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FOREWORD

Environmental assessment models are used for evaluating the radiological
impact of actual and potential releases of radionuclides to the environment. They are
essential tools for use in the regulatory control of routine discharges to the
environment and also in planning measures to be taken in the event of accidental
releases; they are also used for predicting the impact of releases which may occur far
into the future, for example, from underground radioactive waste repositories. It is
important to check, to the extent possible, the reliability of the predictions of such
models by comparison with measured values in the environment or by comparing
with the predictions of other models.

The International Atomic Energy Agency (IAEA) has been organizing
programmes of international model testing since the 1980s. The programmes have
contributed to a general improvement in models, in transfer data and in the
capabilities of modellers in Member States. The documents published by the IAEA on
this subject in the last two decades demonstrate the comprehensive nature of the
programmes and record the associated advances which have been made.

From 2002 to 2007, the IAEA organised a programme titled “Environmental
Modelling for RAdiation Safety” (EMRAS). The programme comprised three themes:

Theme 1: Radioactive Release Assessment

Working Group on the revision of IAEA Handbook of parameter values for the
prediction of radionuclide transfer in temperate environments (TRS 364)

Working Group on model testing related to countermeasures applied to the intake of
iodine-131 from the Chernobyl accident

Working Group on testing of models for the environmental behaviour of tritium and
carbon-14 following routine and accidental releases

Working Group on testing of models for predicting the behaviour of radionuclides in
freshwater systems and coastal areas

Theme 2: Remediation Assessment
Working Group on testing of models for the remediation of the urban environment

Working Group on modelling the transfer of radionuclides from naturally
occurring radioactive material (NORM)

Theme 3: Protection of the environment
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Working Group on the review of data and testing of models for predicting the
transfer of radionuclides to non-human biological species

This report describes the work of the NORM Working Group under Theme 2.
The IAEA wishes to acknowledge the contribution of the Working Group Leader, R.
O’Brian of Australia, to the preparation of this report. The IAEA Scientific Secretary
for this publication was P. Waggitt of the Division of Radiation, Transport and Waste
Safety.
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SUMMARY

This working group was established to improve the modelling of the transfer of
radionuclides from residues containing naturally occurring radioactive material
(NORM) for the purposes of radiological assessment.

Almost all naturally occurring materials contain radionuclides from the
primordial decay chains (for example, uranium-238, uranium-235, thorium-232 and
their daughter products radium-226 and radium-228), plus some individual long-lived
radionuclides such as potassium-40. Extraction and/or processing of minerals
containing these materials results waste containing such radionuclides. Often the
processing can enhance the concentration of the NORM in the waste as compared
with the original material. The extraction and processing of minerals usually involves
large volumes of material and the resulting waste is also present in large volumes
which are usually left on the earth’s surface. Human exposure to radionuclides from
such waste piles can occur as a result of gaseous emanation from the waste (radon-
222) or as a result of the leaching by rainfall of radionuclides from the waste into
water courses and, possibly, food chains.

There are a variety of situations involving NORM that require potential radiation
doses to be assessed, they include:

1) surface storage of residues from the extraction and processing of minerals
i1) remediation of NORM-containing waste piles

iii) the use of NORM-containing waste for backfilling, building materials, road
construction etc.

In all of these situations there is a need to understand the present and future
behaviour of the radionuclides which may be released from NORM so that steps can
be taken to ensure that humans are adequately protected from exposure to radiation.
Because of the long-lived nature of many of the radionuclides, the assessments must
be carried out over long times into the future.

This is the first time that the modelling of NORM-containing radionuclides has
been examined in this IAEA format and the working group spent much of its time
exploring the global situation and determining the availability of modelling tools.

In contrast with other EMRAS working groups, the participants of the NORM
working group generally chose to apply existing models from the literature to the test
scenarios. These models had been developed by other organizations and so the
participants were usually model users rather than model developers/users, as was the
case in most of the other working groups. For these reasons, the issue of ‘ease of use’
of the models was an important issue for the working group. It was noted that several
of the models examined were not very ‘user friendly’ with insufficient explanation
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provided for the user. It was concluded that ease of use could be greatly enhanced by
the provision of good documentation and ‘help screens’, databases containing default
values of environmental parameters, and facilities for plotting the results of
calculations. It is also extremely important to provide the model user with simple
procedures for changing the default values and for adding extra data to existing
databases.

Predictions were made for the three hypothetical scenarios using several models.
The results for the point source scenario showed that the simple models (COMPLY,
CROM) predicted higher radionuclide concentrations than the more realistic model
PC-CREAM.

Predictions were made for the area source scenario using two models (RESRAD-
OFFSITE and DOSDIM + HYDRUS). In general, the results obtained from the two
models (which use different methodologies for groundwater transport) were
consistent with each other. RESRAD was “calibrated” by estimating the natural
background radiation level and comparing it to the existing natural background
radiation levels.

The limited amount of model testing which was conducted within the working
group does not allow proper conclusions to be drawn about the state of modelling in
this area. It is clear that more model testing, especially using the real scenarios, is
needed and that specific model components and techniques may need to be developed
to allow some of the more complex features of the real scenarios to be modelled.

This is a subject of importance for many countries and for them competence in
predicting the behaviour of radionuclides in situations involving NORM needs to be
developed.
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1 INTRODUCTION

The EMRAS (Environmental Modelling for Radiation Safety) project was set up
to continue the work begun on environmental modelling in the BIOMOVS, VAMP
and BIOMASS projects, and to look at some areas of environmental modelling that
were not covered in detail in those earlier projects. The earlier projects concentrated
mostly on anthropogenic radionuclides generated as part of the nuclear fuel cycle,
such as tritium (CH), radio-iodine ('*'I) and radionuclides such as carbon-14 (**C) and
caesium-137 (*¥'Cs).

For the EMRAS project a working group was established to update the IAEA
document TRS-364 [1], and other groups were set up to look at modelling of tritium,
iodine, carbon-14, aquatic environments, urban remediation, naturally occurring
radioactive material (NORM), and biota. This report describes the work carried out by
the NORM working group.

There are many models already available. However, guidance on how and when
to apply specific models is lacking in many cases. Development of models has often
been carried out without a clear understanding of the possible applications of the
models. Some models have been developed only for specific applications in specific
industries, and are not generally useful.

There is no consistent approach to modelling requirements. Most models can
calculate/predict concentrations and/or doses. However, there is no “standard”
approach as to which outputs are required, or on guidance documentation, and
verification and validation reporting.

1.1 Background

Many products, wastes and residues contain radionuclides which occur in the
natural environment. These materials are collectively known as NORM. The
radionuclides include the members of the primordial decay chains resulting from the
decay of uranium-238 (***U), uranium-235 (**°U) and thorium-232 (***Th), and single
extremely long-lived (primordial) radionuclides such as potassium-40 (*’K), indium-
117 (*""In), and rubidium-87 (*’Rb). In the case of the primordial decay chains, the
first member of each chain has an extremely long half-life (10° years or longer).

In the case of *’K, homeostatic processes tend to keep the concentration within
the body at a constant level. Therefore changes in the environmental concentration of
%K do not usually have a significant impact on the total dose delivered to humans.
Most of the other single primordial radionuclides occur in very low concentrations
and have little radiological impact.

There are also some radionuclides that occur in the atmosphere as the result of
collisions between cosmic rays and atmospheric atoms (spallation). These include
trittum (CH), beryllium-7 ("Be) and carbon-14 (**C). These radionuclides are outside
the scope of this work.
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The primordial decay series are summarised in Table 1. This table highlights the
features of NORM that distinguish the study and assessment of the impact of NORM
on human health and the environment from that of anthropogenic radionuclides.
These features are:

e A large number of radionuclides and hence a wide range of chemical properties;
e An extremely wide range of radioactive half-lives;

e A range of physical forms.

The wide range of chemical properties, particularly solubility, can have a major
effect on the behaviour of mixtures of these radionuclides in the environment, and
hence on the number of potential exposure pathways. It should be noted, however,
that in many situations this behaviour is controlled by the properties of the matrix (the
material containing the radionuclides), particularly when this matrix material is
extremely insoluble.

The wide range of half-lives is also very important. In addition, some of the
radionuclides are gaseous (radon) and some are volatile (polonium, lead).

In the absence of processes such as dissolution, gaseous diffusion or
volatilisation, the members of the decay chains will be in approximate secular
equilibrium with the parent radionuclide. However, in many situations the effect of
these processes is to selectively remove some radionuclides (for example water can
dissolve the isotopes of radium, and polonium isotopes can be volatilised during
mineral smelting) from the point of origin and introduce disequilibrium within the
decay chain(s).

A consequence of this is that atmospheric dispersion (short-term) has to be
considered as well as surface water transport (short-term to medium-term) and
groundwater transport (long-term) when assessing the potential impact of NORM on
the environment and on human health.

NORM gives rise to the largest collective doses to the global population [2], and
is therefore important from a radiological perspective.

There are several additional factors which distinguish the NORM issue from other
contamination situations involving radionuclides:

e Re-use of materials (large volumes);

e Exposure situations may involve materials with radionuclides in their natural
state, or radionuclides which have been concentrated as a result of human actions

e Materials with small volumes of highly concentrated radionuclides, and large
volumes of materials with low levels of radiation
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Projected land use (large tracts of land are used to store NORM residues);

Regulatory issues — emphasis is shifting from limitation to optimisation and
acceptable risk;

Uranium ore is a mineral which is exploited specifically for its radionuclide
content. However, other minerals which give rise to NORM residues and products
are exploited for entirely different reasons, and the presence of radionuclides in
these products and residues resulting from the processing of these minerals has the
potential to complicate the management (particularly the potential for re-use) of
these materials;

Generation of radon gas through radionuclide decay of the principal NORM
radionuclides creates a specific, secondary hazard to be considered in residue
management.
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Table 1: The primordial radioactive decay series

28U series

23U series

232Th series

Nuclide Half-life Nuclide Half-life Nuclide Half-life
“8u 451x10°a | U 7.1x10°a | “°Th 1.41x10" a
\’ \’ J

Z4Th 24.1d SITh 25.6h “Ra 58a

\ \ \

“4pa 1.17 min “1pa 3.4x10°a | **Ac 6.13h
\’ \’ \’

U 247x10°a | “'Ac 216a “Th 1910 a
\’ \’ J

“'Th 8.0x10°a | 2'Th 18.6d Ra 3.64d

\ \ \

“Ra 1602 a “PRa 11.7d “'Rn 55

\’ \’ I

*Rn 3.823 d “PRn 39s *1epg 0.15s

\’ \’ J

“18pg 3.05 min Bpo 1.8x10°s | “"Pb 10.64 h
\ \ \

“Hpp “pp 36 min 2B 60.6 min
\’ \’ J

219Bj 19.7 min 21Bj 2.2 min “05pp Stable

\’ l,

210pp 2la “pp 0.5s

\ |

19Bj 5.01d “7pp Stable

\’

20pg 138.4d

\’

2%py Stable

1.1.1  Ubiquity of NORM

Although only a small number of countries use nuclear power or have industries
or mining and processing operations associated with the nuclear fuel cycle, the
ubiquitous occurrence of naturally occurring radionuclides in the environment means
that all countries are likely to have some industries which produce NORM wastes and
residues. The processing of raw materials containing these naturally occurring
radionuclides can produce changes in the radionuclide concentrations in products,
residues and wastes, relative to the original concentrations in the raw materials. Due
to the large number of countries, sites, and materials involved, a bibliography is
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attached as an Appendix to this report (APPENDIX 10), to avoid having to refer to
large numbers of reports on similar work from different countries.

1.1.2 Waste or residue issues

Modern practice has tended to define a waste as a material for which no further
use is foreseen. Many industries now try to re-use or re-cycle material from non-
product streams as much as possible, to minimise the generation of wastes and keep
operating costs as low as possible, and therefore regard these materials as residues
rather than wastes.

1.1.3 Awareness issues

Until recent times, there was little awareness of NORM as a potential
environmental and human health issue. The operations of many industries which
produced products, wastes and residues containing NORM were not regulated or
assessed for their potential radiological impact on human health and the environment.
This has two major implications for the present work:

e many countries now have problems with legacy wastes, particularly from mining
and mineral processing operations;

e for many legacy sites, the currently available data do not provide a good basis for
modelling studies, because monitoring of such sites and their surroundings has not
been required in the past;

e misuse of some NORM wastes or legacy sites can result in unacceptable radiation
exposures to members of the public (e.g., construction of housing using uranium
mining or mill wastes, or siting residential buildings on NORM contaminated
sites).

1.1.4 Inconsistencies in international standards

Although regulatory regimes have now been put in place in a large number of
countries, the regulatory situation varies from country to country, and there are no
accepted international standards for managing wastes and residues containing NORM.
This lack of uniformity has implications for international trade [3], but, for the
purposes of this report, it also has implications for assessing the behaviour of NORM
in the environment and its potential risks. In countries where the regulatory system
encourages awareness of potential issues involving NORM there is likely to be a
systematic approach to monitoring and assessing the behaviour of NORM in the
environment, and when and how an intervention may be required. However, where
there is no regulation, the generation of wastes and residues containing NORM is
unlikely to be controlled, with the result that more contaminated sites are likely to
come into existence.
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In 1999 the U.S. National Academy of Sciences [4] evaluated existing
international guidances for NORM, their scientific bases, and resulting risk
management recommendations. The resulting effort determined that nearly all
guidances were based on the same epidemiological studies (for example the
underground uranium miners cohort study), but the recommendations for risk
management varied depending on organizational or national policy determinations on
acceptability of risk. Thus, while one advisory body might find the risk of long-term
mortality from exposure to a source of NORM acceptable for a member of the public
at 1 in 1000 (1x107), a regulatory body might find that risk level to be unacceptable
and prefer that the risk be limited to mortality of 1 in 10,000 (1x10™). Such a situation
could lead to different regulatory requirements from one nation to another for the
same industry (zircon producers for example).

1.1.5 Previous Work

Previously, the IAEA has run several programs which looked at the transport of
radionuclides in the environment. These included the BIOMOVS (BIOspheric Model
Validation Study), BIOMOVS II ([5], [6], [7], [8], [9], [10]); VAMP (VAlidation of
Model Predictions) ([11], [12]); and BIOMASS (BIOspheric Modelling and
ASSessment) programs [13], [14], [15], [16], [17], [18]. These programs evaluated
and used a number of models, including DOSDIM, HYDRUS and RESRAD, which
are appropriate for simulating the behaviour of NORM in the environment. Although
the Remediation Assessment Working Group under Theme 2 of the BIOMASS
project looked at the application of models to a site contaminated with radium, the
emphasis in these programs was on those radionuclides produced during the nuclear
fuel cycle. Most of these radionuclides have relatively short half-lives, and are
therefore not found in the natural environment. They also do not give rise to long
decay chains. Therefore some of the models which have been developed for
simulating the behaviour of these anthropogenic radionuclides in the environment
have to undergo considerable adaptation for use in assessing the impact of NORM in
the environment.

1.2 NORM industries

There are many industries and processes that produce residues containing NORM.
These include:

e extraction and use of rare earth elements;
e production of niobium and ferro-niobium;
e manufacture of titanium dioxide pigments;
e the zircon and zirconia industry;

e mineral processing and metal production (refining);
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tin;

bauxite (aluminium);

copper;

iron and steel;

zing;

lead;

uranium and thorium;

vanadium;

precious metals;

tungsten;

molybdenum;

fluorspar;

phosphate industry;

fertiliser (product);

phosphogypsum (by-product/residue);
power generation (coal burning);

oil and gas industry;

geothermal industry;

drinking water and wastewater treatment industry;

paper and pulp industry.
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Detailed descriptions of many of these industries are given in [2], [19], and [20],
and many of the articles listed in the bibliography. More detailed information on some
of the more important NORM industries can be found in APPENDIX 1.

Many ores which are mined and processed commercially contain naturally
occurring radionuclides. In many of these ores the radionuclide concentrations are
very low. In ores containing minerals such as the rare earths, the uranium or thorium
concentration can be considerably elevated. One mechanism that can produce these
elevated concentrations is the substitution of a uranium or thorium ion for a calcium
or phosphorus ion in the mineral (lattice). In some cases elevated concentrations of
radionuclides occur because of the presence of accessory minerals containing elevated
concentrations of radionuclides.

The range of industries that generate NORM products and residues, the types of
residues to be considered for these operations, and the typical environments in which
these operations tend to occur are summarised in Table 4 in APPENDIX 1.

1.3 Types of assessment involving NORM wastes and residues

1.3.1 Regulatory

A growing awareness of NORM issues has led to the requirement in many
regulatory jurisdictions for an environmental impact statement to be prepared as part
of any application for a licence or permit to handle materials containing NORM, in
particular surface or near-surface waste and/or residue disposal. Such an impact
statement should be based on measurements of the characteristics of the disposal site,
a sound knowledge of the materials to be handled, and a useful assessment of the
impact of the operation on the surrounding environment and on the health of the
workforce and members of the public who live near the site. The predictive part of
this work necessitates the use of models. However, it must be noted that at the start of
an operation, an environmental impact assessment is largely speculative. Once the
operation starts and site-specific monitoring data are available, the original
assessment can be refined and adjustments made to the operation to ensure that the
impact of the operation on human health and the environment remains within
acceptable limits. This means that, at the start of a NORM residue management or
waste disposal project, the models required for predictive assessment are largely
generic. However, as the project continues, and site-specific monitoring data become
available, the models can become more site-specific in terms of the parameter values
used and the environmental transfer processes simulated in the models. This should
improve the predictive capability of the models with respect to that specific site and
disposal operation. This iterative improvement process is particularly important for
NORM because of the long half-lives of the radionuclides relative to the operational
(and institutional) life-time of the management facility.
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1.3.2 Operational Monitoring

Modern practice in many countries requires an operator to carry out routine
monitoring programs when handling, processing, or disposing of materials which may
contain elevated concentrations of naturally occurring radionuclides. The data from
such monitoring programs can be used to check the on-going effectiveness of waste
and residue management procedures, and can also be used in computer models to
assess the on-going environmental and health impacts of the operations.

1.3.2.1 Omn-site assessments

These assessments are primarily carried out to assess the impact of an operation
on the workers at the site.

1.3.2.2  Off-site assessments

These assessments are carried out to determine the impact of an operation on the
surrounding environment and on the health of members of the public.

1.3.3 Retrospective — legacy wastes and residues from past practices

In many situations, past operations involving the handling of wastes and residues
containing NORM were not under regulatory control. This has resulted in the
existence of so-called legacy sites which are contaminated as a result of past
operations and which have not been assessed. In evaluating options for management
of a legacy site, models can be used:

e asan aid in assessing the health and environmental impact of the site in its current
state, and if remediation may be warranted;

o for assessing the effect of proposed remediation strategies, if the initial assessment
indicates that some form of remediation is desirable; and

e for assessing the impact of mis-use of NORM residues (for example, the use of
NORM residues as building materials).

However, because there was little or no attention paid to the characterisation of
the sites or the design of facilities where the wastes and residues were placed, the
geometry and hydrogeology of many of these sites are such that models are not easy
to apply. The modern approach is to recommend that environmental impact prediction
and monitoring should be a component of the design and operation of any new
waste/residue management facility. This requires the use of models, and implies that
waste/residue storage and disposal sites should be chosen where possible with
characteristics (soil type, hydrogeology, etc.,) that facilitate the use of models in
assessing the health and environmental impacts of the disposed or stored material.
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In adopting such an approach, it is important to have two classes of models for
use in environmental and health impact assessment:

1. generic (or screening) models, which can be used when the available data do not
allow a detailed site-specific assessment;

2. site-specific models, which can be modified and refined as more data become
available from monitoring programs.

Many of the models that are currently available can be used for both screening
and site-specific assessment, in that they specify default values for the model
parameters, and allow the user to modify the values of these parameters if site-specific
data are available from monitoring programs.

1.3.4 Exposure Situations/Scenarios

The following section gives a brief description of some typical situations which
can result in exposure to NORM:

e power station discharges of *'’Po and *'°Pb; these isotopes are volatile at the
temperatures commonly encountered in conventional power stations; therefore
they can vaporise, pass up the stack and be discharged to the surrounding
environment;

e storage of wastes and residues in waste stacks, waste rock piles, tailings dams, and
retention ponds;

e recycling of scrap metal;
e re-use of NORM residues in building materials (fly ash, phosphogypsum); and

e re-use of NORM residues for land fill (fly ash and waste rock) and land spreading
(phosphogypsum and red mud); in these situations, the future land use has to be
considered when assessing the potential radiological risk associated with the re-
use of the residue; typically land can be used for residential, industrial,
recreational; and agricultural purposes.

Each of these situations can give rise to a range of possible exposure scenarios
that have to be considered.

1.4 Current trends in NORM residue management

In recent years emphasis has been placed on development of methodologies for

management of contaminated residues and sites [21]. The aim of this approach is two-
fold:
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1. to put in place an iterative process for managing the issue, which allows for
changes to be made as more information (health impact, environmental
monitoring) becomes available; and

2. to build confidence among all stakeholders, by ensuring that the process is clearly
understood by all stakeholders, and that all stakeholders are involved in decision
making.

1.5 Objectives

The stated objectives of the NORM Working Group were “modelling of naturally
occurring radioactive material (NORM) releases and of the remediation benefits for
sites contaminated by extractive industries (U/Th mining and milling, oil and gas
industry, phosphate industry, etc)”.

With these objectives in mind, the working group identified four major groups of
stakeholders that have a strong interest in problems involving NORM. Each group of
stakeholders has expected outcomes from a study of this type. These are summarised
in Table 2.

Table 2: Stakeholders and expected outcomes for NORM modelling

Stakeholders Expected Outcomes

Industry A list of models that can be used for assessment of the impact of manufacturing
or disposing of materials containing NORM that result from the operations of
the particular industry, together with an evaluation of the suitability and
reliability of the models.

Environmental impact assessment.

Occupational health and safety.

Data sets that can be used to check and/or verify an available model, together
with an evaluation of the reliability of the data and the uncertainties in the data.

Public Proof of safety

Environmental impact assessment.

Trust in the procedures (models, data acquisition, assessment procedures,
regulatory decisions)

Governments/ Proof of compliance with acceptable levels of risk, e.g. remediation targets.
Regulators Environmental impact assessment.

Occupational health and safety.

Trust in the procedures

Modellers A clear statement of the problem(s)
Scientists Validated and appropriate data sets for model development, testing and
verification

The overall objectives of the working group could be met by meeting the aims
summarised below:

e to present a brief review of the currently available information on NORM
modelling;

e to summarise the similarities and differences between NORM and anthropogenic
radionuclides in the environment;
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to determine what models are already available;

to develop guidance on whether models should be

0 industry specific;
O micro-scale or macro-scale;

to develop guidance on remediation issues.

Additional aims of the present work are to deliver the expected outcomes, as far
as is possible; or develop procedures that will assist in meeting these outcomes.
1.6 Scope

The TAEA Safety Glossary [22] defines NORM as “Radioactive material
containing no significant amounts of radionuclides other than naturally occurring
radionuclides”.

The glossary also notes that:
e The exact definition of ‘significant amounts’ would be a regulatory decision;
e Material in which the activity concentrations of the naturally occurring

radionuclides have been changed by a process is included in NORM [22].

The theme of this report is the modelling of naturally occurring radioactive
material (NORM) releases, and the remediation of sites contaminated by NORM as a
result of mineral extraction and processing (uranium and thorium mining and
processing, the oil and gas industry, the phosphate industry, etc.).

The major processes that can lead to detrimental impacts on the environment and
on human health are

e Discharge of material into the atmosphere;

e Dispersion of material in the atmosphere;

e Deposition of material on the ground surface;
e Resuspension of deposited material;

e Burial of material in the ground;

e Transport by surface water;

e Transport by groundwater;
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e Radionuclide decay (generation of radon and its progeny);
e Uptake into the food chain and drinking water.

There are two major detrimental effects that contaminants can have on the
environment. The first of these is direct effects on biota (flora and fauna) from
exposure to radiation from radionuclides in the environment. The second is land

degradation, which can result in loss of habitat for flora and fauna and/or the loss of
agricultural land.

The basic questions concerning the scope of this work can be summarised as:

e Which pathways are important for transfer of NORM, both in release to the
environment and transfer through the environment?

e  Which transfer processes are important?
e How should local/site-specific factors/issues be addressed?

Situations involving NORM which should be considered in the context of the
EMRAS program include:

e management of wet and dry tailings;
¢ shallow ground burial of wastes;

e volatilisation of polonium and lead isotopes in smelters and coal-fired power
stations, and discharge of these isotopes to the atmosphere from plant chimney
stacks;

e management of waste rock piles;

e management of retention ponds;

e management of scales and sludges;

e management of other NORM residues and legacy wastes;
e recycling/re-use of NORM residues in building materials;

e use of NORM residues in landfill and products.
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1.7 Structure of this report

The general principles of modelling as applied to NORM are presented in Section
2. Section 3 discusses the different types of exposure scenarios that are appropriate in
a discussion of NORM, particularly legacy sites which exist as a result of past
operations. This section also introduces three hypothetical scenarios for testing
models, and four real scenarios. Section 4 discusses the testing and further
development of the hypothetical scenarios, and Section 5 discusses the testing of the
real scenarios.

A discussion of the results of the development and testing the models,
hypothetical scenarios and real scenarios is presented in Section 6.

Section 7 presents recommendations for further work.

APPENDIX 1 presents a discussion of many of the industries considered in this
work, with particular attention given to situations where naturally occurring
radionuclides can become concentrated in product, residue and waste streams during
mineral extraction and processing.

APPENDIX 2 to APPENDIX 8 provide the detailed description(s) of the topics
discussed in Sections 2 to 5. The detailed specifications of the hypothetical scenarios
are given in APPENDIX 3, and the results of the testing of these scenarios are given
in APPENDIX 4, APPENDIX 5 and APPENDIX 6. The detailed specifications of the
hypothetical scenarios are given in APPENDIX 7) and the results of the model testing
work for these scenarios are presented in APPENDIX 8.

