?. Over the next 110 to 420 days, approximately 7,300 people were also relocated from
settlements with deposition levels of *Sr above 74 kBq/m?.

536. Between October 1957 and April 1958, external exposure was the predominant exposure pathway;
later, internal exposure from ingestion of *°Sr in local food became significant [T16]. Data on daily intake
of ?Sr and the contribution of various food products to the daily intake in different time periods are
presented in electronic attachment A-5 for populations in non-evacuated areas with an initial deposition
of 37 kBg/m?. After the year 2000, vegetables were identified as the most contaminated foods [K34].

537. A second radiological accident occurred in 1967 at the Mayak Production Association facility, when
approximately five hectares of Lake Karachay dried out. Windstorms dispersed the exposed lake
sediments resulting in the deposition of radioactive material with a total activity of 22 TBq over an area
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of 2,700 km? [P17] forming the Karachay Radioactive Trace. The radionuclide composition of the trace
included *°Sr (34%), *'Cs (48%), and '“*Ce (18%). The most highly contaminated areas were
uninhabited; the average deposition of *Sr in villages and on agricultural land was 7.4 kBg/m? with peak
values reaching 40 kBg/m? [194]. In Bolshoy Kuyash, the most affected village, deposition levels of *Sr
and '*’Cs between 2009 and 2011 varied between 5.7 and 20 kBq/m? and between 10.6 and 69 kBg/m?,
respectively [K11].

538. Radionuclide deposition in the Karachay Radioactive Trace was approximately two orders of
magnitude lower than that measured in Muslyumovo on the Techa River. No follow-up health studies
were conducted for the populations residing in the areas covered by the Karachay Radioactive Trace.
Notably the Karachay Radioactive Trace partially overlapped with the EURT resulting in an additional
source of exposure for residents of those areas (see figure XXV). Lake Karachay was successfully
remediated in 2015 by covering the water surface and the surrounding areas, thereby minimizing the risk
of further radionuclide transfer. After the remediation was completed the lake was designated as a storage
facility for special radioactive waste [M37].

539. Residents of the Urals Region were exposed to environmental releases of radionuclides through
similar pathways. The accidents occurred over a relatively short period of time and affected rural
populations with similar lifestyles. Intakes of *°Sr resulted in very heterogeneous dose distributions within
the body. Estimated doses to bone marrow and bone surfaces were at least an order of magnitude higher
than doses to other tissues [D14, S29, S34]. Internal exposure was the predominant pathway for the
populations of both EURT and the Techa River [S34]. Trends in **Sr body burdens among various groups
of residents of the Urals region from 1950 to 1996 are presented in electronic attachment A-5.

540. Historical exposures of residents of the Urals region to releases from the Mayak Production
Association have been extensively analysed in several epidemiological studies [A13, A14, D14, N3, S34,
U25]. Average doses to extra-skeletal tissues of people living near the Techa River and in the EURT
region were estimated to be 60 and 10 mGy, respectively, with maximum values not exceeding 1,500 and
200 mGy, respectively. Doses to active marrow were significantly higher, averaging 350 and 30 mGy,
with maximum estimates of 8,000 and 400 mGy [S34].

541. Villages along the Techa River that were not evacuated continue to be now routinely monitored and
current exposures are regularly reported [B3, K35, Y6]. The Techa River’s broad floodplains in its upper
reaches and narrower channels downstream influence the key exposure pathways: external irradiation,
consumption of river water and, in the upper portion, consumption of milk from cows grazing in the
contaminated floodplains [K35]. In 2010, cautious estimates of the annual doses to the most exposed
groups of residents in the Chelyabinsk and Kurgan regions ranged from 0.12 mSv (Zatechenskoe village,
lower river) to 1.1 mSv (Muslyumovo village) [K35]. Residents of Muslyumovo were relocated between
2007 and 2012 to a nearby uncontaminated area. Since 2011, a management system of the Techa Cascade
of Reservoirs has been implemented to minimize risks and accelerate the natural purification of the river
system [U58]. The remediation of 82% of approximately 90,000 hectares of previously restricted EURT
territories was completed by 1981 [K34]. Current annual doses in the affected areas due to human-made
radionuclides are below 1 mSv [A12, K35]. Annual effective doses ranged from 0.02 to 0.2 mSv; higher
estimates are for teenagers because of their higher milk consumption rates and time spent outdoors [U13,
U20]. A summary of estimates of annual exposures for the most highly exposed groups of Urals residents
is given in electronic attachment A-5.

United Kingdom: Windscale accident (1957)

542. In 1957, a fire in the Windscale graphite reactor that lasted three days resulted in a major release of
radioiodine and other radionuclides into the environment in Cumbria. Several estimates of the activity
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released during the fire have been made. The most recent estimate indicated that the release of *'I was
1,800 TBq (range: 900-3,700 TBq) [G6]. It was accompanied by an estimated 180 TBq of '*’Cs, 3 TBq
of '%Ru, 26 PBq (range: 8-80 PBq) of '*3Xe, and 42 TBq (range: 14-110 TBq) of 2'°Po, plus several
other radionuclides [G6]. While estimates of the source term have changed, the doses estimated from the
release were based on measurements at the time and have not changed [G6, U20]. The maximum doses
to the thyroid for local individuals were estimated to be 0.01 Gy for adults and 0.1 Gy for children.
Measurements in Leeds and London indicated thyroid doses of 1 and 0.4 mGy. The collective effective
dose estimated for the United Kingdom and Europe was 2,000 person—Sv [U20].

United States: Three Mile Island (1979)

543. In March 1979, an accident occurred at Three Mile Island NPP near Harrisburg, Pennsylvania. The
sequence of events leading to the accident began with the closure of a valve that fed water to the boiler.
A series of events thereafter led to fuel melting within the reactor core and the release of fission products
through a relief valve in the primary water make-up system. Most fission products were retained in the
water, but about 370 PBq of noble gases, mainly '**Xe, and about 550 GBq of '*'T were released into the
atmosphere. The resulting effective dose to the public averaged 15 uSv within 80 km of the plant with a
maximum dose of 0.85 mSv. The collective effective dose was estimated to be 40 person—Sv [U13].

Ukraine, USSR: Chornobyl (1986)

544. The accident that occurred at the Chornobyl NPP in April 1986 was the most severe accident to have
occurred in the history of the civilian nuclear industry. Two workers died in the immediate aftermath, and
high doses of radiation to 134 plant staff and many emergency personnel resulted in acute radiation
syndrome which proved fatal for 28 of them. The accident caused the largest uncontrolled radionuclide
release into the environment ever recorded for any civilian nuclear facility, including 1,760 PBq of "1,
86 PBq of *’Cs, 10 PBq of *Sr, and 3 PBq of plutonium radioisotopes. The most affected countries were
Belarus, the Russian Federation and Ukraine [117].

545. In the aftermath of the accident, radioactive material was deposited over large areas of the former
Soviet Union and other countries in Europe, contaminating land, water, and biota, and causing serious social
and economic disruption for about 6 million people living in areas of Belarus, the Russian Federation, and
Ukraine where the deposition density of '¥’Cs exceeded 37 kBg/m?. Of these, about 400,000 people lived
in areas classified by Soviet authorities at the time as ‘areas of strict radiation control’ with the deposition
density of '*’Cs exceeding 555 kBg/m?. Of this group, 116,000 people were evacuated to uncontaminated
areas in the spring and summer of 1986 and another 220,000 people were relocated in subsequent years
[117,179, U20]. The deposition density of '*’Cs in an area of more than 200,000 km? across Europe exceeded
37 kBg/m? [C52]. Over 70% of this area was in Belarus, the Russian Federation, and Ukraine as presented
in figure XXVI; the full deposition distribution across Europe is shown in electronic attachment A-5. Most
of the strontium and plutonium radioisotopes were deposited locally within 100 km of the Chornobyl NPP,
due to these radioisotopes being associated with larger particles.

546. Radioactive fallout was deposited over urban, agricultural, semi-natural, and aquatic environments
leading to significant exposures to humans and other organisms [C52]. For the public, external exposure
to radionuclides deposited on soil and other surfaces and ingestion of contaminated food were the two
most important exposure pathways. Fallout of radioisotopes of iodine caused raised public concern in the
first two months following the accident. In this early period, the most significant contribution to the dose
was from the short-lived radionuclides "*'I, '*?Te/!*?I and '"Ru. After the decay of '*'I, '¥’Cs and **Cs
were of greatest radiological importance for the first decade. Caesium-137 remained of radiological
significance over the longer term due to its longer half-life [117, 179, U20].
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Figure XXVI. Calculated plume formation according to the meteorological conditions for
instantaneous releases on the following dates and times (GMT) [I17]

(1) 26 April 1986, 00:00; (2) 27 April 1986, 00:00; (3) 27 April 1986, 12:00; (4) 29 April 1986, 00:00;
(5) 2 May 1986, 00:00; and (6) 4 May 1986, 12:00
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547. Thyroid doses to the populations of Belarus, the Russian Federation and Ukraine from the
consumption of fresh milk contaminated with '*'I in the first weeks after the accident were estimated
between 0.05 Gy and 5 Gy [U20]. As far as whole-body doses are concerned, the residents of the areas of
the former Soviet Union considered to be significantly affected received annual average doses for the period
1986-2005 of about 9 mSv, which is equivalent to an integrated dose over this period of 180 mSv. The
average dose to 98 million people who were affected in the three republics was 1.3 mSv, while the integrated
dose from 1986 to 2005 was estimated at 26 mSv, with about three-quarters of it due to external exposure.
The dose due to natural background radiation over the same period was approximately 50 mSv [U20].

548. As 0f 2020, residual radioactive material in the Russian Federation due to the Chornobyl NPP accident
was still detected in 11,164 settlements [158, V1]. The Bryansk region is the most affected area; additionally,
deposition densities of '*’Cs measured in 183 settlements of the Kaluga region, 326 settlements in the Orel
region and 798 settlements in the Tula region exceeded 37 GBg/km?. Compared to 1987, the area of
agricultural land affected in these four regions has more than halved; in the Bryansk region, the area of land
belonging to the exclusion zone has decreased by an order of magnitude. The spatial distribution of '’Cs in
soil in the affected territories of the Russian Federation is highly variable, with the deposition density of *Sr
in soil being one or two orders of magnitude lower compared to '*’Cs. The estimated annual doses to
inhabitants of these settlements varied from 0.01 to 5.6 mSv. More information on current levels of
deposition in the affected areas is provided in electronic attachment A-5.

549. Predicted estimates for the year 2056 indicate that average annual effective dose to 90% of the
population should remain above 1 mSv in only four settlements of the Bryansk region, with a predicted
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maximum annual dose of 1.4 mSv [B56]. In the 13 regions remaining under control, the predicted annual
average effective doses from Chornobyl fallout in 2056 are predicted to vary between 0.02 and 0.08 mSv.

550. According to a long-term study on the reconstruction of absorbed doses to the thyroid from
exposure to *'T received within the first couple of months after the accident, the absorbed doses to
pre-school children in the affected areas of the Bryansk region were above 0.05 Gy. Estimates were
carried out for children residing in 1,106 settlements where soil deposition of '*’Cs exceeded the
legislative criterion of 37 GBq/km?. Children under 3 years of age received the maximum individual
absorbed doses to the thyroid, up to about 10 Gy in 17 settlements [K27].

551. For 374,416 residents in the Bryansk, Kaluga, Orel, and Tula regions listed in the Russian radiation
epidemiological register, the average integrated dose received from 1986 to 2020 was 0.03 Sv. The
absorbed dose to the thyroid received by adults, due to iodine radioisotopes, averaged 0.084 Gy, while
that to children reached a peak of 4 Gy in the aftermath of the accident [158].

552. Epidemiological cohort studies were established in Belarus and Ukraine to examine the prevalence
of thyroid cancer and other thyroid pathologies in people exposed as children or adolescents to radioactive
fallout from the Chornobyl NPP accident. These cohorts initially consisted of people who had direct
thyroid radioactivity measurements taken in May to June 1986 and have been the subject of regular
thyroid screening examinations since 1998 [S69]. Estimates of doses have been reported previously
[D23, O11] but the most recent review of the cohorts and thyroid doses received revised the cohort
sizes to 11,732 individuals in Belarus and 13,204 in Ukraine with average thyroid doses of 0.68 Gy
and 0.65 Gy, respectively [D25].

553. Currently, deposition densities of '3’Cs are greater than 37 kBg/m? in 2,193 settlements in
Belarus. As of 2020, it was estimated the annual doses to the population in 34 settlements were equal
to or exceeded 1 mSv. The average annual dose in the period 2021-2025 to people living in the
settlements in Belarus where deposition densities of *’Cs exceeded 37 kBg/m?, was 0.25 mSv.
According to estimates from measurements of activity concentrations in soil and whole-body counting,
this dose will be reduced to 0.17 mSv in the period 2026—2030 and to 0.14 mSv in the period 2031-2035
[V21]. The distribution of doses to the population of the affected in Belarus between 2011 and 2025 is
provided in electronic attachment A-5.

554. Similarly to the Russian Federation, the spatial distribution of '*’Cs in soil in the affected territories
of Belarus is highly variable and the deposition density of **Sr is one or two orders of magnitude lower
than '3’Cs (see electronic attachment A-5). The area of affected agricultural land in the six regions of
Belarus impacted by the Chornobyl accident continues to decline. Belarus maintains a State Register of
persons affected by radioactive contamination from the Chornobyl NPP accident; this register includes
276,154 people. The average cumulative dose to this people since the accident to 2020 was estimated to
be 24 mSv, with 17 mSv due to external exposure [V20].

555. A comprehensive monitoring programme in the affected territories of Ukraine ran from 1991 to 2013
as part of the programme of dosimetric passportization for settlements within the radioactive contaminated
territories. A Ukrainian State Register of persons affected by the Chornobyl NPP accident was also
established. The passportization monitoring programme included the measurement of radionuclides in food
and in humans using whole body counting. The settlements where the average annual dose exceeds 1 mSv
in at least one of the years between 2011 and 2013 is shown in electronic attachment A-5 [N6].

556. Assessment of public exposures in Ukraine due radionuclide deposition from the accident at
Chornobyl NPP estimated that the annual effective doses did not exceed (@) 1.24 mSv for adults and
0.65 mSv for children in the Rivne Region in 2020; (b) 1.8 mSv for adults and 0.5 mSv for children in
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the Zhytomyr Region in 2021; and (¢) 0.5 mSv in the Kyiv Region in 2019 [V9, V10, V11]. Significant
changes have recently been made to the monitoring and dose assessment methodology used to determine
exposures in the affected regions [B13].

Russian Federation: Tomsk (1993)

557. In April 1993, a serious accident occurred at the Siberian Chemical Enterprises facility at Tomsk-7.
The accident caused damage to both the reprocessing line and the building, resulting in the release of
about 30 TBq of beta- and gamma-emitting radionuclides and about 6 GBq of **°Pu. Radiological
monitoring of plant personnel demonstrated that only six individuals received doses above the 0.2 mGy
detection thresholds of the dosimeters used. Dosimetry on 14 of the 20 firefighters indicated individual
doses between 1 and 7 mGy [16]. The IAEA performed a thorough investigation of the accident, including
an assessment of the possible exposure of the local population. The total predicted doses were between
0.14 and 0.37 mSyv in the absence of protective measures and between 0.13 and 0.35 mSv with measures
in place. The maximum dose received by any resident was less than 0.4 mSv [16].

Japan: Tokaimura Fuel Conversion Plant (1999)

558. In September 1999, a criticality accident occurred in a fuel conversion plant in Tokaimura during
the processing of highly enriched fuel for an experimental fast reactor, when workers, following
unauthorized procedures, poured 16.6 kg of uranium enriched to 18.8% into a precipitation tank, resulting
in a criticality excursion. Two workers died because of the accident, which also resulted in the exposure
of nearby population from direct neutron and gamma irradiation. One hundred and sixty-one residents
living within a 350 m radius of the plant were evacuated and another 310,000 were advised to stay
indoors. Dose assessments were performed for 666 people and the dose equivalent for most of the
neighbouring residents was estimated at less than 5 mSv while the highest dose was estimated to be
21 mSv. Fission products were detected in environmental samples, but the levels were well below the
intervention level prescribed for foods [A10, I7].

Japan: Fukushima Daiichi (2011)

559. On 11 March 2011, a 9.0 magnitude earthquake along the Japan Trench produced a devastating
tsunami, which affected the coast of the Tohoku area, including the Fukushima prefecture and caused
widespread devastation. As a result of the tsunami, the Fukushima Daiichi NPS lost its emergency power
supply. Throughout the next four days, hydrogen explosions occurred at three of the six reactor units
resulting in the release of significant amounts of radionuclides into the environment. The releases of '3
and '¥7Cs were crucial contributors to the doses received by the local and regional populations.

560. According to the UNSCEAR 2020/2021 Report, annex B [U29], the highest average doses where
estimated to individuals who were not evacuated residing in the municipalities with high ground
deposition density within Fukushima Prefecture. The average doses to infants for the first year in each
municipality were estimated to be between 3.6 and 5.3 mSv; average doses to adults were estimated to
be about 70% of those for infants. For the municipalities of neighbouring prefectures (Ibaraki, Miyagi,
Tochigi, and Yamagata), the estimated average doses to adults in the first year ranged from 0.1 to
0.9 mSv, while the average doses to adults in the remaining prefectures of Japan were estimated to be in
the range of 0.004 to 0.4 mSv. External exposure to deposited radionuclides was the predominant
pathway of exposure in all the regions.

561. The estimated average doses to adults in the first year for the different evacuation groups varied
from less than 0.05 to about 6 mSv. The corresponding average absorbed doses to the thyroid in the first
year ranged from less than 1 to about 15 mGy for adults and between about 2 to about 30 mGy for infants.
The absorbed dose to the thyroid up to age 80 years was estimated to be about twice that received in the
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first year, largely due to continued external exposure to irradiation and to ingestion of the longer-lived
radioisotopes of caesium. However, it should be noted that these dose estimates do not take account of
the effects of remediation work carried out in the most affected area [U29].

562. The Fukushima prefectural government has undertaken the Fukushima Health Management Survey
since June 2011. It includes a basic survey, sent to 2 million residents, which was used to estimate external
radiation exposure during the immediate post-accident months [F6]. External doses of residents in
Fukushima prefecture have been continuously estimated based on monitoring results and responses to the
basic survey. According to the reported data as of 31 March 2022, excluding those occupationally
exposed, 99.8% of the 467,256 people living in the prefecture received a dose of less than 5 mSv with a
maximum of 25 mSv and an average of 0.8 mSv [F6].

563. In the months following the accident, following a request from the Nuclear Safety Commissions
Technical Advisory Organisation in an Emergency, external measurements of dose rates from children’s
thyroids were taken to determine potential internal exposures due to radioiodine. The study reported that
absorbed doses to the thyroid in the subjects were estimated to be less than 30 mGy [K20]. The external
counting survey also conducted whole body exposure measurements on 346,394 people by 30 November
2021. For over 99.9% of them, the committed doses due to internal exposure from '**Cs and *’Cs was
estimated to be below 1 mSv with a maximum of 3 mSv [M35].

564. The onsite monitoring programme at the Fukushima Daiichi NPS includes the monitoring of
radioactivity in groundwater, surface water, seawater, dust, and soils as well dose rates in air. Various
Japanese government organizations carry out offsite monitoring programmes for dose rates in air, and
radioactivity in dust, fallout, soils, foods, surface water, groundwater, seawater, sediments, drinking
water, sewage, and flora and fauna. Regular reports on the results of the monitoring programmes are
publicly available [N25, N26, T8].

565. Data submitted to the UNSCEAR Global Survey on Public Exposure gave average annual ambient
dose equivalents for the cities of Fukushima, Shirakawa and Nihonmatsu of 0.068, 0.16 and 0.28 mSv,
respectively. There were no significant changes in the recent monitoring results for ambient dose
equivalent rates in air, and activity concentrations in dust, soil, seawater, sediment, and marine biota
during the period from October to December 2022 [J7]. Monitoring data on the major food products in
the fiscal year 2021 in Japan show that all activity concentrations were below the national safety
standards. According to the Total Diet Study for Japanese food, the annual dose in 2022 was estimated
at between 0.5 and 0.8 uSv [M25].

566. Since late 2023, operations have began to discharge treated water from the Fukushima Daiichi
NPS site to sea. Although these releases commenced after the data submission period for consideration
in this current evaluation had closed, some general information is provided for completeness.
Treatment of site water to remove radionuclides is carried out via the Advanced Liquid Processing
System (ALPS). The treated water is then released to sea at a rate that ensures that the activity
discharged meets regulatory requirements. Japan provides regular analysis of the water discharged and
reporting of discharges from the site and seawater monitoring [147]. In 2023, the IAEA released a
comprehensive report on the safety review of the ALPS treated water [152]. This report reviewed the
assessment made by the operator of the Fukushima Daiichi NPS [T7] and agreed with the conclusion
that the release of the water would result in doses to representative persons between 0.02 and 0.04 uSv,
predominantly from ingestion of seafood.
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(b) Industrial accidents

567. Only one accident involving radionuclide sources which occurred over the period 2007-2022
was identified as having the potential for public exposure. In 2008, the waste division of the Institute
for Radioelements in Fleurus (Belgium) accidentally released 45 GBq of !*'T into the environment. An
assessment of individual doses, calculated based on very cautious assumptions, indicated that there
was a potential for an effective dose of 160 uSv and an equivalent dose of 3 mSv to the thyroid of
young children. Restrictions on local food and milk consumption were enforced and measurements of
1,320 individual’s thyroids indicated no measurable exposure [V4].