A description of work done by the U.S. Environmental Protection Agency to
develop methods for evaluating generic radiation risks for situations involving NORM
is presented in APPENDIX 9.

A comprehensive bibliography is given in APPENDIX 10.
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2 MODELLING

To perform an assessment of the impact of NORM in the environment, it is
evident from the previous discussion that:

1. Models are a potentially useful part of the assessment process.

2. To provide more realistic predictions, it is important that models be used in
conjunction with field measurements to the greatest extent possible.

3. Models can be used where there are gaps in the available data and where little or
no data are available (e.g. for screening purposes or for predicting possible
outcomes of a proposed action).

4. The limitations and appropriateness of the models and supporting data should be
clearly understood by the user and clearly explained to the stakeholders.

The environment is very complex and the processes that move radionuclides
through the environment are also complex. The natural variation in data and the
associated collection processes may lead to additional uncertainty in the model
results.

The complexity of the overall problem is such that to construct a useful model a
number of assumptions and approximations have to be built into the model. Each of
these assumptions and approximations has the potential to limit the range of
application of the model and increase the uncertainty in the model predictions.
Methods have been developed to deal with and explain these uncertainties. For the
purposes of the present report only deterministic calculations have been examined.

2.1 Overview of current status of international experience

The purpose of this section is to describe some of the models currently available
for NORM assessments, their strengths and weaknesses, and how they can be used.
These models should be able to predict the effects of exposure to NORM in the
environment, and assess any resulting environmental impact.

Historically most models of radionuclide transport in the environment have
concentrated on nuclear power plant impacts, i.e. fission products (with short decay
chains). Other models have been developed to examine the consequences of direct
exposure (external and internal) to radionuclides, both natural and man-made, present
in the environment either intentionally or accidentally. NORM includes a number of
radionuclides that initiate very long decay chains. The nuclides in these decay chains
have a very wide range of physical and chemical properties.

2.2 Models and Their Uses

A number of models were reviewed during the BIOMOVS, BIOMOVS II,
VAMP and BIOMASS projects. However, most of these models were not considered
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suitable for the current project, because they only simulate the behaviour of single,
specific radionuclides, and do not have the databases that would facilitate their use for
simulating the behaviour of NORM in the environment.

Models that could be used for NORM assessment fall into three categories:
1. screening models;
2. compliance models;

3. detailed impact assessment models.

2.2.1 Screening models

These models are usually relatively simple, and are designed for preliminary
screening, to see if the scenario being modelled warrants further investigation, to
establish spatial boundaries of land areas requiring further field investigation and
sampling, or to estimate exposures where the data available are incomplete and more
complex models cannot be applied. Details of specific screening models are given in
APPENDIX 2.

2.2.2 Compliance models

These models are designed to test for compliance with regulatory requirements,
and are usually simplified, to estimate upper limits to radionuclide concentrations and
doses. Details of specific compliance models are given in APPENDIX 2.

2.2.3 Detailed impact assessment models

These models are designed for detailed environmental impact assessment. Details

of specific models are given in APPENDIX 2.

2.3 Models used in this work

The models that were used in the work described in this report are listed in Table
3. A more detailed description of these models is given in Section 2.4.
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Table 3: A list of the hypothetical scenarios, the models that were applied to each
scenario, and users.

Scenario Models Users

Point source | COMPLY [23] J. Horyna, R. O’Brien
CAP-88 [24], [25] J. Horyna
PC-CREAM [26] P. McDonald, R. O’Brien, V. Amado
CROM [27] D. Perez Sanchez

Area source | DOSDIM + HYDRUS T. Zeevaert, G. Olyslaegers

RESRAD (onsite) [28], [29] J. Horyna, R. O’Brien

RESRAD-OFFSITE [30],[31] | C. Yu, P. McDonald, R. O’Brien, V.
Amado, J. Horyna

PRESTO v4.2 J.Horyna

Area source | RESRAD-OFFSITE C. Yu, P. McDonald, R. O’Brien

+ river

2.4 Model Descriptions

The models that were used in this work are described in APPENDIX 2. This

Appendix also lists other models that were noted as potentially useful but not actually
tested by project participants.

2.5 Model Documentation

To be useful to a wide range of users, and to comply with legal and regulatory

requirements, modelling packages should be readily available to potential users and
well documented. This documentation should include descriptions of the following:

the purpose of the package;

a clear statement of the conceptual model framework used as a basis for the
software - what kind of situations the model was designed to solve;

the mathematical procedures used to solve the equations used in the model(s)
contained in the package;

the verification and validation procedures used to test the model(s);
the input parameters used in the model(s);

the validation procedures used to test the values assigned to the different
parameters in the model(s);

the assumptions used to set up the model(s);
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e the limitations of the model(s);

¢ the availability of the package.

The project participants noted that many models are not readily available and
many of those that are available are not well documented.

2.6 Use of Models to Develop Screening Dose and Risk Lookup Tables and
Graphs

During the course of this investigation, an innovative methodology was presented
on the use of both screening and environmental impact assessment model calculations
to determine potential dose and risk from exposure to specific types of NORM
residues. Using separate models, and assuming certain constant environmental
conditions, types of NORM residue, and exposure scenarios, the radionuclide
concentration and time of exposure were varied for performing multiple calculations.

Tables and graphs of the results were developed which could be used for fast
screening evaluation of potential radiation dose and risk based upon annual time of
exposure and concentration of NORM radionuclides at the waste site. Such lookup
tools could be utilized in commonly encountered NORM exposure situations for
screening the potential hazard of a site before taking next steps, including further site
investigations and detailed modelling. The methodology and results for generic long
term exposures to uranium mine wastes in recreational, and building material
scenarios are provided in APPENDIX 9.
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3 SCENARIOS

3.1 Overview and rationale

It is already apparent that there are a very large number of possible situations
involving NORM that may require the use of models for assessment purposes. These
include sites with widely differing characteristics, a wide range of processes, and a
wide range of materials. A preliminary literature search showed that many of the
available data sets are not readily suitable for comparison with the predicted outcomes
of computer models. Therefore it was decided to begin by developing a set of basic
hypothetical scenarios which would approximate a wide range of real situations and
which could be used to test and compare predictions from different models.
Simultaneously, a more comprehensive search was undertaken for real scenarios that
would meet the requirements of the study.

3.2 Legacy sites

The existence of a large number of historical sites contaminated with NORM has
already been noted. These sites exist because of past operations which were largely
carried out without regulatory control, and now pose a problem for governments for a
number of reasons, including location, the possible need for remedial action, and
difficulties in assessing the possible health and environmental impact of such sites.

3.2.1 Contaminated urban areas

Many historically contaminated sites, particularly those associated with product
manufacture, are in urban areas. These sites were often originally developed in urban
areas because of easy access to transport facilities, etc. In some cases the sites were
originally in rural areas, but urban development has subsequently encroached on or
enveloped the sites. Models are very useful tools for assessing the potential
radiological impact of such sites.

3.2.2 Remediation actions

As awareness of the existence of historically contaminated sites has increased, the
need for assessment of the radiological impact of such sites has also increased. Such
assessments typically require measurements of radon exhalation rate, radionuclide
concentrations in air, soil, surface water, ground water and locally grown foodstuffs,
together with the modelling tools to assess the impact of the sites on the surrounding
population and environment. If the assessment indicates that the impact is
unacceptable, some form of remediation is required. This remediation may range from
leaving the contaminated material where it is, burying it beneath clean soil, or
removing it to another site for disposal. For completeness the effectiveness of the
remediation action must be checked; this can be done by making post-remediation
measurements and modelling assessments.
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3.2.3 Difficulties with remediation of legacy sites

There are some awkward problems associated with assessment and remediation of
historically contaminated sites:

e many of these sites are not easily amenable to modelling;

e in the past, many waste sites were frequently chosen with ease and economy of
waste disposal, rather than safety requirements and minimal environmental
impact, as priorities. Changing land use, particularly residential encroachment on
or over such sites complicates the potential problems. This means that remediation
of such sites can be costly. The costs result from the efforts required to assess the
impact of the sites on the surrounding environments, taking appropriate actions,
and adverse publicity for the relevant industry.

In some cases it is not possible to determine who is legally responsible for any
assessment and remedial work that is required. In these cases it is common practice
for government agencies to bear the costs of any work that is required. In these
instances, the use of compliance models becomes important in demonstrating
potential radiation risks, and extent of necessary cleanups.

3.3 Hypothetical scenarios

Three basic scenarios which cover many practical situations are discussed in the
following sections. These scenarios are based on a point source, an area source, and
an area source close to a river.

3.3.1 Point source

This type of scenario is usually associated with chimney stack discharges from
power stations, processing plants, factories, etc. The principal mechanism by which
material is dispersed into the environment following discharge from a chimney stack
is atmospheric dispersion. However, once any contaminants settle on the ground
surface, other mechanisms such as surface water transport, migration of radionuclides
in soil, groundwater transport, resuspension and uptake into the food chain become
important. The hypothetical point source scenario is presented in Appendix 3.2.

3.3.2 Area source

This type of scenario is usually associated with waste rock heaps, ore storage
heaps, tailings heaps, and product storage heaps. Contaminants can be suspended into
the atmosphere and dispersed, or dispersed by surface water and groundwater. Clearly
the resuspension pathway can be neglected if the wastes or residues are buried.
However in many legacy situations the material of interest has not been buried or the
action of wind and surface water has eroded away some or all of the covering
material. The hypothetical area source scenario is presented in Appendix 3.3.
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3.3.3 Area source plus river

In many historical situations mineral processing operations were often carried out
near rivers. This was for easy access by water transport and/or because a convenient
source of process water was needed. Rivers were also used in some cases as
convenient drainage outlets for disposing of waste materials. Modern processing
plants are built near rivers for similar reasons. Although disposal of waste by
discharge into rivers is now strictly controlled in many countries, there are enough
(historical) disposal sites near rivers to make this scenario important. The hypothetical
area source plus river scenario is presented in Appendix 3.4.

3.4 Real Scenarios

3.4.1 Lignite power plant (LPP II) Scenario

In Greece, about 70% of the installed capacity of electrical energy is produced
from two main lignite power plants (LPPI: 3020 MW and LPPII : plant A 550 MW
and plant B 300 MW). A detailed description of this scenario is given in Appendix
7.1.

3.4.2 Former gas mantle production plant (Camden) scenario

Contamination resulting from the operations of a thorium processing facility and
two former gas mantle manufacturing facilities in Camden, New Jersey, has been
assessed [32], [33] Some remediation has been carried out.

This is a good, well-documented example of a legacy site in an urban area. The
reports cited here provide considerable detail of the distribution and level of
contamination, and the remedial work that has been carried out. Rather than attempt
to reproduce the data here, the interested modeller is referred to the reports. The
distribution of contamination is highly inhomogeneous, and modellers in the United
States used both screening and compliance models to evaluate site radiation doses and
risks. However, groundwater infiltration was generally not found to have affected the
site, or resulted in migration of radionuclides.

3.4.3 Phosphogypsum disposal site (PGDS1)

This site consists of several contiguous phosphogypsum stacks positioned
between a lake and the sea. The groundwater and surface water flows are
predominantly in the direction of the lake. The details are given in Appendix 7.2.

3.4.4 Phosphogypsum disposal site (PGDS2)

This site consists of one large phosphogypsum stack approximately 1-2 km from
the sea. The groundwater flow is towards the sea. The site has undergone some
remediation work. A retaining wall surrounds the stack to restrict the flow of leachate.
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There is a series of monitoring points around the stack. There is also a series of wells
on the downstream side of the stack. Leachate extracted from these wells is pumped
back to the top of the stack. The details are given in Appendix 7.3.

With the available information the characteristics of the site can be summarised as

follows:

1. phosphorite consumption: 350—400 10° ta™;

2. type of process: mainly Prayon — wet process;
3. production of phosphoric acid: 60-10010°ta™;

4. production of slurry: 30010°ta’;

5. the concentration of phosphogypsum in the slurry was 10 — 20 %;

for at least two decades phosphogypsum was discharged directly into the sea, at
some 100 m off the coast;

since the late 1970’s phosphogypsum residues were collected in the landfill
through pipes with water circulating in a closed circuit;

until 2,000 there was no regulatory requirements applicable to this site from a
radiological point of view;

some components of the installation were decommissioned before 2,000; some
other components were recycled or reused.

The site is within the premises of a refinery and related industrial area. The

installations included in the remediation plan are:

1.

2.

one plant for phosphoric acid production, to be decommissioned;
three phosphorites stores, to be demolished;
four phosphoric acid tanks, to be decommissioned;

two pipes to transport slurry from the production plant to the phosphogypsum
landfill and water from the landfill to the plant;

one phosphogypsum landfill, located a few kilometres from the plant and a few
hundred metres off the seacoast.

Between 1967 and 1981, phosphogypsum residues were directly discharged into

the sea; between 1981 and 1992, residues were cumulated in the landfill (see Figure
63). This landfill, composed of 4 basins (one is empty), is about 55 ha wide; the mean
height of phosphogypsum residues is 14.5 m. In 2002 an external wall, made with
bentonite cement, 60 cm thick, 3,550 m long, at a distance of about 5 m from the heap
of residues was constructed; this wall penetrates 3 m into the slab of underground
clay. A drainage trench between the wall and the heap was construted, with a series of
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wells to collect rainfall percolate. In addition, an experimental station for chemical
treatment of percolate was installed, in order to separate the dry component - to be
deposited in the landfill - from purified water. The whole trench was lined with
waterproof materials.

Future plans for the site include decommissioning of the phosphoric acid plant.
This could be a useful modelling exercise for future studies. The landfill will be
covered with a double plastic liner, which will in turn be covered by 2 metres of clean
soil.

Measurements of uranium concentrations downstream of the wall indicate that the
ratio *U:***U may be starting to increase. If this trend continues, it will indicate that
the retaining wall is functioning as required.
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4 TESTING OF HYPOTHETICAL SCENARIOS

4.1 Point source

The models used for testing this scenario included CAP-88, COMPLY and PC-
CREAM. A description of these models is given in APPENDIX 2. CAP-88 and
COMPLY are screening/compliance models, which make conservative assumptions
and require simple input data. Two modellers used PC-CREAM; this is a much more
complex model designed to carry out detailed assessments, and requires much more
input data, particularly with respect to the food chain pathways.

4.1.1 COMPLY/CAP-88

Two modellers tested this scenario using COMPLY/CAP-88. Both modellers
obtained the same results.

The wind rose data specified in the scenario description had to be modified for
use in CAP88. No changes to the radionuclide database were required, as *'’Po and
219pp were already included in the CAP88 database.

The COMPLY software is available for downloading on the Internet at the
website:  http://www.epa.gov/rpdweb00/assessment/comply.html#download  This
package is a computerised screening tool for evaluating radiation exposure from
atmospheric releases of radionuclides. It was developed originally for demonstrating
compliance with some U.S. EPA and U.S. Nuclear Regulatory Commission
regulations. However, although the U.S. EPA does make it available on the Internet,
the agency no longer provides support for it; the model code CAP-88 is now the only
software supported by the U.S. for these purposes.

4.1.2 PC-CREAM

Two modellers used PC-CREAM to test this scenario. Both modellers obtained
the same results, and reported the same difficulties in using the package:

e The wind rose data specified in the scenario description was not appropriate for
PC-CREAM, and had to be converted to the PC-CREAM format to be able to
perform the model runs;

e The radionuclides in the PC-CREAM database did not include >'°Po and 2!°Pb.

The required radionuclides were added to the PC-CREAM database. The process
for doing this is not well documented.
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4.1.3 Comparison of results

Results from the COMPLY/CAP-88 and PC-CREAM testing are given in
APPENDIX 4. The doses calculated by COMPLY were higher than those calculated
by PC-CREAM. This is consistent with the different nature of the two models;
COMPLY/CAP-88 is designed to check compliance with regulatory requirements and
is deliberately conservative, whereas PC-CREAM 1is a very detailed impact
assessment model. In view of this, the higher doses predicted by COMPLY/CAP-88
are acceptable.

The fact that different modellers obtained the same results using COMPLY/CAP-
88 is not surprising as this is a relatively simple model. The agreement between the
results obtained by different modellers using PC-CREAM is more interesting, as this
is a much more complex package, and there are many places where different input
data or different exposure pathways could be selected by the user. The agreement in
the results suggests that the overall structure of the program is sound, and the choices
required of the user are clear. However, it must also be noted that this scenario is
relatively simple, with well-defined source-receptor geometry.

4.2 Area source

The models used for testing this scenario were DOSDIM (+ HYDRUS),
RESRAD (onsite, version 6.2), and RESRAD-OFFSITE. These are all complex
models, although RESRAD (onsite) is considerably simpler than the other two
models. All three models have extensive databases and allow many of the default
parameter values to be changed.

4.2.1 DOSDIM + HYDRUS

One modeller carried out the first set of calculations, and these were subsequently
checked and revised by a second modeller. Several points were made:

e For the waste, the K value for the unsaturated soil (80 % sand and 20% clay) was
used. Using the K4 value for clay in the waste (as proposed in the scenario) gave
no leaching out of the waste.

e The specified hydraulic conductivity of 10 m a™ was considered unrealistic for the
current scenario. Therefore the HYDRUS standard value of 230 ma™ (0.63 m d™)
for 80 % sand and 20% clay (taken from the HYDRUS Rosetta database) was
used in the calculations.

e Soil-plant uptake factors were not specified in the original scenario description.
Therefore assumptions had to be made, in order to calculate doses resulting from
ingestion of contaminated food.
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4.2.2 RESRAD (Version 6.2)

Two modellers used RESRAD (Version 6.2) to look at the area source scenario.
This package was not designed for offsite calculations, but was used to approximate
offsite calculations as follows.

The model was run for the case of a waste pile as specified in the scenario
description, plus a waste pile that extends under field # 2 and has waste with the same
characteristics (depth, radionuclide concentration, K4 values, etc.) as those given in
the scenario description, with a house situated as shown in Figure 9 (step 1).

The model was then run for the case of a waste pile under field #2 only, with the
waste having the characteristics specified in the scenario description (step 2).

The results from step 2 were then subtracted from the results of step 1, to give the
doses due to the waste pile as specified in the scenario description.

The results from these calculations are not presented, as they are similar to those
presented in the following section on the use of RESRAD-OFFSITE.

4.2.3 RESRAD-OFFSITE

Four modellers tested the area source scenario using RESRAD-OFFSITE. This
package allows the layout of the site being studied to be set up and modified by the
user. The main points that arose from this work can be summarised as follows:

e the package is extremely flexible, and gives default values for many input
parameters, but also allows the user to specify values for a large number of input
parameters;

e the values of the input parameters can be easily modified;

e the physical layout of the site (house positions, location of waste, location of
fields, use of fields, position of any surface water bodies, direction of groundwater
flow, etc.) can be specified and easily modified by the user;

e it is extremely important to ensure that all modellers use the same values for the
input parameters.

When early results were compared, it was found that different users had specified
different values for some input parameters and different uses for the fields allowed in
the site specification. When these differences were resolved and agreed values were
used, the different modellers obtained the same results.

Some of the results of this work are presented in Appendix 5.2.
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4.2.4 Comparison of results from different models

The general agreement between the DOSDIM and RESRAD results was good,
considering the differences between the models. However, whereas DOSDIM +
HYDRUS predicted that there would be no leaching of radionuclides from the waste
if the waste was assumed to be clay, RESRAD did predict slow leaching.

The HYDRUS standard value of 230 m a' (0.63 m d') for the hydraulic
conductivity of a mixture of 80 % sand and 20% clay (taken from the HYDRUS
Rosetta database) was used in the HYDRUS calculations, whereas RESRAD used the
values specified in the scenario.

Soil-plant uptake factors were not specified in the original scenario description.
Therefore assumptions had to be made for both models, in order to calculate doses
resulting from ingestion of contaminated food. The scenario specifications were
subsequently revised to include the soil-plant uptake factors.

This scenario is much more complex than the point source scenario, in terms of
specification and choice of input data. The importance of the leaching process and the
ground water pathways when dealing with surface and near-surface disposal of waste
means that there are many choices to be made by the user when setting up these
packages to model this scenario. This was noted by the DOSDIM user, who pointed
out several important omissions in the original scenario specifications, and by the
RESRAD users, who had difficulty agreeing on the land use specifications for the
calculations. The resolution of these difficulties led to two important conclusions:

1. it is not always possible to specify the scenario without going through an iterative
process of testing and modification;

2. good communication between modellers is essential, to ensure that all modellers
use the same site specifications and the same values for environmental parameters.
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S TESTING OF REAL SCENARIOS

5.1 Lignite power plant (LPP II) Scenario

5.1.1 PC-CREAM calculations

This scenario was tested by one modeller, and checked by a second modeller,
using PC-CREAM. Details of the data used in the calculations are presented in
Appendix 8.1, together with the model results. Some of the real data were presented
in a format that could not be used directly in PC-CREAM, and default values were
used in the calculations. The agreement between measured and calculated
radionuclide concentrations was surprisingly good. However, it should be noted that
the model predictions are based on the data given in Appendix 8.1, and it was
assumed that the discharge rate was constant over the 50-year period for which doses
were estimated; it is known that annual discharge rates are variable.

5.1.2 COMPLY calculations

One modeler used the COMPLY code to test the scenario.

5.1.3 CROM calculations

One modeller used CROM to test this scenario.

5.1.4 Comparison of results

The doses estimated using PC-CREAM and COMPLY were similar in
magnitude, which is encouraging, because of the uncertainties in the source terms and
the differences between the models.

The predicted ground surface concentrations from CROM are higher than the
measured values, but of approximately the same order of magnitude.

The model calculations could be improved if:

e more detailed wind rose data were available;

e appropriate (local) values for the wet and dry deposition coefficients were
available;

e a better estimate of the conversion factor from power output to radionuclide
discharge rate was available.
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5.2 Former gas mantle production plant (Camden) scenario

This scenario has not been tested by the working group.

5.3 Phosphogypsum stack — PGDS1

This scenario has not been tested in great detail, but some preliminary testing has
been carried out. This scenario has features that may require special attention by
modelers, in that the phosphogypsum has been deposited into a lake.

5.4 Phosphogypsum stack — PGDS2

This scenario has also not been tested in detail, as the data were made available
late in the program. However, some preliminary testing has been carried out. This
scenario has two unusual features that may complicate the modeling work. These are
the presence of the retaining wall, and the pumping back of leachate extracted from
the sump wells to the top of the stack.
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6 DISCUSSION

A range of models and scenarios has been discussed in this report. The models
range from simple screening models to complex environmental transport models, and
include models designed specifically for demonstration of compliance with regulatory
requirements.

The results of the work carried out can be summarized briefly as follows.
Comparing results of a simple screening model with those of a complex transport
model (the hypothetical point source scenario) showed that the radionuclide
concentrations predicted by the simple model were higher (more conservative) than
those predicted by the complex model. This is as expected as the simple models are
designed to be conservative.

Comparison of the predictions from two complex models for the area source
scenario showed that:

e it is important that all modellers use the same site specifications and the same
values for environmental parameters;

e it is also important to specify values for the environmental parameters that are
consistent with the results of observations in real environmental scenarios;

e the results from the two models were generally similar; and

e different modellers using the same model obtained the same results once the input
data had been agreed.

In this report, the emphasis has been on deterministic calculations. Probabilistic
calculations and uncertainty estimation have not been considered.

Some of the models considered in this work give the user little flexibility in terms
of input data. This is particularly so for the screening and compliance models. The
more complex models give the user much more access to the environmental parameter
values and allow many of these values to be changed. However, in one case, the
required radionuclides were not included in the model database, and considerable
effort was required to add these nuclides to the database.

Important issues when using models are the capabilities of the model(s) being
used, and the capabilities of the modeller(s). In general simple models require little
training in their use, and little input data. However, these models have limited
application (screening) and do not always give useful information. When carrying out
detailed assessments, complex models are usually required. Considerable training and
experience is needed to understand the requirements (in terms of input), use and
limitations of these models, and to interpret the model predictions.

Models are often used to demonstrate compliance with regulatory requirements
and as part of assessment and development methodologies designed to build and
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maintain confidence among project stakeholders (operators, workers and public).
These models and appropriate documentation should be readily available to potential
users. In many cases, the legal implications of an environmental assessment can be
considerable. Therefore it is important that the available documentation should
provide detailed descriptions of:

e development of the model;
e validation of the model;
e verification of the model; and

e validation of input parameter values.

The RESRAD programs appear to meet most of these requirements. DOSDIM
and HYDRUS have been used on several occasions, but it is not clear that the detailed
documentation described above is readily available to a wide range of potential users.

The methodologies used in PC-CREAM are described in detail [26], but as noted
in this report, the databases in PC-CREAM do not include all the naturally occurring
radionuclides, and these have to be added by the user.

There is a marked lack of models capable of handling area source situations
where the geometry of the waste is complex (for example, varying waste thickness, or
multiple waste stacks). Many legacy sites have these characteristics. This may not be
important in most cases, because measurement involves averaging in both time and
space, and inevitably tends to smooth out small-scale variations. Nevertheless, further
work is needed on situations of this type, to determine whether the available models
are suitable for assessing the impact of such sites.
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7 RECOMMENDATIONS

The work carried out during this program has resulted in the identification of
several important issues that require consideration in the selection and utilization of
computer models for NORM risk assessment. These issues discussed below cover
suitability, selection, use and misuse of available models, as well as training and
guidance for modelers, and acquisition of data for model inputs. In addition, a series
of recommendations are made for future work, with particular emphasis on integration
with other programs and needs.

7.1 Suitability of models

Considerable thought needs to be given to determining the suitability of models
for particular applications/scenarios. This is partly due to the complexity of the
environment, but also the difficulty of developing and testing detailed models. It is
extremely important to understand the purpose for which a particular model was
designed and to understand which model(s) don’t work in particular cases.

7.2 Pitfalls in using models

There are many potential issues involved in developing, testing and using models.
These include assumptions, misuse of models, training, development of data sets for
model validation, ease of use, and understanding how and when models should be
used.