(c) Accidents involving orphan sources

568. In April 2009, in Nouakchott, Mauritania, a construction worker collected and kept on his person
for an extended period a lost Category III radiography source containing 600 GBq (16 Ci) of '’Ir. The
prolonged exposure caused severe injury to his left leg. The worker was transported to France for
treatment and was discharged in September 2009 after recovery [121].

569. In April 2010, a patient in a hospital in New Delhi (India) showed suspected radiation-induced
symptoms. The patient was a scrap metal dealer and radioactive material was detected in his shop and in
two other shops nearby. The source of this material was traced to a ®*Co source from an old gamma cell
irradiator purchased by the Delhi University in 1969. Doses received by seven exposed individuals,
assuming protracted exposure of 1-2 days, were estimated to range from 0.6 to 6.8 Gy. One individual
who received a protracted dose of 3.1 Gy did not survive [K43, S32].

570. A radiation accident occurred in Turmero, Aragua State (Venezuela) on 3 June 2010 when
workers handled an unshielded Category II '*’Ir industrial radiography source with an activity of
2.4 TBq (65 Ci). The TAEA assessed the medical condition of the most exposed individuals and
provided advice for their medical treatment. Following highly specialized and effective medical
treatment in France, the most exposed person recovered entirely after receiving surgery and adjuvant
administration of mesenchymal stem cells [124].

571. In October 2010, in Honduras, elevated dose rates up to 14 mGy/h were detected from a shallow
buried source in a courtyard of a medical facility. Initial actions were taken to shield the area and install
appropriate cordons and signs. A subsequent source inventory revealed that a 1*’Cs brachytherapy source
with an activity of 555 MBq (15 mCi) was missing. The source was recovered from a depth of
approximately 2 cm below the surface. Dose reconstruction determined that overexposure of any
individual was extremely unlikely [124].

572. In December 2013, a vehicle transporting a teletherapy unit head with a ®Co source from a medical
facility in Tijuana to a disposal facility in Santa Maria Maquixco (Mexico) was stolen by a group of armed
individuals. Twenty-seven members of the public received doses above regulatory limits: ten received doses
of 0—5 mSyv, six doses of 30—50 mSv, four doses of 50—100 mSv, five doses of 100-500 mSv, one a dose
of 1-2 Sv, and one a dose of 2-3 Sv. Nineteen emergency workers received doses of less than 1 mSv,
twenty-seven doses of 1-5 mSyv, two doses of 5—10 mSv and two doses of 15-20 mSyv [143].

573. On 7 May 2014, a '°Ir source of 960 TBq (26 Ci) in Nanjing city (China), was not returned to its
shielded housing and was misplaced by industrial radiographers. The source was found and taken home by
a temporary worker, exposing his relatives and three lodgers. Two days later he also took it to his parents’
house, exposing other relatives and several lodgers. On 10 May, the source was discarded on a grassy area
near the worker’s house, where 30 people were working. The source was successfully recovered on the
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same day. The worker was estimated to have been exposed directly for 3 hours and 15 minutes and to have
received a whole-body dose of approximately 1.5 Gy and a local skin dose of 4,100 Gy. He survived but
suffered significant complications from the exposure and died in December 2020 due to complications
relating to wound infection [Z8].

574. On 17 October 2016, a '!Ir radiography source was left unsecured at a worksite, near Adana, Tiirkiye,
and collected by a 16-year-old member of the public, who placed the source in his back pocket and showed
it to household members and other people. The source was reported lost to the Turkish Atomic Energy
Authority Disaster and Emergency Management Center by its owner on 20 October 2016 and was recovered
on the same day. Twenty people were referred to hospital because of suspected irradiation. The individual
who collected the source received the highest whole-body dose of 1 Gy [I35].

(d) Accidents involving spacecraft and satellites

575. Out of the 74 space missions that have involved radioactive sources in reactors, radioactive heating
units or RTGs, there have been eight recorded cases of failures with the potential to cause public exposure.
Two of these accidents resulted in environmental contamination from the uncontrolled release of radioactive
material: (@) to the United States Transit-5BN-3 satellite in 1964, which released an estimated 600 TBq of
238py from a SNAP-9A RTG into the stratosphere, and (b) to the Soviet Union’s Cosmos-954 satellite in
1978, which dispersed about 15 kg of enriched uranium from its U-Mo reactor over parts of Canada.
Collective doses to the world population for the Transit-SBN-3 accident were estimated at 2,100 person—Sv
from inhalation and 2.4 person—Sv from ingestion, while the total collective dose to the world population
for the Cosmos-954 accident was estimated at 16 person—Sv [U13, U19, U20]. Other recorded cases include
the re-entry of the nuclear reactor section of the Soviet Union’s military satellite Cosmos-1402 into the
Earth’s atmosphere near Ascension Island in 1983. The Committee previously reported on these events and
the resulting public exposure in the UNSCEAR 1993 Report [U13]. Detailed information regarding all eight
accidents is provided in electronic attachment A-5. Some information on the accidents involving the
Transit-5BN-3 and the Cosmos-1402 satellite is also provided in the inventory of accidents and losses at sea
involving radioactive material published by the IAEA in 2015 [132].

(e) Accidental loss of radioactive material at sea

576. There have been eight cases of nuclear submarines which have sunk as the result of accidents,
with two from the United States (USS Thresher in 1963 and USS Scorpion in 1968), and three from
the former Soviet Union (K-8 in 1970, K-219 in 1986, and K-278/Komsomolets in 1989) lost in the
Atlantic Ocean. A further submarine from the former Soviet Union (K-429 in 1983 and 1985), sank in
the Pacific Ocean near the Kamchatka Peninsula, was recovered and sank again at its base port. The
Russian Federation has also lost two submarines in the Barents Sea near the coast of Kola Peninsula
(K-141/Kursk in 2000 and K-159 in 2003).

577. Radiological surveys at the wreck site of USS Thresher and USS Scorpion concluded that there was
no detectable levels of human-made radionuclide released by the two submarines [M44], while the Joint
Norwegian-Russian Expert Group concluded that there was no evidence of any releases from the reactors
onboard K-159 [J17]. Environmental investigations around the Komsomolets nuclear submarine reported
that releases from the reactor were likely to have occurred since it sank [H24, J18]. In 2019, elevated
levels of '¥’Cs, *°Sr, 2°U and 2°?*° Pu were detected in seawater sampled directly from the ventilation
pipe where releases from the reactor were occurring, but sampling of seawater and sediments around the
Komsomolets have shown that these releases had no impact on the area around the submarine [G31, J18].
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There has been no evidence of any releases of *****Pu to the marine environment from the two nuclear
warheads in the submarine’s torpedo compartment [G31, J18].

578. There have been seven recorded accidents that have resulted in the confirmed loss of one or more
nuclear weapons carried by submarines, surface ships, aircrafts, and rockets [U21]; two of these, the
accident at Palomares (Spain) in 1966 and at Thule (Greenland) in 1968, have had an impact on the
surrounding environment and are covered in detail in section IV.E.1.g.

579. There have been two recorded incidents involving emergency disposal of RTGs during transport
by helicopter, both occurring over the eastern coast of Sakhalin Island in the Sea of Okhotsk. In the first
incident in 1987, an RTG containing 1.2 x 10* TBq of *°Sr was disposed of at sea. The second incident
in 1997 involved an RTG containing 1.3 x 10* TBq of *Sr, which was recovered in 2007 [G20, 132].
No public exposure linked to either of these incidents has been reported.

(f) Polonium-210 poisoning

580. In 2006, Alexander Litvinenko died after being poisoned in London with 2!°Po [O14]. His intake
by ingestion was estimated to be around 4 GBq, and the resulting organ doses ranged from about 20 Gy
to over 100 Gy [H10, Ol14]. The potential radiological risk to other individuals exposed to 2!°Po
associated with the poisoning was also assessed. In total, 1,029 UK residents were identified as
individuals who could have been potentially exposed, associated with the 11 locations where the highest
activity concentrations were detected. Of these, 974 were interviewed, and 787 were offered urine tests
for 21%Po excretion. Doses to 53 people were estimated to be above 1 mSv with the highest radiation dose
estimated at approximately 100 mSv, while 139 individuals showed evidence of probable intakes
associated with the incident [H11, M1].

(g) Other radiological accidents
Spain (1966)

581. On 17 January 1966, a United States Air Force B-52 bomber crashed near the village of Palomares
(Spain) after colliding in mid-air with a KC-135 refueling tanker. Of the four thermonuclear weapons
carried by the aircraft, one fell into the ocean and was retrieved on 7 April 1966; another was recovered
intact from the fields where it had landed, while the remaining two were destroyed on impact.
The pyrophoric plutonium metal was ignited, creating a cloud of oxide fumes that contaminated an area
of 2.26 km?. The top 10 cm layer of soil was removed immediately after the accident, but residual
plutonium and americium remained present in some areas [19, U20].

582. Immediately after the initial clean-up, an environmental monitoring programme was initiated due
to the risk of plutonium and americium entering the food chain. The transfer to meat and other foods of
transuranic radionuclides present in the environment as isolated refractory particles was found to be
limited despite the presence of biological fertilizers and microorganisms. Plutonium present in the
Palomares soils appeared highly insoluble in water and not readily available, therefore hindering its
transfer through the food chain [S11].

583. From 2007 to 2009, a detailed 3D map of the distribution of the remaining transuranic radionuclides
(33Pu, 2Pu, 20Py, 2Py, ?*! Am, and *°U) in the area affected by the accident was developed [E7]. The
total inventory of 2*?*°Pu was estimated to be 485 g. Particle sizes ranged from submicron to fragments
exceeding 1 mm. The average particle size immediately after the accident was around 100 pm, but it
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decreased with time due to weathering, indicating that resuspension of particles remained possible in the
arid conditions of the region around Palomares [S11]. A collective dose of 3 person—Sv to the local and
regional population was previously reported [U20]. Current estimate of the collective dose based on the
updated inventory and distribution map is lower by approximately 25% [E7].

Greenland (1968)

584. On 21 January 1968, a United States Air Force B-52 bomber crashed near the Thule airbase—now
called Pituffik Space Base—in northern Greenland. The bomber carried four nuclear weapons which were
destroyed, spreading plutonium over a large area. Monitoring surveys carried out during four expeditions
between 1968 and 1979 showed that most of the radioactivity released, including >*' Am, was confined to
the sediments and the benthic environment within 50 km of the crash site [19]. An assessment of radiation
doses from the remaining radioactivity in the environment was performed by the Danish government in
2011 [N9]. The report on the assessment concluded that annual radiation doses to representative persons in
the Thule area would be lower than 1 mSv even under very cautious assumptions.

Europe (2017)

585. From the end of September until early October 2017, elevated levels of '°Ru were recorded by air
monitoring stations across Europe. Although to date the source of the release has not been confirmed, studies
have indicated that the release most likely originated from the Ural region of the Russian Federation with
potential source locations extending between Northern Kazakhstan and Novaya Zemlya [B42] and that the
Mayak Production Association was the most likely source, based on atmospheric models. The total activity
of '%Ru in the release was estimated at approximately 250 TBq [M11, S19]. Individual doses across various
cities in Europe were estimated at between less than 0.01 and 0.33 pSv, while the collective doses to the
European population, excluding the Russian Federation and Tiirkiye, was estimated to be approximately
23 person-Sv [B42, I3, S79]. Doses from the release of '%Ru estimated for various age groups at four cities
in Croatia for the period 29 September to 5 October 2017 are provided in electronic attachment A-5.

China (1992)

586. Between 1982 and 1984, recycled steel contaminated with discarded *°Co sources was used to
manufacture reinforcing bars at the Hsin Jong Iron and Steel Company in Taoyuan, province of Taiwan
(China). These bars were incorporated into more than 180 buildings, including approximately
1,600 apartments, schools, and businesses, notably the Minsheng Villas complex in Taipei [C33]. The
contamination was first detected in 1992, prompting an investigation by the Taiwanese Atomic Energy
Council to identify the number of buildings that had been affected and assess exposures [B52, C4, C31,
C32, C33, H36, H44, L12, L13, T25]. Estimates of annual effective doses received by residents of the
affected apartments ranged from 1 to 140 mSv. This broad range reflected the different exposure
scenarios and source terms for each of the affected apartments [L12]. Dose rates varied significantly
within rooms and apartments and estimates of the occupancy of residents were affected by large
uncertainties [H36, T25]. Personal and phantom measurements were also performed in some studies to
validate dose reconstructions [C31, L12, L13].

587. The remediation plan was broadly based on the exposure of the residents, with the apartments divided
into four categories according to the annual dose received. Remedial measures included the provision of
regular free physical examinations for residents who received annual doses above 5 mSv, shielding or rebar
replacement, demolition, evacuation, or leaving buildings in place to allow for radioactive decay [C32].
Residents who received annual doses exceeding 15 mSv were given the option to sell the residence to the
government. Follow-up studies indicated that more than 10,000 people received a total average dose of
600 mSv (range: 120-4,000 mSv) over the 20 year period between 1983 and 2003 [C20].
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2. Nuclear explosions for peaceful purposes

588. Both the United States and the former Soviet Union tested nuclear explosions for non-military
peaceful purposes from the late 1950s into the 1980s. These tests involved investigating the use of nuclear
explosions for civil excavation work, fracking, extinguishing burning gas fountains, and a range of other
mining and research applications. By 1976, these tests were controlled under the Treaty on Underground
Nuclear Explosions for Peaceful Purposes [U3], and today such tests are banned under the Comprehensive
Nuclear-Test-Ban Treaty adopted in 1996 [U4]. Information on the peaceful nuclear explosion tests carried
out by the United States and the former Soviet Union are provided in electronic attachment A.S.

(@) United States

589. The United States carried out numerous peaceful nuclear explosions as part of the Plowshare
Program and the Vela Uniform Program. The Plowshare Program was intended to explore non-military
uses for nuclear explosions, including the production of isotopes and heavy elements, natural gas
stimulation, and various types of civil excavation (i.e., canals, harbours, or dams) [G10, H5, T6, U39].
Under the Plowshare Program, the United States carried out 36 individual nuclear detonations between
December 1961 and May 1973 as well as experiments involving non-nuclear detonations [B14, U39].
Most tests took place at the NNSS, with two tests occurring in New Mexico and another two in Colorado.
All the detonations occurred underground, with releases of radionuclides of some tests being detectable
offsite. Yields of the Plowshare detonations ranged from 35 tons to 378 kt [U39].

590. The first Plowshare test, Project Gnome, was carried out in New Mexico in 1961 and resulted in
offsite releases [F2]. A tracer test using '*’Cs, *°Sr, '*'T and *H was conducted at the Gnome site in 1963
to evaluate potential movement of radionuclides in groundwater [P29, U43]. Materials from the
subsequent surface clean-up activities were stored onsite or removed to the NNSS [F2]. The area is
remote and under institutional controls including monitoring of groundwater [U43]; public exposure from
the tests was negligible and future exposures are unlikely.

591. Project Rulison was a proof-of-concept experiment in natural gas stimulation performed under the
Plowshare Program in Colorado in 1969 [D2, U45]. Most of the radionuclides produced by the detonation
remain onsite, solidified in the melted rock [D2]. Gas from a test well was flared to the atmosphere and
tritiated methane was removed along with '*C and 3°Kr [D2]. Releases were monitored by State and
federal authorities to protect public health [U45]. The well was shut in 1971 and plugged in 1976 [U45].
Drilling is currently prohibited in the immediate area of the detonation site and monitoring of
groundwater and nearby gas wells indicated no offsite movement of any remaining *H [D2, U45]. An
assessment of public exposure from released *H was based on activity concentrations in the range
between 2.2 x 107° and 20.7 Bq/m® measured during atmospheric monitoring of the production testing in
1970. The assessment estimated that the highest lifetime excess cancer risk was less than 1 x 107° which
was considered negligible, but did not provide any dose estimates [D2].

592. Field assessments prior to two proposed tests of the Plowshare Program included use of radioactive
tracers [B14]. Project Pinot in Colorado in 1960 used a small amount of *Kr in conjunction with
conventional explosives to study gas migration following an underground explosion [B14]. As part of
Project Chariot, a radiotracer experiment was carried out in 1962 at Cape Thompson, Alaska, to evaluate
the mobility of fission products in soils and surface water [U44]. The experiment used soil from the
NNSS contaminated with *’Cs, #Sr, 11, and other radionuclides [U44]. Following the experiment, the
contaminated soil was removed and stored locally and in the 1990s it was permanently removed to the
NNSS [B14, U44]. The Chariot site was remediated in 1993. Doses prior to remediation were estimated
to be lower than 0.01 mSv for an exposure time of 10 hours standing on the mound of waste material,
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while post remediation exposures were at background level [U37]. The Project Pinot test site is
inaccessible and therefore public exposure was not assessed [B14].

593. The seven nuclear explosions carried out under the Vela Uniform Program were research
experiments in nuclear test detection [U39]. The intent of the programme was “to develop the
technological capability to detect and identify underground and underwater nuclear detonations” to verify
compliance with nuclear testing moratoriums related to treaties [B14]. All detonations performed as part
of the Vela Uniform Program occurred underground, including three at the NNSS, one at another location
in Nevada, two in Mississippi and one at Amchitka, Alaska [B14, U39]. Yields ranged from 380 t to 80 kt
[U39] and since no offsite releases of radioactivity occurred [U39] public exposure were unlikely.

(b) Former Soviet Union

594. In the period between 1965 and 1988, 122 underground nuclear explosions with 128 explosives for
peaceful purposes were conducted at 115 sites in the former Soviet Union (Kazakhstan, Russian Federation,
Turkmenistan, Ukraine and Uzbekistan) [L26, N23]. The detonations were conducted for experimental,
industrial and scientific research purposes. The explosion sites are shown in figure XXVIL.

Figure XXVII. Sites of peaceful underground nuclear explosions in the territory of the former Soviet
Union [N23]
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595. In total, 84 charges were detonated with energy yields between 0.3 kt and 38 kt. The total energy
yield of peaceful nuclear explosions (PNE) reached 0.75 Mt or 2% of the value for all underground
nuclear explosions carried out in the former Soviet Union. Solid and liquid radioactive waste generated
by these detonations are stored in various hydrogeological environments located in central locations. The
waste is currently classified as non-recoverable radioactive waste [R31], and contains mainly *°Sr, '3’Cs,
3H and alpha-emitting radionuclides [L26].
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596. The radioactive contamination at each PNE site is unique. Most explosions were underground, leaving
residual radioactive materials buried; solid waste is generally stable and contained. However, radionuclides
that dissolve in water can be transported through hydrogeological processes which may be enhanced since
the explosion creates an area of fractured and crushed rock [K6]. At most sites—excluding emergency and
excavation explosions—the radiological situation is characterized by external gamma dose rates of
0.1-0.15 pSv/h and activity concentrations of *°Sr, '*’Cs in soil at levels comparable with those from global
fallout [B30, K17, K18, L26, T11]. A release of tritiated water to the surface occurred following the Dnepr-2
test. Specific activities of *H in water from a mountain audit measured in 2008 and 2019 were 7,500 and
1,200 Bg/kg, respectively [R10]. The release of radionuclides following the Globus-1 and Kraton-3
emergency explosions generated substantial contamination in the surrounding area [K7, R7].

597. Remediation work is being carried out in the Russian Federation to address the nuclear legacy of
PNE sites. This activities have significantly improved the radiological situation in the territory of the
Globus-1 site [K7, K17, K18], where ambient dose equivalent rates have decreased from 1.5 uSv/h to
natural background levels of 0.05-0.1 uSv/h [K17]. In contrast, the fallout footprint at the
Kraton-3 facility has become the largest and most contaminated among all PNE sites. A notable feature
of the residual radioactive material in soil at the Kraton-3 site is the predominance of *°Sr over *’Cs [R8].
The integrated gamma-ray doses in the air attributed to the explosions varied from 1.2 to 10 Gy, with the
maximum value estimated 70 m from the Kraton-3 borehole [R8].

598. Excavation explosions, such as Taiga and Crystal, resulted in release of radioactive material and its
dispersion to the surrounding environment. At the Taiga underground nuclear explosion site,
contamination was confined to an area of approximately 1 km? now covered with a newly grown mixed
forest surrounding the artificial lake created by the explosion. Dose rates exceed the levels of natural
background radiation by up to 10-20 times and are mainly attributable to ®*Co and '¥’Cs released during
the explosion [R9].

599. Given that areas surrounding PNE sites are characterized by low population density, radiation doses
were generally estimated for recreational scenarios, such as tourism [H43]. These scenarios assumed that
people spent two weeks a year visiting the areas near the PNE sites. The main exposure pathways
considered in the assessment included external exposure from surface deposition, inhalation of
resuspended soil, ingestion of wild berries, fish, mushrooms and drinking water from both surface and
ground sources. The annual external dose from the human-made source at the Taiga site was estimated
at 70 uSv for tourists and 8.7 uSv for investigators [R9]. The contribution to the internal dose from
ingestion of '¥’Cs, *Sr and *H in natural water and wild food products (mushrooms, berries, fish) was
estimated at 2—4 uSv. Doses via inhalation of resuspended particles containing *’Cs, *°Sr, 238Pu, 23-240py,
241 Am and ®°Co were estimated to be 1-2 uSv assuming a one-week stay at the site. The estimated annual
doses due to residual radioactivity at other PNE sites were in the range 4.5 to 18 uSv.

3. Other past practices

(@) NORM legacy sites

600. The term ‘NORM legacy sites’ refers to several types, such as mining sites, waste rock sites, processing
facilities and tailings storage sites. Exposure pathways and radiological impact of mining and waste rock sites
vary significantly, depending on the extraction method. Both open-cut and underground mining generate
large volumes of waste material, such as waste rock, overburden, and tailings. Acid rock drainage and other
chemical leaching processes may also occur and pose environmental challenges. Processing plants typically
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have a small footprint and can be remediated more easily than tailings facilities, which require considerable
engineering controls with ongoing management. Specifically for uranium mining, ISL operations leave a
smaller environmental footprint with limited waste material but may affect groundwater pathways.
Equipment used in mining and processing can be decontaminated for reuse or recycling or may simply be
disposed of with other waste products. The radiological risk associated with equipment at legacy sites arises
from ore, ore concentrates, and waste products.

601. The predominant exposure pathways are specific to the legacy site and, therefore, specific exposure
scenarios are required when assessing doses. External exposure is generally related to residual tailings or
exposed mineralized material present on site, although in some cases this material might have been
transported offsite to local residential areas. Exposure from inhalation of radon and its decay products is
highest on the sites but also contributes to the overall exposure of people residing in nearby locations.
Internal exposure from ingestion of water and food produced on legacy sites or adjacent areas can result
in significant exposure.

Uranium

602. The United States, which has over 4,000 uranium legacy sites, has developed a radiological human
health risk conceptual site model which can be applied to legacy mines of all sizes, based on a range of
site use scenarios to determine the potential radiological risk [U38]. The United States also has a uranium
location database that provides an overview of their uranium legacy sites [U49]. Similarly, France has
also established a database of their uranium legacy sites and information on dose assessments performed
for the sites included in the database is provided by the IRSN [187].

603. Canada requires the companies or organizations responsible for uranium legacy sites to provide
relevant assessments that are updated if site conditions change. Due to their remote locations, the
radiological impact on the public from several Canadian legacy sites are monitored from a watershed
location further downstream. All Canadian legacy sites require a licence to decommission through the
Canadian Nuclear Safety Commission. These legacy sites, which have been or are being remediated, have
a goal of reducing the annual dose at or below 1 mSv. Sites that have completed remediation and are open
to the public are inspected every three years.

604. In Australia, the assessment of potential environmental and public exposure from uranium legacy
sites has informed the remediation of sites in the Northern Territory [B36, B37]. In the South Alligator
Valley area, the annual dose to local indigenous people accessing the area was estimated to be 0.3 mSv
[B38]. Furthermore, the annual effective dose to indigenous people for a realistic scenario for the Rum
Jungle site was estimated to be 0.5 mSv above background level but could be as high as 2—3 mSv if the
site was occupied for five months a year [B37].

605. All major uranium mining activities in Western Europe closed at the end of the twentieth century,
and remedial work has been completed at most sites, although with varying levels of effectiveness.
France, Portugal and Spain were the main European uranium producers; uranium was also produced in
Eastern European countries—Bulgaria, Czechia, Estonia, East Germany, Hungary, Poland, Romania,
Slovenia and Ukraine. Limited uranium mining activities still occur in Czechia and Romania. The
Wismut mining region in the former German Democratic Republic was the predominant uranium
production area in Europe. Estonia, Finland and Sweden also produced some minor quantities of uranium;
sites in these countries have been fully remediated [E11].

606. Portugal has over 60 legacy uranium mines and mills mainly located in the central eastern part of
the country. Some of these operations were active prior to 1944 when the focus was on the extraction of
radium. Ore from a range of minor sites was processed at a central facility in Urgeirica which resulted in
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the production of significant tailings [E10]. Several environmental studies were undertaken in the regions
on and around uranium legacy sites indicating that annual doses varied from 2 to 20 mSv or higher [C5,
C7, C8, K12, P15]. One of the control measures in place is the requirement that water released from the
Urgeirica site should undergo treatment [P26].

607. In Spain, more than 20 mines and some mills in the west and south of the country were
decommissioned by the end of the twentieth century and subsequently remediated [E14]. Some studies
performed in and around the legacy sites reported increased exposures, but these areas are either not
populated, or the exposures are related to natural sources rather than uranium residues from the legacy sites.
Potential annual average doses were estimated to be 2.5 mSv at an abandoned site in Salamanca, western
Spain [G13]. Other assessments estimated annual doses ranging from 3.2 to 5.1 mSv in populated areas near
six uranium legacy sites in western Spain, based on measurements taken in 2000 and 2001 [Q2].

608. Czechia has approximately 66 uranium legacy sites and currently produces uranium from one site.
Most legacy sites have been remediated recently; annual doses to the public from ingestion of water
runoff from the sites were reported to range from less than 0.01 to 0.05 mSv [E9, J24]. Poland operated
approximately 15 uranium mines. Of these only one site—a tailing facility—has been remediated, while
the remaining mines have been abandoned and are accessible to the public [E15, W1]. Significant
environmental contamination has been detected at many of these sites. For one of them, which is now a
tourist attraction, estimated radiation doses could exceed 1 mSv within a single hour of exposure [F7].

609. One underground uranium mine in the Mecsek region in Hungary has been closed and partially
remediated. The mine was flooded and the remediation work focused on the management of contaminated
groundwater; however, no dose assessment is readily available [C57, J23, O4, S68]. The only uranium
legacy site in Slovenia has also been completely remediated with some parts under public use; a
monitoring programme is in place [E12, P12]. Bulgaria had a significant number of mines for the
extraction of uranium by various methods, such as ISL and heap leaching. The majority of the
39 identified deposits have been exhausted and uranium mining operations ceased in 1992 [12]. All sites
have undergone some level of remediation to reduce significant contamination from the operation of the
mines. However, remediation work has been insufficient in many cases and water contamination issues
have emerged at some sites [D20, E6, E13, 193]. No information on assessments of doses for the public
was readily available for inclusion in this annex.

610. Romania also maintains some uranium production and has many legacy sites. Approximately 23 sites
have been closed but only two have been remediated. Abandonment of sites and a lack of funding for
remediation resulted in significant environmental issues. Little information on the current state of the sites,
plans for remediation, or public exposure is available [ES, F1]. During the early periods of operation,
materials sourced from the uranium mines were used in the construction of houses nearby, resulting in high
radon concentrations that required remediation [C54, P22].

611. Ukraine has uranium legacy sites from historical operations at several mines, including some
ISL facilities, and one mill. [D31]. Historical management of the sites resulted in environmental issues,
mainly due to groundwater contamination, that are still ongoing at sites that have not been fully remediated
[D31, L7, R30, V22]. Public exposure was assessed to be negligible, with doses of less than 0.1 pSv [U2].
One assessment noted that dose to individual living on the banks of a river affected by the contamination
could be as high as 0.1-0.15 mSv [V22].

612. In Germany, the company Wismut GmbH was established to manage the remediation of the
uranium legacy sites in the former German Democratic Republic, where uranium mining and processing
took place at many sites in the Saxony and Thuringia regions. Uranium mining operations, led by the
demand for uranium in the former Soviet Union, resulted in significant environmental contamination and
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public exposure [E3, 12, I15]. A remediation has been put in place at more than 60 sites across Germany
[L16], with the aim to reduce annual doses received by members of the public to below 1 mSv [B28, E3].
An extensive monitoring programme has been established and is in place to assess the relevant discharges
from the remediated sites. Annual doses due to discharges of radon and long-lived alpha emitters at the
Schlema/Alberoda site to the local waters were estimated to be up to 0.33 mSv for some individuals in
the affected populations under realistic exposure scenarios [B27].

613. Several uranium legacy sites are present in the territory of the Russian Federation, across the two
districts of Zabaikalsky Krai and Stavropol Krai. Historical public exposures associated with uranium
legacy sites have been significant. For example, the annual dose associated with the construction of
houses from materials sourced from uranium mines in the village of Oktyabrsky, Zabaikalsky region
prior to the relocation of the population, was estimated to be 14 mSv (range: 1.3—85 mSv) [K22]. In the
Stavropol region, doses to adults and children associated with legacy sites around the town of Lermontov
were estimated to range from 0.1 to 5.8 mSv and 0.1 to 7.9 mSy, respectively [125]. The uranium legacy
sites at Lermontov have since been remediated.

614. Many uranium legacy sites are present in Central Asia (Kazakhstan, Kyrgyzstan, Tajikistan, and
Uzbekistan) [123, 137, M30, S67] from mining operations carried out by the former Soviet Union. Several
studies about these sites reported that annual doses to the public typically exceeded 1 mSv [L17, S10,
S54, S67] and were estimated to be as high as 21.4 mSv for adults and 39.2 mSyv for children [V5].

615. Several uranium mines and mills are still operating in China and there are several uranium legacy
sites from the early stage of its nuclear programme. All uranium mining and milling legacy sites have
been fully remediated and maximum individual and collective doses are reported to meet national
radiation safety standards [C34]. China had almost 20 uranium processing plants served by small mines
prior to the 1980s and 13 of them were closed down or put on standby [P11]. One study indicated that
herders using areas around remediated tailings sites would receive an annual dose of 0.035 mSv from
external exposure [Z5]. Generally, no comprehensive assessment of public exposure at individual sites is
available, although some information on the uptake of radionuclides by uranium mill tailings and public
exposure from ingestion was found in the open literature [C30, H38, W23, X1].

616. An assessment of uranium legacy sites was undertaken in Argentina in 2006. Public exposure was
assessed at several uranium legacy sites as one of the criteria used to prioritize their remediation [C41,
C42]. To date only the site containing the tailings from the closure of a uranium mill in Malargiie has
been remediated. Brazil has one uranium legacy site in a high precipitation region on the Pogos de Caldas
plateau, in the state of Minas Gerais. There have been no reports of public exposure exceeding the
regulatory dose constraint of 0.3 mSv/a [P16, R26].

617. African nations historically involved in the production of uranium that have legacy sites include the
Democratic Republic of the Congo, Gabon, Madagascar, Niger, South Africa, and Zambia. The
Shinkolobwe uranium mine in the Democratic Republic of the Congo, which was the source of uranium
for the atomic bombings used on Hiroshima and Nagasaki, was closed in 1960 but has been accessed by
artisanal miners for the extraction of non-uranium minerals. The Kitwe region in Zambia was the location
of minor uranium production in the early 1950s and has left some legacy tailings that required
management. The most affected population was resettled not because of their exposure to radiation but
because of other safety issues [K26]. More recently, the Akouta mine in Niger ceased operations in 2021
and is undergoing remediation, which is expected to take 20 years.

618. The Gabon region of Mounana was the site of several uranium mines from 1962 to 1999.
Restoration work in the late 1990s saw annual doses to two groups of public decrease from 2.9 and
2.3 mSv to 0.97 and 1.23 mSyv, respectively [L28]. One facility in Madagascar that operated from 1946
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to 1952 has had little remediation and has become a populated rural environment. The village of Vatovory
is the most heavily affected with annual doses exceeding 20 mSv for gamma and radon only; annual
doses in other villages in the area also exceed 1 mSv [K1, R14].

619. Most uranium production in South Africa has taken place as a by-product of gold mining in the
Witwatersrand Basin. Due to the uranium association with gold in this region, there are many mining
legacy sites that have issues associated with management of NORM. It is estimated that there are more
than 400 gold tailings sites that can be exploited for uranium and many others that remain in-situ. This
legacy has resulted in exposure to radiation and other hazards to the population living in the vicinity. One
example is the Tudor shaft tailings site where an informal settlement has been established on tailings
material. Assessments of exposure for people living in this area estimated that annual doses from external
exposure ranged from 0.17 to 0.25 mSv [N18], while the maximum total dose from all pathways was
1.6 mSv [N19]. Assessments at other sites affected by gold mine tailings estimated a total annual dose of
6.9 mSy; the dose from external exposure was estimated at 2.4 mSv, while that from internal exposure
was estimated at 4.5 mSv [K1].

Metal industry

620. Activity concentrations of radionuclides in the waste streams generated by metal production,
tailings, and slag, are normally low. Pyrometallurgy involves operations where furnace treatments at high
temperatures are used to obtain metals of interest from concentrate; the waste from furnaces, slag, and
dusts may contain elevated activity concentrations depending on the geology of the ore body.

621. Tin slag is relatively resistant to environmental weathering and can contain activity concentrations
of radium in the range 1 to 10 Bq/g. Since tin mining has been in existence for thousands of years,
unknown legacy sites can cause public exposure [I112]. Uranium and thorium can also be present in
significant concentrations within other metal ores, such as copper and gold. In these situations, exposure
to NORM in the resulting waste materials can be non-trivial [A21, B53, E31]. During the production of
alumina from bauxite, large volumes of residue—commonly known as red mud—are generated and
stored in extensive piles. Despite the large quantities of waste stored at legacy sites, radiological
assessments indicate that the public exposure is potentially low [O1].

Phosphate industry

622. Residues created during the production of phosphate (phosphogypsum) contain elevated
concentrations of natural radionuclides, particularly isotopes of radium, compared to the feed or product.
Due to the high global demand for phosphate in agriculture, large quantities of phosphate tailings
(phosphogypsum stacks) exist worldwide. Some of the legacy sites containing phosphogypsum stacks
have been remediated, but many others have been abandoned, posing a radiological risk to populations
living nearby. In many cases, since these tailings are not adequately confined, migration of radionuclides
through water represents the primary exposure pathway. Depending on site-specific exposure scenarios,
annual public doses could exceed 1 mSv [129].

623. Few studies have assessed public exposures associated with legacy sites in the phosphate industry.
One study conducted in a phosphate region of central Florida in the United States, investigated several
unrestored pit lakes formed when mining cuts filled with water containing relatively high levels of natural
radionuclides. The main conclusion of the study was that there was no significant radiological risk
associated with former mining activities in the phosphate industry [L29, M39, R27]. Other studies in
Florida and South Africa concluded that annual doses to people representative of the most highly exposed
individuals from consumption of food could reach 0.2 mSv [B25, L29, M39].
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624. For more than half a century, phosphate ores of marine origin containing **Ra have been processed
in Belgium to produce calcium phosphate for use in cattle fodder. Hydrochloric acid was used to acidulate
the phosphate ore, producing large quantities of wastewater that retained most of the radium. The
wastewaters were discharged into two small rivers, one of which is the Laak. Elevated concentrations of
226Ra were observed along the riverbank, mostly within a 10 m strip along both sides of the river,
including flooding zones. As of 1999, no dwellings or crops for direct human consumption were located
in these areas, resulting in no immediate risk to the population [P9].

625. The residual solids generated when phosphate rock is melted in a furnace at high temperature with
sand, iron oxide and coal to produce elemental phosphorus typically contain 2°Ra concentrations ranging
from 0.75 to 1,100 Bq/kg [112]. This material, commonly known as slag, has been used as construction
material in the United States. Surveys conducted in 1,472 residences in three communities found that
fewer than 12% of the dwellings in Soda Spring in south-eastern Idaho contained slag, while in Pocatello
and Fort Hall, no houses were found containing the slag, although slag was found in between 20 and 27%
of the public roads. The highest individual annual dose was estimated to be 1.3 mSv, and only nine
individuals were identified as receiving more than 1 mSv [A23].

Coal industry

626. Potential radiological risk to the public from legacy sites of the coal industry are associated with
the inadequate remediation of disposal sites for the fly ash generated during coal combustion. Activity
concentrations of uranium have been measured in fly ash from the United States were low—of the order
of 10-30 parts per million [U52}—while worldwide activity concentrations of *U between 6.3 and
480 Bq/kg have been reported [U24]. No information on public exposure from legacy fly ash deposits
were found in the literature or provided through the UNSCEAR Global Survey on Public Exposure.
Inhalation of radon and its progeny is the only exposure pathway that would pose a radiological risk to
the public, but doses are not expected to be significant, given the low radionuclide concentrations and the
low emanation rate of radon from fly ash.

Oil and gas industry

627. Radioactive waste generated during oil and gas extraction includes large volumes of produced water
and small amounts of sludges and scales. Activity concentrations of natural radionuclides in produced
water are generally low, while those in sludges and scales are much higher. Appropriate decommissioning
of the oil and gas facilities and disposal of the waste are essential to prevent exposure of members of the
public, particularly given the long half-life of the radionuclides in the waste, such as 2*°Ra [I11]. Potential
exposure pathways for the public near legacy sites of the oil and gas industry include ingestion of seafood,
external exposure to gamma radiation, and inhalation of radon and its decay products. However, no
information on public exposure associated with these sites were identified in the literature or provided
through the UNSCEAR Global Survey on Public Exposure.

Rare earths, titanium oxide, and zirconium industries

628. Public exposure from legacy sites in the rare earth industry depends on the type of mining used at the
site. Rare earth can be extracted from mineral sands deposits, such as those containing monazite and xenotime,
which also produce other mineral concentrates including titanium and zirconium, or from hard rock.

629. Residues generated by extraction from mineral sands typically contain low activity concentrations of
natural radionuclides, although activity concentrations of thorium and uranium isotopes in monazite can be
as high as 50-70 and 1-10 Bq/g, respectively. Historically these residues have been disposed of in mining
voids or disposal pits, used in other reclamation areas or exploited as a separate resource. Global monazite
wastes up to 2003 were estimated to be approximately 23,000 tonnes [I12]. Exposures of members of the
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public, who may visits the mines after closure, are generally below background levels [126]. A review of
exposures from various NORM industries concluded that the annual doses received by members of the
public from shallow land burial of waste from monazite processing were less than 0.25 mSv [126].

630. Rare earth elements are also mined from hard rock, tin, and clay deposits with most of the world’s
production occurring in China. Activity concentrations of uranium and thorium in these ores are
typically in the range of 1-10 Bq/g and monazite may also be present [I12, 126]. In South Africa,
radionuclides released from a monazite processing plant that operated from 1950 to 1965 contaminated
local water courses, and an informal settlement was later established on site. In Brazil, significant
contamination was detected at a monazite processing site which was due for decommissioning and
restoration as a residential site [126].

631. Processing of titanium minerals generates residues that are used in agriculture, construction, and
cement production, with only small amounts of residues requiring disposal to landfill [127]. Given the
relatively low activity concentrations of the material, public exposure from these residues is not of
significant concern. Residues from zircon production do not generally pose a radiological risk, unless
volatized during smelting in which case exposures to radionuclides in dust may be non-trivial.
Assessments performed for various uses of legacy sites show that annual doses received to members of
the public would be low, even under full occupancy scenarios and in most cases negligible [112, 119].

(b) Otherlegacy sites

632. Legacy sites unrelated to NORM activities include radioactive waste disposal and storage facilities,
former nuclear reactors, radiological laboratories, and areas affected by accidents involving radioactive
materials. Except for locations impacted by accidents, information on public exposure from other legacy
sites is limited. Information provided through the UNSCEAR Global Survey on Public Exposure is
summarized in electronic attachment A-5, along with additional data collated from national reports on
Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive Waste
Management. This list is not comprehensive; therefore, case-by-case examples are also provided to
illustrate potential exposures to the public from such sites.

(c) Disposal at sea

633. Between 1946 and 1993 radioactive waste was disposed of in the Arctic Ocean, the North Atlantic,
the North Pacific, and the West Pacific. Disposal of radioactive material was banned in 1994 when the
Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter (London
Convention) was amended. In 1989, the IAEA was requested to collate information on the global
inventory of radioactive material that had entered the marine environment from all sources. The inventory
was updated in 2006 resulting in the publication of IAEA-TECDOC-1776 [132], which provides the most
comprehensive overview of radioactive material in the marine environment from historical disposal,
accidents, and losses at sea. Data provided in the IAEA report and in supplementary files were the primary
source of information for this annex; relevant tables are presented in electronic attachment A-5.

634. The total activity disposed of in the Arctic Ocean, the North Atlantic, the North Pacific, and the
West Pacific at the time of dumping between 1946 until 1993, was estimated to be 85 PBq; at present it
is estimated to be 17 PBq and it will be further reduced to less than 10 PBq by 2050 or around 11% of
the total activity that was disposed of at sea [I132]. The waste disposed of at sea includes reactors with
and without spent nuclear fuel and low-level waste—both solid and liquid. A detailed breakdown of the
activities of different types of waste dumped in the Atlantic and Pacific Oceans and in the Arctic Ocean
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is given in the report IAEA-TECDOC-1776 [132]; 43% of the total activity is associated to reactors with
spent nuclear fuel dumped in the Arctic Ocean, while 52% is associated to the low-level solid waste
dumped in the Atlantic.