7.2.1 Conceptual model assumptions

Many assumptions are made when developing mathematical models of
environmental processes. These assumptions generally fall into three categories:

1. assumptions as to which processes to include in the model;

2. assumptions as to the level of detail of the processes that are included in the
model;

3. assumptions that are included to simplify the mathematics involved in the
development of the model.

In many cases model developers do not explicitly list all the assumptions in the
model documentation. This can easily lead to models being misused, or their
predictions being incorrectly interpreted.

7.2.2 Misuse of models

There are a number of screening models available. Since these models are often
relatively easy to use, it is tempting to use screening models in applications where
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they are not appropriate. This can lead to situations where management decisions are
made on the basis of model predictions that are not applicable to the particular
situation. This tendency is exacerbated by the fact that there are very few models
readily available for carrying out detailed health and environmental impact prediction
and assessment.

It must also be noted that complex, detailed models are sometimes used in
situations where a simple model would be more appropriate. In some cases, software
developed for a particular (or group of) scenario(s) can be misused by a modeller who
does not understand the underlying conceptual model, resulting in incorrect or
inappropriate results.

7.2.3 Training

Modellers need to be well-trained in the use and application of the available
models, and particularly in the interpretation of the results produced by the models.
Many models calculate the values of environmental parameters at a point in space and
time, whereas most measurements involve averaging in both space and time. This can
lead to misinterpretation of model predictions. This problem can be mitigated by close
cooperation between field measurement staff and modelling staff, so that each is
aware of the other’s difficulties and requirements.

7.2.4 Ease of use

Environmental models can be very complex, and therefore difficult to use. Ease
of use can be greatly enhanced by the provision of good documentation and help
screens, databases containing default values of environmental parameters, and
facilities for plotting the results of calculations. It is also extremely important to
provide the model user with simple procedures for changing these default values and
for adding extra data to existing databases.

7.2.5 Data sets for model testing

There is an obvious need for well-documented, readily available data sets for
NORM sites (both legacy sites and current operations), to facilitate assessment and
model testing and to provide parameter values for the models. The choice of
parameter values also needs to be well documented, as there may be a regulatory
requirement to use a particular model to verify compliance with license requirements,
or to use specified values for environmental parameters when carrying out
assessments.

7.2.6 Guidance on use of models

Guidance needs to be developed on how and when to use models in specific
situations, and which type of model is best suited to particular problems or groups of
problems. Models can be used for many different purposes, including:
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e as planning tools in order to suggest new measures or improvement of existing
measures;

e to aid in the process of assuring compliance with regulatory requirements and
public expectations;

e as screening tools;

o for safety assessment;

e for environmental impact assessment;

e for assessing occupational, public and environmental safety;
o for assessing options for remediation of legacy sites;

e as an aid to planning new operations.

7.3 The overall assessment process

Modelling should be treated as part of an iterative assessment process, which can
involve planning, development, monitoring, and modification of procedures. This
process should evolve as more information becomes available and as operational
experience leads to an increase in understanding of the situation.

7.3.1 Importance of communication

In this type of approach to assessment, communication between all stakeholders is
important. The overall objective and progress of any process/operation has to be
clearly communicated to all stakeholders. Flexibility is also critically important,
because procedures have to be modified as knowledge of the process increases.

There are many issues to be considered, including regulatory, legal,
environmental, and economic issues, and public concerns.

Specialized models may need to be developed for specific situations such as
modelling of groundwater flow and for specific industries such as the phosphate
industry and the uranium mining industry. Good communication is essential for this
process, so that all stakeholders understand and trust the process.

It is important to place strong emphasis on good communication between all
stakeholders involved in a particular evaluation, and also on good communication and
cooperation between the different groups of scientists (in particular field measurement
experts and modelling experts) to ensure that the requirements of the different groups
are clearly understood by everyone involved in the project.
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7.4 Follow-up of this work
There are several important issues that have arisen from the work described in

this report. These include:

e continuation of the work on development and application of models for use in
NORM problems — these problems can include site-specific problems, process-
specific problems and problems associated with planning future actions, such as
the development of a new mine or processing plant, remediation of existing
(legacy) contaminated sites and buildings, commissioning of new plant,
decommissioning of existing plant, use of residues, and other situations where
models can be useful;

e continuation of the work on development of real scenarios for model testing and
validation;

e acquisition of more validated data sets from real sites, for model testing;
e testing of new models;
e development of the capability to carry out probabilistic calculations;

e development of rigorous methods of estimating uncertainties in model predictions
and estimates;

e gcuidance for modellers on use and selection of models for certain purposes,
illustrated with case studies;

e cuidance for modellers on use and selection of data for model inputs;

e dissemination of results in scientific and technical publications, and to
stakeholders; and

e integration of model output with other Agency safety assessment tools.
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10.

APPENDIX 1 DESCRIPTION OF NORM INDUSTRIES

Products, wastes and residues contain radionuclides which occur in the natural
environment are collectively known as NORM. The radionuclides include the
members of the primordial decay chains resulting from the decay of **U, **U and
#2Th, and single extremely long-lived (primordial) radionuclides such as °K, '"In,
and ®'Rb. In the case of the primordial decay chains, the first member of each chain
has an extremely long half-life (10° years or longer). The NORM industries
considered here are those which extract and/or process natural materials, and which
modify the activity concentration of naturally occurring radionuclides in the raw
materials. These modifications may warrant the radiological assessment of such
actions.

There is obviously a wide range of industries that generate NORM products and
residues. The types of residues to be considered for these industrial operations are
summarised in Table 4. This table also shows the type of environment in which these
operations tend to occur.

Table 4: A list of the major industrial processes which generate NORM residues, their
occurrence, and the types of products, wastes and residues generated.

Industry Environment  Products Form of Wastes = NORM wastes

or Residues or residues
Mining and Everywhere Mineral Liquids and solids Tailings, process
milling water , scales,
evaporites
Mineral Everywhere Metal Scales, sludges, slags, tailings
processing volatiles
Phosphate Everywhere Fertiliser, Liquids and solids ~ Phosphogypsum,
industry phosphoric scales
acid
Power Everywhere Electricity Solids and gases Ash, mine water
generation
(fossil fuels)
Oil & gas Marine & on- Oil, gas Liquids and solids Scales, sludges,
production shore process water
Water Everywhere Potable water  Liquids and solids Sludges, bio-
treatment solids, scales,
contaminated
filters and
residuals

A more detailed discussion of these industries is given in the following sections.

Appendix 1.1  Extraction and processing of mineral sands

Appendix 1.1.1 Niobium and ferro-niobium production

Niobium is found together with other elements in ores such as tantalite
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Ta,Ps(Fe,Mn), columbite Nb,PcFe, fergusonite (Nb,Ta)O4(Y,Er,Ce).Nb,O;Ca,,
samarskite, pyrochlore (Na,Ca,Ce), Nb,OgF, koppite and loparite. The ore is
processed by melting with sodium or potassium hydroxide, dissolving in hydrochloric
acid, and processing with chlorine at 750-800°C. The resulting powder is then further
purified by a number of methods. Ferro-niobium may also be produced using a
process involving a high temperature exothermic reaction between pyrochlore and
aluminum powder.

Pyrochlore usually has a high activity concentration of both 2**U and ***Th decay
series radionuclides. Reported activity concentrations range from 7 to 80 kBq kg of
»2Th and 6 to 10 kBq kg™ of 2*U.

Appendix 1.1.2 Manufacture of rare earths

The most important sources of rare earth elements are monazite (Ce, La, Nd, Th)
PO, and bastnaesite (Ce, La,...)(CO;)F. The monazite ore concentrate is obtained
from suitable sands by a gravimetric and electromagnetic sorting. Strong acids or
alkaline solutions are then used on the concentrate and lanthanides are precipitated.
The bastnaesite ore concentrate is obtained by a wet process in which it is
successively washed and separated in water. This concentrate is washed with
hydrochloric acid and calcined in order to produce a crude oxide containing 90% of
lanthanide oxides.

Monazite concentrates typically have a much higher activity concentration than
bastnaesite concentrates as they include a ThPO4 constituent. In the monazite
concentrate, radionuclides in the ***Th decay chain are reported to have activities of 8
to 3000 kBq kg™, whilst radionuclides in the >**U decay chain are reported to have
activity concentrations ranging from 6 to 40 kBq kg™'. During the extraction process,
isotopes of radium are co-precipitated with barium sulphate to form a radium-bearing
by-product which has an activity concentration of around 3000 kBq kg of radium-
228 (***Ra) and 450 kBq kg of radium-226 (***Ra). A second by-product with a
typical activity concentration of about 20 kBq kg ***Ra and 3 kBq kg **°Ra can also
occur.

Appendix 1.1.3 Titanium dioxide pigment industry

The most significant raw materials containing titanium are rutile (TiO,) and
ilmenite (FeO.TiO,), which contains monazite as an impurity. Tailings from bauxite
and copper ore processing may also be sources of titanium. Rutile, and sometimes
ilmenite concentrate is crushed and mixed with coal. Titanium tetrachloride TiCly, is
obtained by chlorination in shaft furnaces. The TiCls is then reduced to titanium
sponge which is melted and remelted in a vacuum arc furnace.

The ore activity concentration of both ***U and ***Th decay chain members may
range from 0.07 to 9 kBq kg'. Also, during the processing of ilmenite for the
production of TiO, pigments, a radium-containing precipitate occurs. Activity
conlcentrations of *°Ra in such precipitates have been reported to be around 400 kBq
kg™
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Appendix 1.2  Metal mining and smelting

Many metalliferous ores can contain minerals which have elevated concentrations
of radionuclides. When these ores are extracted and processed the radionuclides can
become concentrated in the waste streams. In addition, any large scale process which
involves smelting metals at high temperatures may give rise to volatilized Pb and Po
isotopes which can lead to radiological hazards to workers if they collect in flue
precipitates or if workers are able to inhale them directly. Lead smelting is a notable
exception because the radioactive isotopes of lead are vastly diluted by the stable lead
that collects in the precipitates. Other radiological hazards may arise from the
generation of slags containing elevated radionuclide concentrations.

Appendix 1.2.1 Tin mining and processing

Cassiterite or tinstone (SnQ;) is the most important ore. Sulphide ores are also of
commercial significance. The ore concentrate is mixed with charcoal and heated to
1000-1200°C. The tin is then remelted in a second furnace for further purification.

Production of tin can produce large volumes of slag. The main radiological
hazards are the smelting slag, and the volatilized *'°Po which collects in dust
precipitators. Typical activity concentrations of tin ore and slag in the UK were 1 kBq
kg™ of U in both ore and slag, and about 0.3 kBq kg™ and 0.4 kBq kg in ore and
slag respectively for the >**Th chain.

Appendix 1.2.2 Baucxite processing (aluminium production)

Bauxite, which contains 30 to 50% hydrated aluminium oxide, is the major source
of aluminium. The original bauxite ores can contain significant levels of ***U and
#2Th and their decay products. Typical levels of >**U and ***Th are in the range 0.01-
9 kBq kg and 0.035-1.4 kBq kg™ [34], respectively, depending on the source of the
bauxite ore. Bauxite is refined to produce alumina (anhydrous aluminium oxide). This
processing also leads to the production of very large volumes of a material known as
red mud, which can contain elevated levels of thorium. Approximately 1-6 tonnes of
red mud are produced per tonne of alumina depending on the grade of bauxite (same
ref). Nearly all the radioactivity in the bauxite is transferred to the red mud.

Disposal of red mud is usually carried out by spreading the material in layers over
a large area to allow the material to dry. The land is then rehabilitated by mixing the
waste with sand and re-vegetating the surface. Red mud has also been used as a soil
conditioner [35] because of its water retention properties.

Alumina smelting does not produce substantial quantities of solid waste. The
main residues are the fluoride-containing gases that are removed from the vapour
discharges by scrubbing in an extraction system to remove in excess of 99% of the
fluoride.
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Appendix 1.2.3 Copper refining

Copper ore is often found in association with other heavy metals, including silver,
gold and uranium. Copper refining can produce residues containing elevated uranium
concentrations. The copper is usually separated from the ore, after milling, by
flotation to produce a concentrate. This concentrate is then smelted to remove volatile
or less dense impurities, and then purified and electro-refined to produce high purity
copper. Tailings and other associated minerals are removed at the flotation stage
along with the tailings and are subject to additional processing.

Wastes consist mostly of the tailings from the flotation stage and furnace slags
from the smelting stage.

The copper ore can contain significant quantities uranium. The uranium decay
products *'’Pb and ?'’Po tend to move with the copper concentrate during the flotation
stage. These radionuclides are volatile and will vapourise at the smelting stage and
may accumulate in dusts collected from off gases. Uranium tends to remain in the
tailings from the flotation stage or in the slag from the copper smelter.

Appendix 1.2.4 Iron and steel production

Iron ore, which consists primarily of iron oxides, is the main source of pig iron
for the iron and steel industry. Iron ore is usually combined with coal or coke, and
limestone to produce an iron rich porous clinker, called sinter. The sinter is added to a
blast furnace, together with additional iron ore and coke. The melting process reduces
the iron ore and sinter, and molten iron forms in the bottom of the furnace, while the
limestone combines with the silica and alumina impurities in the ore to form a liquid
slag, which is separated from the molten iron. The molten iron is then added to an
oxygen furnace where it is converted into steel.

The main waste material in the sinter plant is dust in the off-gases. The dust is
removed from the gas stream by dry electrostatic precipitators. Wastes from the blast
furnace smelting include slags and the dusts and fumes collected from the cleaning of
the smelting off gases. Blast furnace slag is reused as landfill or road base, or in
cement or concrete applications. Dust is normally disposed of as landfill.

Iron ores have geochemical properties that make them efficient scavengers of
radionuclides and heavy metals. There are also trace levels of uranium in the main
raw materials for iron-making, namely iron ore, coke, and limestone.

The main accumulation of radioactivity in the sinter plant is due to *'°Pb and
21%g in the dust collected from the gas cleaning systems. Recycling of the waste
gases through the sinter plant in order to reduce dust emissions can cause the
concentrations of *'’Pb and *'’Po to become enhanced further.
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Appendix 1.3  Zircon production

Many countries produce zircon, for use in pigments, glazes, etc. Management of
the residues resulting from zircon production is discussed in [36], and a detailed
description of zircon production is given in [37].

The most common ores of zirconium are Zircon (ZrSiO4) and Baddeleyite (ZrO,),
and most of the commercially useful deposits of zircon are in beach sands. Typically
the sand is pre-processed in very large quantities by gravimetric and electromagnetic
sorting to separate the zircon sands from the other mineral sands, which include
monazite and bastnaesite. An important use of zircon sands is in the manufacture of
refractory components. These are made by mixing zircon sand with alumina and
sodium carbonate and smelting at high temperature. Such blocks or components are
finished by grinding and polishing.

A wide range of activity concentrations are reported for zircon sand, from 0.4 to
40 kBq kg™ of *Th, and 0.2 to 74 kBq kg™ of >**U.

Appendix 1.4  Phosphate industry

The processing of phosphate rock produces fertiliser as the major product and
phosphogypsum as the main waste/residue. Phosphate rock generally contains
elevated concentrations of uranium series radionuclides. During processing the
uranium tends to become concentrated in the fertiliser, while radium concentrates in
the phosphogypsum. Phosphogypsum has been used as a substitute for natural
gypsum in building materials (plasterboard), as a cement additive, or as a soil
conditioner.

Although there are few major sources of phosphate rock, many countries have
facilities for processing phosphate rock to produce fertiliser, and the quantities of
material handled in this process are very large, because of the widespread use of
phosphate fertilisers in agriculture. Therefore the disposal of the (NORM) wastes and
residues resulting from fertiliser manufacture is an important issue.

Appendix 1.4.1 Mining and milling of phosphate ore

Most of the phosphate ore used is in the form of calcium phosphates (Ca3(POs),)
(phosphorites) and apatite (3Ca3;(PO4),-CaF,). Phosphorites have a typical activity
concentration of natural uranium of 1.5 kBq kg or less. Radionuclides in the ***Th
decay chain are typically present with activity concentration of between one or two
orders of magnitude less. Some Russian deposits of apatite contain much less uranium
(usually several tenths of kBq kg™) but roughly the same concentration of ***Th and
its progeny.

Appendix 1.4.2 Phosphate ore: wet process

The wet process produces phosphoric acid (H3PO,) by reaction with sulfuric acid,
with phosphogypsum (CaSO4) being formed as a by-product. Alternatively, this
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process produces superphosphate (a combination of phosphoric acid and
phosphogypsum). The phosphoric acid can be combined with ammonia (NHj3) to
make ammonium phosphate, which is the basis of mixed fertilisers. Alternatively the
phosphoric acid can be combined with phosphate ore to make triple superphosphates.

There is evidence to suggest that radium isotopes are more readily retained than
other radionuclides in the phosphogypsum (about 80 % of the concentration in the
ore). Phosphogypsum derived from central Florida rocks contains “*Ra and its
progeny at concentrations of approximately 0.9 to 1.3 kBq kg™

Appendix 1.4.3 Phosphate ore: thermal process

In the thermal process, the phosphate ore is crushed, mixed with silica (SiO;
gravel) and coke, and heated to 1500°C in an electric furnace, to produce phosphorus.
The elemental phosphorus is often converted into phosphoric acid, using nitric acid,
for later use in the manufacture of artificial fertilizers. Fused calcium silicate slag
(CaSi0;) and ferro-phosphorous are produced as residues.

Most of the uranium (and associated decay products) originally contained in the
phosphate ore are retained in the slag, giving >*U and *°Th concentrations of
between 1 and 2.7 kBq kg™'. Because of the high temperature of the process, about
95% of the relatively volatile radionuclides are released to the process air, giving
typical concentrations of 50 to 500 kBq kg' of *'°Pb and *'°Po in some
electrostatically precipitated dusts.

Appendix 1.4.4 Fertilisers, and biosolids from wastewater treatment

The activity concentration of radionuclides in fertilizers varies widely, in part due
to the different chemical compositions of fertilizers and also due to the variety of raw
materials used in their production. Activities of 28y vary from approximately 0.3 to 3
kBq kg™'. #*U and *"Th are present at approximately the same activity. However
*2°Ra and *'°Pb concentrations are typically between 30 % and 60 % of the 2**U
activity concentrations (0.2 to 1 kBq kg™). ***Th, ***Ra (and presumably ***Th) are
present with activity concentrations typically between 8 and 40 Bq kg™

Wastewater treatment plants receive through sanitary sewers a host of artificial
and naturally occurring radionuclides from diverse sources. The suite of NORM
radionuclides found may vary significantly depending on dischargers to the sewer
system, as well as radionuclides found in ground and surface water entering the
system. Processing of wastewater for public health and safety results in the production
of solids termed “biosolids” which may contain a concentration of radionuclides
entering the facility. Many such facilities will use land spreading of biosolids as a soil
amendment for agricultural use, or for disposal purposes. A survey and laboratory
analyses, dose assessment using RESRAD-ONSITE, and guidance was developed by
U.S. government agencies ([38], [39], [40]) after collecting samples from over 300
facilities across the country. As an example, concentrations of **°Ra ranged from 0 to
1.7 Bq g, with an average of 0.7 Bq g in the samples analyzed.
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Appendix 1.5  Coal mining and power production from coal

Most coals (including lignite) contain radionuclides in similar concentrations to
other rocks and soils. Burning of coal produces several kinds of ash. Fly ash
comprises the largest component and is very fine in texture. Bottom ash is the other
major component of the ash and is much coarser than fly ash. The ratio of ash volume
to coal volume is approximately 1:6 for a typical coal. Most of the radionuclides in
the coal remain with the ash, so the radionuclide concentration in the ash is higher
than in the coal. Some of the volatile radionuclides such as polonium and lead
isotopes volatilise during the burning of the coal and can be released to the
atmosphere.

A 1 GW coal burning power station requires approximately 3 million tonnes of
coal in one year. If this coal contains 28U series radionuclides in similar
concentrations to “normal” soil (approximately 30 Bq kg™') this can potentially result
in the annual emission of approximately 100 GBq of the volatile radionuclides *'°Po
and 2'°Pb to the atmosphere.

Coal ash has been widely recycled in many countries as landfill, roadfill, as a
cement extender, and in building materials.

Appendix 1.6  Oil and gas extraction industry

In many oil-bearing geological formations, water is present at high temperature
and under high pressure. Under these conditions radium isotopes are selectively
dissolved in the water. When the oil and/or gas are brought to the surface, they are
accompanied by this formation water. The sudden decrease in temperature and
pressure on reaching the surface causes the dissolved radium isotopes to plate out on
the inner surfaces of pipes, pumps and other equipment forming scales. These scales
can contain high concentrations of radium. (up to approximately 1 MBq kg™)

In many oil and gas exploration platforms the build-up of scale in pipe work and
vessels constitutes a significant radiological hazard. Typically the scale is a result of
mineral impurities and builds up because of the injection of incompatible water into
the well, evaporation in gaseous wells, pressure changes and/or temperature drops.
The material is either a barium/strontium sulphate (Ba/SrSO4) or calcium carbonate
(CaCQy) precipitate. The chemical similarity of radium and barium leads to them
selectively co-precipitating in the scale, which leads to a concentration of radium
isotopes.

The main radiation protection problems associated with the scales are irradiation
of staff in areas where scale is deposited, and internal contamination of those staff
removing the scale. Therefore during removal processes, areas of scale should be
copiously wetted, and workers equipped with a high standard of respiratory protection
and other protective measures. Activity concentration is strongly dependent on site
specific parameters such as the pressure and temperature variations in the facility. The
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activity concentration has been reported as being less than 1 kBq kg’ to
approximately 1 MBq kg™ of “*°Ra, with typically rather less “**Ra (depending on the
age of the scale). There is anecdotal evidence that suggests the higher concentrations
(> 100 kBq kg™") exist only in relatively small quantities of material (kg), and in large
(tonne) quantities the concentration is around 1 to 10 kBq kg™

Appendix 1.7  Natural gas production

Natural gas can contain very high concentrations of radon (up to 100,000 Bq m™).
This radon is released when the gas is used domestically or in industry.

Appendix 1.8  Disposal of building materials

Industrial by-products and residues are used as raw materials in the building
industry. When these materials contain NORM they can pose a radiological problem.

Fly ash from coal burning is used in concrete production and brick making.
Phosphogypsum from the phosphate industry is used as a substitute for natural
gypsum in the manufacture of plasterboard. Bottom ash from coal burning and
furnace slag from metal smelters are used for road construction. These materials can
contain elevated concentrations of uranium and thorium and their radioactive
progeny. Potassium-40 will also be present in some materials because of the stable
potassium content of the raw materials used.

Appendix 1.9  Applications of radium and thorium

Rare earths, which contain elevated concentrations of uranium and/or thorium, are
used in refractories, ceramics, paint manufacture , alloys, and thorium glass.

Radium is used on clock and watch hands and dials, to render the hands and dials
visible in darkness.

Appendix 1.10 Manufacture and applications of thorium compounds

Minerals with high concentrations of thorium oxide include monazite, thorite and
thorianite. Thorium is extracted by first concentrating the minerals, then decomposing
the concentrate with acids to obtain thorium salts. These are the raw materials for the
production of metallic thorium.

Thorium is used in a number of materials, commonly as an additive. Examples
include thoriated tungsten welding electrodes and magnesium-thorium alloys, used in
jet engines, to improve the high temperature behaviour of compressor casings without
significantly increasing the weight of the engine.

Thorium nitrate has been used in the manufacture of gas mantles. The production
of such gas mantles used to be a widespread industry but now is much less common in
Europe.
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The activity concentration of thoriated tungsten welding electrodes has been
variously reported but is around 100 kBq kg of **Th and ***Th. Gas mantles
typically contain about 1000 Bq of ***Th and ***Th each. Special alloys such as those
used in jets engines may have an activity of about 70 kBq kg™
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APPENDIX 2 MODELS

Appendix 2.1  Models used in this work

Appendix 2.1.1 COMPLY

The COMPLY code is a computerized screening tool for evaluating radiation
exposure from atmospheric releases of radionuclides. The code is designed to require
only minimum input, using fixed data for environmental transport and food chain
description. The COMPLY code calculates the effective dose from radionuclides
released from stacks.

COMPLY includes 4 levels of complexity.

Levels 1-2 request the least amount of information; however "worst case"
assumptions are used in the dose estimates.

Levels 3 and 4 request the most information, and use site specific meteorological
and occupancy data instead of assuming the worst case.

Activity to dose conversion factors, fallout deposition velocities, food
consumption rates and occupancy factors are fixed defaults. The total effective dose
for given location is the only output.

The dose estimated by this code is used to demonstrate compliance with
environmental standards and is not intended to represent actual doses to real people.
More information is available in reference [23].

Appendix 2.1.2 CAPS88

CAPS88 is a computer software system that is used for calculating dose from
annual average releases of radionuclides to the atmosphere. The code computes
radionuclide concentrations in air and their rates of deposition on ground surfaces.
Atmospheric concentrations are estimated using a Gaussian plume model.

Assessments for Radon-222 include Working Level calculations. The calculation
of deposition velocity and the default scavenging coefficient is also modified to
incorporate current EPA policy. The deposition velocity is set to 3.5x107 m s for
iodine, 1.8x107 m s for particulates, and 0.0 m s for gases. The default scavenging
coefficient is calculated as a function of annual precipitation. Activity to effective
dose conversion factors are given as fixed default values.

The code calculates radionuclide concentrations in various foods by coupling the
output of the atmospheric transport models with the food chain models.

The dose estimated by this code at any given location is used for comparison with
environmental standards as required by US EPA regulations [41], and is not intended
to represent actual doses to real people.
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Dose estimates are applicable only to chronic exposures. More information is
available in references [24] and [25].

Appendix 2.1.3 PC-CREAM

PC CREAM (Consequences of Releases to the Environment: Assessment
Methodology) is a suite of models and data for assessing the radiological
consequences of the discharge of routine radioactive releases of aerial and liquid
effluents to members of the population of concern [26]. This model was originally
developed for the European Union but parts of the modelling suite have been used in
other parts of the world. One feature of the model is that results can be expressed in
terms of individual or collective doses.