635. Since 1977, the disposal locations of the Atlantic Ocean have been periodically surveyed since
radioactive waste disposed of at sea constitutes a potential source of future exposures. Generally, these
surveys have not detected any radionuclide associated with the disposal operations. From the 1990s,
monitoring of sediments showed elevated activity concentrations of *C, ¥’Cs, *?4°Py and **'Am at
some locations. Elevated activity concentrations of ®Co, 3’Cs and ?3*?*°Pu were detected between 1992
and 1994 in sediment samples from the fjords in Novaya Zelmya located near the waste disposal
locations. However, there was no clear indication of leakage from the reactors disposed at the site and
the elevated concentrations were not radiologically significant. There was no measurable increase of
radionuclide activity concentrations in the other parts of the fjord [132].

636. Measurements of activity concentrations in environmental materials suggest that the annual
individual doses due to artificial radionuclides in the Kara Sea and the Barents Sea are in the range of
1-20 pSv [U19]. An TAEA report assessed doses to critical population groups in coastal areas of the
Arctic, North Atlantic, and Far East regions of the Russian Federation due to consumption of seafood
containing human-made radionuclides; the assessment showed that doses would be less than 1% of those
from exposure to natural background radiation [110].

F. Transport of nuclear and radioactive material

637. Materials containing radionuclides from both natural and human-made sources are widely
transported around the world, such as radiopharmaceuticals for medical purposes, sources used in
industry, spent nuclear fuel, and radioactive waste. All modes of transport (road, rail, air, and sea) are
commonly used to carry radioactive material used in medicine, industry and research, and radioactive
waste, although transport of nuclear material by air is carried out only to a limited extent [W10].

638. In broad terms, in the evaluation of radiation doses associated with the transport of radioactive
material, the term ‘public’ is often taken to also include (a) workers that are involved in the transport
operations but are not classified as radiation workers; and (b) workers that are operating at transport hubs
or are present on means of transport but are not necessarily aware that radioactive material is being carried
(e.g., operatives working at ports, crew members of commercial airplanes transporting radiopharmaceutical
in the hold). Whenever possible, exposures of these groups of workers are considered separately from the
exposures of other members of the public, such as pedestrians, airplane or ferry passengers, drivers of
vehicles, and bystanders.

639. Exposures included in this section are those that occur during transport of radioactive material under
normal conditions, that is, during operations that occur without loss or damage to the package and without
an accident involving the means of transport. Exposure which may have occurred during transport
accidents or incidents, in which the package or conveyance is damaged, or the contents are lost or
destroyed, are not considered in this section. Over the years, radiological consequences due to accidents
and incidents during transport have been generally limited by built-in safety features of the package
together with the controls required for transport, including emergency response procedures [128].

640. Data on numbers, types and contents of packages containing radioactive material transported vary
widely between countries and are generally recorded with a very good degree of accuracy for shipments
in the nuclear industry, as the transport operations of nuclear material are strictly regulated, but less so
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for other radioactive material and waste in the medical, industrial and research sectors. Additionally, in
recent years there has been a marked decrease in publicly available information on both the volume of
radioactive material transported and on the evaluation of the radiological impact associated with the
transport of radioactive material and radioactive waste. The available data indicate that exposures under
normal conditions of transport are low, and that, at least in Europe, the transport of material from the
nuclear fuel cycle contributes significantly less to the exposure of transport workers than radioactive
material from other sectors [W10].

641. The IAEA has estimated that 20 million shipments of radioactive material are carried out annually
[I54]. It has been estimated that only 5% of these shipments are related to the nuclear industry [W20]. In
the recent past, the EC has published information on shipments of spent nuclear fuel and radioactive waste
from and to its Member States for three-yearly periods, the most recent of which was for the period 2018 to
2020 [E20, E22]. It reported that in this period, 195 authorizations were issued by 21 Member States
corresponding to a total of 1,770 shipments. Of these shipments, 1,732 (98%) were of radioactive waste and
only 38 (2%) were related to spent nuclear fuel. The number of shipments between European Union Member
States amounted to 1,639, of which 1,618 were of radioactive waste. There were 83 shipments of material
imported from countries outside the European Union, 70 of which were shipments of radioactive waste,
while the other 13 were shipments of spent nuclear fuel. Exports from the European Union to third countries
included 44 shipments of radioactive waste and four of spent nuclear fuel. The report indicates that in 79%
of the shipments of radioactive waste, the waste was from the nuclear industry while 21% was from
non-nuclear activities (e.g., medicine, research). Processing of radioactive waste, reprocessing of spent
nuclear fuel, or return of radioactive waste or spent nuclear fuel to the country of origin were the main
purposes of the shipments. Total numbers of shipments for the period 2015-2017 were similar with 1,791
involving radioactive waste and 43 spent nuclear fuel [E20, E22]. Reports for earlier periods (20082011
and 2012-2014) only include information on authorizations rather than actual shipments [E17, E19].

642. A review carried out in the United States of publicly available information on transport of spent
nuclear fuel worldwide showed that at least 25,400 shipments were made between 1962 and 2016, but it
is likely that the actual figure is significantly higher if all forms of spent nuclear fuel are considered. The
shipments within and into the United States accounted for approximately 10—17% of the total. The review
also found that 130 shipments containing 2,350 canisters of high-level waste were reprocessed at the
reprocessing plant in La Hague, France before being shipped back to the originating country [C47].

643. Data from the Federal Office for the Safety of Nuclear Waste Management in Germany indicate
that the number of transport operations involving spent nuclear fuel and large sources in Germany
remained relatively steady throughout the period between 2009 and 2018. The number of shipments of
nuclear fuel varied from 310 in 2011 to 478 in 2012, while the number of shipments of large sources of
ionizing radiation was much lower and ranged from six in 2014 to 22 in 2011. These shipments were
carried out by road, rail, and sea, but not by air [B10].

1. Transport by road and rail

644. In Canada, the radiological impact of the used fuel transportation programme (UFTP) was evaluated
by the Nuclear Waste Management Organization in 2012. Transport of spent nuclear fuel occurs in the public
domain; therefore, members of the public and transport workers may be in the proximity of passing UFTP
shipments. A study was carried out to estimate doses for three road transport scenarios to a range of different
members of the public, such as persons living along the transport route; drivers or passengers in vehicles
sharing transport routes; individuals at rest stops; cyclists; UFTP transport crew; transport inspectors; and
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roadside workers. Annual radiation doses calculated in the study ranged from 1.3 x 10 mSv for a hitchhiker
along the transport route, to 0.35 mSv for the transport crew [B12, S61, S62].

645. Acena et al. [A3] reported that the number of annual shipments by the main transport operators of
excepted type A packages containing medical and industrial sources carried out in Spain was around
100,000. They also estimated that around 10,000 shipments of type B packages from the industrial
gamma radiography sources sector were performed annually, with less than 10 of them containing
high-activity radioactive sources. They also reported that around 70 shipments of unirradiated nuclear
fuel per year, mostly by road, but also by sea and road, while the transport volume of irradiated nuclear
fuel was found to be negligible. In addition, there are around 250 shipments of radioactive waste per year
by road from nuclear and other facilities, mainly in industrial packages. The highest annual doses were
estimated for workers involved in transport by road of radiopharmaceuticals within the medical sector.
Doses were calculated for three scenarios: transport of radioisotopes used nuclear medicine, radioactive
waste, and mobile gamma radiography sources. Annual estimated doses for members of the public ranged
from 0.01 to 0.1 mSv; the annual dose to a member of the hospital staff was estimated at 0.1 mSv [A3].

646. Also in Spain, owing to a renewed interest in 2011 in the risk associated with the transport of
medium and high activity radioactive wastes, a study was carried out to evaluate the radiological impact
of the transport of these wastes [C2]. Doses received by workers while loading or driving the vehicle,
and by people living near the main road routes were computed using a software code which took account
of relevant information, such as the transport route, the travelling time and populations affected, and the
characteristics of the wastes and the containers. The highest annual dose received by a driver or passenger
of a vehicle travelling on the same route as the radioactive material and at the same time was estimated
to be 0.97 uSv, while the dose to a member of the public who resides in the areas through which the
shipment passed was estimated at 0.00192 uSv.

647. A study carried out by the Korea Institute of Nuclear Safety in 2010 [C36] estimated the individual
and collective doses to the public due to transport by road of high activity sources of '*’Ir, '3'I and *Mo
for industrial or medical application in the Republic of Korea. The maximum individual dose associated
with transport by road of these sources was calculated to be 0.00482 pSv, while the collective dose was
calculated to be 3.31 x 107 person-Sv.

648. In France, it was estimated that 980,000 packages containing radioactive material are transported
annually in about 770,000 consignments [A41]. Most of the packages are transported by road and are
intended for the non-nuclear industry or for non-nuclear research. These packages mainly contain
radioactive sources which are used in multiple locations and need to be transported with considerable
frequency. About one third of the packages transported are for the medical sector, most of which contain
radioactive material with low activity or short half-life. Only about 114,000 packages in 19,000 shipments
were found to contain radioactive material used for the nuclear industry. The total number of shipments
of nuclear material included the following categories:

(a) 200 shipments transporting spent nuclear fuel from the nuclear power plants to the La Hague
reprocessing plant;

(b) About 100 shipments of plutonium in oxide form between the La Hague reprocessing plant and
the nuclear fuel production plant in the Gard department;

(c) 250 shipments of UF¢ used for nuclear fuel fabrication;
(d) About 450 shipments of fresh uranium-based and fresh mixed oxide nuclear fuel;

(e) 2,000 shipments of 58,000 packages from or to foreign countries or transiting via France.
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649. In 2012, the United States Nuclear Regulatory Commission, which is responsible for issuing
regulations for the packaging of spent nuclear fuel intended for transport, published a report presenting the
results of the fourth investigation into the safety of transport of spent nuclear fuel [C48, U56]. In this study,
the risk associated with transport of spent nuclear fuel was estimated by examining the behaviour of three
different casks during transport under routine and accidental conditions. Potential doses received by
transport workers and people sharing the highway or railway and at stops along the route from four facilities
to four different destinations were calculated using the RADTRAN model [U56]. The highest collective
dose to members of the public during routine transport by road and rail was estimated at 0.0037 person—Sv
for the shipment from the Maine Yankee Nuclear Power Plant to Oak Ridge National Laboratory.

650. The number of packages containing radioactive material transported annually by road in the United
Kingdom in the years 2014 to 2016 was estimated to be about 110,000, although this value should be
considered only a broad estimate since the information is likely to be incomplete [J22]. Of these, about
83,800 were medical sources, about 22,300 in 3,000 consignments were packages transported for use by
the nuclear industry, and the remaining 3,900 were industrial sources. The main radiopharmaceutical
transported by road in the United Kingdom is *™Tc in the form of generators, which are manufactured
in the United Kingdom from the processing of *Mo imported from other countries. Transport of
radioactive material by rail is confined to the movement of material with high levels of radioactivity,
such as irradiated nuclear fuel flasks. About 1,500 packages in 750 consignments were moved by rail to
and from nuclear power stations and the United Kingdom nuclear reprocessing facility [J22].

651. Doses to members of the public arising from the transport of radioactive materials were found to
be extremely low. The annual dose to a person living in a building 5 m from a set of traffic lights by
which a lorry carrying technetium generators passed each week was estimated to be of the order of 1 puSv.
Annual doses to office staff, security guards, and members of the public at a seaport around flasks
containing high-level radioactive waste arriving by rail from a reprocessing plant for onward shipment
by sea were estimated to be in the range of 0.1 to 13 uSv [J22]. Annual doses to operatives involved in
the road transport of radioactive materials in the United Kingdom vary according to the sector. The lowest
annual doses were estimated for operatives involved in the transport by both road and rail in the nuclear
industry (0.1 to 20 uSv), although doses to personnel involved in the transport of radioactive waste for
metal recycling can be as high as 0.5 mSv. Annual doses for transport workers in the medical sector were
estimated to be between 0.1 and 0.2 mSv. Annual doses received by personnel in the transport of
industrial sources were similar, although, in one case, the estimated dose was 2 mSv [J22].

2. Transport by sea and air

652. In the United Kingdom, a study carried out in 2009 to determine the radiological consequences from
the transport of radioactive material by sea estimated that 1,000 consignments of radioactive material were
made annually, involving some 30,000 packages. The radiological impact on operatives involved in the
transport of radioactive material by sea and members of the public was assessed using measurements of
dose rates taken at ports, onboard ships and at other locations. Annual doses received by the majority of
crew members of ships transporting radioactive material and operatives at ports were estimated to be of the
order of a few microsieverts or less, although the highest individual annual dose was estimated at about
0.2 mSv. The annual collective dose from all these shipments was estimated to be about 0.002 person—Sv,
approximately two thirds of which was from a single shipment of cylinders containing depleted UFs [H41].

653. A survey of the radiological impact of the transport of radioactive material by air undertaken in
2012 reported that about 46,500 packages were transported annually by air from the United Kingdom on
over 4,400 flights. The majority of these were medical sources sent by cargo or passenger flights, while



ANNEX B: EVALUATION OF PUBLIC EXPOSURE TO IONIZING RADIATION 175

radioactive material from the nuclear industry is exclusively transported by road and rail or ship. The
highest annual dose was estimated to a member of staff of a cargo handling company (~7.0 mSv). Doses
to air crew and passengers from exposure to radioactive material transported on aircraft were generally
very low. The highest average annual doses to the flight and cabin crew were estimated to be 25 uSv and
73 uSv, respectively, while the highest average annual dose to passengers was estimated at 73 pSv on
long-haul flights. The total collective doses received by the flight and cabin crew were 0.0075 person-Sv
and 0.058 person—Sv, respectively, while the collective dose to the passengers from all flights was
estimated to be about 4.4 person—Sv [H12].

654. Krembel [K36] reported that about 50,000 packages containing radioactive material are consigned
annually by air in France. Most of these packages contain limited quantities of radioactive material for
medical use although a few tens of shipments of high activity sources for medical use, or fissile material
for research reactors onboard cargo aircrafts also occur. Few data were available concerning transport
flow from abroad to France, in transit, or overflying French territory.

G. Summary on public exposure from human-made radiation
sources

1. Nuclear power production

655. Public exposure from discharges from NPPs and related facilities were assessed using the
methodology developed for the UNSCEAR 2016 Report, annex A [U24]. The methodology has also been
expanded to evaluate doses from aquatic discharges from uranium mines and mills, the management of
mill tailings by water coverage in non-arid regions. Some of the parameters were also updated, notably
the dose coefficients for external exposure and the distribution coefficients for freshwater to be consistent
with more recent data.

656. Annual doses to characteristic individuals in the vicinity of uranium mines and mills were estimated
to be between 0.001 and 0.7 uSv. The contribution of doses from radon and associated with the aquatic
discharges depend upon the nature of the facility and on the environment. The collective dose associated
with the production of uranium was estimated to be around 31 person—Sv, which corresponds to a
normalized value of about 0.1 person—Sv/(GW a). This value is a factor of around two lower than value
given in the UNSCEAR 2016 Report, annex B [U24]. This reduction reflects improvements in management
practices and more comprehensive discharge data. However, uncertainties remain significant due to gaps
that still remain in the availability of discharge data.

657. The normalized effective doses to the characteristic individual due to discharge of radionuclides from
operating nuclear reactors were estimated to be 0.1-0.8 pSv/(GW a), depending on region and reactor type,
while the total collective dose integrated to 100 years was 120 person—Sv or 0.4 person-Sv/(GW a). These
values are about a factor of two higher than those given in the UNSCEAR 2016 Report, annex B [U24] due
to the application of revised age-related dose coefficients and updated discharge data. The value of
0.4 person—Sv/(GW a) is consistent with the values calculated for the period between 1985 and 1997 [U19].
Generally, HWRs provide the greatest contributions to collective dose due to discharges of *H. Carbon-14
is the predominant radionuclide contribution to collective doses from other reactor types. The contribution
from globally dispersed radionuclides to the collective dose was also estimated to have increased from
530 person—Sv [U24] to around 900 person—Sv.
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658. Public exposure from nuclear fuel manufacturing are low with annual doses to the characteristic
individual generally estimated at a fraction of 1 uSv, and annual collective doses at less than 1 person—Sv.
An indicative collective dose per unit nuclear energy generation of around 0.003 person—Sv/(GW a) was
estimated, consistent with the value included in previous reports [U17]. Public exposure from discharges
from the spent nuclear fuel reprocessing plants vary among the various facilities. Annual doses to the
characteristic individual were estimated to vary from less than 1 nSv to tens of uSv for the facilities at
La Hague and Sellafield. The worldwide annual collective dose from discharges from spent nuclear fuel
reprocessing plants was estimated at about 20 person—Sv.

659. Doses from discharges from radioactive waste disposal facilities were calculated for those installations
for which discharge data were available. The highest annual dose to the characteristic individual was
estimated at about 10 puSv. The total annual collective dose from these facilities to the European and world
population were estimated to be around 0.1 person—Sv and 0.6 person—Sv, respectively. However, this value
is likely to be underestimated and highly uncertain because it was calculated based on incomplete data for
a subset of the worldwide disposal facilities.

660. The UNSCEAR 2016 Report, annex B included an assessment of the public exposure from other
forms of electricity generation, including coal, natural gas, oil and geothermal energy. The assessment
indicated that the normalized collective dose from electricity generation from coal and geothermal
technologies were greater than that from nuclear technologies, while the corresponding values for natural
gas and oil were lower [U24]. These general conclusions were not affected by the updated estimates for
nuclear power production, presented in this annex.

2. Applications other than nuclear power

661. Public exposure from a wider range of applications other than nuclear power production, such as
human and veterinary medicine, research reactors, sources used in industrial and research sectors and
consumer goods, were assessed in this annex as compared to previous reports [U15, U19]. While global
doses cannot be estimated due to limited information available, doses to members of the public reported
in the literature are general very low, with typical annual doses from applications other than nuclear
power production being of the order of microsieverts, although in exceptional cases, doses to some
population groups may reach a few millisieverts in specific scenarios involving particular sources.

3. Military use of nuclear and radioactive materials

662. The model used to estimate doses due to global fallout from atmospheric nuclear weapons tests
was essentially the same as the one published in previous reports [U13, Ul5], although dose
coefficients were updated with revised values from ICRP publication 144. Current annual doses to the
public from global fallout were estimated to be very low, typically a few microsieverts, and are
expected to decrease further in the future.

663. Estimates of past and current public exposures at nuclear weapons test sites in New Mexico, Marshall
Islands, Mururoa and Fangataufa, and Semipalatinsk have been updated based on scientific assessment of
exposures at these sites published since the UNSCEAR 2008 Report, annex C [U20]. While exposures at
many of these sites were significant in the immediate aftermath of the tests, present-day doses are generally
much lower than natural background levels although the potential for significant exposures in certain
circumstances remains. Public exposures relating to other military applications of nuclear and radioactive
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material, such as nuclear weapons production, propulsion systems, radioluminous and depleted uranium
ammunition are low, excluding the radiological impact of potential significant accidents.

4. Accidents, and past peaceful practices

664. This annex summarizes the evaluations of public exposure related to the nuclear accidents at
Chornobyl NPP (1986) and Fukushima Daiichi NPS (2011), published in previous UNSCEAR reports
and provides an update on these exposures based on new information in the literature. Current estimates
of annual doses to residents in areas of Belarus, the Russian Federation, and Ukraine affected by the
accident at the Chornobyl NPP range between tens of microsieverts and a few millisieverts, while doses
to residents of non-evacuated municipalities near the Fukushima Daiichi NPS, vary from a few
microsieverts to about 0.3 mSv. Multiple historical events at the Mayak Production Association in the
Russian Federation have also contributed to public exposure; however, current annual doses in the East
Urals region related to these events are below 1 mSv.

665. Accidents involving orphan sources have occasionally resulted in high exposure to small numbers
of individuals, causing, in some cases, health effects or fatalities. Exposures relating to notable accidents
were updated when new information emerged. These include: (a) the loss of nuclear weapons at
Palomares, Spain in 1966 and Thule, Greenland in 1968; (b) the contamination of rebar with ®°Co in the
Taiwan Province of China rebar between 1982 and 1984, resulting in cumulative average exposures over
a 20 years period of 600 mSv; and (c) the detection of '®Ru across Europe in 2017, resulting in doses
between less than 0.01 and 0.33 uSv.

666. Other past practices, such as the peaceful use of nuclear explosions, have left residual radionuclides
in the environments of the United States and former Soviet Union, similar to those found at weapons test
sites. As these tests were underground and subject to institutional controls, public exposures are minimal,
with annual doses to local populations from test carried out by the former Soviet Union ranging from
around 3 to 18 uSv.

667. Apart from uranium legacy sites, data on public exposure from the NORM industries remain
insufficient. Worldwide doses cannot be estimated because of a lack of a suitable methodology; exposures
at these sites are assessed individually based on the requirements of national regulations.

V. IMPLICATIONS FOR FUTURE EVALUATIONS

668. Previous evaluations of public exposure to ionizing radiation and the one described in this annex
have relied on data collected through global surveys during relatively short, designated periods that have
coincided with reviews of the open literature. These time constraints made data collection a challenging
procedure particularly for Member States that had to manage large volumes of data. Establishing a system
for regular collection and submission of data to the Committee between evaluations would ensure that
the collection of information would be a more structured, standardized and consistent process while
reducing the pressure of gathering and extensive volume of data within limited project timelines. Making
the information collected available for future use would also be beneficial since data on some sources,
such as terrestrial radionuclides, do not change markedly over time.
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669. Similarly to previous evaluations of public exposures to ionizing radiation, inconsistencies in the
availability of essential input data have led to different approaches and methodologies being adopted for
the assessment of doses. There is potential to further harmonize these methodologies.

670. The literature review carried out for this annex highlighted the urgent need for standardized
international protocols for environmental radiation measurements—notably for measurements of activity
concentrations of radon in outdoor air and thoron decay products indoors and outdoors. It is essential to
align methodologies and establish international guidelines to ensure consistency and reliability across
independent measurements campaigns, especially those focused on radon and thoron.

671. Greater participation by Member States in future evaluations is essential to improve the
geographical representation of the evaluations and enable extrapolation of data for regions or countries
in which such information is currently not available (e.g., exposure to radon).

672. Additional data on sources and levels of ionizing radiation in the environment should be collected
under clearly defined quality criteria in the following areas:

(a) Population-weighted national surveys of radon and thoron;
(b) Discharges from facilities and activities of NORM industries;
(c) High background radiation areas;

(d) Discharges from and inventories of radioactive waste management facilities associated with
both nuclear power production and non-nuclear applications;

(e) Levels of public exposure from legacy sites;
(f) Levels of public exposure during armed conflicts;

(g) Discharges and other relevant data for non-nuclear power applications, such as research facilities
(e.g., research reactors);

(h) Global statistics for transport of radioactive material (class 7).

673. The Committee emphasizes the need for continued development of data inventories and
methodologies for the evaluation of public exposure to ionizing radiation to provide a broader global and
regional perspective. Future evaluations should include sensitivity analyses of all model input parameters
to identify those with the greatest impacts on model predictions. Parameters contributing most to changes
in public doses estimated by these models should be prioritized in future research to determine whether
there is scientific merit in updating these values. Additionally, given the wide variation in exposures
associated with natural background, more effort is required to determine the detailed population
distributions of by dose intervals for these exposures; up-to-date demographic data are essential to
perform such analysis.

674. The current evaluation of public exposure has focused on estimating worldwide average doses.
A more accurate assessment of doses from exposure to natural sources on a regional or national scale
would require more specific data from Member States, such as radionuclide activity concentrations in
soil as well as information on the built environment (e.g., types of construction material and buildings)
and on people’s habits (e.g., occupancy times). Advanced data processing technologies may take account
of the variability in human parameters (e.g., age of the exposed population and ingestion rates) and the
variety of exposure scenarios. Comparison of doses across different technologies for power production
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(nuclear versus non-nuclear) using updated radioecological and dosimetric models might be a topic of
scientific interest in a future evaluation as a follow-up to the UNSCEAR 2016 Report, annex B [U24].

675. Because of the complexity and disparity in the exposure scenarios and the lack of discharge data
and environmental measurements for NORM industries and applications other than nuclear power
production, dose estimates presented in this annex for these sectors were taken directly from published
sources of information. Comprehensive data on exposures from these sources are essential to improve
the accuracy and reliability of future dose assessments.

676. Databases on a variety of datasets have been developed by various international organizations. The
success of these efforts depends on the voluntary compliance of Member States submitting annual reports
to organizations, such as UNSCEAR, IAEA, and OECD/NEA, and on worldwide interest in sustaining
these programmes. Collaboration of the Committee with other international organizations should be
strengthened. To provide access to Member States and the public to data on public exposure to ionizing
radiation, a collaborative network of United Nations regional and worldwide data platforms related to
public exposure could be created by the Committee and its secretariat.

VI. SUMMARY AND CONCLUSIONS

677. The main natural sources of ionizing radiation are radon and thoron and their decay products,
cosmic rays and terrestrial radionuclides. The most significant exposure pathways are inhalation of radon
and thoron and their decay products, ingestion of uranium and thorium series radionuclides and *“°K and
external exposure arises from cosmic rays and terrestrial radionuclides. Global average annual doses from
natural radionuclides were estimated based on measurements of radionuclide concentrations in soil, air,
and foods provided through the UNSCEAR Global Survey on Public Exposure or taken from published
papers and reports. Exposures from NORM industries were assessed from estimates of doses provided
through the UNSCEAR Global Survey on Public Exposure, or from published papers and reports.
Exposures from inhalation of radon and thoron and their decay products were calculated using the same
dose coefficients provided in previous UNSCEAR reports [Ul5, Ul9] in accordance with the
Committee’s recent review [U27].

678. The range of average annual effective dose to the public from natural radiation sources was
estimated at 1-14 mSv. This range remains consistent with previous estimates of 1-13 mSv [U15, U19].
In this annex, the worldwide average annual effective dose from natural sources was estimated to be
around 3.0 mSv (see figure XXVIII), of which the major contribution (1.8 mSv) is from inhalation of
radon, thoron and their decay products. Ingestion of uranium and thorium series radionuclides and
40K represents a smaller contribution at around 0.5 mSv. External exposure to terrestrial radionuclides
and cosmic radiation contribute 0.40 mSv and 0.30 mSv, respectively.
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Figure XXVIII. Global average annual effective dose from natural sources
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(0.4 mSv)

679. The worldwide average annual dose from natural sources of 3.0 mSv estimated in this annex
represents an increase from the value of 2.4 mSv indicated in the UNSCEAR 2008 Report, annex B
[U19]. This increase reflects methodological improvements and greater availability of data (i.e., data
on EEC of thoron or on activity concentrations in terrestrial foods) compared to previous UNSCEAR
reports rather than an actual rise in public exposure either globally or in a region of the world,
associated with any specific source. For example, estimates of doses for radon and its decay products
in this annex are based on data covering over 60% of the world’s population, whereas the previous
estimate reflected information relative to less than 40% of the world population. Account should also
be taken that the estimate of doses from natural sources of ionizing radiation are affected by large
uncertainties, and the increase in the worldwide dose may reflect statistical fluctuations in the mean
values used in the calculations.

680. Compared to natural sources, exposure of the public from human-made sources is generally lower,
except in the rare situation of major accidents. Figure XXIX shows a comparison of ranges of doses
estimated for various human-made sources of ionizing radiation with the worldwide average annual
effective dose, estimated in this annex.
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Figure XXIX. Range of average annual effective doses to the public in early 2020s from major global
and local/regional radiation sources
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¢ This annex, table 15.

Doses from human-made sources are additional to natural background doses.
¢ Electronic attachment A-5, table A-5.8.

4 UNSCEAR 2020/2021 Report, annex B, table A16 [U29].

¢ Electronic attachment A-5, table A-5.3.

' This annex, section IV.A.

9 This annex, section IV.D.2. The range is an estimate for mean doses in latitudinal bands in both hemispheres based on the data
from table 8, UNSCEAR 2000 Report, annex C [U15].

681. Exposure to the public associated with nuclear power production has been evaluated by means of
discharge information provided through UNSCEAR Global Survey on Public Exposure and the
assessment methodology from the UNSCEAR 2016 Report, annex B [U24], with some minor
modifications. It should be noted that this annex does not provide an update on its evaluation of exposure
from other forms of electricity generation technologies, such as coal, natural gas, oil and biofuels and
geothermal, wind and solar power provided in the UNSCEAR 2016 Report.

682. Estimated annual doses to members of the public from nuclear power production facilities
generally do not exceed a few tens of microsieverts. The results are slightly higher than those presented
in the UNSCEAR 2016 Report, annex B [U24] due to the use of updated discharge data and population
distribution information, and the application of an approach that takes account of the different age
groups in the population. The worldwide collective effective dose per unit electricity due to radioactive
discharges from NPPs, has been estimated to be around 0.4 person—Sv/(GW a). This value is higher
than the one estimated in the UNSCEAR 2016 Report, annex B [U24], mainly due increases in the
discharges, but is consistent with the collective dose per unit electricity estimated for the period
between 1985 and 1997 [U19].
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683. Analysis of data on public exposure from other applications of sources of ionizing radiation, such
as applications used in medicine, industry and research, and consumer products, concluded that doses for
these applications of sources are generally very low, typically of the order of microsieverts, although in
exceptional cases, doses to some population groups may be significantly higher.

684. Estimates of past and current public exposures at nuclear weapons test sites in New Mexico,
Marshall Islands, Mururoa and Fangataufa, and Semipalatinsk have been updated since the publication
of the UNSCEAR 2008 Report, annex C [U19]. While exposures at many of these sites were significant
in the immediate aftermath of the tests, present-day doses are generally much lower than natural
background levels. Public exposures relating to other military applications of nuclear and radioactive
material, such as nuclear weapons production, propulsion systems, radioluminous products and depleted
uranium ammunition are low, excluding the radiological impact of potential significant accidents.

685. The Committee has previously published detailed reports relating to the accidents that occurred
at Chornobyl NPP in 1986 and Fukushima Daiichi NPS in 2011. There has been a continuous reduction
of radionuclide levels in soil, air, water bodies, vegetation, and foodstuffs due to radionuclide decay
and migration within ecosystems, and remedial measures in the affected areas. Doses to the public
residing in those areas have decreased accordingly. Current annual doses to the public residing in the
areas surrounding the Chornobyl NPP in areas of Belarus, the Russian Federation and Ukraine range
from tens of microsieverts to a few millisieverts, while doses to residents of non-evacuated
municipalities near the Fukushima Daiichi NPS, vary from a few microsieverts to 0.3 mSv. Since late
2023, treated water has been routinely discharged from the Fukushima Daiichi NPS site. These releases
commenced after the data submission period for consideration in this current evaluation had closed. The
Committee acknowledges that data from environmental monitoring and assessments are now available. This
data and any subsequent publications in the scientific literature will be monitored through the Committee’s
ongoing programme of work and considered for inclusion in a future evaluation.

686. A comprehensive uncertainty analysis of public exposure could not be included due to the nature
of the available data. Descriptive statistics have been used to quantify the distributions of the
environmental activity concentrations and public exposure, where possible, and an updated
methodology to quantify uncertainties and variability in dose assessments has been proposed to guide
future evaluations.
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S. Hellstén
K. Kojo
P. Kurttio
L. Togneri
T. Turtiainen

FRA

France

M.S. Cornu

P. Blanchart
H. Caplin
A. Hoorelbeke
G. Lelsch

DEU

Germany

U. Kulka

C. ligner
E. Petermann

GHA

Ghana

F. Otoo

IND

India

A.U. Sonawane
M.M. Kulkarni

V. Anuradha
S.Sinha

IDN

Indonesia

E.D. Nughraha

D. Iskandar
H. Presetio
U. Untara

W. Wahyudi
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IRN

Iran (Islamic Republic of)

National Contact Persons

National experts

ISR

Israel

A. Rahimi
A.R. Khoshmakani

G. Haquin

L. Epstein
K. Kovler

ITA

Italy

F. Bochicchio

S. Antignani
C. Carpentieri
C. Di Carlo
C. Nuccetelli
S. Procopio
F. Trotti

JPN

KAZ

Japan

Kazakhstan

K. Akahane

M. Hosoda
I. Kawaguchi
S. Kinase
M. Kowatari
M. Nakano
T.Sanada
T. Takahashi

K. lwaoka

KWT

Kuwait

N. Kozhakmetov

LVA

Latvia

E. Alfares

H. Yatim
N. Alazemi
M. Maarafi

LBN

Lebanon

D. Satrovska

O. El-Samad

R. Baydoun

LTU

LUX

Lithuania

Luxembourg

J. Ziliukas

R. Aganauskaite
K. Dacyte

V. Grigoniene
A. Juskaite

A. Pasiskevicius
L. Pilkyte

A. Tankeviciate

MRT

Mauritania

N. Harpes

M. Lecomte
K. Pier

MEX

I. Moussa

M.M. Mahmoud

NLD

Mexico

Netherlands

J.A. Gbmez

D.A.M. Chable
J.A. Gomez
M.E.C. Judrez
J.M. Lizardo

(Kingdom of the)

B. Godhelp

R.F. Ortega
F. Dekkers

C.P. Tanzi
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Country code

Country

National Contact Persons

National experts

NGA

Nigeria

G.D. Ekong

T.C. Akpa
C.A. Charles
A.C. Chikwado
Y.U. Idris
I. Sambo

NOR

Norway

A.L. Rudjord

I. Finne
T.N. Hevroy
M. Kompergd
T. Mette Sjgmoen
J. Mrdakovic Popic
H. Therring
Additional support:
A. Andersen
N. Bratteteig
K. Gulliksrud
B.V. Haland
M.V. Holmstrand
T.D. Jorgensen
E. Ohlin
H.A. Sollund

PER

Peru

N. Palomino Figueroa

PHL

Philippines

K.M. Romallosa

A.T. Bautista VIl
C.M.T. Betos
M.P. Catalig
R.R. Encabo

POL

Poland

D. Kluszczynski

PRT

Portugal

J. Martins

G. Cardoso
C. Diamantino
H. Fonseca
M. Malta
J. Pereira
M. Pereira
P. Rosario
F. Batsita

KOR

Republic of Korea

K.Jang

RUS

Russian Federation

D. Kononenko

S. Kiselev
A. Marennyy
A. Onishchenko
A. Vasilyev
I. Yarmoshenko

SMR

San Marino

C. Muccioli

SVK

Slovakia

V. Drabova

M. Helej
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Country code

Country

National Contact Persons

National experts

SVN

Slovenia

N. Jug

P. Farkas
M. Cindro
T. Gregor¢ic

ZAF

South Africa

A. Muller

F.Beeslaar
K. Ditlhake
C. Kros
B. Lechwety
K. Madi
T. Pather
S. Pietersen
W. Speelman
W. van der Westhuizen

ESP

Spain

A.Hernandez

D. Belles
J.P. Bolivar
M. Garcia-Talavera
D. Pérez-Sanchez
B. Robles
M. Sdnchez

SDN

Sudan

R.O.A. Alfaki

SWE

Sweden

P. Eriksson

P. Andersson
K. Aquilonius
A.Hagg
R. Holzwarth
P.Sopher

CHE

Switzerland

P. Steinmann

F. Barazza
M. Palacios

UKR

Ukraine

V. Chumak

A. Bendyk
M. Buzynnyi
O. Glavatsky
V. Kostenko
T. Pavlenko
A. Stavenko

ARE

United Arab Emirates

A. Al Shehhi

A.S. Al Abdouli
E. Bosc
S. Al Mansoori
D. Trifunovic
A. Woodruffe

GBR

United Kingdom

A. Bexon

USA

United States of America

T. Johnson

J. Major

VNM

Vietnam

H.Q. Ngyuen

T.M.H. Ngyuen
K.T.Pham
L.N. Sieu

9 Note: The International Organization for Standardization Country Code 3166 was used in some tables and figures [192].
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APPENDIX A. METHODOLOGY FOR EVALUATING PUBLIC
EXPOSURE TO IONIZING RADIATION

|.  INTRODUCTION

Al. This appendix provides information on the methodologies used to evaluate doses to the public from
exposure to ionizing radiation for the topic areas included in this annex along with common assumptions
made and parameter values used. The methodologies are based on those used in previous UNSCEAR reports
on public exposure to ionizing radiation and in other reports [U15, U18, U19, U27]. The methodologies
were reviewed and updated for this annex to take account of recent scientific developments and new data.
Further information can be found in electronic attachments A-1 to A-6.

A2. A key challenge when assessing public exposures is to ensure that doses from different sources are
estimated using a consistent approach. This is not always straightforward because public exposures are
associated with a broad range of sources with diverse characteristics. For example, public exposures due
to discharges from NPPs are regularly estimated in detail using established methodology, whereas those
from NORM industries receive less attention.0

A3. In this annex, the Committee used three different approaches to assess public exposure:

(a) Doses based on environmental measurements and model calculations. Environmental
measurements include external dose rates and radionuclide activity concentrations in environmental
media (air, soil, food and drinking water). In this annex equilibrium equations were used to convert
environmental data into individual doses. An example of this approach is the calculation of dose to the
public due to natural sources of ionizing radiation, such as radon and thoron, cosmic rays and terrestrial
radionuclides and global fallout.

(b) Doses based on the source term with model calculations. In this case simple environmental
models were used to estimate activity concentrations in environmental media from activities
discharged by nuclear facilities (source term); these activity concentrations are in turn used to
estimate doses in a similar way to approach (a). An example of this method is the assessment of
public exposure due to nuclear energy production.

(c) For some topic areas a suitable methodology to assess public exposures could not be developed,
either because information on exposure scenarios and other input data was not available or because the
exposure situation was too complex. For these cases, doses in this annex are based on direct estimates
reported in the literature or provided by national and international organizations. Examples of this
approach are the assessments of exposure associated with the NORM industry, applications other than
nuclear power production and areas with residual radionuclides due to past activities or accidents.
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ll. OVERVIEW OF THE DOSE ASSESSMENT METHODOLOGY

A. Data for exposure assessment

1.  Assumptions on parameter values

A4. In this annex a common set of parameter values was established to ensure consistency between the
methodologies used to calculate public doses from different sources. The parameters can be divided into
three categories, namely: dose coefficients; environmental parameters; and parameters describing human
habits and their values are summarized in table A1. Other input parameters used to quantify radionuclide
transfer in the environment for individual topic areas of this annex are described in the relevant sections
in this appendix.

AS. The dose coefficients used in this annex were taken from the most recent available sources of the
International Commission of Radiological Protection (ICRP). For internal exposure (ingestion and
inhalation) dose coefficients for all radionuclides, except radon and thoron, were taken from ICRP
Publications 119 [167, 168]. Dose coefficients for inhalation were those calculated for 1-um activity
median aerodynamic diameter particulates except for gases and tritium, both in the form of tritiated water
and organically bound tritium. Dose coefficients for radon and thoron are described in section II1I.A.2 of
this appendix. The dose coefficients for external exposure used in previous UNSCEAR reports were
replaced with values taken from ICRP Publication 144 [177]. Although differences are relatively minor,
the use of dose coefficients from ICRP publication ensure consistency of approach with the calculation
of doses from internal exposure.

A6. Common environmental parameters comprise the shielding factors assumed for buildings and the
dry-wet factor for soil density. Values for the shielding factor for radionuclides in air (SFy;-) and
deposited material (SFdep) used in the UNSCEAR 2016 Report, annex A [U24] were adopted for this
annex. The shielding factor for cosmic rays (SF,,s) of 0.9 used in this annex is higher than the factor of
0.8 adopted in previous UNSCEAR reports to reflect the fact that cosmic rays with high energy, in
particular muons, more easily penetrate building materials than gamma rays from terrestrial radionuclides
with energies less than 3 MeV. It was based on an assessment by Sato [S16] of the building shielding
factors for cosmic rays, which gave a possible range of 0.8—0.98. The dry-wet factor for soil density (fy,,)
0f 0.81 was taken from UNSCEAR 2000 Report, annex B [U15] and is based on an assumed average soil
moisture of 30% by volume and a density of 1.3 g/cm?.

A7. The values of the common parameters describing the habits of characteristic individual (e.g., breathing
and ingestion rates and occupancy factors) are based on established generic data from published literature
and specific values used in previous UNSCEAR reports were updated to ensure consistency. For example.
the ingestion rate of drinking water rate used in this annex for the calculation of doses from exposure to
radon has been increased from the earlier value used in UNSCEAR 2000 Report, annex B [U15]. Values
used to estimate doses for specific topic areas that differ from those in table A1 described in the respective
sections dealing with the assessment methodologies for these sources.
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Table A1. Common parameters

Parameter Symbol Value Reference Units
DOSE COEFFICIENTS
Dose coefficient for external exposure . .
- . Radionuclide
from immersion in air from Cox airi [177] Sv/(Bq s/m?)
: o ’ dependent
radionuclide i
Dose coefficient for external exposure Radionuclide
) S e ) 5
from r‘:ac.ilonuclldel in surface ex,dep,i dependent [177] Sv/(Bq s/m?)
deposition
Dose coefficient for inhalation of Radionuclide
radionuclide i Cinhi dependent 1167, 168] Sv/Bq
Dose coefficient for ingestion of Radionuclide
e. .
radionuclide i except radon and thoron ngt dependent f168] Sv/Bq
ENVIRONMENTAL PARAMETERS
BU|Id‘|ng sh!eldlhg ff':\ctor for SF,;, 02 [U25] unitless
radionuclides in air
Building shielding factor for deposited .
SF, i .
material deposit 0.1 [U25] unitless
Bwld.mg.; shielding factor for cosmic SFope 09 This annex unitless
radiation
Building shielding factor for terrestrial .
radiation SFierr 14 [U15] unitless
Dry-wet factor for soil density faw 0.81 [U15] unitless
HUMAN PARAMETERS
Occupancy factor indoors Oin 0.8 [U12,U13,U24] unitless
Occupancy factor outdoors Oout 0.2 [U12,U13,U24] unitless
Inhalation rate Iinn 20 [167] m*/d
. . Dependent on food
I
Ingestion rate for food type fand region r Fr type and region [U24, W8] kg/a
Drinking water ingestion rate Ly 0.5 [U15,U24] m*/a

(@) Occupancy rates

AS8. In the UNSCEAR 1988 Report, annex A [U12], the annual indoor and outdoor occupancies were
taken to be 7,000 and 1,760 h/a, respectively, corresponding to indoor and outdoor occupancy factors of
0.8 and 0.2. A comprehensive review of published literature related to occupancy factors was performed
for this annex; findings of this review are summarized in electronic attachment A-1. Most of the papers
reviewed referenced the values adopted in the UNSCEAR 1988 Report. A small number of papers used the
indoor occupancy factor of 0.7 recommended by the United States Environmental Protection Agency, as
suggested by the Committee on the Biological Effects of lonizing Radiation (BEIR VI) [N27]. Most studies
gave a single overall value for indoor occupancy factor, either indoor residential or total indoor hours
including office hours, and some separated residential occupancy into multiple areas or rooms. Slightly
lower estimates were reported for residential occupancy factors (between 0.6 and 0.7) than for total indoor
occupancy that included working hours in office environments (between 0.8 and 0.9). Several papers centred
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on the African region quoted occupancy factors ranging from 0.4 to 0.6, indicating markedly different indoor
living habits in the regions. indicated that the indoor occupancy value of 0.8 is still valid. Based on this
review the indoor and outdoor occupancy factors of 0.8 and 0.2 were retained.