PC CREAM consists of six modules:

1. ASSESSOR, the assessment program, has the central dose assessment function
within the programs. Once having entered the appropriate radionuclide discharge
rates, and the location and age group of the exposed individuals, the user then
selects the exposure pathway(s) of interest. The assessment is then run after all of
the data have been entered.

2. FARMLAND is a dynamic compartment model for evaluating the transfer of
radionuclides through food chains following routine continuous releases to the
atmosphere. The output is annual average radioactivity concentrations in the most
popular foodstuffs.

3. PLUME is a Gaussian plume atmospheric dispersion model for calculating
average radioactivity concentrations in air.

4. DORIS is a marine dispersion model for European waters capable of calculating
radioactivity concentrations in seawater, and marine sediments.

5. GRANIS is a model for calculating external gamma exposure to an individual
from deposited radioactivity in soil.

6. RESUS is a time dependent resuspension model for calculating annual average
activity concentrations in air due to the resuspension of previously deposited
activity.

PC-CREAM has complex file management protocols and is not simple to use.
However, it is a powerful tool when used appropriately.
Appendix 2.1.4 CROM

CROM is based on the generic model described in reference [27]. It is a screening
model that can be used to estimate doses resulting from discharges of radionuclides to
the environment from point sources.
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Appendix 2.1.5 RESRAD (onsite)

RESRAD is a computer code developed at Argonne National Laboratory for the
U.S. Department of Energy to calculate site-specific RESidual RADioactive material
guidelines as well as radiation doses and excess lifetime cancer risk to a chronically
exposed on-site receptor. It is the first in a series of codes called RESRAD Family of
Codes. To distinguish from other RESRAD Family of codes, the original RESRAD
code is now called RESRAD (onsite) code.

A total of nine major exposure pathways are considered in the RESRAD (onsite)

code (see Figure 1):

e Direct exposure to external radiation from the contamination soil material;
¢ Internal exposure form inhalation of airborne radionuclides;
e Internal exposure from inhalation of radon progeny;

e Internal exposure from ingestion of:

0 Plant foods grown in the contaminated soil and irrigated with contaminated
water;

0 Meat and milk from livestock fed with contaminated fodder and water;
0 Drinking water from a contaminated well or pond;
0 Fish from a contaminated pond;
0 Contaminated soil.
RESRAD was developed as a multifunctional tool and has many current and

potential applications, including:

e Derivation of soil cleanup criteria for contaminated site remediation activities in
compliance with DOE Order 5400.5 and other regulatory requirements;

e Compute potential radiation exposures in terms of annual doses and lifetime
cancer risks to workers or members of the public resulting from residual
radioactive materials in soil;

e Estimate future concentrations of radionuclides in various media (air, surface
water, and groundwater) resulting from contamination in soil;

e Support an ALARA analysis or a cost benefit analysis for use in the decision
making process concerning decontamination and decommissioning;
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e Prioritize budget and effort in collecting data on soil properties and
hydrogeological properties that affect the environmental distribution of
radioactive waste and consequently, the decision on waste management.
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Figure 1: A diagrammatic summary of the pathways considered in RESRAD.

The RESRAD model can be used to handle situations such as buried waste and
landfill (uncovered waste) ([28], [29]). It has limited source region geometry, and is
not designed to predict off-site impacts (see RESRAD-OFFSITE descriptions in
Appendix 2.1.6). In spite of this limitation, the model is very useful, as it can be used
to make conservative estimates of off-site impacts. The model handles a wide range of
nuclides, and allows users to change the cut-off half-life for setting short-lived
daughters in equilibrium with their parent radionuclide.

Appendix 2.1.6 RESRAD-OFFSITE

Code development

RESRAD-OFFSITE was developed to estimate the radiological consequences to
a receptor located either onsite or outside the area of primary contamination. It is an
extension of the RESRAD (onsite) code. RESRAD-OFFSITE calculates radiological
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dose and excess lifetime cancer risk and outputs radionuclide concentrations in the
environment and derives soil cleanup guidelines ([30], [31]).

Development of the code was sponsored by the DOE Office of Health, Safety and
Security, and the Office of Environmental Management, with support from the U.S.
Nuclear Regulatory Commission. The code was developed by Argonne National
Laboratory (Argonne). Code and version control are currently maintained by DOE
through Argonne as part of the RESRAD family of codes.

Exposure locations considered

RESRAD-OFFSITE considers initial contamination in soil. There may be a clean
cover layer on top of it and up to five partially saturated layers below it. The code has
a capability to model the radiation exposure of an individual who spends time directly
above the primary contamination (onsite) and away from the primary contamination
(offsite).

An individual might spend some time in buildings that are located either onsite or
offsite. That individual could consume plant- and animal-based foods that are grown
onsite or derived from offsite agricultural fields that are contaminated by material
from the primary contamination. The water the individual drinks and uses can be
drawn from a well or a surface water body located onsite or offsite. For a surface
water body, it can also be the source where the individual obtained aquatic food for
consumption.

Pathways
Nine exposure pathways are considered in RESRAD-OFFSITE:
e direct exposure from contamination in soil;
e inhalation of particulates and radon;
e ingestion of plant foods;
e ingestion of meat;
e ingestion of milk;
e ingestion of aquatic foods;
e ingestion of water, and

¢ incidental ingestion of soil.
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Exposure scenarios considered

By selecting different pathways, RESRAD-OFFSITE can be used to simulate

various exposure scenarios. Example scenarios that can be modelled include:

rural resident farmer;
urban resident;
industrial worker; and

recreational scenarios.

These features are represented graphically in Figure 2.

Boundary of
Primary
Contamination

Offsite
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Dust & Radon

Plant Foods
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Surface
water

Figure 2: Graphic representation of the RESRAD-OFFSITE conceptual model

Main features of the RESRAD-OFFSITE package — these are:

the package is user friendly with context-specific help and quick access to the
users’ guide in pdf format;

there is a map interface that allows the primary contamination and the offsite areas
to be specified and displayed on a map of the region of interest;

the package includes all the exposure models in RESRAD (onsite), with minor
changes. Extends these models to offsite locations to consider offsite exposure;
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different exposure scenarios can be specified by activating or suppressing
pathways and by modifying usage and occupancy parameters;

the code uses numerical methods to compute media concentration, dose, and risk
progressively over time;

text output reports are generated following each run, providing a listing of all
input parameters, the maximum dose and the minimum soil guidelines;

the package uses the ICRP38 database of radionuclides.

RESRAD-OFFSITE Data and Uncertainty Analysis Input Screen

For each user-specified time, the text reports list doses, soil guidelines, and health
risks by radionuclide and pathway;

Generates temporal plots of dose, risk, concentration, soil guidelines and
dose/source ratio;

Can perform sensitivity and probabilistic analysis to study the influence of input
parameters and generate graphic results for the analysis;

Database includes the FGR11[42], FGR12[43], and ICRP72[44] age specific dose
factors, as well as FGR13[45] and HEAST(2001) morbidity or mortality slope
factors[46]. Allows users to choose dose and risk factors or to set up their
dose/risk library;

Can accept input of temporal data of (1) radionuclide concentrations in the
primary contaminated zone and the mixing layer, (2) radionuclide fluxes to the
groundwater, to the surface runoff, and to the atmosphere, (3) the dimensions of
the cover, mixing layer, and primary contamination, and (4) the eroded soil mass.
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Figure 3: The data and uncertainty analysis input screen
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Figure 5: RESRAD-OFFSITE Probabilistic Analysis result

New Models/Major Improvements Over RESRAD (Onsite)

e Air dispersion (Gaussian Plume) model to calculate concentrations at downwind
locations;

e Groundwater transport model includes consideration of dispersion horizontally
and vertically to calculate concentration at a down gradient off-site location;

e Off-site accumulation of radionuclides in soil from irrigation and in surface water
from runoff;

e Graphical map interface for specification of receptor and agricultural field
locations;

e Choice of two dwelling locations (onsite, offsite);

e Four agriculture fields at different locations;
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e Well and surface water body can be located off the centerline of the groundwater
plume; and

e Improved user interface for both deterministic and probabilistic analysis.

Types Of Releases From Primary Contamination

The code considers three types of releases that lead to the contamination of the
offsite locations. A rate-controlled release is used to model the quantity of
contaminants that are removed by water that flows down through the primary
contamination (leaching). A dust release-equilibrium model is used for the
atmospheric release. The material that is eroded by surface runoff is modelled as a
release to the surface water body. The atmospheric and runoff releases are effective
once the surface soil layer becomes contaminated. Accumulation of radionuclides at
the offsite locations are considered through deposition and irrigation.
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Figure 6: Environmental transport considered in RESRAD-OFFSITE

Groundwater Transport In RESRAD-OFFSITE

In addition to convection and dispersion in the liquid phase, the RESRAD-
OFFSITE groundwater transport model also considers the decay of the parent
radionuclide, the ingrowth of progeny radionuclide(s), and their respective retardation
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due to sorption/desorption in the solid phase. Numerical analysis methods were
employed to solve the differential equations that characterize the behaviour of
radionuclides. To increase the precision of the calculation results, an option of further
dividing each unsaturated zone and saturated zone to smaller sub-layers is provided.
The use of sub-layers, although it would increase the precision of the results, would
also increase the calculation time.
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Figure 7: Schematic representation of the RESRAD-OFFSITE leaching and
groundwater transport models

Atmospheric Transport Model In RESRAD-OFFSITE

e Gaussian plume model based on area source release was incorporated to calculate
air concentrations at offsite locations;

¢ Plume-rise model was employed to estimate the buoyancy-induced rise;

e Standard Pasquill-Gifford dispersion coefficients or the Briggs dispersion
coefficients are accepted;

e Dry and wet deposition of the plume content are considered for vapour or
particulate radionuclides; and

e Spatial integration over the area of consideration is performed via the use of
spacing grids to obtain the average air concentration.
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Availability of RESRAD-OFFSITE

RESRAD-OFFSITE is available free of charge and can be downloaded from
the RESRAD Web site (http://www.evs.anl.gov/resrad) after completing the on-
line registration. The RESRAD Web site contains useful information including the
latest version of RESRAD family of codes, training workshop schedules,
frequently asked questions, and many supporting documents for download.

Appendix 2.1.7 DOSDIM + HYDRUS
Two different models were used to calculate the impact of the NORM waste:

DOSDIM (Dose Distribution Model) is a compartmental type of model of the
biosphere, partly dynamic, depending on the time frame and on the exposure
pathways considered. It has been expanded by the addition of a module which
calculates radon concentrations in the air from large area sources. The calculations in
this module are based on the equations used in the IFDM (Immission Frequency
Distribution Model), which is a multi source Gaussian dispersion model developed to
calculate ground level concentrations for pollutants released from point and area
sources [47]. The DOSDIM model has been used several times in international
biosphere model verification studies (see Table 5).

Table 5: List of international programs to which DOSDIM has contributed.

Programme name Description Reference

BIOMOVS Scenario A4 — Multiple Model Testing using [15]
Chernobyl Fallout Data

VAMP Multiple Pathways Assessment Working Group: [10]

Validation of models using Chernobyl fallout data,
from the Central Bohemia region

VAMP Validation of models using Chernobyl fallout data, [12]
from southern Finland
BIOMASS Remediation Assessment Working Group (Theme [16]

2):Testing of environmental transfer models using
data from the remediation of a radium extraction site

For the modelling of the transport of the radionuclides in the variably saturated
medium under the waste, the HYDRUS 1D programme has been used in combination
with HYDRUS 2D. Both models can calculate water and solute transport in the
saturated and unsaturated zone. The HYDRUS computer code numerically solves the
Richards equation for variably-saturated water flow and convection-dispersion type
equations for heat and solute transport. The program may be used to model water and
solute movement in unsaturated, partially saturated, or fully saturated porous media.
The governing flow and transport equations are solved numerically using finite
element schemes [48], [49]. For this work, the one-dimensional version HYDRUS 1D
is used for the modelling of the transport of the radionuclides through the vadose zone
(unsaturated) under the waste, into the aquifer (saturated zone). The concentrations of
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the radionuclides in the aquifer at the location of the exposure point (a well at the
house), are then calculated with HYDRUS 2D using the output values from HYDRUS
1D version as input.

Appendix 2.1.8 PRESTO-CPG ver. 4.2

PRESTO (Prediction of Radiological Effects Due to Shallow Trench Operations)
is a computer package for evaluating radiation exposure from contaminated soil
layers, including waste disposal, soil cleanup, agricultural land application, and land
reclamation.

The package is designed to calculate the maximum annual effective dose to a

critical population group in several scenarios:

e near surface disposal trench containing low-level radioactive waste,
¢ residual radionuclides remaining in soil layers after cleanup,
e agricultural land application of NORM waste, and

e stripped land reclamation with applied NORM waste.

The models in the package simulate the transport of radionuclides in air, surface
water, and groundwater pathways, and evaluate exposures through ingestion,
inhalation, immersion and external exposure pathways. To avoid overly conservative
results, the following approaches are used:

e a dynamic approach for the infiltration sub-model,
e a multi-phase leaching concept for the release sub-model;

e realistic transition flow from vertical transport reach to horizontal transport reach
for the groundwater sub-model; and

e plausible scenario assumptions for the well mechanics sub-model.

The model of radionuclide migration assumes the same K4 values for parent and
daughter radionuclides in decay chains. The waste is separated from the aquifer by
one unsaturated soil layer. Simulation time is limited to 10,000 years.

More information is available on
http://www.epa.gov/radiation/assessment/presto.html
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Appendix 2.1.9 AMBER

AMBER 5.1 is a generic Windows based compartment modelling package'
designed as a flexible tool that allows users to implement their own dynamic
compartment models to represent the migration, degradation and fate of contaminants
in an environmental system. The code enables fully probabilistic and time-dependent
models to be represented.

AMBER was considered by two participants in this project who both concluded
that, without experience of using the code, considerable time was needed to develop
the models suitable to represent the scenarios in AMBER. It was noted, however, that
this approach to modelling has considerable potential and flexibility, because the
package provides a wide range of modelling functions and tools, together with a
choice of Laplace and time-dependent equation solvers. However, the onus is on the
user to develop appropriate models for a specific application. An example of the use
of AMBER is given in [50].

Appendix 2.2  Other models

Appendix 2.2.1 RESRAD-BUILD

RESRAD-BUILD is a model for analysing the radiological doses resulting from
the remediation and occupancy of buildings contaminated with radioactive material.

Features of the model include:

e calculation of doses for external exposure, inhalation of dust and radon, and
ingestion of soil/dust pathways;

e up to 10 sources and 10 receptors can be modelled;

e point, line, plane, or volume source geometry;

e up to three compartments can be used to simulate the building structure;
¢ radioactive contamination on surfaces or in building materials;

e building occupancy (residential use and office worker) and building remediation
(decontamination worker and building renovation worker) scenarios.

' AMBER is developed and supported by Enviros Consulting Limited and Quintessa Limited.
More information is available at www.quintessa.org/amber, together with a freely downloadable
demonstration version.
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The code can perform uncertainty/probabilistic analysis [51], [52]. It incorporates
default parameter distributions (based on national average data) for the selected
parameters. The code can provide analysis results as text reports, interactive output,
and graphic output. The results of an uncertainty analysis can be used as a basis for
determining the cost-effectiveness of obtaining additional information or data on input
parameters/variables [53].

The RESRAD-BUILD code allows users to calculate the time-integrated dose
over the exposure duration at user-specified times. The instantaneous dose over the
exposure duration can be calculated by setting the time integration point to one. The
RESRAD-BUILD database includes inhalation and ingestion dose conversion factors
from reference [42], direct external exposure and air submersion dose conversion
factors from reference [43], and radionuclide half-lives from reference [54].

RESRAD-BUILD Version 3 incorporates many improvements made since the
code was first released in 1994. A table for easier input and review of source/receptor
shielding properties has been added. The code now has an improved 3-D display to
illustrate source-receptor locations. Users can now input radionuclide activity in SI
units, and the resultant dose can also be reported in SI units. The help file in the code
and the table of contents of the text report have been improved and are now much
easier to use and navigate. This latest version of the RESRAD-BUILD code can be
run only on computers with Windows operating systems (Windows 95, 98, NT, XP,
and 2000).

The RESRAD-BUILD code is part of the RESRAD family of codes, which now
has its own Web site (http://www.ead.anl.gov/resrad). The site has information on
updates to the codes, and users can download the most recent release of the code of
interest. The site also contains information on upcoming training workshops and links
to many documents relevant to application of the particular code. Users can get
technical assistance via e-mail (resrad@anl.gov). Documentation for several of the
RESRAD family of codes, including RESRAD-BUILD Version 3, can also be found
on the RESRAD Web site.

Appendix 2.2.2 FRAMES

FRAMES® (version 2.x) (Framework for Risk Analysis  Multimedia
Environmental Systems) is a Windows-based software system that allows several
separate environmental transport and risk assessment models, along with user
developed databases, to function together flexibly to accommodate user designed
exposure scenarios and pathways. The program provides a common application
programming interface to enable data transfer between models, either those provided

2 FRAMES was developed by the Pacific Northwest National Laboratory (PNNL) under the
sponsorship of the U.S. Environmental Protection Agency (EPA) Offices of Radiation and Indoor Air
(ORIA) and Research and Development (ORD), U.S. Army Corps of Engineers (ACOE) Engineer
Research and Development Center (ERDC), U.S. Nuclear Regulatory Commission (NRC), U.S.
Department of Energy (DOE), and American Chemistry Council (ACC).
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with the software, or incorporated by the user. It also provides a way to perform
sensitivity and uncertainty analysis on data from all kinds of deterministic models.

For each scenario the user selects the required models and databases. Once the
model is set up for the scenario, the user can change a parameter or database and
rerun the model. The package allows problems involving radionuclides, chemicals,
ground water and surface water flow, and atmospheric dispersion in an integrated
operating package. No specialized programming knowledge is needed. This means
that the user can concentrate on the environmental problem, rather than program
development.

An advantage of the software is its capability to provide risk and dose assesment
for radiation and/or hazardous substances in environmental settings using its multiple
"medium-specific" models (for example: air, water, and human impacts) as well as a
database of chemical properties with associated environmental parameters to solve
risk analysis problems. The software, tutorial, and documentation can be found at
http://mepas.pnl.gov/earth/index.stm

FRAMES was examined by one participant in this study who found that while
extremely flexible and potentially useful for NORM site modelling, the requirements
for inputting significant amounts of field analytical data can limit its application to
locations which have been very well sampled. While the tutorial and other supporting
materials are helpful, the lack of default selections for many data input screens may
hinder inexperienced users.

Appendix 2.2.3 GENII

GENII has been developed by the U.S. Department of Energy. Version 2 was
developed in 2002, and incorporates improved transport models, exposure options,
dose and risk estimation, and user interfaces. The software was peer reviewed in
2003, and can be downloaded from the web. The user can change specific parameters.

A version called GENII-NESHAPS was also developed in 2002 for
demonstrating compliance with the dose limits specified in reference [41] for
radionuclides. This version incorporates the internal dosimetry models recommended
in references [44], [55] and [56], and the radiological risk estimating procedures of
reference [57] into updated versions of existing environmental pathway analysis
models. GENII-NESHAPS functions within FRAMES, so that GENII can run in
conjunction with and provide inputs to related software.

The GENII-NESHAPS system calculates radiation doses from chronic
atmospheric releases, using a chronic (annual average) plume model, which allows
use of an effective stack height or calculation of plume rise from buoyant or
momentum effects (or both).

The system calculates health risks to individuals or populations by applying
appropriate risk factors to either the effective dose, the effective dose equivalent, or
the organ dose. It also estimates cancer risk to specific organs or tissues using risk
factors from reference [57].
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GENII-NESHAPS allows the user to enter data via an interactive, menu-driven
interface. Default exposure and consumption parameters are provided for the
maximally exposed individual. The program allows radionuclide source term
information to be entered in formats appropriate for different exposure scenarios. The
model considers decay of parent radionuclides and in-growth of radioactive decay
products prior to the start of the exposure scenario for either basic or derived
concentrations. The system works sequentially on individual decay chains, which
allows unlimited numbers of radionuclides, including the source term and
accumulated decay products, to be processed in a single run.

GENII-NESHAPS uses a radial grid, which allows both the distance and direction
from the source to target individuals and populations to be considered. The model
handles chronic releases to air from both ground level and/or elevated sources. The
exposure pathways incorporated in the model include direct exposure from surface
sources (soil) and air (semi-infinite and finite cloud geometries), and inhalation and
ingestion.

GENII is no longer supported by the U.S. EPA, and is not currently available for
download on the software writer’s website.

Appendix 2.2.4 ROOM

The methodology used in the ROOM model is described in [58]. The model
estimates indoor gamma doses from building materials, using the activity
concentration of natural radionuclides in the building materials and geometrical and
structural information of the modelled room (wall dimensions, etc) as input data.

Appendix 2.2.5 MILDOS

MILDOS software is used by the U.S. Nuclear Regulatory Commission (NRC) to
estimate radiological doses and risks from uranium mining licensing activities. This
software package has been updated to reflect changes in four areas: regulations, in-
situ leaching (ISL) mining technologies, graphical user inter-faces, and Internet
software distribution technologies. Users can now specify ISL processes through a
Windows object-based geographic information system interface that incorporates
updated dose assessment methodologies. The MILDOS code and documentation are
available for downloading at no cost through the MILDOS web site from Argonne
National Laboratory.

Appendix 2.2.6 Appendix 2.2.7 MICROSHIELD

MICROSHIELD is a photon/gamma ray shielding and dose assessment program
that is used for designing shields, estimating source strength from radiation
measurements, minimizing exposure to people, and teaching shielding principles. The
model is interactive and utilizes input error checking. Integrated tools provide
graphing of results, material and source file creation, source inference with decay,
projection of exposure rate versus time as a result of decay, access to material and
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nuclide data, and decay heat calculations. The model, available for purchase from
Grove Software. Inc., has been used by the oil and gas industry, and other industries
which have sought to evaluate direct exposure from contaminated equipment and
materials.

Appendix 2.3  Screening Models

Appendix 2.3.1 Soil Screening Guidance for Radionuclides

This calculator was developed as a screening tool by the U.S. Environmental
Protection Agency to help standardize and accelerate the evaluation and cleanup of
soils contaminated with radioactive materials at sites with future potential residential
land use. It is an Internet based calculator to determine risk-based, site specific,
screening levels for radionuclides in soil to identify areas needing further
investigation. However, it can provide a relatively simple means of determining if an
area of contaminated ground exceeds the risk determined acceptable for radiation
exposure by the national authority.

The model can be found on the Internet at: http://rais.ornl.gov/rad_start.shtml .

A user begins calculations by entering what is considered the acceptable risk level
for exposure to radiation (e.g., national standards such as mortality of 1 in 10,000
from cancer from long-term exposure) which serves then as a limit for the maximum
concentration of the radionuclide(s) present in the soil. After choosing the
radionuclides which are known to be present at a site, the user determines the
potential pathways of exposure, and can enter some site specific data used by the
calculator to then determine the soil concentration limit for each pathway at the site.

The model is easy to use, requires a minimum of data and offers default values if
specific values have not been determined, has good accompanying documentation
[59], and provides a simple means to assess contamination at a site.

Appendix 2.3.2 Preliminary Remediation Goals for Radionuclides

This screening model was developed by the U.S. Environmental Protection
Agency to set preliminary cleanup goals for a site which has been more extensively
evaluated and sampled through a field investigation. It is an Internet based calculator
found at http://epa-prgs.ornl.gov/radionuclides/prg_search.shtml

In order to set radionuclide-specific preliminary remediation goals in a site-
specific context, assessors must answer fundamental questions about the site:
information on the radionuclides that are present onsite, the specific contaminated
media, land-use assumptions, and the exposure assumptions behind pathways of
individual exposure. The calculator provides the ability to modify the standard default
exposure parameters to calculate site-specific preliminary remediation goals. The
calculator is relatively easy to use, provides default values if specific values have not
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been determined through site investigation, has a well documented user guide, and
offers a number of risk assessment scenarios for evaluation. However, one drawback
for international use is that particulate emissions require selection of a climatic zone
and the only choices offered are U.S. cities; this may be circumvented if an
international site has similar characteristics for the U.S. area.

Appendix 2.3.3 RCLEA

RCLEA (The Radioactively Contaminated Land Exposure Assessment
Methodology) is DEFRA’s (U.K. Government Department for Environment, Food
and Rural Affairs) recommended approach for the exposure assessment of a site under
the extended Part 2A regime for managing contaminated land in the UK.

Information on RCLEA is available on http://www.rclea.info/index.htm

‘RCLEA calculates potential doses for comparison with UK regulatory criteria. It
can also be used to calculate ‘Guideline Values’ in terms of radionuclide
concentrations if reliable measurements are not yet available. In addition to specifying
radionuclides present (and concentrations, if known), initial generic calculations
simply provide the user with four basic options to select from:

e reference land wuses, including residential (with or without home-grown
vegetables), allotments and commercial/industrial use;

¢ building type (timber framed or brick);

e age of the exposed individual (adult, infant or child); and

o sex of the exposed individual (male or female).’

Appendix 2.3.4 BPRG

BPRG (Preliminary Remediation Goals for Radionuclides in Buildings) is a
screening model calculator developed by the Oak Ridge National Laboratory for the
U.S. EPA. It utilises an Excel spreadsheet designed to evaluate preliminary
remediation goals for contaminated buildings. It is a risk assessment and decision
making tool for contaminated buildings. The contamination can result from
radioactive material used in construction materials or brought into or manufactured in
the building. The software enables a user to evaluate the risks posed to either indoor
workers in an industrial building, or a member of the public in a contaminated house.
Sources of exposure evaluated are direct external exposure (gamma), deposited dust
(ingestion and external exposure) and ambient air (inhalation and submersion). A user
may enter site-specific data as well as use model supplied default values if specific
parameter values have not been determined previously. Outputs include preliminary
estimates of remediation levels for the subject building in units of both activity per
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unit area and activity per unit mass. The model can be found at
https://epa-bprg.ornl.gov/
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APPENDIX 3 SPECIFICATIONS FOR THE HYPOTHETICAL
SCENARIOS

Appendix 3.1  Guidance for modellers

Modellers who were interested in testing models using these hypothetical
scenarios were asked to carry out a specific series of tests to facilitate intercomparison
of results. The requests were:

1. To run the model using the wind rose given in the scenario specifications, and
then repeating the calculation with the wind rose rotated 90, 180 and 270 degrees.