2. Definition of spatial units and population density assumptions

A9. The data on natural radiation exposures are sufficiently extensive to enable the evaluation of
spatial variations within, and between, countries. The broader geographic regions of the world beyond
individual countries considered in this annex are those recommended by UNEP'? (see figure A-I):
Africa, Asia and the Pacific, Europe, Latin America and the Caribbean, North America, and West Asia.

Figure A-l. Population density of the world resampled at a 10 km resolution? [S20]

a,
Population density (Inhabitants/km?)
I B N D —
<1 1-5 5-25 25-100 100-250 250-1 000 >1000 Unpopulated

¢ The boundaries and names shown and the designations used in this map do not imply official endorsement or acceptance by the
United Nations. Final boundary between the Republic of Sudan and the Republic of South Sudan has not yet been determined.
Dotted line represents approximately the Line of Control in Jammu and Kashmir agreed upon by India and Pakistan. The final
status of Jammu and Kashmir has not yet been agreed upon by the parties. A dispute exists between the Government of Argentina
and the United Kingdom of Great Britain and Northern Ireland concerning sovereignty over the Falkland Islands (Malvinas).

A10. These regions were adopted by the Committee in its 2016 Report, annex A [U24] and vary
slightly from those used in earlier evaluations of public exposures [U15, U19]. Using the UNEP
regions allows the dose assessment methodology results to be integrated with population distribution
data provided by the European Commission Joint Research Centre (JRC) in the data package Global
Health Settlement (GHS) P2022. In this annex the GHS population grid (R2022) for 2020 with 1 km
resolution was used [S20]. For consistency, the literature review adopted the same spatial units to
identify data relevant to specific regions in the world.

12 www.unep.org/UNEP-regions.
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A11. The parameters that define the underlying data were examined to determine the spatial scale they
represent and to establish consistency in the reported exposures. For public exposures that are ubiquitous,
such as from cosmic rays and terrestrial radiation, the spatial scale of the exposure data were directly
correlated with the population distributions at high spatial resolution. For public exposure associated with
localized sources, such as discharges from nuclear power production and related nuclear fuel cycle
facilities, simplifying assumptions were required to identify the population that is potentially exposed:

(a) To calculate the dose at the midpoint of distance bands or annuli (of 0—100, 100-500, 500—1,000
and 1,000—1,500 km) around the point of discharge; and

(b) To distinguish three spatial categories: local (0—100 km); regional (>100-1,500 km); and global
(>1,500 km). The number of people within each annulus is aligned to the GHS population grid
(R2022) [S20] as noted previously.

lIl. APPLICATION OF UNSCEAR DOSE ASSESSMENT
METHODOLOGY TO SPECIFIC TOPIC AREAS

A. Dose assessment methodology for radon and thoron

1. Approach

A12. The assessment of doses to the public from exposure to radon and thoron and their short-lived decay
products was based on the methodology used by the Committee in previous reports [U15, U18, U19,
U27]. Two exposure pathways were considered: inhalation of indoor and outdoor air and ingestion of
drinking water. Doses from exposure due to the dissolution of radon in blood were also included for
completeness. Table A2 gives a summary of the parameters used in the calculation of doses from
exposure to radon and thoron.

A13. The dose from inhalation of radon (Ejy, 222rn,in) and thoron (Ej, 220rn,in) and their decay products
indoors were estimated using the following equations derived from those in UNSCEAR 2000 Report,
annex A [U15]:

Einh,ZZORn,in = EECZZZRn Tin DCEEC,ZZZRn = C222Rn,in F222Rn,in Tin DCEEC,ZZZRn (Al)

Einn220rnin = EECy20rn,in Tin DCgEc220Rn (A2)

where EEC;32pn,in and EECy50rn in, are the equilibrium equivalent concentrations of radon and thoron
in air indoors (Bq/m?); Cy22pn in is the concentrations of radon in air indoors (Bq/m®); Fypopp i is the
indoor equilibrium factor for radon (unitless); and DCggca22rn and DCgpca20rn are the dose
coefficients for radon and thoron equilibrium equivalent concentrations (nSv/(Bq h/m3). T, is the
occupancy time indoors (h/a), given by:

Tin = 0; 8760 (A3)
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where 0;,, (0.8) is the indoor occupancy factors (see table A1) and 8760 is the number of hours in a year.

A14. Similar equations are used to calculate the doses from inhalation of radon and thoron and their
decay products outdoors (Ejn, 222rn.0ut a0d Ejnj220rn 0ut T€Spectively):

Einh,ZZZRn,out = EECZZZRn,out Tout DCEEC,ZZZRn = C222Rn,out F222Rn,out Tout DCEEC,ZZZRn (A~4)

Einn220rn,0ut = EEC220rn,0ut Tout DCEEc220Rn (A.5)

where EECy55pn oyt a0d EECo50pn,0u¢ are the equilibrium equivalent concentrations of radon and thoron
in air outdoors (Bq/m?); Cy22gn0u is the concentrations of radon in air outdoors (Bq/m?®); Fyyarn out 18
the outdoor equilibrium factor for radon (unitless) (DCggc 222rn and DCggc 220rn are the same as those
used for doses indoors). T, is the occupancy time outdoors (h/a), given by:

Tour = Opue 8760 (A.6)
where 0,,,; is the outdoor occupancy factors (see table A1) and 8760 is the number of hours in a year.

A15. The doses from dissolution of radon and thoron in blood both indoors (Ep 222rn,in and Ep 220rn,in
respectively); and outdoors (Ep222rnout and Ep20rnour Tespectively), were estimated using the
following equations:

Ep222rnin = C222rn,in Tin DCp222Rn (A7)
Ep220rnin = C220rnin Tin DCp220rn (A.8)
Eb,ZZZRn,out = Cya2rnout Tout DCp222Rn (A9)
Eb,ZZORn,out = Cy20rn0ut Tout DCp220Rn (A.10)

where DCy 522k, and DCp 550ry are the dose coefficients for radon and thoron in blood, taken to be
0.18 nSv/(Bq h/m®) [175] and 0.11 nSv/(Bq h/m*) [U13], respectively.

A16. The annual dose from ingestion of radon in drinking water (Ejpng222rn) Was calculated using uses
the following equation [U15]:

Eing222rn = Ca22rnw Law €ing,222Rn (A.11)

where Cy,5 ry, is the radon concentration in water (Bq/m?); I, is the ingestion rate of drinking water (see
table A1) and €222, is the dose coefficient for ingestion of radon (0.69 nSv/Bq), which was taken
ICRP Publication 137 [I175].

Table A2. Parameter values for the calculation of doses from radon

Parameter Symbol Value Units Reference

DOSE COEFFICIENTS

Dose coefficient for equilibrium equivalent

-9 3
concentration of radon exposure DCrc,222rn 9x10 Sv/(Bah/m’) (V271
Dose coefficient for equilibrium equivalent s B
concentration of thoron exposure DCrec220mn 4x10 Sv/(Bghm-) [U15]
Dose coefficient for radon in blood DCy 222rn 1.8% 10" | Sv/(Bqh/m?) [175]

Dose coefficient for thoron in blood DCy 220rn 1.1% 10" | Sv/(Bqh/m?) [U13]
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Parameter Symbol Value Units Reference

Dose coefficient for ingestion of ?Rn in water €ing,222Rn 6.9 x 10-1° Sv/Bq [175]

ENVIRONMENTAL PARAMETERS

Indoor equilibrium factor for radon Fa2ornin 0.4 Unitless [U15, U24]

Outdoor equilibrium factor for radon Fa2orn0ut 0.6 Unitless [U15, U24]

2. Dose coefficients for inhalation of radon and thoron decay products

A17. The dose coefficients for inhalation of EEC of radon and thoron (DCggc 222rn and DCrgc 220rn)
adopted in previous UNSCEAR reports [U27], where they are referred to as dose conversion factors,
were calculated using: (@) epidemiological analysis of the risk of lung cancer from exposure to radon
in miners, survivors of the atomic bombings, and cancer cases in residential houses and (b) dosimetric
models that took into account various parameters, such as aerosol size distribution, unattached fraction,
breathing characteristics, fractional deposition in the airways, mucous clearance rate, and location of
the target cells in the airways.

A18. Different dose coefficients for inhalation of radon and decay products were published by the
Committee in the 1980s [U1l1, Ul2] and ICRP in 1993 [166], with the dose coefficient used by
UNSCEAR being higher than the one recommended by ICRP. In 2018, the ICRP issued Publication 137
which provided a revised dose coefficient for exposures due to radon in workplaces [175]. The revised
dose coefficient was higher by about a factor of 2 than the previous value. Uniquely in the case of radon,
in addition to dosimetric data, the ICRP took account of epidemiological data. A key epidemiological
observation that lung cancer risk estimates based on miner studies were generally higher for lower levels
of exposure resulted in an increase in the dose coefficient recommended by ICRP [178]. In 2019, the
Committee reviewed the most recent dosimetric and epidemiological studies of lung cancer resulting
from inhalation of radon and decay products and also the results of dosimetric models since 2006 and
concluded that, given that the ranges observed in these data since 2006 were similar to those observed in
the Committee’s previous assessments and recognizing the uncertainties, it was appropriate to continue
to use the same dose coefficient as in previous assessments [U27]. Therefore, the dose coefficient
of 9 nSv/(Bq h/m?) for the EEC of radon recommended by the Committee was used in this annex.
Similarly, the same dose coefficient of 40 nSv/(Bq h/m?) for the EEC of thoron as recommended in
previous reports was used in this annex [U15, U19].

3. Equilibrium factor for radon and thoron indoors and unattached fraction
of radon and thoron decay products

A19. Previous UNSCEAR reports adopted a value of 0.4 for the equilibrium factor for indoor radon
(Fa22rn,in) [U12, U13, U14]. UNSCEAR 2006 Report, annex E reported that most of the estimates were
within 30% of the value of 0.4 previously assessed by the Committee [U18] and recommended caution
on the use of an equilibrium factor for thoron because of the significant variation in indoor thoron
concentration with the distance from the closest thoron source, generally the closest wall. Equilibrium
factors for thoron were given as survey-specific single values because of the large variability of indoor
thoron concentrations [U18].
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A20. A literature review was performed for this annex to update the state of knowledge on the equilibrium
factors for radon and thoron indoors and on the unattached fraction of their decay products. Ony studies
based on measurements lasting more than 30 days and taken in a residential environment, involving at
least 10 houses of a common type were considered. Regarding thoron measurements, the position of the
detector had to be at least 50 cm away from the nearest thoron source.

A21. The results for radon were based on findings from 22 surveys, about 80% of which were conducted
in Asia (see electronic attachment A-1 for more details). The AMs of the radon equilibrium factor of those
surveys ranged from 0.24 to 0.80 with an AM of 0.45 and a median of 0.44. Using the number of monitored
dwellings as weights increased the value of the radon equilibrium factor to 0.53. The most significant
contribution came from a large study of more than 12,000 dwellings in Canada [C24], in which a mean
radon equilibrium factor of 0.54 was reported. More than 90% of the estimates reported by the individual
surveys fell within the range 0.27-0.63. Considering the variability in the radon equilibrium factor, it was
considered appropriate to continue using the equilibrium factor of 0.4 adopted in previous UNSCEAR
reports. Figure A-II shows the boxplot for the radon equilibrium factors.

A22. Twenty-six papers were used to derive the results for thoron. The estimates of the thoron
equilibrium factor (F30pn,in) ranged from 0.01 to 0.12 with an AM of 0.05 and a median of 0.04. These
results were based on the findings of 31 surveys, about 65% of which were performed in Asia (see details
in attachment A-1). If only the measurements taken from four different surveys performed at exactly
50 cm from the closest likely thoron source were considered, the AM would increase slightly to 0.08.
The AM weighted for the number of monitored dwellings was estimated at 0.05, if all the surveys were
considered regardless of the detector position, and 0.09, if only those where the distance from the closest
thoron source was 50 cm. The box plot of the equilibrium factor estimates for thoron as found in the
selected papers is shown in figure A-1I. The figure shows the larger variability of the thoron equilibrium
factor in comparison to radon.

A23. A recent report on long-term measurements of thoron and its decay products concentrations found
that the equilibrium factor has a very wide range between 0.0003 and 0.3 [H30]. Additionally, Chen and
Harley [C27] reported a wide range in the values of the equilibrium factor for thoron from 0.003 to 0.14.
These findings support the Committee’s recommendation that the use of an equilibrium factor for thoron
should be limited to situations where a large spatial variation of thoron concentrations is not observed
[U18], to avoid the large uncertainty in the estimation of doses.
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Figure A-Il. Radon and thoron indoor equilibrium factors resulting from studies that meet the
selection criteria
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A24. The estimates of the unattached fraction of radon and thoron decay products were based on findings
from six and five surveys, respectively (see electronic attachment A-1 for more details). The unattached
fraction for radon ranged from 0.07 to 0.24 with an AM of 0.12 and a median of 0.10. This result agrees
with the assumption underpinning the dose coefficient for EEC of radon used in this annex. The
unattached fraction for thoron ranged from 0.07 to 0.26 with an AM of 0.14 and a median of 0.09.
Although the unattached fraction for thoron decay products is theoretically expected to be lower than for
radon, the values are similar, probably because the experimental determinations of unattached fractions
radon and thoron are not always carried out within the same surveys.

B. Dose assessment methodology for exposure to cosmic
rays, cosmogenic radionuclides and terrestrial radionuclides

1. Cosmic rays and cosmogenic radionuclides

A25. Public exposures to cosmic rays at ground level were assessed in previous UNSCEAR reports [U14,
U15], [U19] based on dose rates calculated using the Particle and Heavy lon Transport code System
(PHITS)-based Analytical Radiation Model in the Atmosphere (PARMA) version 4 [S15, S17]. This
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model is also available as an Excel-based Program for calculating Atmospheric Cosmic-ray Spectrum
(EXPACS) 4.10. The fluence to dose coefficients for the isotropic irradiation geometry specified in [CRP
Publication 116 [I71] and ICRP Publication 123 [174] were employed in the model. The dose rates were
combined with population data on the same spatial scale to calculate average dose rates by country, and
to identify the population exposed to the highest dose rate.

A26. The annual dose from external exposure to cosmic rays (Egy¢ cos) Was calculated using the equation:
Eext,cos = Ecos,out (Oout + SFcos Oin) 8760 (A.12)

where E,, s,out 18 the outdoor dose rate (mSv/h); 0,,,; and Oy, are the outdoor and indoor occupancy factors;
SF,,s is the shielding factor for cosmic rays (see table A1) and 8760 is the number of hours in a year.

A27. Various codes have been developed to estimate doses to aircrew according to specific parameters
related to the flight routes, for example: CARI [C50], EPCARD [M4], JISCARD [Y8], and PCAIRE
[P13]. For this evaluation, it was convenient to use the well-established SIEVERT code [B44] that is
publicly available. Using data from ICAO, collective doses were calculated for 46 ICAO route groups
and average per capita doses to residents for the different regions. A route group refers to the traffic
within or between the 10 ICAO long-term forecasts regions (ICAO LTF region).

A28. Market pairs (flight routes) were extracted together with the associated revenue passenger
kilometres (RPK) for the year 2015 from ICAO [162] where RPK is the number of passengers multiplied
by the distance flown in kilometres. For each market pair, the corresponding ICAO route group as defined
by ICAO [I61] was determined and the dose calculated using SIEVERT code [B44, C40]. The input
parameters for the SIEVERT code included departure and destination airport, flight date and duration.
The date of 27 December 2015 was chosen as the flight date for the calculations because it represented a
day with cosmic rays of intermediate intensity. The flight duration was obtained using an online resource
[A9]. For each route group, three to seven market pairs were selected and the average dose per km
calculated. Multiplying a route group’s average dose per km by its total RPK gave the total collective
dose for each route group. The total RPK for the ICAO route groups had been extracted for the year 2012
from the figures in ICAO traffic forecasts for passenger and cargo [161].

A29. The collective doses for the route groups were then apportioned to the respective regions by
applying a weighting factor that described the likelihood of the region’s population to travel by airplane.
The total collective dose attributed to each region was divided by the corresponding population to obtain
the average doses per capita given in table 9 of the annex. The adjustment for the likeliness to travel by
airplane is based on the average income of the region. Weighting factors were selected such that the
likelihood tripled between successive income classes: low, lower-middle, upper-middle and high income.
This is roughly proportional to the flying population percentage for each income group estimated by
Gossling and Humpe [G17]. Since 56% of the collective dose due to air travel (27,000 person—Sv) is
attributed to flights within or between North America and Europe, it was determined that a different
weighting would result in a minimal change to the overall result. All results and calculations are available
as tables in electronic attachment A-2.

A30. The contribution made by cosmogenic radionuclides to the annual dose was calculated from their
annual intake via ingestion and inhalation. Data for concentrations of '*C and *H in the atmosphere were
obtained from the UNSCEAR Global Survey on Public Exposure and the literature review. For "Be and
22Na, additional monitoring data on concentrations in ground-level air were obtained from CTBTO’s
International Monitoring System [C63]. The isotopic composition of carbon (i.e., activity of '*C per unit
mass of C) in food and drinking water was assumed to be equal to that in the atmosphere [H39].
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2. Terrestrial radionuclides

(@) External exposure

A31. External exposure outdoors from terrestrial radionuclides present in soils was treated extensively
by the Committee in several reports [U11, U12, U13, U15, U19]. As in previous UNSCEAR reports, the
annual dose from external exposure to terrestrial radiation (Egytterr) Was the sum of the doses from
external exposure outdoors (Egxt terr out) and indoors (Egxt terr,in):

Eext,terr = Lext,terr,out + Eext,terr,in (A~13)

A32. Doses from external exposure outdoors (Ey¢ terr,out) calculated using the equation:
Eext,terr = Eterr,out Oout €p 8760 (A.14)

where Eyopr oue is the outdoor dose rate (nSv/h); 0,y is the outdoor occupancy factor; ey, is the dose
coefficient converting absorbed dose rate in air to dose rate (Sv/Gy) and 8760 is the number of hours in
a year.

A33. Figure A-III shows a schematic for the conversion of measured quantities to dose for the natural
decay series of 28U and #**Th as well as “’K. A value of 0.7 Sv/Gy for the dose coefficient e, (DC2 in
figure A-III) was adopted in this annex. This value was taken from the UNSCEAR 2000 Report, annex A
[U15] and is corroborated by the results of the calculation of these dose coefficients for the radionuclides
in the 2*Th series and the 2*%U series as well as “°K carried out by Petoussi et al. [P21]. The average value
for all natural radionuclides calculated by Petoussi et al. [P21] for the ICRP reference phantom was
0.7 Sv/Gy; dose coefficients calculated for children (0.8 Sv/Gy) and infants (0.9 Sv/Gy) were similar to
those used in previous UNSCEAR reports [U13].

A34. The outdoor dose rate (Eterr_out) was estimated from activity concentrations of radionuclides in the
soil, using the equation:

Eterr,out = fdw ZidR Csoil,i (A.15)

where Cg,;; 18 the activity concentration of radionuclide i in soil (Bg/kg, dry weight); d is the dose
coefficient converting the concentrations to absorbed dose rate in air ((nGy/h)(Bg/kg)); and f;,, is the
factor that accounts for the water content in soil for samples dried prior to measurement (see table Al).

A35. In figure A-III DC1 indicates the dose coefficients dy used for calculating the absorbed dose rate
in air from the activity concentrations in soil (Bq/kg) assuming a homogeneous distribution in the soil.
Table A3 gives the values of dy given in various UNSCEAR reports as well as in papers published since
the UNSCEAR 2008 Report. Given the general consistency shown by the values in table A3, the dose
coefficients given in the UNSCEAR 2000 Report, annex A [U15] were used for this annex.
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Figure A-lll. Conversion of measured radionuclide concentrations in soils to dose rate
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Table A3. Coefficients (dy) to convert activity concentration of a radionuclide R in soil, to absorbed
dose rate in air at a height of T m above the ground as used in different published sources

dg (nGy/h(Bqg/kg))
Publications
238U 232Th 40K

UNSCEAR 1982 [U11], 1988 [U12] 0.427 0.662 0.043
UNSCEAR 1993 [U13] 0.461 (*Ra) 0.623 0.0414
UNSCEAR 2000 [U15] 0.462 0.604 0.0417
Lemercier et al., 2008 [L14] 0.45 0.599 0.0427
Sanusi et al., 2021 9 [S13] 0.46 0.66 0.042
Askri et al., 2023 [A40] 0.41/0.48 0.60/0.67 0.041/0.047

9 Average of eight studies.
A36. The dose from external exposure indoors (Egyt terrin) Was calculated using the equation:

Eext,terr,in = Eterr,out SFterr Oin ép 8760 (A~16)

where SF.,, is the shielding factor for terrestrial radiation, O, is the indoor occupancy factor (see table
A1) and 8760 is the number of hours in a year.

A37. The shielding factor SF,,,, accounts for both the protection provided by buildings and the additional
dose from radionuclides in building materials. Models for a standard room can be used to predict indoor
dose rates from radionuclide activity concentrations in the building materials. The indoor dose rate for a
room with dimensions of 400 x 500 x 280 cm, wall density of 2.35 g/cm® and wall thickness of 20 cm,
built with material containing 40 Bq/kg ***Ra, 30 Bg/kg »**Th, and 400 Bg/kg *“’K predicted by a model
developed by Croymans et al. [C56] would be about 100 nGy/h. The outdoor dose rate estimated from
equation A.14, assuming that the soil has the same composition as the building material of the room
would be be about 55 nGy/h, implying a value for SF;,,, of about 1.8. However, direct measurements of
the dose rates from the literature review suggest a lower value of about 1.2, closer the value of 1.4 adopted
in previous UNSCEAR reports [U15, U19]. Since model-based estimates mainly apply to concrete
buildings and do not represent other building types, the Committee retained its earlier value as more
representative on a global scale.

A38. Although monitoring of ambient dose equivalent rates is widely used in nuclear or radiological
emergency preparedness and response systems, doses from external exposures to terrestrial radionuclides
were calculated in this annex using activity concentration in soil because estimating exposures to



ANNEX B: EVALUATION OF PUBLIC EXPOSURE TO IONIZING RADIATION 203

terrestrial radiation using ambient dose rate data from monitoring networks is not a trivial task, since the
monitoring station must be positioned correctly to avoid any influence from building materials, trees or
similar structures, and at a consistent height above the ground. Such information is difficult to retrieve
from studies in the open literature. Also, different instrument types are used in monitoring stations with
different characteristics (e.g., photon energy responses, calibration methods) leading to different results
in the measurement of ambient dose rates. In addition, it is essential to account for all variable components
influencing the signal, such as the washout of radon progeny due to precipitation, the presence of snow
cover, and other environmental factors, as well as the contribution from secondary cosmic rays and
human-made radioisotopes which is not always included in measurements available in the open literature.
Comprehensive monitoring using time series data is required, as single-measurement surveys are
insufficient for a reliable analysis. Measurements of ambient dose equivalent rates carried out in different
regions or countries available in literature are, in general, of limited duration and may not be
representative of longer periods of exposure. A detailed assessment of the different contributions to the
measurements of ambient dose equivalent rates can be found in a study by Liu et al. [L23].

(b) Ingestion of food and drinking water

A39. The dose from ingestion of “’K in terrestrial food was calculated using the methodology described in
the UNSCEAR 2008 Report, annex B [U19]. The methodology accounts for homeostatic control of the
concentration of potassium in the body, the annual equivalent *’K tissue doses which are calculated based on
the natural abundance of “’K in natural potassium, the specific activity for “’K and the dose rate coefficient.

A40. The annual effective dose from ingestion of other radionuclides of natural origin in terrestrial foods
(Eing,terr) Was calculated using the equation:

Eingterr = i €ing,i f Iy worta Cr,i (A.17)

where Cr; (Bg/kg) is the activity concentration of radionuclide i in food f; If, (kg/a) is the worldwide
annual ingestion rate of food f'and e;,4; (Sv/Bq) is the dose coefficient for ingestion of radionuclide i.
The ingestion dose was calculated for ten radionuclides: 2'°Po, 2'°Pb, 2**Ra, 2*°Ra, ??*Th, 23°Th, 232Th,
238y, 24U, and 2°U. Population-weighted worldwide average ingestion rates of adults for eight food
categories are given in table A4. They were taken from the UNSCEAR 2016 Report, annex A [U24] and
are based on the World Health Organization (WHO) cluster diets [W6] and reorganized according to
UNERP regions. Note that regional variations in radionuclide concentrations in foods were not considered
in this annex. Activity concentrations in terrestrial foods (Cr ;) were updated based on data from IAEA
Safety Reports Series No. 114 [148] and are given in section II1.B.4.

A41. The annual effective dose from ingestion of other radionuclides of natural origin in drinking water
(Eing,aw) Was calculated using the equation:

Eing,dw = Zi(eing,ildwcdw,i) (A~18)

where Cy,,; (Bq/m?) is the activity concentration of radionuclide i in drinking water; I, is the annual
ingestion rate of drinking water (see table Al); and e;,4; (Sv/Bq) is the dose coefficient for ingestion of
radionuclide i. Activity concentrations in drinking water (Cy,, ;) Were updated based on data from IAEA
Safety Reports Series No. 114 [148].
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Table A4. Ingestion rates of terrestrial foods used in calculation of doses from ingestion of natural
radiation

Food category Ingestion rate (kg/a)
Cereals 130
Vegetables and fruit 230
Milk and dairy products 65
Meat and offal 44
Freshwater fish 57
Marine fish 7.5
Crustaceans 1.1
Molluscs 1.6

C. Dose assessment methodology for nuclear power
production and related nuclear fuel cycle facilities

1. Approach

A42. The dose assessment methodology described in the UNSCEAR 2016 Report [U24] to evaluate the
global radiological impact of different electricity generating technologies was used to estimate public
doses from nuclear power production and related facilities in the nuclear fuel cycle. The methodology is
designed to evaluate the activity concentrations of radionuclides in environmental media from radioactive
discharges to the atmosphere, freshwater and marine environments. By necessity, the methodology uses
simplifying assumptions because it is impractical to conduct a site-specific assessment for each facility
in the world that discharges radionuclides to the environment. The methodology is robust, transparent,
and builds on experience gained by the Committee in applying earlier versions to the assessment of public
exposures [U15, U19]. The dose assessment methodology was updated for consistency with the input
data used in the evaluation across the different sources of public exposure. For the first time, discharges
to freshwater from uranium mines and mills were evaluated using the approach for discharges to small
rivers described in the UNSCEAR 2016 Report, annex A [U24].

A43. The literature review in this topic area focused on model parameters used in the methodology (as
presented in electronic attachments A-3.1 and A-3.2) with two objectives:

(a) To identify updated information related to key parameters impacting dose estimates, such as
Kavalues and globally representative flow rates for large rivers that receive discharges from
nuclear power facilities.

(b) To identify updated information on parameters common to other topic areas and where
appropriate, establish consistent values for the evaluation, such as population density data.
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2. Input data

A44. The primary source of data for the dose assessment methodologies used by the Committee to evaluate
public exposure from NPPs and related nuclear fuel cycle facilities is the information on discharges supplied
by Member States in the UNSCEAR Global Survey on Public Exposure. Facility specific annual discharges
were reported for individual radionuclides by mode of discharge (atmospheric and liquid) and the facility
or reactor type identified. Discharges provided for groups of radionuclides (e.g., total alpha, particulates)
were apportioned among the relevant radionuclides included in the methodology using an established
procedure [U24]. For discharges reported as total gamma/beta or particulate, the facility type and supporting
information was provided to determine how the radionuclides are apportioned.

A45. Atmospheric particulates discharged to the environment have a size distribution which depends on
emission controls and facility type. The methodology assumed that atmospheric particulate discharges have
a default size of 1 um activity median aerodynamic diameter, except for gases and *H, both in the form of
tritiated water and organically bound trittum (OBT). This is a reasonable assumption because nuclear
facilities typically have high efficiency particulate air filtration systems to remove larger particulates.

3. Atmospheric and terrestrial environment

A46. The methodology for the calculation of doses from atmospheric discharges is based on a simple
Gaussian model used to determine the dispersion of radioactivity released to atmosphere. Activity
concentrations in air at distance x, C,(x) (Bq/m?) are calculated using the equation:

C,(x) =D, Qx™" (A.19)

where D, is the annual average dilution factor at 1 km (s/m®); Q is the discharge rate (Bg/s); and # is an
empirically determined index which depends on radionuclide (1.4 for '*C, 1.2 for noble gases and 1.42
for all other radionuclides). A release height of 30 m was assumed for all facilities, and no account was
taken of local topology. A simplified approach was used to account for deposition of radionuclides to the
ground using an effective deposition velocity of 0.002 m/s to represent both dry and wet deposition for
all radionuclides apart from noble gases, *H and '“C. A value of zero was used for noble gases because
their deposition is negligible. A specific-activity approach was used for *H and '*C as theses radionuclides
have a rapid exchange rate between the atmosphere and the ground.

A47. This approach was considered sufficiently robust when it was evaluated in some detail for the
UNSCEAR 2000 Report, annex A [U15]. The use of Gaussian models for the dispersion of radioactivity
in the atmosphere from routine discharges is a consolidated and well accepted approach for radiological
assessments. The output from the UNSCEAR model was compared with that of the Gaussian model
implemented in PC CREAM 08 [H34]. General agreement was found and no changes to any parameters
were made. It is recognized that for site-specific evaluations more sophisticated atmospheric dispersion
and transport modelling techniques are often required.

A48. The exposure pathways included in the methodology for discharges to atmosphere were:
(a) Internal exposure from inhalation of radionuclides in the plume;
(b) External exposure (beta and gamma emitters) from radionuclides in the plume;
(c) External exposure from radionuclides deposited from the plume; and

(d) Internal exposure from ingestion of radionuclides incorporated in food.
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A49. Activity concentrations in terrestrial foods were calculated using transfer factors taken from the
FARMLAND model [B54], a well-established compartment model specific to European conditions
developed by the United Kingdom Health Security Agency and included in PC CREAM 08. The
FARMLAND model has been subject to international verification and validation exercises and has not
been updated since the UNSCEAR 2016 Report, annexes A [U24] was published. Individual doses were
calculated assuming that the characteristic individual lived within a defined distance from the point of
discharge and that 25% of their food is produced in the area.

AS50. Activity concentrations of *H and '*C in terrestrial foods were calculated using a specific activity
approach:

(a) Activity concentrations of *H were derived on the basis of the water content in plants and a partition
factor that accounts for the presence of exchangeable hydrogen in the dry weight of the plant;

b) Activity concentrations of '*C in plants were based on its concentration in air and the ratio of stable
y p
carbon to “C. Activity concentrations of “C in animal products were based on concentration in
pasture and ratio of stable carbon in animal products to pasture.

4. Freshwater environment

AS51. The model for the dispersion of radionuclides to freshwater is a simple dilution model which
considers two generic types of rivers—small and large. The methodology assumes complete mixing of
radioactivity following their discharge into freshwater and the activity concentration of radionuclide 7, in
unfiltered freshwater at the discharge point (Cy,, ;) is given by:

Coi = % (A.20)

where Q; is the discharge rate of radionuclide i (Bg/s); and F is the volumetric flow rate of the river at
the point of discharge (m3/s).

AS52. This is a cautious approach commonly used in dose assessment for discharges into rivers and
considered adequate for the Committee’s generic approach. The assumption of complete mixing provides
a robust estimate of the activity concentrations in the river and ensures a reasonable and consistent
approach. More complex models that account for characteristics of different rivers around the world
would be difficult to implement for the Committee’s assessment and require the collection of a
considerable amount of information on local conditions.

AS53. Two generic values were used for the flow of large (1,000 m?/s) and small (10 m?/s) rivers, based
mainly on European rivers. The same approach was used to determine the dimensions of the rivers (depth,
width and length). A comparison of these flow rates to non-European rivers is included in the UNSCEAR
2016 Report, annex A [U24]. A review of data for rivers that receive radioactive discharges from nuclear
facilities outside Europe found that these flow rates are broadly consistent with those adopted in the
methodology for the UNSCEAR 2016 Report, annex A.

A54. A review of data on the suspended sediment loads in large rivers in the open literature has found
them to be in the range of 0.1 to 1 kg/m?, and in general agreement with the value of 0.5 kg/m® adopted
in the UNSCEAR 2016 Report, annex A [U24]. Data on suspended sediment loads for smaller rivers
were not readily available in the open literature to suggest a value different from the value of 0.02 kg/m?3
adopted in the methodology.
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ASS. Values of the sediment distribution factors (K,;) and concentration factor (CF) for freshwater fish
in the UNSCEAR 2016 Report, annex A [U24] were taken mainly from the IAEA Technical Report
Series (TRS) No. 472 [I8, 122] supplemented in some cases by values from the National Council on
Radiation Protection and Measurements Report No.123 [N10]. A review of K; and CF values for the
freshwater environment was carried out by the IAEA for the MODARIA programme.'® The review also
included consideration of regional variation with a comparison between data from arid regions and
Fukushima (Japan). The data from the Fukushima Prefecture on K; and CF values have been published
in IAEA-TECDOC-1927 [138] but are limited to a few radionuclides ('*’Cs, '3*Cs and *'I). K, values
reviewed during the IAEA MODARIA programme were published in the open literature [B50] and
included in the ERICA tool;'* and therefore, have been incorporated in the methodology.

AS56. The exposure pathways included in the methodology for discharges to freshwater were:
(a) Internal exposure from ingestion of radionuclides in drinking water;

(b) External exposure (beta and gamma emitters) from radionuclides in sediments deposited on the
riverbank;

(c) Internal exposure from ingestion of radionuclides incorporated into freshwater fish; and

(d) Internal exposure from ingestion of radionuclides incorporated into terrestrial foods irrigated
with water abstracted from the river where discharges occurred.

AS57. Treatment factors used in the calculation of doses from drinking water were based on those given
in the UNSCEAR 2000 Report, annex A [U15], which was updated with information included in the
fourth edition of the WHO Drinking Water Guidelines published in 2011. These treatment factors were
compared to those given in the fourth edition of the WHO Drinking Water Guidelines published in 2017
and 2022 and no difference was found [W7].

A58. Doses to the public from ingestion of crops irrigated with water from rivers were included for the
first time in the UNSCEAR 2016 Report, annex A [U24]. Doses for this exposure pathway were based
on irrigation factors which were derived from the FAO data specific for different regions of the world.
No updates to the irrigation factors were considered necessary by the Committee for this evaluation.

5. Marine environment

A59. The model used for the dispersion of radioactivity in the marine environment published in the
UNSCEAR 2016 Report, annex A [U24] is a simple two-compartment model—a local compartment and
a regional one—and includes transfer out of the regional compartment and to bottom sediments. The
dimension of the compartments and the volumetric exchange rates between compartments, as well as
sedimentation rates and suspended sediment loads are typical of European waters and there was no
indication from the open literature that these values needed to be changed. Assumptions similar to those
used for the freshwater environment regarding food ingestion rates and population sizes were used to
account for regional differences.

A60. Sediment distribution factors (K, ) and bioaccumulation factors in seafood (B) were taken from IAEA
TRS 422 [114]. The IAEA MODARIA programme carried out a limited review of the values of marine K

13 https://www-ns.iaea.org/projects/modaria/

' https://erica-tool.com/
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and seafood bioaccumulation factors for the Fukushima Prefecture, which have been published in the
IAEA-TECDOC-1927 [138]. However, data were limited to a few radionuclides (**’Cs, '**Cs and '*'I).

A61. The exposure pathways included in the methodology for discharges to marine environments are:
(a) External exposure (beta and gamma emitters) from radionuclides in sediments; and

(b) Internal exposure from ingestion of radionuclides incorporated into marine foods (fish,
crustaceans and molluscs).

6. Methodology for uranium mines and mills

A62. The methodology in the UNSCEAR 2016 Report, annex A [U24] refers to the use of small rivers
to assess doses associated with aquatic pathways for discharges to freshwater from uranium mines and
mills, but no results are included for aquatic pathways. The current analysis has focused on integrating
the assessment of doses from liquid discharges from uranium mines and mills to the freshwater
environment with the methodology [U24] used for other nuclear facilities. The annex contains
information needed to perform this integration, including the small river option, which had not been used
before. The updated methodology also takes account of the effect of different tailings management
practices. For example, in some areas, tailings are covered with water which reduces atmospheric
releases. Water is unlikely to be available for such measures in arid regions, with the result that exposures
from atmospheric releases may differ between arid and non-arid areas.

D. Dose assessment methodology for global fallout from
nuclear weapons testing

A63. In this annex, public doses associated with global fallout from weapons testing were calculated
using essentially the methodology described in the UNSCEAR 2000 Report, annex A [U15], although
some of the parameter values (e.g., dose coefficient for external exposure) were updated to ensure
consistency with other methodologies adopted in this annex. Figure A-IV reproduces figure I of the
UNSCEAR 2000 Report and provides the general method of assessing doses resulting from global fallout
of nuclear weapons tests [U15]. The impact of changes to the dose coefficients and the methodology on
the doses estimated in previous annexes are described in electronic attachment A-4. Doses calculated for
remaining exposure pathways from 2000-2024 using the updated dose coefficients only. Future doses
were not estimated but data regarding estimated deposition densities are provided as per the information
in the previous UNSCEAR 2008 report, annex B [U19].
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Figure A-IV. Terrestrial pathways of transfer of radionuclides and dose to humans [U15]
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A64. The methodology for external exposure from deposited radionuclides as described in detail in the
UNSCEAR 2000 Report, annex A [U15] derived the total yields for atmospheric releases for each year,
applied a fusion to fission ratio that was yield dependent and modelled dispersion and deposition of the
fallout for latitudinal bands. The yields originally published in the UNSCEAR 1993 Report, annex B
[U13] were updated in the UNSCEAR 2000 Report, annex A [U15]; no updates were identified for this
annex and values in the UNSCEAR 2000 Report, annex A were retained.

A65. The dose coefficients for external exposure provided in the UNSCEAR 2000 Report, annex A,
which were taken from Beck [B16] were superseded for the current evaluation by those given in ICRP
Publication 144 [177]. The dose rate coefficients for exponentially distributed sources of 1*’Cs+!3""Ba
for different age groups are given in table AS. The table includes values for a planar source at relaxation
mass depths of 0.5 g/cm? and for an exponentially distributed source at relaxation depths of 0.5, 10,
20 and 50 g/cm?. The values for an exponential relaxation mass depth of 10 g/cm? were used to estimate
doses from external exposure from global fallout. The dose coefficients for external dose from '*’Cs
presented in table A5 are corrected by a factor of 0.944 to include contribution from '""Ba.

Table A5. Selected dose coefficients for external dose from *’Cs in soil (nSv/h per Bq/m? from ICRP
Publication 144 [I77]) for various vertical distributions and relaxation mass depth

Dose coefficients for external dose for '3Cs in soil (nSv/h per Bq/m?)
Age group Planar Exponential

(0.5 g/cm’) 0.5 g/cm? 10 g/cm? 20 g/cm?? 50 g/cm?
Adult 1.26 X103 1.32%x103 487 x 10 3.18x10* 1.81x10*
15-year-old children 1.29%x 103 1.35%x 103 5.01x10* 3.29x 10* 1.87 x 10*
10-year-old children 1.38%x103 1.46 x 103 534x10* 348 x10* 1.99 x 10*
5-year-old children 1.51%x103 1.59%x 103 578 x10* 3.78x10* 2.15x10*
1-year-old children 1.63%x103 1.74x 103 6.11x10* 3.99x10* 2.28x10*
Newborn 1.83x103 1.95%x 103 6.69 x 10* 435x%x10* 2.47 x10*

A66. The approach taken by the Committee to determine doses associated with internal exposure from
ingestion in previous evaluation was significantly changed for the current one. The previous approach
developed for the UNSCEAR 2000 Report, annex A [U15] in figure A-III. Transfer coefficients P23, P34
and Pss were determined from regression analysis of models that related deposition to concentrations in
diet and used dose coefficients taken from publication NRPB-M288 [P23]. The updated approach used
for this annex is the same as that developed for the UNSCEAR 2016 Report, annex A [U24] which
updated this aspect of the methodology based on substantial improvements in modelling the transfer of
radionuclides through the terrestrial environment.
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A67. 1t should be noted that the model for ingestion of terrestrial food in the UNSCEAR 2016 Report,
annex A [U24], was designed to estimate doses from a long-term, continuous discharge of radionuclides;
while the starting point for global fallout is a measured or estimated deposition density. Although the
section of the model from deposition to ingestion dose could be applied to estimate present-day doses
related to global fallout, this calculation was not considered justified given the amount of work required
in comparison to the very small doses to the public due to this exposure pathway.