2. To use the data specified in the scenario tables, to enable the model outputs to be
directly compared with each other;

3. To calculate radionuclide concentrations in air, soil, drinking water and
foodstuffs;

4. To calculate committed effective dose to the individuals specified in the scenarios;

5. To calculate the model outputs at times of 10 years, 100 years, 1,000 years, and
10,000 years after placement of the waste;

6. To repeat the calculations using local data if such data are available, and send in
the results, as this will provide a measure of the sensitivity of the model to
changes in input data;

7. To repeat the calculations for the area source and area source plus river scenarios
for the situation where there is no cover material in place. Use a resuspension

factor of k(T) =107/T 10° m" (with T = time after placement of the waste in
days) and a total deposition velocity of 0.01 ms™.

Appendix 3.2  Hypothetical point source scenario

Appendix 3.2.1 Site Description

The site for this scenario is intended to represent a mineral smelting plant with a
single chimney stack with an effective height of 100 m.

The plan of the site is shown in Figure 8. This figure also shows the reference
direction for the wind rose, the direction of groundwater flow, and the locations of
two houses, at distances of 300 m and 1000 m from the edge of the waste pit.

The annual wind rose data and atmospheric stability data are shown in Table 6
and Table 7 respectively.

The stack discharge data are shown in Table 8.
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The dietary data are shown in Table 9, and occupancy data are shown in Table 10.

In this hypothetical point source scenario, assume that the time spent outdoors is
spent in the field surrounding the house occupied by the person whose annual dose is
to be estimated.

Partition coefficients (K4) are given in Table 11.

For soil, use values of porosity and effective porosity of 0.4 and 0.2 respectively
(if applicable).

The aim is to estimate the annual doses to residents of the two houses shown in
Figure 8, up to 50 years after the beginning of the stack discharge, assuming that each
person spends 16 hours indoors and 8 hours outdoors (see Table 10). Assume that a
resident of House #1 works only in Field #1 and that a resident of House #2 works
only in Field #2.

Assume that the stack discharge is continuous over the 50 year period.

At each house, drinking water is supplied from a well situated at the location of
the house. Irrigation water is drawn from an uncontaminated source.

NOTE: the parameter values given in this report should not be considered as
“standard” values for all NORM problems. They have been selected, for this report
only, to facilitate the comparison of results and testing of models. For real scenarios,
site-specific data should be used wherever possible.
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Appendix 3.2.2 Data tables and figures for hypothetical point source
scenario

Wind Groundwater
direction 0 ° flow direction

House #2
(1.5 km

from stack)

1200 m

Field #2

F |

Field #1
House #1

L (300 m
from stack)

700 m

200 m

stack

Figure 8: Plan of the site for the point source discharge scenario
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Table 6: Annual wind rose data

Sector Wind Direction Frequency
(%)
1 345° - < 15° 4.6
2 15° - <45° 5.4
3 45° - <75° 7.6
4 75° - <105° 5.4
5 105° - <135° 3.8
6 135°-<165° 7.4
7 165° - < 195° 14.1
8 195° - <225° 20.3
9 225° - <255° 13.3
10 255° - <285° 7.5
11 285°-<315° 6
12 315° - < 345° 4.1

Table 7: Annual atmospheric stability and wind speed data

Pasquill stability Frequency Mean Wind
category Speed
(%) (ms’)
A 0.5 1
B 0.5 1.5
C 4 2.5
D 28 5
E 38 8
F 27 6
G 2 4

Table 8: Stack discharge data for the point source scenario

effective stack height 100 m

air discharge rate 100 m s’
“*’Rn discharge rate 10000 Bqs’
“!pp discharge rate 100 Bqs'
1% discharge rate 100 Bqs’
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Table 9: Dietary data

drinking water well 400 Ly’
1 Lm™~d"’ for
irrigation river 100 days
cattle river 60 Ld'
sheep river 6 Ld'
diet fish 5 kg y”!
+ grain 80 kgy"
grains products
fruits + juices 80 kgy"
vegetables 70 kgy”
meat + sausages 40 kgy'
+ milk 90 kgy!
milk products
root crops without tubers | 70 kgy
tubers 90 kgy
Table 10: Occupancy data
indoors — sleeping 8 h
indoors - light exercise 8 h
outdoors - light exercise 4 h
outdoors - heavy exercise 4 h
Table 11: Partition coefficient Kp of radionuclides in soils (L kg™) [1]
Nuclide Soil type
Sand Loam Clay Organic
Ac 450 1500 7400 5400
Bi 120 400 670 1500
Pa 540 1800 2700 6600
Pb 270 16000 540 22000
Po 150 400 2700 6600
Pu 540 1200 4900 1800
Ra 490 36000 9000 2400
Th 3000 3300 5400 89000
U 33 12 1500 400
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Appendix 3.3  Hypothetical area source scenario

Appendix 3.3.1 Site Description

The site is an area source consisting of a layer of contaminated waste 1000 m
long by 1000 m wide by 10 m thick, with a cover layer of soil 2 m thick.

The plan of the site is shown in Figure 9 This figure also shows the reference
direction for the wind rose, the direction of groundwater flow, and the locations of
three houses, one in the centre of the waste pit, and the other two at distances of 200
m and 1000 m from the edge of the waste pit.

A diagrammatic representation of the vertical layout of the waste site is shown in
Figure 10. Below the waste is a 3 m thick unsaturated layer made up of a mixture of
sand and clay. Below the unsaturated layer is a saturated layer of sand 15 m thick.

Appendix 3.3.2 Data

Meteorological data: the annual wind rose data and atmospheric stability data
are shown in Table 12 and Table 13 respectively.

Human dietary data: dietary data for humans are shown in Table 14. It is
assumed that the contaminated fraction for each type of food is 0.5.

Occupancy data: Occupancy data for the residents of the three houses are shown
in Table 15.

Animal dietary data: dietary data for beef cattle are given in Table 16.

Water usage: At each house, drinking water for humans is supplied from a well

situated at the location of the house. The consumption rate for drinking water is given
in Table 14.

Drinking water for cattle and sheep is drawn from an uncontaminated source.
Drinking water rates for cattle and sheep are given in Table 16.

Irrigation water is drawn from an uncontaminated source, and applied at the rate
of 1 Lm™d" for 100 days per year.

Water used for agriculture is also drawn from an uncontaminated source.

Plant and crop transfer factors: transfer and uptake factors for plants and crops
(fruit, grains, leafy and non-leafy vegetables, pasture, and silage) are given in Table
17.

Nuclide dependent transfer factors: Nuclide dependent soil to plant transfer
factors are given in Table 18. Nuclide dependent intake (fodder, silage, etc.) to animal
product (meat and milk) transfer factors are given in Table 19. Nuclide dependent
water to aquatic food transfer factors are given in Table 20.
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Food and water storage times: Storage times for water and food stuffs are given in
Table 21.

Cover layer: data for the layer covering the waste are given in Table 22.
Waste layer: data for the waste are given in Table 23.

Water infiltration: in Table 22, which gives the data for the cover layer, the run-
off coefficient and evapotranspiration coefficient are defined such that the water
infiltration rate is given by [28].

I=(1-C)R(1-C)+1,]

b

where

C.= evapotranspiration coefficient (0.5, dimensionless),
C-= runoff coefficient (0.2, dimensionless),

P-= precipitation rate (annual rainfall, 1.0 m/yr), and
I»= irrigation rate (0.2 m/yr).

Radon exhalation: the radon exhalation rate for soil/waste is known to depend on
the moisture content of the soil/waste. As this dependence is complex, assume that the
values given in Table 22 (cover) and Table 23 (uncovered waste) are annual average
values.

Unsaturated and saturated zones: the data for the unsaturated zone and the
saturated zone are given in Table 24 and Table 25 respectively.

Partition coefficients: partition coefficients (Kq) are given in Table 26. Several
authors ([1], [28], [60]) have presented values for partition coefficients for specified
radionuclides and a range of soil types. The principal feature of the data presented is
the high variability, even for similar soil types. To enable results from different
models to be directly compared, it is necessary to specify a single value for each
radionuclide and each soil type. The values suggested are given in Table 26.

Dose calculations: The aim is to estimate the annual doses to residents of the
three houses shown in Figure 9, assuming that each person spends 16 hours indoors
and 8 hours outdoors (see Table 15). Assume that a resident of House #1 works only
in Field #1 (the waste pit area), that a resident of House #2 works only in Field #2,
and that a resident of House #3 works only in Field #3.
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Appendix 3.3.3 Data tables and figures for hypothetical area source
scenario

Wind Groundwater
direction 0 ° flow direction

800 m House #3
(1 km from

waste)

Field #3

600 m Field #2
House #2

(200 m

from waste)

Waste : Field #1

House #1
1 km (centre of
waste area)

A
\ 4

1 km

Figure 9: Plan of the site for the area source scenario.
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< 1000 m g
7'y
cover 2m
T
waste 10 m
80% sand T
+20% clay 3m
aquifer 15m
bedrock

Figure 10: Vertical profile of the site for the area source scenario.
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Table 12: Annual wind rose data

Sector Wind Direction Frequency
(%)
1 345°-<15° 4.6
2 15° - <45° 54
3 45° - <75° 7.6
4 75°-<105° 54
5 105° - <135° 3.8
6 135° - <165° 7.4
7 165° - <195° 14.1
8 195° - <225° 20.3
9 225° - <255° 13.3
10 255° - <285° 7.5
11 285° - <315° 6
12 315° - <345° 4.1

Table 13: Annual atmospheric stability and wind speed data

Pasquill stability Frequency Mean Wind
category Speed
(%) (ms™)
A 0.5 1
B 0.5 1.5
C 4 2.5
D 28 5
E 38 8
F 27 6
G 2 4
Table 14: Dietary data (consumption rates) for humans
drinking La'
water well 400
fish 5 kg a'
grains + grain products 80 kga'
fruits + juices 80 kga'
vegetables 70 kga'
meat + sausages 40 kg a’
milk + milk products 90 kg a
root crops without tubers 70 kga'
tubers 90 kg a
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Table 15: Occupancy data

indoors — sleeping

indoors - light exercise

outdoors - light exercise

outdoors - heavy exercise

| |c0|C0

=pl j=pl =l =y

Table 16: Dietary data (consumption rates) for beef cattle

Water (surface) 60 Ld’

Pasture and silage 14 kg d’
Grain 54 kgd'
Soil from pasture and silage 0.1 kg d’
Soil from grain 0.4 kg d’

Table 17: Plant and crop factors for human and livestock foods

Crop factor units | Leafy veg | Fruit, grain, | Pasture,
non-leafy silage
veg

Wet weight crop yield kgm” | 1.5 0.7 1.1

Duration of growing season a 0.25 0.17 0.08

Foliage to food transfer coefficient 0.1 0.1 1

Weathering removal constant a’ 20 20 20

Foliar interception factor (irrigation) 0.25 0.25 0.25

Foliar interception factor (dust) 0.25 0.25 0.25

Root depth m 0.9 1.2 0.9

Table 18: Nuclide dependent soil to plant transfer factors

Pb Ra Th U
mBq kg’ mBq kg’ mBq kg’ mBq kg’
(mBqkgh)' | (mBgkgh' | (mBqkgh)' |(mBqkg"h’

Fruit 0.01 0.04 0.001 0.0025

Grain 0.01 0.04 0.001 0.0025

Non-leafy veg | 0.01 0.04 0.001 0.0025

Leafy veg 0.01 0.04 0.001 0.0025

Pasture, silage | 0.01 0.04 0.001 0.0025

Livestock feed | 0.01 0.04 0.001 0.0025

grain
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Table 19: Nuclide dependent intake to animal product transfer factors

Pb Ra Th U
mBq kg’ mBq kg’ mBq kg’ mBq kg’
(mBq d)" (mBqd)" (mBq d)" (mBqd)’
Meat 0.0008 0.001 0.0001 0.00034
Milk 0.0003 0.001 0.000005 0.0006
Table 20: Nuclide dependent water to aquatic food transfer factors
Pb Ra Th 8]
mBq kg’ mBq kg’ mBq kg’ mBq kg’
(mBgL)' | (mBqL)' |(mBqLh)' | (mBqL’)’
Fish 300 50 100 10
Crustacean 100 250 500 60
Table 21: Storage times for water and foodstuffs
Consumable Storage time Units
Surface water 1 days
Well water 1 days
Fruits, grains, non-leafy vegetables 14 days
Leafy vegetables 1 days
Pasture, silage 1 days
Livestock feed grain 45 days
Meat 20 days
Milk 1 days
Fish 7 days
Crustacean, molluscs 7 days
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Table 22: Cover data

Parameter Value Units

Depth 2 m

Porosity 0.4

Effective porosity 0.2

Density 1.5 gcm”

Rainfall 1 ma’

Runoff coefficient’ 0.2 dimensionless

Evapotranspiration coefficient’ 0.5 dimensionless

Erosion rate 0.1 mma’

Exhalation rate® 0.02’ Bqm~s’'

Table 23: Waste data

Parameter Value Units

Length 1000 m

Width 1000 m

Depth 10 m

U (in secular equilibrium with its progeny) 1 Bqg'

Porosity 0.4

Effective porosity 0.2

Density 1.5 gcm”

Moisture content 0.3 8 months
0.1 4 months

Erosion rate 0.1 mma’

Exhalation rate (uncovered)”® 1 Bqm~s’'

* See text.
5
See text.
6
See text.
’ Depends on moisture content

¥ See text.
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Table 24: Unsaturated zone data

Parameter Value Units

Thickness 3 m

Composition sand 80 %
clay 20 %

Porosity 0.4

Effective porosity 0.2

Hydraulic conductivity 10 ma’

Table 25: Saturated zone data

Parameter Value Units

Thickness 10 m

Sand 1

Porosity 0.4

effective porosity 0.2

Darcy velocity 0.1 md’

Table 26: Partition coefficient Kp of radionuclides in soils (L kg'l) (IAEA, 1994)

Nuclide Sand Loam Clay Organic
Ac 450 1500 7400 5400

Bi 120 400 670 1500
Pa 540 1800 2700 6600
Pb 270 16000 540 22000
Po 150 400 2700 6600
Pu 540 1200 4900 1800
Ra 490 36000 9000 2400
Th 3000 3300 5400 89000
U 33 12 1500 400
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Appendix 3.4  Hypothetical area source + river scenario

Appendix 3.4.1 Site Description

The site is an area source consisting of a layer of contaminated waste 1000 m
long by 1000 m wide by 10 m thick, with a cover layer of soil 2 m thick. The waste is
situated 300 m from a river (in the direction of the groundwater flow) and the river
flows at right angles to the direction of groundwater flow. The plan of the site is
shown in Figure 11. This figure also shows the reference direction for the wind rose,
the direction of groundwater flow, and the locations of two houses.

Below the waste is a 3 m thick unsaturated layer consisting of a mixture of sand
and clay. Below the unsaturated layer is a saturated layer of sand 10 m thick. The
vertical layout of the waste is exactly the same as for the area source scenario and is
shown in Figure 10.

Many of the data specification tables for this scenario are the same as for the area
source scenario, and are shown in the previous section. These include the annual wind
rose data, the annual atmospheric stability data, dietary data (assume that the
contaminated fraction for each type of food is 0.5), partition coefficients, unsaturated
zone data, and saturated zone data.

In the run-off coefficient and evapotranspiration coefficient are defined such that
the water infiltration rate is given by [28] as

I=(1-C)HEA=-C)+1,]

where

Ce= evapotranspiration coefficient (0.5, dimensionless),
C»= runoff coefficient (0.2, dimensionless),

Pr= precipitation rate (annual rainfall, 1.0 m/yr), and
I»= irrigation rate (0.2 m/yr).

The radon exhalation rate for soil/waste is known to depend on the moisture
content of the soil/waste. As this dependence is complex, assume that the values given
in Table 23 (cover) and Table 26 (uncovered waste) are annual average values.

The aim is to estimate the annual doses to residents of the two houses shown in
Figure 11, assuming that each person spends 16 hours indoors and 8 hours outdoors
(see Table 15) working in the field surrounding the house occupied by that person.
Each field is assumed to be 1 km by 1 km in area with the house at the North-east
corner.

For soil, use the values of porosity and effective porosity given in Table 24
(unsaturated zone data).
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For each house, drinking water is supplied from a well situated at the location of
the house. Irrigation water is drawn from the river.

The river data are shown in Table 27.

Appendix 3.5 Data tables and figures for hypothetical area source + river

scenario

' Groundwater
Wlnd. ) flow direction
direction 0
Sector 1 River flow

direction 4
v
House #1 House #2

river

y
y
300 m C)

1 km

waste 1 km

A
A 4

5 km

1 km

Figure 11: Plan of the site for the area source plus river scenario.
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Table 27: River data

Parameter Value Units
distance from edge
of waste 300 m
Flow rate 20 m's’
Depth water column 2 m
top sediment thickness | 0.2 m
velocity 1 km a
downstream
house #1 distance 1000 m
drinking water well
irrigation water river
downstream
house #2 distance 5000 m
drinking water well
irrigation water river
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APPENDIX 4 TESTING OF HYPOTHETICAL POINT SOURCE
SCENARIO

This testing was carried by two modellers using the COMPLY package, and by
two modellers using the PC-CREAM package.

Appendix 4.1 COMPLY, CAP-88

Appendix 4.1.1 Introduction

The working group on “Modelling of naturally occurring radioactive materials
(NORM) releases and of the remediation benefits for sites contaminated by extractive
industries (U/Th mining and milling, oil and gas industry, phosphate industry, etc)”
(i.e. the NORM working group) has developed a set of hypothetical scenarios for
model validation and performing model calculations for comparing of models of
different complexity. The first of the scenarios is the “Hypothetical Point Scenario”
described below.

The purpose of this work is:

e to provide a means for comparing the predictions of different models obtained by
participants of working group against each other; and

e for such comparison to present results obtained by easily available screening
models.

Appendix 4.1.2 Point Scenario — Scenario Description

The scenario specifications are given in Appendix 3.2. The site description is
given in Appendix 3.2.1, and the plan of the site is given in Figure 8.

It is assumed that the contaminated fraction for each food type is 0.5.
It is also assumed that each person spends about 12 hours indoors each day.

The aim of the exercise is to estimate the annual doses to residents at distances of
300 m and 1500 m from the stack in every wind rose direction. It is assumed that
residents live and work only in the close vicinity of their houses.

The COMPLY and CAP-88C models use wind-rose input data specified for 16
wind directions. The hypothetical point source scenario only specified 12 wind
directions. Therefore the first step was to calculate suitable wind-rose data from the
values specified in Table 6. The results of these calculations are shown in Table 28.
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Table 28: Annual data as given for the 12-direction wind rose and the corresponding
16-directions wind rose

Sector | Wind Frequency for | Frequency for | Sector Wind
Direction 12-direction 16-direction Direction
wind rose wind rose
(%) (%)
1 345° - < 15° 4.6 3.5 1 N
15° - < 45° 5.4 4.0 2 NNE
3 45° - <75° 7.6 4.9 3 NE
5.4 4 ENE
4 75° - < 105° 5.4 4.1 5 E
5 105° - < 135° 3.8 3.1 6 ESE
6 135°-<165° 7.4 4.2 7 SE
6.4 8 SSE
7 165° - < 195° 14.1 10.6 9 S
8 195° - <225° 20.3 14.5 10 SSW
9 225° -<255° 13.3 12.6 11 SW
9.3 12 WSW
10 255° - < 285° 7.5 5.6 13 \\
11 285°-<315° 6 4.7 14 WNW
12 315°-<345° 4.1 3.8 15 NW
3.1 16 NNW

The stack height and discharge data are given in Table 8.

Appendix 4.1.3 Default data for the COMPLY model

The COMPLY/CAPS88 code uses the activity to dose conversion factors in Table
29. Consumption rates and occupancy factors are in default data files and have not
been changed.

Table 29: Activity to dose conversion factors for ingestion and inhalation used by the
COMPLY/CAPSS code.

Activity to Dose Conversion Factor Ingestion Inhalation
(Sv/Bq) (Sv/Bq)
Upp+D 1.5E-06 3.7E-06
210pg 5.1E-07 2.5E-06
*’Ra+D 3.6E-07 2.3E-06
>0Th 1.5E-07 8.8E-05
2y 7.6E-08 3.6E-05
2BU+D 7.3E-08 3.2E-05
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The code calculates radionuclide concentrations in various foods by coupling the
output of the atmospheric transport models with the food chain models.

The dose estimated by this code at any given location is used for comparison with
environmental standards [41] and is not intended to represent actual doses to real

people.

Dose estimates are applicable only to chronic exposures. More information is
available in references [23], [24]and [25].
Appendix 4.1.4 Results

The results of the calculations are shown in the next two figures.

Inhalation Dose
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Figure 12: Maximal and minimal total inhalation dose vs. distance from stack
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Figure 13: Maximal and minimal total dose plotted vs. distance from stack

Inhalation and total doses as a function of distance from the stack are plotted in
Figure 12 and Figure 13. Table 30 shows the maximal doses for residents in house
No. 1 and House No. 2 at distances of 300 m and 1500 m respectively from the stack.

Table 30: Maximal doses from airborne releases for 2 distances from the stack

Computer Code: CAP88-PC COMPLY (Level 2) COMPLY(Level 4)
Resident in House No.1
Ingestion dose (%) 99 Not available Not available
Inhalation dose (%) <1 Not available Not available
Dose from Radon (%) <0.1 <1 <1
Total Dose (mSv/a) 0.019 0.016 0.0087
Resident in House No.2
Ingestion dose (%) 94 Not available Not available
Inhalation dose (%) 5 Not available Not available
Dose from Radon (%) 1 1 1
Total dose (mSv/a) 0.0047 0.016 0.0023

It should be carefully noted that doses obtained by COMPLY using Level 2 are
the same for both distances. In this screening approach, the maximum value of
radionuclide concentration in air for a given release height is used for all distances
less than the distance corresponding to the maximal concentration.
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Differences between numerical values of doses are attributed to the differences
between the default values of model parameters used for each calculation, as
expected.

Appendix 4.2 PC-CREAM

Appendix 4.2.1 Methodology used with PC-CREAM

The processes modelled in PC-CREAM that influence the transfer of
radionuclides in the receiving terrestrial environment are:

e Deposition from the atmosphere
e Migration of radionuclides in soil
e Transfer to plants

e Transfer to animals

In performing the Hypothetical Point Source (HPS) scenario, all of the supporting
modules in PC-CREAM, with the exception of DORIS, were used. For the HPS
scenario, to calculate the aerial dispersion factors, the PLUME program was used to
generate the dispersion data libraries for *'’Po, *'Pb and **’Rn, using the
meteorological data provided. Next, a library of concentrations of *'’Po and *'°Pb in
foodstuffs was created using the FARMLAND module. In PC-CREAM, the migration
of radionuclides in soil is represented by two distinct soil models: undisturbed soil,
where the movement of the radionuclides is represented by a series of transfers
between compartments of varying depth, and disturbed soil that is kept well mixed by
frequent ploughing or cultivation [26]. For this assessment, the undisturbed soil model
was selected. Food consumption rates were those provided in the HPS scenario
description (Appendix 3.2).

To calculate the gamma-dose rates resulting from the deposition of radionuclides,
the GRANIS module was run to calculate a library of time integrated effective gamma
doses resulting from the deposition of *'’Po and *'°Pb onto the ground surface. As
with FARMLAND, GRANIS has two soil models available, undisturbed and
ploughed. Again, the undisturbed soil model was used. The RESUS module was run
to calculate a library of time integrated resuspended activity concentrations in air of
21%g and *'°Pb for the model’s default integration times.

Finally, using the habit data and discharge data provided, and using the output
library files created from the various modules within PC-CREAM, food
concentrations were calculated using ASSESSOR, the dose assessment module of PC-
CREAM. After all of these steps had been performed, ASSESSOR could then
calculate the individual committed effective doses to the residents in the HPS
scenario.
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Appendix 4.2.2

PC-CREAM Results

Three modellers used PC-CREAM to test this scenario. All modellers obtained

similar results.

For a uniform wind-rose, the predicted inhalation and total doses are shown in
Figure 14. These calculations were made to improve familiarity with the operation of
the program and to test that the radionuclides *'’Po and *'°Pb were being picked up by
the ASSESSOR module. These radionuclides are not included in all the PC-CREAM
radionuclide databases, and had to be added to test the scenario.

Point source - 30 m stack

Committed effective dose in 50th year
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Figure 14: Inhalation and total doses calculated for the hypothetical point-source
scenario using PC-CREAM (radionuclides *'°Po, 2'°Pb, 2'°Bi).

EMRAS: Theme 2, Working Group 2, NORM

Draft TECDOC, September, 2007

98




13.

The calculated inhalation and total doses for the hypothetical point-source
scenario, for a discharge rate of 100 Bq s for each radionuclide (ZIOPO, 210py 210g;,
22Rn), are shown in Figure 15.

Point source - 100 m stack
Committed effective dose in 50th year
Emission rate 100 Bq/s for each nuclide
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Figure 15: Inhalation and total doses calculated for the hypothetical point-source
scenario using PC-CREAM (radionuclides 2'°Po, 2'°Pb, *!°Bi, **’Rn), for discharge
rates of 100 Bq s for each of '°Po, *'°Pb and ***Rn.
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The calculated inhalation and total doses for the hypothetical point-source
scenario, for the discharge rate given in the scenario specifications for each
radionuclide (210P0, 210Pb, 210Bi, 222Rn), are shown in Figure 16.
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Figure 16: Inhalation and total doses calculated for the hypothetical point-source
scenario using PC-CREAM (radionuclides 2 lOPo, 210Pb, 210Bi, 222Rn), for discharge
rates of 2'’Po, *'°Pb and **’Rn as specified in the scenario.