A68. In the calculation of doses from ingestion of *’Cs and *°Sr, root uptake is the only relevant pathway,
since deposition no longer occurs. The dose estimates for adults in the UNSCEAR 2000 report, annex A
were based on an ingestion rate of 500 kg/a of food [U15]. In this annex a total ingestion rate of 485 kg/a
was used for adults and 15-year-olds for consistency with the dose assessment methodology for ingestion
of terrestrial radionuclides. For 10-year-old children a total ingestion rate of 320 kg/a, corresponding to
approximately two-thirds of the adult ingestion rate was used, while for 1-year-old children the ingestion
rate adopted was 160 kg/a, corresponding to one-third of the adult ingestion rate [U15].

A69. Doses from inhalation were estimated only in the year that tests took place Using the
methodology applied in the UNSCEAR 2008 Report, annex B [U19]. That methodology was based on
the use of activity concentrations in air, an appropriate inhalation rate, and the relevant dose
coefficients for intake by inhalation.
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APPENDIX B. ANALYSIS OF UNCERTAINTIES AND VARIABILITIES

|.  GENERAL APPROACH TO UNCERTAINTY AND VARIABILITY
IN UNSCEAR EVALUATIONS

B1. The approach developed by the Committee to deal with uncertainty ad variability draws upon the
experience gained in recent evaluations of medical exposure and occupational exposure [U30, U31],
exposure due to radioactive discharges [U24] and uncertainties in reviewing epidemiological data [U23].
In its assessment of public exposure due to the accident at the Fukushima Daiichi NPS [U29] the
Committee used an approach based on Bayesian statistics to deal with variabilities and uncertainties in
dose assessment (see electronic attachment A-6 for a detailed description). This approach is consistent
with the international methodology as described in the JCGM Guides [J11, J12, J13], which also contain
the terminology of the International Vocabulary of Metrology (VIM) [J13]. A similar method was used
in this annex wherever possible. Because the calculation of radiation doses involves the use of complex
measurements and models, the approach follows ISO/IEC Guide 9-3:2008/Supplement 1 [J11]. Although
the full JCGM method could not be applied to every type of public exposure considered in this annex, a
summary of recent developments in metrology, including examples, that can be found in
ISO 11929-4 [190] is provided in electronic attachment A-6.

B2. The ISO/IEC Guide [J12] distinguishes two types of uncertainties, Type A and Type B, which
reflect different ways to evaluate uncertainties. However, the Committee prefers to use the terms
‘aleatory’ and ‘epistemic’ to define these types of uncertainties. Aleatory uncertainty relates to outcomes
that cannot be predicted and arises from repeated measurements, whereas epistemic uncertainty is related
to incomplete information, such as information associated with published values, values of certified
reference materials, or obtained from a calibration certificate, from the accuracy class of a measuring
instrument or from limits deduced through expert judgment. Epistemic uncertainties cannot be assessed
using frequentist methods and are often the most important uncertainties in the evaluation of public doses.

B3. Measurement uncertainty refers to estimating a fixed but unknown true value, such as the dose to
an individual. It is described using probability density functions (PDF). Variability refers to the fact that
there may be differing true values across a population or sample set. The actual true value is a random
variable itself for which only a probability in the form of a PDF can be given, where each value itself is
arandom variable described by a PDF. Both types of PDFs must be propagated appropriately (e.g., using
Monte Carlo methods) to fully characterize the uncertainty in the dose.

B4. Probability density functions for dose estimates reflect uncertainties in input quantities, including
parameters in models used in the calculations, which may not have any defined uncertainties [U29]. These
PDFs express the probability of the true dose value D, based on the information about the input quantities.
The goal of any measurement and evaluation is to obtain an estimate of the true value via a posterior
PDF, representing Bayesian probabilities. These can be derived using Bayes’ Theorem or the Principle
of Maximum Entropy [J10] as guided by GUM Supplement 1 [J11]. In a Bayesian approach [W3], the
PDFs can be derived using Bayes’ Theorem or the Principle of Maximum Information Entropy [J10].
Guidance on methods to derive PDFs is provided in the Guide to the expression of Uncertainty in
Measurement (GUM) Supplement 1 [J11].

B5. Before adopting a specific PDF with estimated parameters, a quantile-quantile plot should be used
to validate the assumptions made and assess deviations. The PDF reflects both incomplete knowledge
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about the dose and the distribution of doses across a population. In this context, measurement uncertainty
and variability become synonyms and are difficult to distinguish.

B6. BFor any measured or estimated quantity X, the PDF fy (¥|x) is the conditional probability density
that the true value of the measurand is %, given the measured or estimated result x. A PDF can be
represented by relevant moments of the distribution, such as the mean, median, and specified percentiles.
The best estimate of the measurand and its associated standard uncertainty can be calculated as the
expectation value E (fy (x)):

E(fx() = [*7 x fx(x) dx (B.1)

and the square root of the variance u(x):

uG) = Var(£@) = (12 (x = B(£)7) fi0) dx (B2)

B7. Coverage interval is the interval where the true value of the measurand lies with a preselected
probability. Coverage interval is used instead of confidence interval to emphasize that it applies to the
true value of a measurand. A coverage interval is defined as:

f;” f@Elx)dx =1~y (B.3)

where 1 — vy is the coverage probability and %; and %, are the lower and upper limit of the coverage
interval, respectively. The true value ¥ is the variable and the measurement result x is a given constant.
Limits of the coverage interval are defined in such a way that the coverage interval contains the true value
of the measurand with the specified probability 1 — .

B8. In contrast to the coverage interval, the confidence interval is defined as:
[ fel®) dx =1~y (B.4)

where 1 — vy is the confidence probability and x; and x,,. are the limits of the confidence interval. In this
case the measurement result x is the variable and the true value ¥ is a given constant. Limits of the
confidence interval are defined in such a way that the confidence interval contains expected future
measurement results of the measurand with the specified probability 1 — y.

B9. Blt is frequently assumed that the posterior PDF of the dose f; (13 |x) can be represented by a log-
normal distribution. This is because in the calculation of doses multiple input quantities generally
combine multiplicatively. The log-normal distribution is the general solution for multifactorial quantities,
such as the dose, according to the multiplicative limiting theorem of statistics. To check if the assumption
of a log-normal distribution is valid a quantile-quantile-plot should be used for each case. There is also a
theoretical basis for assuming a log-normal distribution: the logarithmic normal distribution is the
maximum entropy PDF if the logarithms of the data are known.

B10. Another reason for assuming a log-normal distribution is that the dose is a non-negative quantity
with large variability. If dose estimates alone were available to quantify the dose, the maximum entropy
PDF would be a normal distribution. However, given the large variability in dose estimates, if the
posterior function was assumed to be a normal distribution, a non-negligible part of the PDF would be
represented by negative values of the dose which is physically impossible. Since the log-normal
distribution only produces non-negative values, it naturally accounts for the non-negativity of the dose.
At the same time, the log-normal distribution can account for asymmetric and tailed distributions and
describe deviations from normal distributions [L21].
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B11. While the normal distribution is characterized by the arithmetic mean (AM) and standard deviation
(SD) as parameters, the log-normal distribution is characterized by the geometric mean (GM) and
geometric standard deviation (GSD), although the best estimate of the value of the dose remains the
expectation value of the PDF (i.e., the AM of the original data).

B12. A particular problem arises from the fact that the calculation of the total dose is the sum of doses from
different exposure pathways, i.e., inhalation, ingestion and external radiation. The moments and the quantiles
of the posterior PDF of the dose cannot be simply calculated from the moments and quantiles of the PDFs of
the doses from different exposure pathways since the sum of log-normal distributions is not a priori
log-normal. The posterior PDF of the total dose can be calculated appropriately using Monte Carlo techniques.

B13. Itis often the case that some of the input parameters are assumed to have fixed values even though,
in principle, all input quantities have inherent uncertainties and variabilities associated with their values.
There are three categories of fixed parameters used in this annex:

(a) Parameters describing human habits (e.g., as occupancy factors, inhalation and ingestion rates;

(b) Parameters used in environmental models (e.g., shielding factors, equilibrium factors for radon,
transfer factors in terrestrial and aquatic compartmental models; and

(c) Dose coefficients.

ll. TREATMENT OF UNCERTAINTY FOR DIFFERENT TYPES OF
DOSE ESTIMATES

B14. A mixed approach may be appropriate to address uncertainty of doses calculated using environmental
measurements or source term, whereby data derived from model calculations are defined as parameters and
the remaining data processed according to the JCGM Guides. The relevance of the different sources of
uncertainties also needs to be analysed, for instance by a sensitivity analysis. In some cases, multi-model
approaches may help to estimate the uncertainties. The sensitivity analysis used to treat the uncertainties for
the methodology in the UNSCEAR 2016 Report, annex A [U24] is described in electronic attachment 4 of
that report and the results compared with earlier methodologies in electronic attachment 1.

B15. For doses reported by governments or institutions only descriptive statistics are possible, such as a
discussion of the type of distribution and its moments of the distribution (e.g., means, medians, and
specified percentiles). For these estimates an uncertainty analysis and an evaluation of the probability of
a possible underlying true value cannot be performed. An example of this type of assessment is the
treatment of uncertainties in the UNSCEAR 2020/2021 Report, annex D [U30]. Another approach for
this type of assessment was used in the UNSCEAR 2020/2021 Report, annex A [U31]. However, these
two documents are not consistent in their approach regarding the assessment of uncertainties.
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[1l. EXTRAPOLATION OF DATA

B16. In this annex it was generally assumed that the data reported by different countries (e.g., submitted
through the UNSCEAR Global Survey on Public Exposure) were not accurate estimates of the true value
but had uncertainty associated with them represented by a log-normal distribution. Moreover, it was
assumed that the true values of the reported data were equally likely to be smaller or greater than the
reported values, that is, the reported data and predicted values each represent a median (50th percentile)
of an uncertainty distribution. The GM of the data was taken to be an estimate of the median of the
log-normal uncertainty distribution.

B17. Given the assumption that the reported and extrapolated values for individual countries were GMs
and the uncertainties were the GSDs, accepted statistical rules for log-normal distributions were used to
determine sums of, for example, number of exposed individuals, averages of, for example, doses, as well
as the overall uncertainty of each quantity. The total number of exposed people was estimated as the sum
of the reported values and predicted values, both assumed as GMs of individual countries.

B18. The average dose per exposed person is estimated from the country-specific reported values by
determining the average value and assuming it is a geometric mean (GM):

M = o(GZi1nGD) (B.5)

where x; are the reported or extrapolated data values and # is the total number of countries considered in
the calculation. The standard uncertainty is then given by the GSD:

(s neo-me0)?)

GSD = (B.6)

B19. The overall uncertainty on the number of exposed persons and average dose per exposed person for
a region is determined by combining the estimated GSDs for the countries involved:

ym ln(GSDk)2>
GSDcombinea = e( e (B.7)

B20. The approach described above is clearly an approximation used because of the lack of quality data
on public exposure in all Member States for which uncertainties for individual countries can be assessed.
Potential systematic biases, due to lack of information provided by countries for all topic areas constitute
the most serious problem regarding the reliability of the extrapolation process and the accuracy of the
extrapolated values.

IV. UNCERTAINTY IN ENVIRONMENTAL MODELS

B21. Public exposures are generally assessed using quantities that can be measured directly, such as
absorbed dose rates, activity concentration in environmental media and deposition rates from global
fallout of nuclear weapons testing. In some cases, the levels of radionuclides in the environment are below
detection limits and therefore the assessment of public doses is based on data for the source term (e.g.,
discharges from nuclear facilities) combined with environmental models.

B22. The sources of uncertainty in environmental models have been studied intensively in recent
years [U34]. The following sources of uncertainty can be distinguished:



ANNEX B: EVALUATION OF PUBLIC EXPOSURE TO IONIZING RADIATION 215

(a) Uncertainty due to the choice and range of model parameters;

(b) Uncertainty due to the model structure and conceptualization (conceptual model uncertainty);
(c) Uncertainty due to sampling and monitoring of input variables;

(d) Uncertainty in the knowledge of the scenario to be modelled;

(e) Uncertainty in the subjective interpretation of the assessment problem (modeller’s uncertainty);
() Uncertainty in the mathematical/numerical implementation of the model.

B23. Uncertainty due to the choice and range of model parameters is the most studied source of
uncertainty and is linked to the parameter values, such as transfer coefficients of radioecological models,
and their correlations. A key stage in these evaluations is to identify the most sensitive parameters and to
determine the impact of likely variations in these parameters on the estimated doses.

B24. Conceptual uncertainty plays an important role in radioecology. An example is the assumption that
the system is in equilibrium when this is not the case due to dynamic behaviour. For example, the use of
distribution coefficients (K,;), which assumes reversible, equilibrium conditions, and neglects system
dynamics and process kinetics, would be inappropriate for modelling rapidly varying conditions, but is
considered acceptable in this case because discharges were provided on an annual basis.

B25. Scenario uncertainty includes uncertainties linked to missing information about the characteristics
of the exposed person. This source of uncertainty is not relevant in this annex because the characteristics
of the exposed person were defined in this annex based on generic data. In addition to discharges and
human characteristics, other input information includes meteorological data (e.g., wind speed and
direction, precipitation) for atmospheric discharges and hydrological data for liquid discharges.

V. DOUBLE COUNTING

B26. Double counting is another source of uncertainty, potentially leading to an overestimation of doses, if
the same exposure situation is accounted for more than once in the evaluation. Indeed, a given source of
radionuclide (e.g., a facility being dismantled, a former mine being remediated) might be understood by
some experts (e.g., the NCPs completing the UNSCEAR Global Survey on Public Exposure or the
Committee’s experts) as falling in one category (e.g., impact of the operating facility, considering that
operating continues until the end of the life cycle of the facility) and by others as falling in another category
(e.g., legacy site). In addition, doses calculated from measurement data for naturally occurring radioactive
materials in areas impacted by uranium mining or in high background radiation areas, for example, may
differ depending on the assumptions made regarding background concentrations. Laying out the
methodologies used to calculate doses provides transparency to identify and eliminate such eventuality.
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VI. DATA GAPS

B27. Data gaps arise when Member States do not report data related to sources of public exposure, either
across regions or over time. These gaps may be partially addressed through literature reviews or filled
using extrapolation, interpolation, and model-fitting techniques. However, these methods require
assumptions about the completeness of data sources and how to handle missing information, especially
when extending findings to areas with no available data.

B28. A key challenge involves measurements that fall below detection thresholds due to limitations in
the sensitivity of the measurement methods. These values—generally referred to as below detection limit
or non-detects—are excluded by metrological or regulatory limits, such as detection limits, quantification
thresholds, or minimum detectable activities. Terminological inconsistencies can lead to confusion,
especially when distinguishing between technical detection capabilities and legal reporting requirements.

B29. More problematic is the use of reporting levels (RL) which quantify doses below which no results
are reported as a censoring threshold because it is based on considerations about the radiological
relevance of the data for legal purposes and may result in the loss of information about the data.
A particular aspect of censoring thresholds is the problem of how to deal with non-detects in a data set.
Seven different approaches on how to deal with non-detects have been described in the open literature:
substitute ‘0’ for non-detects, substitute ‘RL/2’ for non-detects, substitute ‘RL’ for non-detects,
regression on order statistics, maximum likelihood estimation, Kaplan-Meier methodology, and Markov
Chain Monte Carlo. A review and an assessment of the performance of the different methods and their
associated biases was provided in a paper by Suzuki [S81]. Ultimately the Committee decided to adopt
the RL/2 substitution approach for non-detects as a practical compromise, given the amount and the
heterogeneity of the available data, although it recognized the tendency of this method to overestimate
geometric means and to underestimate the variance. [S81].
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GLOSSARY

Absorbed dose: Fundamental dosimetric quantity defined as the energy imparted by ionizing
radiation in unit mass of matter; the SI unit of absorbed dose is joule per kilogramme (J kg'"), and
its special name is grey (Gy).

Activity: An amount of a radionuclide in a particular energy state at a given time, defined as
d . . .

A(t) = d—IZ, where dN is the expectation value of the number of spontaneous nuclear transformations from

the given energy state in the time interval dz. The SI unit of activity is reciprocal second (s™!). As the unit

is so small, multiples are frequently used, such as megabecquerels (MBq) which is 10° or a million
becquerels. (1 GBq is 10° Bg; 1 TBq is 10'2 Bq; and 1 PBq is 10> Bq) [U22, U28, U29].

Collective dose: The sum of individual effective doses incurred by members of a specified population. Its
special name is person—Sv.

Committed effective dose, E(T): The effective dose of internal exposure equal to time integral over time,
7, of effective dose rate. The integration time following the intake is taken to be 50 a for adults, and to
age 70 a for children.

Dose: A measure of the energy deposited by radiation in a target. Dose can be used as a shorthand for
absorbed dose, effective dose, and committed effective dose, when the context is clear.

Dose coefficient/dose per unit intake: The committed effective dose or committed absorbed or
equivalent dose in a tissue or organ resulting from an intake, by a specified means (usually ingestion or
inhalation), of unit activity of a specified radionuclide in a specified chemical form.

Dose rate: Dose delivered or received per unit time. Measurements are usually made in terms of the
dosimetric quantity, ambient dose equivalent rate, H¥*(10), in units of uSv/h.

Effective dose, E: The sum over all tissues and organs of the equivalent doses weighted by the tissue
weighting factor wr, which represents the contribution of that organ or tissue to the total detriment
resulting from uniform irradiation of the whole body. Effective dose has the unit joule per kilogram,
which is given the special name sievert (Sv). The recommended values of wr are given in the ICRP
Publication 103.

Equilibrium equivalent concentration, EEC: The activity concentration of radon, in equilibrium with
its short-lived decay products, that would have the same potential alpha energy concentration as the
existing non-equilibrium mixture.

Equilibrium factor, F: The ratio of the equilibrium equivalent concentration to the radon concentration.
In other words, the ratio of potential alpha energy concentration for the actual mixture of radon decay
products to that which would apply at radioactive equilibrium.

Error: The difference between an observed or estimated value and the true (but unknown) value. Since
the true value is unknowable, error cannot be quantified. Error can be contrasted with uncertainty, which
can be estimated by repeated measurements or Bayesian inference.

Exposure: The act or condition of being subject to irradiation. External exposure is exposure to radiation
from a source outside of the body. Internal exposure is exposure to radiation from a source within the body.
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Model: An analytical or physical representation or quantification of a real system and the ways in which
phenomena occur within that system, used to predict or assess the behaviour of the real system under
specified (often hypothetical) conditions. This is in contrast to a relationship, which is simply the way
two or more factors are connected or related (i.e., relationships include causal relationships, those based
on models, and those that simply fit the observed data).

NORM (naturally occurring radioactive material): Radioactive material containing no significant amounts
of radionuclides other than naturally occurring radionuclides. Material in which the activity concentrations of
the naturally occurring radionuclides have been changed by some processes are included in NORM [170]. The
designation NORM is most typically used for materials associated with industrial activities.

Potential alpha energy concentration: The concentration of short-lived 2?2Rn or ??°Rn decay products
in air in terms of the alpha energy emitted during complete decay from 2*2Rn decay products to 2!°Pb or
from 22°Rn decay products to 2°°Pb of any mixture of short-lived 2*?Rn or 2?°Rn in a unit volume of air.
The SI unit for potential alpha energy concentration is J/m?.

Public exposure: Exposure incurred by members of the public from radiation sources, excluding any
occupational or medical exposure.

Radionuclide: A radioactive isotope of an element. Different isotopes of an element have the same
number of protons but different numbers of neutrons and hence different atomic masses [U22, U28, U29].

Uncertainty: Expression of having doubt, or being unsure about study results, hypotheses, model-based
estimations or results of measurements, and specifically the true value of a quantity of interest. This may
be due to lack of complete knowledge about true values for an individual or to a lack of complete
knowledge of factors explaining the inter-individual variability of true values in a defined subgroup or
population. Unlike error, uncertainties can be quantified. Estimates of uncertainty represent the amount
or percentage by which an observed or calculated value might differ from its true value. For a quantity
of interest that has a true fixed value, uncertainty is defined here as a degree of belief probability
distribution comprising many realizations of possibly true values. For a quantity of interest that is a group
or population of true values, uncertainty can be characterized as many alternative realizations as possible
of sets of true values.

Variability: Heterogeneity, diversity or a range which characterizes variation in estimated, measured, or
true values of a quantity of interest. The term “variability” is often used to describe differences in
measured or true values among individuals in a population or cohort. Examples include inter-individual
differences in body weight and/or dose or inter-cohort differences in exposure-response due to
differences in sensitivity to a hazardous agent. Further study cannot reduce variability but may provide
additional information to explain reasons why some of this variability occurs. This additional information
can reduce the fraction of inter-individual variability initially treated as stochastic.
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Annex B: Evaluation of public exposure to ionizing radiation

In 1955 the United Nations General Assembly established the Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR) in response to concerns about the effects of ionizing radiation
on human health and the environment. At that time fallout from atmospheric nuclear weapons
tests was reaching people through air, water and food. UNSCEAR was to collect and evaluate
information on the levels and effects of ionizing radiation. Its first reports laid the scientific grounds
on which the Partial Test Ban Treaty prohibiting atmospheric nuclear weapons testing was
negotiated in 19683.

Over the decades, UNSCEAR has evolved to become the world authority on the global levels
and effects of exposure to ionizing radiation. UNSCEAR’s independent and objective evaluations
of the science are to provide for—but not address—informed policymaking and decision-making
related to radiation risks and protection.
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