These results are comparable with those calculated using COMPLY, but PC-
CREAM predicts that both the inhalation and total doses will decrease with increasing
distance whereas COMPLY predicts that the inhalation dose will increase with
distance out to approximately 1000 m, then remain constant out to approximately
3000 m and then decrease with increasing distance.

Differences between the predictions of COMPLY and PC-CREAM are not
unexpected. COMPLY is designed to check compliance with regulatory requirements
and is deliberately conservative, whereas PC-CREAM is a much more detailed model

that can be used for impact assessment purposes. In view of this, the higher doses
predicted by COMPLY are acceptable.
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Appendix 4.2.3

CROM results

CROM is based on the generic model described in the technical report series
No.19 for the IAEA. The main considerations for running CROM for this scenario

were:

e calculation for >'°Pb, 2'°Bi, 2'°Po with emission 100 Bq s

e an assumed wet and dry deposition coefficient of 500 m d’';

e the only atmospheric stability category considered was Pasquill-Gifford class D;

e an assumed mean wind velocity of 4 m s™;

e the assumed fraction of time that the wind blows in the sector containing the

receptor points was 0.46.

The results of the calculations are shown in the following tables and figures.

Table 31: Results of the dose calculations for different pathways as a function of the
distance from the stack.

Distance (m)

300 500 900 1500 5000 10000
Pathways Doses (Sv a™)
Immersion in Air ~ 3.80E-15  5.35E-14 9.95E-14 7.11E-14 1.18E-14 3.48E-15
Deposition in Soil ~ 4.15E-09  5.84E-08 1.09E-07 5.97E-08 1.28E-08 2.92E-09
Food Ingestion 3.40E-07 6.27E-06 8.91E-06 6.27E-06 1.05E-06 3.07E-07
Inhalation 475E-09 6.69E-08 1.25E-07 &.89E-08 1.47E-08 4.36E-09
Total 3.49E-07 6.40E-06 9.14E-06 6.42E-06 1.08E-06 3.14E-07
Distance (m)
300 500 900 1500 5000 10000
Pathways Doses (Sv a™)
Immersion in Air ~ 3.80E-15 5.35E-14 9.95E-14 7.11E-14 1.18E-14 3.48E-15
Deposition in Soil ~ 4.15E-09  5.84E-08 1.09E-07 5.97E-08 1.28E-08 2.92E-09
Food Ingestion 3.40E-07 6.27E-06 891E-06 6.27E-06 1.05E-06 3.07E-07
Inhalation 475E-09 6.69E-08 1.25E-07 &.89E-08 1.47E-08 4.36E-09
Total 3.49E-07 6.40E-06 9.14E-06 6.42E-06 1.08E-06 3.14E-07
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Figure 17: Doses for the hypothetical point source, using CROM, for the
radionuclides *'°Po, 2'°Pb, #'°Bi, for different pathways, as a function of distance from
the stack.

Table 32: Results for the receptor points (House 1 and 2) for the Point source
hypothetical scenario

Pathways House 1 House 2
Dose Sv/y % Dose Sv/y %
Immersion in Air 3.80E-15 <1 7.11E-14 <1
Deposition in Soil 4.15E-09 1.48 5.97E-08 1.16
Food Ingestion 2.72E-07 96.83 5.02E-06 97.12
Inhalation 4.75E-09 1.69 8.89E-08 1.72
Total 2.81E-07 5.17E-06
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Figure 18: Calculated doses for different pathways at receptor point House 2
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Figure 19: Calculated doses for different ingestion pathways at receptor point House 2
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APPENDIX 5
SCENARIO

Appendix 5.1 DOSDIM & HYDRUS

TESTING OF THE HYPOTHETICAL AREA SOURCE

A brief description of the DOSDIM + HYDRUS package is given in Appendix
2.1.7. One modeller used DOSDIM & HYDRUS to test this scenario. A second
modeller repeated and revised the calculations. The revised results are presented

below.

Appendix 5.1.1

Methodology used with DOSDIM and HYDRUS

The one-dimensional version HYDRUS 1D was used for the modelling of the
transport of the radionuclides through the VADOSE zone (unsaturated) under the
waste, into the aquifer (saturated zone). The concentrations of the radionuclides in the
aquifer at the location of the exposure point (a well at the house), were then calculated
with HYDRUS 2D using the output values from the 1D version as input.

The configuration of the site is shown in Figure 20.

A groundwater

800m
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500m
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800m
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1km

Field 3
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wind direction: 0°
(sector 1)

€

Figure 20: Configuration of area source and exposure points — the shaded part is the
area source (location of waste), the exposure points are houses 1 and 2 (house 3 was
not considered) and fields 1 and 2 (representative points in the centre of each field)
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Appendix 5.1.2 Exposure pathways to be considered

The exposure pathways considered are:

e Inhalation of radon exhaled from the waste;
e External irradiation from the waste;
e Inhalation of resuspended dust;

e Ingestion of water from a contaminated well.

Modelling of the *’Rn concentrations in the air due to exhalation from the
waste

The individual dose to the exposure group due to inhalation of radon decay
products, has been assessed outdoors (on the field) and indoors (in the houses).
Distinction has further been made between the exposure above the waste (see Figure
21: field 1 and house 1) and at a distance of 700m and 1500m from the centre of the
waste (respectively field 2 and field 3, and house 2 and house 3), and between
covered and uncovered waste. For long time ranges (> 100a) the thickness of the
uncontaminated cover layer is considered to diminish exponentially with time due to
erosion; the effect of this is somewhat reduced due to downward migration of the

contamination.
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Figure 21: Cross-section through area source and exposure points

The modelling of the 22Rn concentrations in the air due to exhalation from the

waste is performed with the extra module of the DOSDIM model. The extended area
source, formed by the waste, is herein divided into elementary square sources of
100m x 100m (x 10m deep). The total impact from the waste is then calculated as the
sum of impacts from all these elementary sources, which are considered to be located
at their centres. The distances and directions to the exposure points are easily
calculated, locating the latter at the centre of the houses and fields in the zones 1 (at
the waste area), 2 and 3 (outside the waste area).
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For modelling the atmospheric dispersion of the exhaled radon, and its daughter
radio-nuclides, a 2-dimensional Gaussian model is used. The well-known Pasquill-
Gifford dispersion parameters (i.e. the standard deviations of the cross-wind and
vertical wind distributions) are expressed as a function of the Pasquill weather type
and of the distance from the elementary source (centre) to the exposure point.

For each elementary source — exposure point configuration, the frequency of
occurrence of the wind blowing in the sector, encompassing the exposure point
considered, and of the wind blowing in the adjacent sectors, is calculated from a table
of meteorological observations. For each elementary source — exposure point
configuration, the frequency of occurrence of the wind blowing in the sector,
encompassing the exposure point considered, and of the wind blowing in the adjacent
sectors, is calculated from a table of meteorological observations. Then, for the same
configurations, and for each stability class, the time-averaged dilution factor is
calculated, taking into account the distribution of the wind direction.

The contributions for the wind blowing in the sector containing the receptor, and
the "fringes" for the wind blowing in the adjacent sectors, are summed up, yielding
the average dilution factor for the exposure point considered (for each elementary
source and each stability class). Multiplying these average dilution factors with the
frequency of occurrence of each stability class and of the wind direction considered
and summing up the weighted dilution factors results in the total average dilution
factor for the exposure point, from the whole waste pit (= all the elementary sources).

Multiplication with the exhalation flux of radon yields the average radon
concentration in the air at the exposure point, from which the individual dose due to
inhalation of exhaled radon is calculated. The radon exhalation rate from the covered
waste is lower than that of the uncovered waste. Consequently the individual dose
from covered waste is lower. Due to the erosion, the thickness of the cover in the
former case will decrease exponentially with time down to approximately 1m at 10
000 years.

External irradiation from the waste

This exposure pathway is only important on the fields and in the house above the
waste. Both cases of covered (2m thick) and uncovered waste are considered. With
respect to the location of the labourers on the field, working on the edge of the waste
area would result in an external dose rate equal to half the value at the centre of the
waste area, and in an inhalation dose rate from resuspension, varying between 0 and a
certain maximum value (depending on the prevalent wind directions). Therefore the
central point of the fields has been considered as the representative points, where the
dose rates were assessed.

These two exposure pathways are easily modelled with DOSDIM, as described in
the VAMP and BIOMASS reports mentioned above.

Only for the labourers working and living above the waste, the doses are relevant.
A higher individual dose rate will be received above the uncovered waste than above
the covered waste. The inhalation dose will be zero, and the external dose rate will be
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lower than for the uncovered waste, as long as the thickness of the covering layer has
not been reduced to zero.

These two latter exposure pathways (inhalation of radon and external irradiation)
are easily modelled with DOSDIM, as described in the VAMP and BIOMASS reports
mentioned above. Only for the labourers working and living on the waste area, the
doses will be relevant. A higher individual dose rate will be received on the
uncovered waste than on the covered waste.

Inhalation of resuspended dust

This pathway is only relevant for uncovered waste. In the DOSDIM model the
radionuclide concentrations in the resuspended dust are considered to be in
equilibrium with the concentrations in the top soil, apart from an enhancement factor
of 5 [61] because of the finer (more inhalable fraction) size of the particles in the air
with respect to those in the top soil.

Inhalation of resuspended daughter radionuclides of **’Rn, exhaled from the
waste could also be taken into consideration; however, its radiological impact is
estimated to be unimportant.

Intuitively it is expected that, for the covered waste, the inhalation dose will be
zero, and the external dose rate will be lower than that for the uncovered waste, as
long as the thickness of the covering layer has not been reduced to zero.

Ingestion of water from a contaminated well

The downward transport of the radionuclides of the ***U decay chain through the

unsaturated soil under the waste and the concentration of the radionuclides which
leached into the aquifer at the location of the waste have been modelled with the
HYDRUS 1D software programme. The dilution after the radionuclides entered into
the aquifer, the advection of the contaminants with the groundwater flux from under
the waste area in the direction of the houses and the concentrations of the
radionuclides in a well located near each house were calculated using HYDRUS 2D.
During the entire transport, the decay and ingrowth of the short-lived daughter
radionuclides have been taken into account. The aquifer was presumed to be 15m
thick and located on top of bedrock (see Figure 21). The hydrological parameters,
which were not given in the original scenario description and which were used as
input in the HYDRUS models are illustrated in Table 33.
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Table 33: Comparison of the hydrological input parameters used in the Hydrus 1D
and 2D models

Soil compartment : Unsaturated Saturated
zone” zone”
Model used: HYDRUSID | HYDRUS2D
Symbol Name Units Value
Q: Residual soil water content - 0.07 0.045
Qs Saturated soil water content - 0.41 0.43
A Parameter in the soil water | d’ 2.39 14.5
retention function
N Parameter in the soil water | - 1.56 2.68
retention function
K, Saturated hydraulic conductivity | m d”' 0.63 7.128
Vinf Vertical water flux md’ 0.00137 0.00137
\Z Darcy velocity md’ - 0.1
p Bulk density kg m” 1500 1500
DL Longitudinal dispersivity m 0.1 2
Dy Transverse dispersivity m - 0.2
Ky Dispersion coefficient
Sy m’ kg 0.3264 0.033
24y m’ kg’ 0.3264 0.033
20Th m’ kg’ 3.48 3
*Ra m’ kg 2.192 0.49
*19pp m’ kg 0.324 0.27

* soil composition: 80% sand and 20% clay

® s0il composition: 100% sand

For the calculation of the radionuclide concentrations in drinking water, it was
assumed that the pump extracts water from the central part of the aquifer (central 10
m). Radionuclide concentrations in the upper and lower 5 m of the aquifer were not
taken into account. After calculation of the concentrations of radionuclides in the
well, the DOSDIM model is used to calculate the radionuclide concentrations in the
food products. Contamination of food products may be caused by growing crops and
pasture on contaminated land or by indirect contamination due to irrigation with
contaminated water. If the agricultural land is irrigated with contaminated well water,
all food products in both zones might be contaminated due to irrigation. Direct contact
with the radioactive waste is only possible on field 1 and this only in the uncovered
waste scenario.

Appendix 5.1.3 Modelling of the **’Rn concentrations in the air due to
exhalation from the waste

One of the possible exposure pathways for which calculations were performed is
the exhalation of **’Rn out of the waste repository. The dispersion of the radon was
calculated by subdividing the area of the repository (1 km x 1 km) into cells of 100m
x 100m. This produces a grid which contains 100 different cells (see Figure 22).
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Figure 22 : Schematic representations of the model formulations (tg(6/2) = tan(6/2))

From each of these cells, the distance r between the centre of this cell and a
receptor point (house or field) was calculated, together with the angle of this line (y)
with a reference direction (wind direction 0°). This angle is used to determine in
which sector, in relation to the wind direction, the receptor is located. For each of the
cells the probability the wind blows over this cell in the direction of the receptor was
calculated (Pg). For each of the grids the dispersion parameter (o, and ¢,) between the
centres of the cells and the house/field is calculated for different stability classes.
Dispersion parameters are calculated using the following equations

_ b
O-y =ax
)

o.=cx’ +e
where x represents the distance between the source and the receptor (in meters), and

the parameters a to e are empirically derived values, which depend on the different
stability classes (see Table 34).

Table 34: Parameters used to calculate the stability class (given in the first column)

100m < x <400m 400m <x < 1000m 1000m <x <10 000m
A b C d e c d e C d e
0.5269 0.8649 0.0060 1.5548 6.2686 0.0001 2.2217 16.3731 0.0002 2.0940 -9.6000
0.3710 0.8664 | 0.0371 | 1.1530 | 3.1914 | 0.0371 | 1.1530 | 3.1914 0.0540 | 1.0997 | 2.5397

0.2092 0.8971 0.0992 | 0.9289 0.2444 | 0.0992 | 0.9289 | 0.2444 0.0991 0.9255 1.7383

0.1277 0.9050 | 0.2066 | 0.7338 -1.3659 | 0.2066 | 0.7338 | -1.3659 0.9248 | 0.5474 | -9.0641

0.0975 0.9019 | 0.1975 | 0.6865 -1.1644 | 0.1975 | 0.6865 | -1.1640 2.3441 0.4026 | -16.3186

| mg|0|w| >

0.0653 0.9023 0.0984 | 0.7210 -0.3231 | 0.0984 | 0.7210 | -0.3231 6.5286 | 0.2593 | -25.1583

The average dilution is calculated using a Gaussian dispersion equation
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2
D F 'uveruge = Pg -eXp - y 2 b
2~7r-u‘az-0'y 2.0

y
where

Py = the probability the wind blows in the direction of the house/field (%);
y = the distance perpendicular to the wind direction (m);

u = the wind speed (m s™);

o, and oy = the dispersion parameter for the z- and y- directions.

When averaging over time, the mean wind directions are variable. Fluctuations
around the average wind direction are taken into account by modifying the previous

equation to

xtg(0/2) 2

DFaverage = Pg ) 1 ' -[ exp B y 2 . dy .
2-7r-u-O'Z-O'y 2x-tg(9/2) —x1g(6/2) 2.0

y

where 0 represents the angle over which the wind variations are considered
(Figure 22).

By applying the error function and simplifying the equation by replacing x tg(6/2)
by m t/n, where n is the number of wind direction categories (see Table 34), the
formula can be rearranged to give

P,-n Tr
DFLIVEVLI(?: ¢ .e}/.'f
“ 2r-meu-o.-r (n-ay-\/zJ

b

where r is the distance between centre of the grid and the house/field (m), and

el”f(Z)Z%je’zdt with z :[ﬁJ and t:(ﬁ%].

The concentration of radon in the air at the receptor is not only influenced by the
wind coming from the sector, in which the receptor is located (0), but might also be
influenced, by the wind from the adjacent sectors (6° and 0). This phenomenon is
called the fringe effects. Taking into account the fact that erf(o0) = 1, the following
approximation can be made for calculating these fringe effects:

(P'(,+P"9 j o
s T

fringe /272-.71-.14.0-2.7-. n.gy.\/z
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where

P’y = the probability that the wind blows 360°/n out of the direction of the house/field
(%), and

P’y = the probability that the wind blows -360°/n out of the direction of the
house/field (%).

For an elementary source the total dilution factor for a specific stability class is
the sum of the average dilution factor (DFayerage) and the dilution factor due to fringe
effects (DFfinge). The total annual dilution factors for each elementary source are
calculated by multiplying the stability class specific dilution factors for each
elementary source with the probability that a certain stability class occurs (Table 13).
The individual values are subsequently summed.

Two different scenarios were considered. For the covered waste scenario an
exhalation rate of 0.02 Bq m™ s was used, while a value of | Bqm™ s was used for
the uncovered waste scenario. The concentration in the air was calculated by
multiplying the exhalation rate with the total dilution factor calculated for different
locations.

The doses received due to residence in the house for both situations, covered and
uncovered waste, is calculated on the basis of the exhalation of radon from the waste,
followed by atmospheric dispersion, such as would be done for the open air (fields 1
and 2). However, for the house on the waste (house 1) another source of radon
contamination has to be considered, namely the exhalation of radon from the waste
directly into the house. This contribution is generally more important than the
contribution from radon coming from the outside air.

For the calculation of the radon concentration in house 1 the method is different
for both situations. In the case of the uncovered waste, the house is built on the same
ground for which the exhalation and atmospheric dispersion has been calculated. In
this case the radon concentration inside house 1 is higher than outside for two reasons,
namely the smaller renewal rate of the air and the under-pressure in the house. Due to
the first reason, the resulting radon concentration would amount to 4.8 Bq m™
(equivalent to 14,400 Bq h™ for a ventilation flow rate of 300 m® h™), which is 20
times higher than outside (0.24 Bq m™). The influence from the under-pressure is
more difficult to quantify. However in field investigations (for example, at the storage
plant at Olen) a global factor of 30 has been observed.

In the case of the covered waste, it is assumed that the house is built on a 30 cm
thick layer of concrete. As before, the ratio of the radon concentration inside the
house to that outside is assumed to be 30.
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Radon inhalation for the critical group is calculated by multiplying the

concentration of radon in the air (inside or outside) with the residence time at the
222

location and the dose conversion factor for “““Rn, given by
Hinh,Rn,out = Ca,Rn,out '7:)ut 'DEnh,Rn > and
Hinh,Rn,in = Ca,Rn,in ‘T;n‘ Enh,Rn .

For covered waste this dose is multiplied by a correction factor which accounts
for the increase in radon exhalation due to the erosion of the shielding cover and the
leaching of the waste. The correction factor is given by

Cory, o (t) = exp{1 e (d 1) -d, @)}

2

where
Arn = decay rate of **Rn (s™);
Dr, = exhalation rate of 222Rn out of the waste (rn2 s'l), and

d.(t) = thickness (m) of the cover layer at time t (a).

The thickness of the cover layer is given by
d.(t)y=d.(t))—t-rer+vy, 1t
where
rer = relative erosion rate (m a™)

226
f

VRa 226 = leaching rate of ““Ra out of waste, defined as:

1% v

v — W w
Ra-226 — ~
” 1+p'Kd_Ra—226
0
where

vy = infiltration rate of water (m a™);
p = soil bulk density (kg m™);
K4 ra-226 = distribution coefficient (m kg'l), and

0 = soil moisture content (-).
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Appendix 5.1.4 External irradiation from the waste and inhalation of
resuspended dust

The concentration in the air is calculated by multiplying the dust load factor with
the concentration in the soil. Because of the finer (more inhalable fraction) size of the
particles in the air with respect to those in the top soil, an enhancement factor of 5 is
used [61]. The equations for the calculation of the dose are similar to those used for
the effects of air radon concentrations, namely

Hinh,r,oul = Ba,out ‘Toul Z [Ca,r,out ' DRnlz,r]
r
Hinh,r,in = Ba,in ‘T;'n Z [Ca,i',in ' DFinh _a,r]
r

where

H;p, . = individual effective annual dose for adults for inhalation of air (Sv a'l);
x=in for indoor exposure, x = out for outdoor exposure;

B, = inhalation rates for adults (m® h™");

T, = annual exposure time (h a™') for adults, and

DF,;,;.» = effective dose factor for inhalation of radionuclide r for adults (Sv Bq'l).

Appendix 5.1.5 Calculation of water concentration in the aquifer

The radionuclide flow through the different soil layer is calculated using
HYDRUSID and 2D. HYDRUS is a Microsoft Windows based modelling
environment for analysis of water flow and solute transport in variably saturated
porous media. The software package includes computational finite element models for
simulating the one- and two-dimensional movement of water, heat, and multiple
solutes in variably saturated media. The model includes a parameter optimization
algorithm for inverse estimation of a variety of soil hydraulic and/or solute transport
parameters. The model is supported by an interactive graphics-based interface for data
pre-processing, generation of structured and unstructured finite element meshes, and
graphic presentation of the results. The program numerically solves the Richards'
equation for saturated-unsaturated water flow,

90 _0 a(9)
o oz {Dw(g)( oz +K(9)ﬂ’

and Fickian-based advection dispersion equations for heat and solute transport

R aCwliq D 82Cwliq aCvliq ‘IJRC S
= -y - =S
ot oz’ Oz T
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The flow equation incorporates a sink term to account for water uptake by plant
roots. The transport equation considers conduction as well as convection with flowing
water. The solute transport equations consider advection-dispersive transport in the
liquid phase, and diffusion in the gaseous phase. The transport equations also include
provisions for nonlinear and/or non-equilibrium reactions between the solid and liquid
phases, linear equilibrium reactions between the liquid and gaseous phases, zero order
production, and two first-order degradation reactions (one which is independent of
other solutes, and one which provides the coupling between solutes involved in
sequential first-order decay reactions). The program may be used to analyze water and
solute movement in unsaturated, partially saturated, or fully saturated porous media.
More information on these models can be found at http://www.pc-progress.cz/ or
references [62] and [63].

Appendix 5.1.6 Calculation of dose impact due to water and food ingestion

Drinking water extracted from a well is assumed not to undergo any treatment
which can affect the radionuclide concentration in the drinking water. Therefore it can
be assumed that the radionuclide concentration in the water in the receptor and the
well compartments is the same, i.e.

de v = C

where
Cwa,r = concentration of radionuclide r in drinking water (Bq m™); and

Cyw,r = concentration of radionuclide r in well water (Bq m'3)

Agricultural soil is assumed to be contaminated through irrigation with
contaminated water extracted from the well. The concentrations of radionuclides in
the soil (root zone soil) are determined from the input, characterised by the irrigation
rate and irrigation period, and the losses, due to leaching out of the root zone soil and
radioactive decay. According to reference [64] this leaching rate constant (A.) can be
calculated by

B Inf
‘ ds,v (‘c"s + ps 'de,r ) ,

where

Inf= net infiltration rate of the water (m y™);

ds v = thickness of the root zone soil for crop v (m)

&s = volumetric water content of the root zone soil (-);

s = bulk density of root zone soil (kg m™); and
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Kd,, = distribution coefficient of radionuclide r in the root zone soil (m’ kg™).

The annual averages of the radionuclide concentrations in the root zone soil are
calculated for each radionuclide by taking the average of the radionuclide
concentration at the beginning and the end of the irrigation period. This average is
given by

l Ir,v 1 exp(_ﬂ’e,t (1 - T;'r,v )) - exp(_ﬂ’e,r 'T;'r,v)
v " 2 . ir,v . P? ‘/Ie,r . (1 - exp(_//i’e,r ))

1

+1

in which

C,,, = concentration of radionuclide 7 in root zone soil (Bq kg'l);
A = radioactive decay constant (y'l);

Ao, = effective decay constant (y') = A, + A,

T}, = annual irrigation duration for food crop v (aa™)

1,,, = annual irrigation (m a'l)

P, = surface density of the root zone soil (kg m'l) = ps.ds

Food crops and pasture are considered to be contaminated through irrigation.
Contamination is brought about through direct deposition on the external parts of the
plants and through root uptake from the root zone soil. Interception is taken into
account together with loss of radionuclides due to weathering during the irrigation
period and between the end of the irrigation period and the harvest. The concentration
of radionuclide 7 in crop v due to direct deposition (Bq kg™ is given by

v,1r :er x]r)(£)(£xl_exp(_ﬂ‘the)
i T, Y p)

ir we

C X exp(— A, xt, )

where

C,, 1, 1s given as fresh weight (fw) for food crops, and dry weight (dw) for feed crops
and pasture;

R = interception factor (-);

Y = herbage density of the plant (kg fw m™ for food crops; kg dw m™ for feed crops,
pasture);

t. = time during which the plant is externally exposed to irrigation (a a™);

Aw = the weathering decay constant (a™); and
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t, = time between end of irrigation and harvest (a a’).

Other parameters are as indicated before. In case of root crops and tubers, the
concentration of radionuclides in the external (above ground) parts of the plants is not
relevant for consumption, but the concentration of the underground parts of the plants
at harvest is. Only a certain fraction of the activity interception is assumed to reach
these edible parts of the plant. This fraction is represented by a translocation factor

(Zfs.0)-

C

:C Xlr xﬁxtefovr
T. Y ’

v,1,r w,r
ir

In case of pasture, a perennial plant, also the growth period (t,,) is considered
(also in a a™"). This results in the following formula:

vg,lr =er XI, XAXEX l_eXp(_ﬂWXte)xexp(_ﬁthh)x 2(te +2th)
B ’ T, Y A, ‘.

C

The last factor in this equation represents the fraction of the total grass
production, which is contaminated through direct deposition during irrigation. For
simplicity, it is assumed that the grass is growing at a constant rate during the growth
period.

The radionuclide concentrations in plants are calculated from the ratios at
equilibrium between the radionuclide concentration in the root soil zone and that in
the plant due to root uptake:

C, =C

S,r X Bv,r and Cvg,Z,r ~ Cs,r vg,r
where
C,.,.» = concentration of radionuclide r in crop v due to root uptake (Bq kg™, fw);

C.q 2= concentration of radionuclide r in pasture due to root uptake (Bq kg”, dw);

C,, = concentration of radionuclide r in root zone soil, average over the year

considered (Bq kg™);
B, = soil-to-plant concentration factor [kg dw (kg dw)']; and

B, = soil-to-pasture concentration factor [kg dw (kg dw)'].

The total radionuclide concentration in crops and pasture is given by:

C,=C, +C, and C,  =C

ve,r vg,Lr

+C
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Radionuclides can be taken up by cattle and appear in contaminated milk and
meat in three different ways:

e watering of the cattle with contaminated water;
e grazing of the cattle on pasture contaminated through irrigation; and

e uptake of contaminated soil by the cattle while grazing on the pasture.

The radionuclide concentrations in milk and meat are calculated directly from the
radionuclide intakes by the cattle through factors determining the ratio between the
radionuclide concentration milk and meat of the cattle and the daily radionuclide
intake.

C =lc,, xu. (e, +C, xx, .  JF..

where

Cyir = concentration of radionuclide 7 in cow milk (Bq L'l);

C\, » = concentration of radionuclide r in water for the cattle (Bq m'3);
U. = daily water intake by diary cows (m’ d'l);

C,g» = concentration of radionuclide » in pasture or feed crops for the cattle (Bq kg'l,
dw);

C,, = average concentration of radionuclide » in root zone soil, over the year

concerned (Bq kg);
X; = ratio of soil-to-pasture intake by the cattle (-);
U. v, = daily pasture intake by dairy cows (kg dw d'); and

Fuiy = cow to milk transfer factor (d L'l).

The same formula can be used for calculating the concentration of radionuclide
in meat (Bq kg™), i.e.

C,, = [Cw,r xU, ,+ (Cvg,r + C_w x X, )Uh_vg ]Fm,r

where
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U, = daily water intake by beef cattle (m’ dh;
Uy ¢ = daily pasture intake by beef cattle (kg dw dh);
C,.» = concentration of radionuclide r in meat (Bq kg™);

F,,, = meat transfer factor (d kg™).

Appendix 5.1.7 Dealing with decay chains in the biosphere model

Short-lived daughter radionuclides (less than a few tenths of years) are assumed
to come in equilibrium (the branching ratio always to be taken into account) with their
longer-lived parent radionuclide in the biosphere. For the applicable exposure
pathways the dose factor(s) of the daughter radionuclide(s) are added to that (those) of
the parent radionuclide, assigning in this way the dose from the daughter to the parent
radionuclide from which it is formed. In this case we implicitly assume that the
behaviour of the parent and daughter radionuclide in the environment is similar.

For very short-lived daughter radionuclides (less than '%2 hour) equilibrium is
almost instantaneously realised, also in the human body. This means that the dose
factors for inhalation and ingestion of the parent nuclide will already comprise the
dose factors of the daughter. Consequently the doses for inhalation and ingestion from
these very short-lived daughter radionuclides are not taken into account. The dose
factors of these radionuclides are only counted up to those of the parent radionuclides
for the external exposure pathways.

The daughter radionuclides with intermediate half-life (larger than a few tenths of
years) will only attain equilibrium with their parent radionuclide in the root zone soil,
where the residence time of these radionuclides is sufficiently long. Consequently, for
the exposure pathways passing through the soil, the dose factors of the daughter
radionuclides may be added to those of the parent radionuclides. When the loss of
daughter nuclides due to leaching may not be neglected in comparison to the
radioactive decay, a reduction factor equal to the ratio of the radioactive decay
constant with the effective decay constant (radioactive decay constant +
environmental decay constant) is taken into account. This is the case for some
daughter nuclides of *°Ra. *'°Pb and *'°Po (daughters of **°Ra) are leached to the
deep soil before reaching equilibrium in the top soil. The concentrations of these
daughter nuclides are calculated individually in this upper soil layer and multiplied by
their proper soil-plant transfer factor to derive their concentration in the plants.
Further in the model calculations they are treated as individual nuclides and
multiplied with the proper dose conversion factor when deriving the annual effective
dose.

Appendix 5.1.8 Calculating the activity of daughter nuclides with
intermediate half-lives

When dealing with daughter nuclides with a half-life greater than a few tenths of
years and a parent nuclide with a long half-live, a certain ratio between the activities

EMRAS: Theme 2, Working Group 2, NORM 119

Draft TECDOC, September, 2007



13.

of the parent and daughter radionuclides is established in the soil. This ratio was
calculated for the daughter radionuclides *'°Pb and ?'°Po, both daughter radionuclides
from **°Ra. The method of determining this ratio is described here.

)

LP

v
Ap
|

Figure 23: the production, transfer and loss processes for a parent and daughter
radionuclide

The rate of change of the activity of the parent nuclide is given by

dA
d;” —5-(4,,+4,,)-4

P

where

8 = deposition rate of parent radionuclide through irrigation (Bq a™);
A, = activity of the parent radionuclide (Bq);

Aq4 = activity of the daughter radionuclide (Bq);

Aep = leaching rate constant of the parent radionuclide(a™);

Arp = decay constant of the parent radionuclide(a™); and

t=time (a).

Integrating gives

A1) = ;Li Ji—expl=4,,, 1))
o

where

/’i’e,r,p = (/’i’e,p + /Ir,p)
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The rate of change of the activity of the parent nuclide is given by

dA,
dt

=Ag4,- (ﬂ’e,d + A4 ) 4,

where
Aed = leaching rate constant of the daughter radionuclide (a'); and

A = decay constant of the daughter radionuclide (a™).

Integrating gives

A0 d14 Aerp -exp(— Aora 't)_/le,r,d -exp(— Aoy p 't)
’ /Ie,r,d - /le,r,p

Ad(t): 1

e,r,p e,r,d

and ¢ >> , then

e,r.d e,r,p

At equilibrium, when ¢ >>

~ 5 ~ ﬂ’r,d
4,0~ " and 4,0~ 4,()—

e,r,p e,r,d

When using this equation for calculating the activity of daughter radionuclides of
2°Ra, one also needs to correct for the exhalation of **’Rn. In this case the activity for
219y, for instance, is given by:

/1r,210Pb

-0.75

Azlon (t) ~ AmRa (t) .

e,r,ZIOPb

The dose due to ingestion of drinking water and food crops is calculated by using:

Hpr i =1 dw'Z[de,r 'DEng,r]a and

I—Iing,r,t = Zlfoodt ‘Z[Cfoodl,r ) DFl;lg,}’ ] 5
t r

where
Hing » = individual effective annual ingestion dose for adults (Sv al):

for drinking water (x = dw), and for food product t (x = t);
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I; = annual individual consumption rate of substance f for adults (f =dw, or x = t) (m’
‘ -1 -1

a orkga);

DF;,, , = effective dose factor for ingestion of radionuclide r for adults (Sv Bq)

External irradiation of the critical group is calculated using the following equations:

Hext,r,out = Cs,r'Kout 'z;ut 'DRF;xt,r
H ext ,r,in = Cs,r 'Kin 'Tin DRF ext ,r

where

H,,.,, = individual effective annual dose for adults for external radiation from soil (Sv
a'l), where x = in for inside, and x = out for outside);

T, = annual exposure time by soil (h a™') for adults, where x = in for inside, and x =
out for outside);

K, = shielding factor inside (x = in) and outside (x = out) the house; and

DRF.,,,, = effective dose rate factor for external radiation by radionuclide » for adults
(Svh™ (Bqm™))™".

For the covered waste the external doses is corrected for the reduction in
irradiation due to the shielding effect of the cover. This correction factor is defined as

Corr, (t) = exp[dc (t,)—t-rer+t-vy, 5 ] .

Appendix 5.1.9 Results — concentrations of radionuclides in environmental
media

For the calculation of the radionuclide concentrations in the exposing media, the
processes of radioactive decay and ingrowth of the relatively "short"-lived daughter
radionuclides, erosion and downward migration of the radionuclides (primarily due to
leaching) are taken into account. Erosion reduces the thickness of the covering layer
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and through this, increases the exhaled

222

Rn concentration in the air and the external

dose rate from the covered waste. However both effects are counteracted by the
downward migration of the radionuclides. The resultant effect in the long term is an
enhancement of the *?Rn concentration in the air and of the external dose rate from
the covered waste, with time.

The estimated concentrations of the important radionuclides are presented in the

following tables.

Table 35: **’Rn concentrations in the air (Bq m™) due to exhalation from the waste

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
la, 10a, 100a 354 11.8 7.08 0.236
1 000a 354 11.8 7.57 0.253
10 000a 354 11.8 13.6 0.453

Table 36: **°Ra concentrations in the waste (Bq kg™') for external irradiation

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 1000 1000 1000 1000

Table 37: 238U+, 2 4U, g’ 0Th, 226Ra+ and *'°Pb+ concentrations in the resuspended dust

(Bq kg™ for inhalation
Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 5000 5000 0 0

Table 38: Radionuclide concentrations in the well water (Bq m>)

EMRAS: Theme 2, Working Group 2, NORM
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Time Uncovered waste and Covered waste / House 1 and Field 1
238U, 234U: 230Th: 226Ra: 210Pb:
1, 10a 0 0 0 0
100a 4 x 1020 0 0 0
1000a 3.9 x 104 335x10™"° 1.55x 107 421 %10
10 000a 1.25 % 10° 2.79 x 10 326 x 107 6.16 % 107
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Table 39: “*Rn concentrations in the air due to exhalation from the waste (Bqm™)

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
la, 10a, 100a 354 11.8 7.08 0.236
1 000a 354 11.8 7.57 0.253
10 000a 354 11.8 13.6 0.453
Table 40: **°Ra concentrations in the waste (Bq kg™) for external irradiation
Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 1000 1000 1000 1000

Table 41: 2%U", 2*U, 2°Th, *Ra” and *'°Pb* concentrations in the resuspended dust

(Bq kg™ for inhalation

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 5000 5000 0 0

Concentrations of the critical radionuclides on the waste

Table 42: **?Rn concentrations in the air due to exhalation from the waste (Bq m>)

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
la, 10a, 100a 354 11.8 7.08 0.236
1 000a 354 11.8 7.57 0.253
10 000a 354 11.8 13.6 0.453

Table 43: “°Ra concentrations in the waste (Bq kg™") for external irradiation

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 1000 1000 1000 1000

Table 44: 23U+, 2*U, 2°Th, ***Ra+ and *'°Pb+ concentrations in the resuspended dust

(Bq kg™) for inhalation
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Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 5000 5000 0 0

Table 45: Radionuclide concentrations in the well (Bq m™)

Time Uncovered waste and Covered waste / House 1 and Field 1
238U, 234U1 230Th1 226Ra: ZIOPbZ
1, 10a 0 0 0 0
100a 4x10% 0 0 0
1000a 3.9 x 104 335x107"° 1.55 <10 421 x10"
10 000a 125 x 10° 2.79 x 10 3.26 x 107 6.16 x 10"
Table 46: **’Rn concentrations in the air due to exhalation from the waste (Bq m™)
Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
la, 10a, 100a 354 11.8 7.08 0.236
1 000a 354 11.8 7.57 0.253
10 000a 354 11.8 13.6 0.453

Table 47: **°Ra concentrations in the waste (Bq kg™') for external irradiation

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 1000 1000 1000 1000

Table 48: 238U+, 234U, 230Th, 22°Ra’ and *'°Pb" concentrations in the resuspended dust

(Bq kg™ for inhalation

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 5000 5000 0 0

These tables present the concentrations of the radionuclides in the environment in
the area near to house 1. Since this house is built above the waste, which is the source
of all contamination, high concentration values are found in this zone. Radon
concentrations are the highest when no cover is applied. The cover prevents
resuspension of dust particles carrying radionuclides. Because an enhancement factor
was used to calculate air dust concentration, these values were 5 time higher in
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comparison to the concentration in the soil. Furthermore, the concentration of
radionuclides in the well near to house 1 was very low or even zero during the first
100 years.

Concentrations of the critical radionuclides outside the waste area

The following tables present the result for house 2. The environmental
concentrations outside the waste area are lower on comparison to the concentrations
on the waste area. The radioactive contaminated dust and radon concentration are
lower due to dilution. The concentrations in the well near house 2 are also
considerably lower by comparison with those near house 1.

Table 49: **’Rn concentrations in the air due to exhalation from the waste (Bq m™)

Time Uncovered waste Covered waste
House 2 Field 2 House 2 Field 2
la, 10a, 3.07 2.26 0.0613 0.0452
1 000a 3.07 2.26 0.0656 0.0484
10 000a 3.07 2.26 0.118 0.0868

Table 50: U7, 2*U, #°Th, *°Ra” and *'°Pb” concentrations in the resuspended dust
(Bq kg™ for inhalation

Time Uncovered waste Covered waste
House 2 Field 2 House 2 Field 2
All 1300 950 0 0

Table 51: All concentrations in the well (Bq m>)

Time Uncovered waste and Covered waste / House 2 and Field 2
238U’ 234U: 20T}, 226R - 210py.

1, 10a 0 0 0 0

100a 4.04 x 107 0 0 0

1000a 1.90 x 107 <107 <107 0

10 000a 323 %107 8.35x 107 8.72 x 10° 1.66 x 107

Appendix 5.1.10 Results — Annual Doses (Sv a™)

Individual doses on the waste area
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Table 52: Inhalation of radon decay products due to exhalation of **’Rn from the

waste (Sva™)

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
la, 10a, 100a 6.4x10° 1.1x 10" 1.3x 10" 2.1x10°
1 000a 6.4 x 10 1.1x 10" 1.4x 10" 2.3x10°
10 000a 6.4 x 107 1.1x 10" 2.5x 10" 4.1 x10°
Table 53: External irradiation from the radionuclides (**Ra + daughters) in the waste
(Sva™)
Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 1.0 x 107 1.2 x 107 <107 <107

For covered waste: external dose rates increase with time due to decrease of cover

thickness

Table 54: Inhalation of resuspended dust (**U™+ #*U + #°Th + #°Ra” + *'°Pb") from

the waste (Sv a™)

Time Uncovered waste Covered waste
House 1 Field 1 House 1 Field 1
All 1.4 x 10™ 4.5x 10" 0 0

Table 55: Ingestion of water from the well (238U+, 234U, 23 0Th+, 226Ra+ and 210Pb+)

(Sva™)
Time Uncovered waste and Covered waste / House 1 and Field 1
238U, 234U 230Th 226Ra 210Pb
la,10a 0 0 0 0
100a <107 0 0 0
1000a 7.6410 " <10 ™" <10 <107
10000a 2.45 %107 2.34 x 10710 3.65 % 10° 4.68 x 107
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Table 56: Total Doses on the waste area (Sv a™)

Time Uncovered waste Covered waste Total Well
House 1 Field 1 House 1 Field 1
la, 10a 7.5 x 107 1.8 x 107 1.3 x 10 2.1 % 10° 0
100a 7.5 x 107 1.8 x 107 13x10* | 2.1x10° <107
1 000a 7.5% 107 1.8 x 10° Lax10* | 23x10¢ | 153x107
10 000a 7.5 x10° 1.8 x 10 25x10* A1x100 | 495x107

For the impact on the waste area, the inhalation of radon exhaled from the waste
is the critical pathway, in both cases: for the covered and uncovered waste, accept for
the external irradiation in the uncovered field.

As mentioned before the modelling has also taken into account the effect of the
processes of erosion and of downward migration of the radionuclides, on the doses
from the covered waste.

The model also predicts that the residents in the houses above the waste, who
would spend most of their time inside their house, are receiving a higher dose than the
"associated workers".

Individual doses outside the waste area

Table 57: Inhalation of radon decay products due to exhalation of *Rn from the
waste (Sva™)

Time Uncovered waste Covered waste
House 2 Field 2 House 2 Field 2
la, 10a, 100a 5.6 %107 2.0x107 1.1 x10° 4.1 x 107
1 000a 5.6 %107 2.0x 107 1.2x10° 4.4 %107
10 000a 5.6 %107 2.0x 107 2.1x10° 7.9 x 107
230

Table 58: Inhalation of resuspended dust (

Th + daughters) from the waste (Sv a™)

Time Uncovered waste Covered waste
House 2 Field 2 House 2 Field 2

All 3.6 x 107 8.6 x 107 0 0
128
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Table 59: Ingestion of water from the well (**U" + #*U + #°Th" + **Ra* and *'°Pb")

(Sva™)
Time Uncovered waste and Covered waste / House 2 and Field 2
238U, 234U 230Th 226Ra 210Pb
la,10a 0 0 0 0
100a <10 0 0 0
1000a <1072 0 <1072 0
10000a 6.34 x 107 <10 9.76 x 107"° 1.26 x 10°®

Table 60: Total Doses outside the waste area (Sv a'); for these calculations, only
ingestion of water was taken into account

Time Uncovered waste Covered waste
House 2 Field 2 House 2 Field 2 Total Well
la, 10a 9.2 x 107 1.06 x 10 1.1 x10° 4.1x107 0
100a 9.2 x 107 1.06 x 10 1.1x10° 4.1x 107 <1012
1 000a 9.2 x107 1.06 x 10 1.2x10° 4.4 x10-7 <102
10 000a 9.2 x 107 1.06 x 10 2.1x10° 7.9 x 10-7 127 x 10

For the impact from the uncovered waste, outside the waste area, the inhalation of
resuspended dust is now the critical pathway for the "associated workers" (because of
their occupation times on the fields outside and the high concentrations in the dust on

the fields).

The "associated workers" are now also receiving a higher dose than the residents,
spending most of their time inside their house. After 10,000 years the ingestion of
drinking water also becomes an important pathway for the scenario of covered waste.
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Appendix 5.1.11 Concluding Tables/Graphs

Table 61 and Figure 25 show the time evolution of the total dose to individuals
working near house 1 and house 2 for both covered and uncovered waste.

Table 61: Time evolution of total doses (Sv a™'); in this case ingestion of food
products was not considered, only ingestion of contaminated well water

Time Uncovered waste Covered waste
House 1 +Field House 2 +Field House Il + Field House 2 + Field
1 2 i 2
la, 10a, 100a 9.3 x 107 2.0x10* 1.3 %10 1.5x10°
1 000a 9.3 x10° 2.0 %10 1.4x10* 1.6 x 10
5000a 9.3 x 107 2.6 x10™ 2.2 %10 6.1 x 107
10 000a 9.3 x 107 3.2 %10 3.0 x 107 1.3x10*

House 1 m House 2 m House 3

Section 1 Section 2 Section 3 Section 4

Figure 24: Graphical illustration of the conceptual model combined with an output file
from HYDRUS 2D which determines the concentration in the aquifer after 10 000a.
Low concentrations in the aquifer are coloured red (150 Bq m™), and the highest
concentrations are coloured blue (18000 Bq m™). The concentration increases as the
colour changes from red to orange to yellow to green to blue.

The concentration depends on the section and the depth in the soil. An overview
of the concentration at four different locations is illustrated in Figure 25.
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Figure 25: 2**U concentration in the well water (Bg/m?) depending on the depth in the
aquifer (m) and the section (see Figure 24).

So far, the calculated doses have only included the atmospheric and ground water
(advection) pathways. The food ingestion pathways may also give a significant
contribution to the end dose, depending on the scenario considered. Therefore,
calculations have been made to take into account the effect of ingestion of
contaminated food crops; meat and milk. This contamination may be caused by
growing crops and pasture on contaminated land or by indirect contamination due to
irrigation with contaminated water. The scenario of growing crops on contaminated
soil is appropriate if it is assumed that the fields are irrigated with contaminated well
water. Depending on the radionuclide, including these pathways should increase the
predicted ingestion dose.

Contamination of the food products can be caused by two processes. Plants can be
contaminated directly when they are grown on the waste. This is only possible in
Field 1, when no cover is applied. Contamination of soil due to irrigation with
contaminated water is valid for all fields. The following tables show the contribution
from the different pathways. Table 62 shows the increase in dose due to ingestion of
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food products, contaminated due to the use of contaminated irrigation water. In Table
63 the doses due to cultivation directly on the waste are included.

Table 62: Table 12: Time evolution of total annual doses’ (Sv a™)

Time Uncovered waste Covered waste
House 1 + Field | House 2 + Field | House 1 + Field | House 2 + Field
1 2 1 2
la, 10a, 100a 9.3 x 107 2.0x10* 1.3 x10™ 1.5x10°
1 000a 9.3 x 107 2.0 x 10™ 1.4 x 10™ 1.6 x 10°
5000a 9.3 x 107 2.8x10* 23 %10 8.8 x 107
10 000a 9.4 x 107 3.8 x 10" 3.2x 10" 1.8 x10™

For 2**U and ***U the model predicts that the dose due to ingestion will increase
by 45%, the ingestion of **°Th will increase the ingestion dose with 84%, and for
**Ra the ingestion dose will increase by 78% in comparison to the dose only due to
ingestion of drinking water (data not shown). In the latter value the dose due to
ingestion of *'°Pb contaminated food products is calculated implicitly.

Table 63: Time evolution of total annual doses'® (Sv/a) considering all pathways.

Time Uncovered waste Covered waste
House | + Field | House 2 + Field | House 1 + Field | House 2 + Field
1 2 1 2
la, 10a, 100a 1.2 x 107 2.0x10* 1.3 x10* 1.5x10°
1 000a 1.2 x 107 2.0x10* 1.4 x10* 1.6 x 10°
5 000a 1.2 x 107 2.8x10* 2.3x10* 8.8 x 107
10 000a 1.2 x 107 3.8x 10" 32x 10" 1.8x10*

Direct contact of the plants with the radioactive waste is possible only on field 1
and then only with uncovered waste. This will give an additional dose to the residents
of house 1 of 2.28 x 10™ Sv a™' per Bq g". Most of this dose is due to *'°Pb (54%) (+
9% due to the daughter *'°Po). Ingestion of *°Ra in contaminated food is responsible
for 23% of this dose, while 230Th, 281U and 2*U are responsible for 12%, 1% and 1%,
respectively.

’ Dose due to ingestion of food products contaminated due to growth on contaminated soil (waste)
is not considered. Only contamination due to contaminated irrigation water is considered.

% Doses due to ingestion of contaminated drinking water and food products, contaminated by
irrigation and growth on a contaminated soil, are considered.
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Figure 26: Illustration of the time evolution of the total annual doses (Sv a).
Ingestion of all food products contamination pathways were taken into account
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Figure 27: Time evolution of the total doses (Sv a™'). The dose due to radon and
resuspended dust inhalation, external irradiation, and ingestion of drinking water is
marked blue. Addition of dose due to ingestion of irrigation practices is marked red.
Considering all pathways (including dose due to growth on the waste) is marked
yellow. The different graphs illustrate: residence in zone 1 (house 1 and field 1) with
uncovered waste (a); residence in zone 2 (house 2 and field 2) with uncovered waste
(b) ; residence in zone 1 with covered waste (c); and residence in zone 2 with
uncovered waste (d).

As can be seen from Figure 26and Figure 27 the dose contribution due to the
ingestion of contaminated food products is dependent on the scenario being
considered. Living on and consuming products from the uncovered waste area clearly
give the highest dose. Eating food products cultivated directly on contaminated soil
gives an additional dose of 25%. In this case the dose caused by contamination due to
irrigation is negligible (Figure 27a). Living outside the uncovered waste area reduces
the doses considerably (Figure 27b). Maximal doses observed in Figure 27b (i.e.
doses after 10,000 years including all ingestion contamination pathways) are only 3.3
% of the maximal dose noted in Figure 27a. Observations for times less than 5,000
years give even lower values. In this scenario the effect of drinking contaminated
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water and eating contaminated food products is clearly visible. Drinking contaminated
water gives an increase of 30 to 63 %, depending on the time frame. Combining this
with the consumption of contaminated food products increases the dose by an
additional 13 to 29 %.

The results of the calculations for the house build on covered waste resemble the
ones of the calculations for the house build near the uncovered waste (Figure 27¢). In
the first 100 years no contribution has been noted by ingestion of contaminated
drinking water or food products. After 1000 year there is a slight contribution of the
ingestion of drinking water (7%). The ingestion of food products becomes only
important after 5000 year. This pathways gives an extra contribution of 12 and 17 %;
respectively 5000 and 10000 years after construction of the waste piles. Because the
waste is covered, no extra contribution was noted due to ingestion food products
grown directly on the waste. In Figure 27d the results of the calculations for house 2
built near to a covered waste pile are shown. As could be expected the overall
contribution is much lower in comparison of the other scenarios. The influence of the
ingestion of drinking water and food products is nevertheless important. After 5000
years the annual dose increased almost 40 times due to the ingestion of drinking water
only. When also the ingestion of food products is taken into account, this increase is
even more than a factor 50. After 10000 years the relative contribution of each
pathway even doubles. Nevertheless these high relative values we have to remark that
maximal doses observed in Figure 27d are only 1.6 % of the maximal dose noted in
Figure 7a.
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Appendix 5.2 RESRAD (onsite), RESRAD-OFFSITE
RESRAD (onsite)

This model ([28], [29]) was designed to handle situations such as buried waste
and landfill (uncovered waste). It has limited source region geometry, and cannot
directly predict off-site impacts. However, the model can be used to make indirect
estimates of off-site impacts, so the model is very useful as a screening tool for off-
site impacts in situations where no other models are available. The model handles a
wide range of nuclides, and allows users to change the cut-off half-life for setting
short-lived daughters in equilibrium.

RESRAD-OFFSITE

This model employs a similar approach to that used in RESRAD (onsite), but
allows for the assessment of off-site impacts ([30], [31]). Allowance is also made for
the effects of surface water bodies and for variations in land use near the disposal site.
The quantity of data required for this model is very much larger than for RESRAD
(onsite), but the use of this model provides greater flexibility when carrying out
assessments.

Appendix 5.2.1 RESRAD-OFFSITE results for House #2

The waste was divided into 200m by 200m blocks. The off-site doses were
calculated for each block, and the results for each block were added to produce the
doses for the total waste. The input data were taken from the tables in the scenario
description section. Where values for model parameters were not specified in the
scenario description, the default values supplied by the model itself were used in the
calculations.

The results are shown in the following figures.
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Original wind rose — covered waste

House 2 - wind file 1 - 2m cover
waste = 100% clay
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Figure 28: Annual dose as a function of time for the area source scenario with the
original wind rose (prevailing wind direction parallel to the direction of groundwater
flow) and 2 metres of cover above the waste. The waste is assumed to consist of
100% clay.

Figure 28 shows that the dominant exposure pathway is inhalation of radon
exhaled from the waste. The large dose contribution from ingestion of fish is not
consistent with the location of the surface water body and the direction of
groundwater flow.
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House 2 - wind 1 - 2m cover
waste = 80% sand + 20% clay
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Figure 29: Annual dose as a function of time for the area source scenario with the
original wind rose (prevailing wind direction parallel to the direction of groundwater
flow) and 2 metres of cover above the waste. The waste is assumed to consist of 20%
clay and 80% sand.

A comparison of Figure 29 with Figure 28 shows that this model predicts that
changing the composition of the waste from 100% clay to a mixture of 20% clay and
80% sand results in the loss of more radionuclides from the waste, particularly by
leaching. The contributions from most of the other exposure pathways are not
predicted to change significantly.
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Radionuclides in well water
House 2 -wind file 1 - 2m cover
waste =100% clay
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Figure 30: Concentrations of **U and ***Ra in well water for the same situation as in
Figure 28.
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Radionuclides in well water
House 2 -wind file 1 - uncovered waste
waste = 100% clay
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Figure 31: Concentrations of ***U and **°Ra in well water for the same situation as in
Figure 29

The concentrations of 2**U and ***Ra in well water are shown for the case where
the waste consists of 100% clay and the waste is covered (Figure 32) and not covered
(Figure 33). A comparison of these two figures shows that the peak ***U concentration
in the case where there is no cover is lower in magnitude than for the case where the
waste is covered, but occurs at approximately the same time (after 600 years). The
lower peak concentration in the uncovered waste case is probably due to removal of
some of the waste by erosion. In both cases, the thickness and composition of the
unsaturated layer between the bottom of the waste and the top of the aquifer are the
same so the time taken for radionuclides leached from the waste to traverse the
unsaturated layer should be the same.
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Original wind rose — uncovered waste

House 2 - wind 1 - uncovered waste
waste = 100% clay

1.0E+03

1.0E+02

1.0E+01

1.0E+00

1.0E-01

1.0E-02

1.0E-03

Annual Dose (mSv)

1.0E-04

1.0E-05

1.0E-06

1.0E-07
0 2000 4000 6000 8000 10000

Time (years)

Figure 32: Annual dose as a function of time for the area source scenario with the
original wind rose (prevailing wind direction parallel to the direction of groundwater
flow) and no cover above the waste. The waste is assumed to consist of 100% clay.

A comparison of Figure 32 with Figure 28 shows that the dose contributions from
the airborne pathways (radon inhalation, dust inhalation, etc) increase significantly
when the waste is not covered, and begin to decrease when the thickness of the waste
is reduced significantly be erosion. This decrease due to erosion of the waste is not
shown in Figure 28, presumably because the time span of the calculations is not long
enough.
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Wind rose rotated 90 degrees — covered waste

House 2 - wind file 2 - 2m cover
waste = 100% clay
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Figure 33: Annual dose as a function of time for the area source scenario with the
original wind rose rotated 90 degrees (prevailing wind direction perpendicular to the
direction of groundwater flow and towards the surface water body) and 2 metres of
cover above the waste. The waste is assumed to consist of 100% clay.

Comparison of Figure 33 with Figure 32 shows that the dose from exhaled radon
is reduced when the wind rose is rotated (as expected), whereas the dose contributions
from the waterborne pathways remain the same (again as expected).

EMRAS: Theme 2, Working Group 2, NORM 142

Draft TECDOC, September, 2007



13.

Wind rose rotated 180 degrees — covered waste

House 2 - wind file 3-2m cover
waste =100% clay
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Figure 34: Annual dose as a function of time for the area source scenario with the
wind rose rotated 180 degrees (prevailing wind direction opposite to the direction of
groundwater flow) and 2 metres of cover above the waste. The waste is assumed to
consist of 100% clay.

Appendix 5.2.2 Summary for House #2
Figure 28to Figure 34 show the calculated doses for the house 200 m from the

edge of the waste. The qualitative features of interest are:

o the doses resulting from the groundwater pathways are the same in each case,
which is what is expected;

o the effect of cover is to reduce the doses resulting from the airborne pathways, as
expected;
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e rotating the wind rose 90 degrees reduces the doses resulting from the airborne
pathways, as expected;

o the model predicts that the radon doses will increase with time for covered waste,
and decrease with time for uncovered waste; this is consistent with the expected
effects due to erosion of the cover (covered waste) and erosion of the waste
(uncovered waste).

Appendix 5.2.3 RESRAD-OFFSITE results for House #3

House 3 -wind 1- 2m cover
waste =100% clay
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Figure 35: Annual dose as a function of time for the area source scenario with the
original wind rose (prevailing wind direction parallel to the direction of groundwater
flow) and 2 metres of cover above the waste. The waste is assumed to consist of
100% clay.

A comparison of Figure 35 with Figure 28 shows that the model predicts that the
effect of increasing the distance of the house from the waste is to reduce the dose
contributions from all pathways, as expected.
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House 3-wind 1 -uncovered waste
waste =100% clay
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Figure 36: Annual dose as a function of time for the area source scenario with the
original wind rose (prevailing wind direction parallel to the direction of groundwater
flow) and no cover above the waste. The waste is assumed to consist of 100% clay.

Comparing Figure 36 with Figure 32 shows that the model predicts that the dose
contributions from the direct pathways (external exposures) are lower for House #3
than for House #2, which is consistent with the fact that House #3 is further from the
waste pit than is House #2.

The large contribution from the fish ingestion pathway appears to be a problem
with the location of the surface water body.

Appendix 5.3 PRESTO

One modeller used PRESTO and compared the predictions from PRESTO with
those from RESRAD (onsite) and RESRAD-OFFSITE. PRESTO ver.4.2 (Prediction
of Radiological Effects Due to Shallow Trench Operations) is a computer model for
evaluating radiation exposure from contaminated soil layers on site as well as off site.
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Table 64: Values of K4 used in the calculations

Nuclide Waste Unsaturated zone Saturated zone
uranium 33 326 33
thorium 3000 3480 3000
radium 490 2190 490
Lead 270 340 270
polonium 150 660 150

PRESTO incorporates the following features:

e the same K4 values for parent and daughter radionuclides in decay chains;

e a correction to account for multi-phase leaching processes under field conditions;

e one unsaturated zone;

e atwo dimensional dispersion groundwater model;

e an air dispersion model;

e seasonality effects in the groundwater movement;

e simulation time is limited to 10,000 years
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Figure 37: PRESTO doses for House #1 and uncovered waste

All nuclides summed, all pathways summed
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Figure 38: RESRAD (onsite) doses for House #1 and uncovered waste
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e Comparison of 30 and 31 shows that the peak doses occur at approximately the
same time for both models. However, PRESTO appears to predict lower doses
than RESRAD (onsite). This suggests that PRESTO (which appears to be the
simpler model) is not conservative.

e The contributions of the radon and the drinking water doses are similar.
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Figure 39: PRESTO doses for House #1 for covered waste (2 m of cover)

All nuclides summed, component pathways
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Figure 40: RESRAD (onsite) doses for House #1 for covered waste (2 m of cover)
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In this case, the doses calculated by RESRAD for drinking water are similar to
those calculated by PRESTO. However, PRESTO does not give the dose from
inhalation of radon and radon progeny, which is predicted by RESRAD to be the
largest component of the total dose.
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Figure 41: PRESTO results for each nuclide for covered waste (2 m of cover).

All nuclides summed, all pathways summed
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Figure 42: RESRAD (onsite) results for each nuclide for covered waste (2m of cover)
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In this case, the RESRAD doses appear to be higher, by a factor of approximately
6. The reason for this difference is not understood.
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Figure 43: PRESTO results for the drinking water dose for an occupant of House #2
for covered waste (2 m of cover)
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Figure 44: PRESTO results for the drinking water dose for an occupant of House #2
for covered waste (2 m of cover)
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In this case the predicted peak dose is approximately the same for both models
and the peak occurs at approximately the same time for both models. However
RESRAD predicts higher doses than PRESTO from drinking water for large times.
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APPENDIX 6 TESTING OF HYPOTHETICAL AREA SOURCE PLUS
RIVER SCENARIO

Appendix 6.1 RESRAD-OFFSITE

The only model used for testing this scenario was RESRAD-OFFSITE. The
results for houses #1 and #2 from the area source scenario are also applicable to this
scenario, as the layout of the site with respect to these two houses is the same in both
scenarios, and the presence of the river should not affect the results for houses #1 and
#2. Therefore the results presented below for houses #1 and #2 from the area source
plus river scenario can be compared with the results from the area source scenario.

Appendix 6.1.1 Results for house #1

River - house 1 -wind file 1l -2m cover
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Figure 45: Dose contributions for different pathways for house #1 with the original
wind rose and waste consisting of 100% clay.
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River - house 1 -wind file 2 - 2m cover
waste = 100% clay

1.0E+00

1.0E-01

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-06

Annual dose (mSv)

1.0E-07

1.0E-08

1.0E-09
0 2000 4000 6000 8000 10000

Time (years)

Figure 46: Dose contributions for different pathways for house #1 with the original
wind rose and waste consisting of 100% clay.
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Figure 47: Dose contributions for different pathways for house #1 for the original
wind rose and waste consisting of 80% sand plus 20% clay.
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Figure 48: Concentration of **U and **°Ra in river water at the location of house #1,
for the original wind rose and for waste consisting of 100% clay with 2 metres of

COVver.
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River water - house 1 -wind file 1 - 2m cover
waste = 80% sand + 20% clay
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Figure 49: Concentrations of 281 and **°Ra in river water at the location of house #1,
for the original wind rose and for waste consisting of 80% sand plus 20% clay with 2
metres of cover.

Comparing Figure 49 and Figure 48 shows that the model predicts that the effect
of changing the composition of the waste from 100% clay to 80% sand plus 20% clay
is to increase the leaching of radionuclides into the river water by a factor of
approximately 3-4.
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River water - house 1 -wind file 1 - no cover
waste =100% clay
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Figure 50: Concentrations of ***U and **°Ra in river water at the location of house #1,
for the original wind rose and for waste consisting of 100% clay with no cover.

Comparing Figure 50 and Figure 48 shows that the model predicts that removing
the cover does not have a significant effect on the maximum concentration of >**U in
river water; however, removing the cover does affect the concentration in the first 200
years, due to surface runoff removing waste and washing it into the river.
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Appendix 6.1.2 Results for house #2

River - house 2 - wind file 1 -2m cover
waste = 100% clay
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Figure 51: Dose contributions for different pathways for house #2 with the original
wind rose and waste consisting of 100% clay.
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River - house 2 - wind file 2 - 2m cover
waste = 100% clay
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Figure 52: Dose contributions for different pathways for house #2 with the wind rose
rotated 90 degrees and waste consisting of 100% clay.

The predicted effect of rotating the wind rose ninety degrees for house #2 can be
seen by comparing Figure 52 with Figure 51. The model predicts that the only
pathway which makes any contribution to the total annual dose is inhalation of radon,
and the contribution from this pathway is reduced relative to the case of the original
wind rose.
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River water - house # 2 - wind file 1 - 2m cover
waste =100% clay
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Figure 53: Dose contributions for different pathways for house #2 with the wind rose
rotated 90 degrees and waste consisting of 100% clay.
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APPENDIX 7 DESCRIPTION OF REAL SCENARIOS

Appendix 7.1  Lignite power plant (LPP II)

Appendix 7.1.1 Power plant description

In Greece, about 70% of the installed capacity of electrical energy is produced
from two main lignite power plants (LPPI: 3020 MW and LPPII : plant A 550 MW
and plant B 300 MW).

LPPII (Figure 1) is near a small city, with 10,000 inhabitants, that is located about
2.5 and 4 km SE from the lignite power plants A and B, respectively [65].

Plant A consists of three lignite burning, steam electric generating units I, I and
II1, rated power 125, 125 and 300 MWe, respectively, and has operated since the early
1970s. Plant B is newer, operating since the early 1990s, and consists of one unit of
300 MWe. The lignite deposit is of very low calorific value (960—1385 kcal kg™) and
of high water and ash content (60% and 17%, respectively). At full load, the units
consume about 22-25x10° kg of pulverized lignite per day. Most of the produced fly
ash is collected by electrostatic filters, which have a design collection efficiency of
99.6%, but in practice it falls to 95-96%.

The data refer to a sampling period lasting 1 year from February 1997 to January
1998. The results, which are presented, include monthly values of dust amount, and
280 activities in all of the collected fallout samples, as well as the mean annual values
of #*Th activity in the nearest city sampling sites.

Plant A has 3 units with 3 stacks: (I), (II) with height 120 m and (III) with height
150 m. Plant B has one unit with one stack, assumed to have a height of 130 m.
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Figure 54: Map of the LPPII location. The bulk deposition sampling sites (M1-M5),
as well the location of power plants A and B, are shown

Appendix 7.1.2 Dust deposition

The results for the bulk deposition of particulate matter (g m~) from all the
sampling in the nearest city (M1-M5) are presented in Table 65 and Table 66. The
amount of dust deposition for the individual monthly sampling periods was highly
variable. This is attributed to weather conditions that strongly affect the dispersion
and deposition of air dust, as well to the fluctuation of emission sources over the
seasons.
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Table 65: Monthly values of dust load (g m™) in fallout samples from the nearest city
(M1, M2, M3, M4, M5) sampling sites during February 1997 to January 1998

Date Sampling Site

M1 M2 M3 M4 M5
2/97 11.4 10.9 11.1 9.3 9.6
3/97 7.8 7.6 4.4 7.6 12.7
4/97 11.8 12.3 15.9 14.4 35.1
5/97 5.9 59 59 7.6 18.3
6/97 11.5 11.3 20.9 18.4 19.6
7/97 10.1 16.4 19.3 31.6 15.7
8/97 4.6 5.8 4.0 8.5 12.3
9/97 11.1 8.9 12.7 8.1 19.8
10/97 4.4 3.9 54 5.7 25.4
11/97 8.6 7.0 12.7 8.0 324
12/97 4.4 4.9 6.0 7.8 13.2
1/98 6.3 6.5 7.9 7.9 16.5

The estimated error does not exceed 2%.

Table 66: Seasonal variations of all the measured parameters in the nearest city fallout

samples (GMGGSD)
Season Dust Deposition
(gm”)
M1 M2 M3 M4 M5
Spring 82+0.3 82104 7.4+0.7 94+04 20.1 £0.5
Summer | 8.1 +£0.5 10.2 £0.5 11.7£0.9 10.0£0.7 15.6 £15.6
Autumn | 7.5+0.5 62+0.5 9.5+0.9 72+0.7 2544254
Winter | 6.8 +0.5 7.0+£04 8.1+0.5 8.3+0.2 12.8 £12.8
Appendix 7.1.3 Meteorological data

Meteorological data for the LPP II region are shown in Table 67. The data were
obtained from the meteorological station of the Public Power Corporation, which is
located between the power plant A and the nearest city at a distance of 1.5-2 km from

the plant.
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Table 67: Meteorological data concerning the sampling sites in the nearest city

Mean Velocity Prevailing wind Precipitation
direction Height
Month (ms™) (mm)
2/97 1.6 NW 14
3/97 2.1 E 71
4/97 2.2 NW 70
5/97 1.8 NW 27
6/97 1.8 NW 7
7/97 23 NW 9
8/97 2.1 NW 49
9/97 1.6 ESE 22
10/97 1.6 E 109
11/97 1.4 SE 150
12/97 1.6 ESE 247
1/98 1.4 ESE 59
Appendix 7.1.4 Sample collection

Bulk (wet + dry) atmospheric deposition samples were collected, on a monthly
basis, at five sites (M1-M5) (see Figure 54). Four of the sampling sites (M1-M4)
were located in the city, at different distances from the power plant A (M4, M3, M2,
M1 in increasing distance), while M5 was located in the area of power plant A and
specifically on the roof of the Administration Building.

The sampling campaign was performed simultaneously at the two cities and
lasted from of February 1, 1997 to January 31, 1998. The samples were collected in
high walled plastic (PVC) pots with 32.5 cm opening in diameter, which were located
on the flat roof of two-story buildings. The pot was placed in an open area on the first
of the month and left for 1 month. The results are summarized on a seasonal basis in
Table 68.

Unfortunately the concentration of the naturally occurring radionuclides (***U and
#2Th) was determined by Instrumental Neutron Activation Analysis (INAA), so there
are no data concerning the **°Ra concentration. But based on many measurements
performed by the reporting laboratory in fly ash samples, the ratio of 2**U/**°Ra is
almost equal to 1.
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Table 68: Seasonal variations of all the measured parameters in fallout samples

(GMGGSD)
Season 38U activity
(Bqm”)
Ml M2 M3 M4 M5
Spring 2891043 | 3.34+0.36 3.63+0.46 3.64+£0.19 11.02 +£0.60
Summer | 3.05+0.81 | 3.16+0.63 236+1.21 4.16 £0.68 10.88 £ 0.26
Autumn | 2.65+045 | 2.82+0.17 4.19 £ 0.48 2.77+0.36 19.2 +£0.43
Winter 340£0.22 | 4.18+0.22 4.55+£0.16 5.09 £0.24 9.38 £ 0.46
“2Th activity
(Bqm™)
Ml M2 M3 M4 M5
Spring 0.25+047 | 0.27+0.45 0.19 £ 0.46 0.34 +£0.37 0.66 £ 0.57
Summer | 0.24+£0.69 | 0.32+0.62 036 £1.12 0.63 £ 0.66 0.50+0.21
Autumn | 0.24+£0.57 | 0.26+0.38 0.36 £ 0.61 0.27+£0.47 1.20 £ 0.48
Winter 0.24+0.74 | 0.29+£0.72 0.32 £ 0.86 0.31 £0.88 0.54 £ 0.56

Following systematic samplings over a period of 12 years at the LPP II plants A
and B, it was well established that the “*°Ra content of the lignite feeding the plant
and the ashes produced are not statistically different in the two plants examined. The
2°Ra concentration of the lignite, the fly ash and the slag at the B plant was found
equal to 348 + 29, 905 + 78 and 662 + 62 Bq kg™ dry material, respectively.

In the case of certain fly ash samples, it was found that they were highly enriched
in 2'°Pb, with the ratio *'°Pb/***Ra reaching the value of 4, depending on the sampling
location along the emission control system of the LPPII-B power plant.

Given the *°Ra content of the lignite, the ash content, the partitioning between

slag and fly ash and the efficiency of the emission control devices, the **°Ra
radioactivity discharges from plant B are estimated to about 3500 MBq (Gwa)™' which
is much lower than those of plant A 50000 MBq (Gwa)™'

This is attributed to the high difference in the efficiency of the electrostatic
precipitation devices in the two plants.

Appendix 7.1.5 Dietary Consumption

Assume default parameters for the consumption. Also assume that the inhabitants
mainly consume locally produced products. The measured uranium concentration in
water was 0.05 — 0.28 mg L™ (very low).

Appendix 7.1.6 Further information

The wind in the studied area is from a sector between NW and E, with a mean
velocity ranging from 1.4 to 2.3 m s™. The north westerly flows in the region favour
transport of pollutants emitted from the plant A and plant B located to the NW of the
city. Considering the results the highest values in all measured parameters concerning
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the city are recorded in summer (June—July) in site M4, which is closer to plant A.
The prevailing wind direction during this season is NW. However, statistical analysis
does not show a seasonal effect on any of the measured parameters in the four
sampling sites in the city (M1-M4).

It has been shown [66] that the concentrations of *°Ra in surface soil samples
around the area of power plant A present higher values within a distance of 0—5 km
from the power plant.

The city is located in this area of maximum deposition. Fly ash particles have
been deposited on the roads and surface soil in and around the city after 30 years of
power plant A operation. There are also open fly ash deposits around the power
plants. Consequently, winds from any direction also transfer particulate matter
enriched in radionuclides in the atmosphere of the city. This fact makes the
contribution of the NW flows not apparent in the results presented here.

Moreover, in addition to determining the direction and speed at which particulate
matter travel, other conditions might also affect the behaviour and transport of the
individual particles in the atmosphere [67].

An approximate estimate of the dispersed fly ash activity concentration can be
calculated using the equation [68]

A, =Ax+4,(1-x)

where x is the contribution of the fly ash dispersion, and Af, A, and Ag the
activities of **U or ***Th in the dust, fly ash and surface soil, respectively. It is
assumed that the total fallout in the city consists only of escaping fly ash and
resuspended surface soil. The mean **U concentrations in fallout and fly ash samples
in the city were found to be 37 and 78 mg kg™, while for >**Th they were 8.7 and 13.7
mg kg™, respectively. The corresponding specific activity values for uranium are 460
and 967 Bq kg and for thorium 35 and 55 Bq kg™ respectively.

The As value was taken from reference [66], assuming that an equilibrium exists
between 2**U and ?*°Ra. Based on the above values, it is estimated that about 30% of
the Z**U-activity and 20% of the **Th-activity in fallout samples is attributed to the
dispersion of fly ash from the power plant. According to these results, the activity
concentrations of >**U and ***Th in surface soil were found to be 320 and 28 Bq kg™,
respectively. These values are in the range of (26-337) Bq kg™ *°Ra and (24-41) Bq
kg™ #**Th for surface soil within a distance of 0—5 km from the power plant A given
in reference [66].

(The enhanced values of natural radioactivity in fallout samples from the city are
attributed to resuspension of the enriched radionuclides in surface soil (mainly in
281) by the meteorological conditions, traffic and anthropogenic activities and to
transport of fly ash particles, escaping from the stacks of the lignite power plants
located to the north-west of the city).
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Appendix 7.2  Phosphogypsum stack scenario (PGDS1)

Appendix 7.2.1 Basic figures and tables for PGDS1

The layout of the PGDS1 site is shown in Figure 56. There are six
phosphogypsum stacks, and a large number of surface water and groundwater
sampling points. There is a lake to the north and east of the stacks, and sea to the
south. The phosphogypsum has “overflowed” from at least one stack into the lake and
deposited as sediment.

Figure 55: A map of the PGDSI1 site, taken from Google

Figure 56 shows the layout of the phosphogypsum stacks (area and thickness),
and the surface water and groundwater sampling points. The area where
phosphogypsum has deposited as lake sediment is bounded to the south and west by
stacks 4, 5 and 6.
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Figure 56: Layout of the PGDSI1 site, showing the of the phosphogypsum stacks (No.
1-6), the locations of the surface water sampling points (EN), and the locations of the
ground water sampling sites (G). G13 is not shown on the map but is north of G15.

Table 69 gives the results of measurements of >°*U and **°Ra in surface water and
groundwater (first sampling). Table 70 gives the results of measurements of ***U and
*2°Ra in ground water (second sampling).
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Table 69: Measured uranium and radium

in surface water

and groundwater (first

sampling)
Sample point 28y By “*Ra
(mBgq/L) (mBgq/L) (mBq/L)
Ground water
G4 249 + 55 274 £ 60 8.6+1.5
Gl14 1060 £+ 85 1028 £ 82 645 £+ 130
Gl16 341+ 17 347 £ 17 3520 £ 940
G7 405 £ 100 503 +£114 1405 £ 170
G8 121 £19 119+ 19 98 +£11
G10 297 £ 41 305 +£42 119+ 10
Gl11 912 £ 100 945 +£102 5880+ 510
G12 280 =30 268 £ 28 1308 £ 105
G13 870 + 140 1017 £170 1625 +£2 60
G18 244 + 20 237 £ 24 514 £ 32
Surface water
ENI1 2180+ 190 2320 +200 134 + 24
EN4 20+8 35 £9 N.D.
EN6 426 +42 448 + 44 N.D.
ENS 250+ 20 251+ 19. 1110 £ 240
EN10 147 £ 10 143 +9 62+ 14
EN11 1352 + 81 1367 £ 82 23+6
EN14 67+8 73+9 19+£2
EN17 22 +4 23 +4 178 £ 15
EN18 1037 £ 121 987+ 115 72.6 £ 64
EN19 245 +43 280+ 49 14.0+2.8
EN22 26+9 42 £11 15.1+1.7

(second

Table 70: Measured uranium and radium concentrations in ground water
sampling)
Sample point By By “Ra
(mBq/L) (mBg/L) (mBg/L)
G4 <2 <2 37+4
G7 <4 <4 18.0+1.6
G9 12410 17+ 11 <1
G10 <2 <2 290+1.8
Gl11 5.8+2.1 5.7£2.0 38+7
G12 930+ 100 919 £ 104 15+2
G13 80 £+ 30 64 +22 138 £46
Gl14 570 £90 524+ 79 13.2+1.6
Gl6 220+ 20 228 +24 57.3+2.8
G18 80 £+ 50 43 + 35 87+ 11
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Table 71: Natural radionuclide concentration in phosphogypsum samples (Bqkg™)

R, R,
Sample code Description  |(185 keV)|(progeny)| *Pb | ***Th
Soil samples from G1
PG007120106 PGSI G1 N=1, 0-2.00m| 230 =30 118+ 15 110+ 90 50+7
PGSI G1 N=2 2.00 -
PG001090306 4.00m 204 + 28 122+13 51124 70+ 12
PG003100306 Gl N=3 4.00-6.80m 53+8 30£3 22+5 304
PG001100306 Gl N=4 6.80-8.60m| 13+£11 11£2 <22 176
PG002100306 N=5 8.60-10.60m 34+ 12 24 +4 <21 30+ 10
PG002090306 Gl N=6 10.60 - 12.1 72 £13 45+5 <50 36+4
PG006120106 PGSIG1 12.10 7730 60+ 11 <98 70 + 28
Phosphogypsum samples from basins No 2,3
PG006070206 PGSI 1/2005 320 £ 50 280 + 40 120 +£40 2518
PG001180106 PGSI 2/2005 500 £ 70 370 £ 50 260 £ 50 33+
PG011070206 PGSI 3/2005 430+ 70 320 £ 50 210+ 50 33+
PG002180106 PGSI 4/2005 600+ 100 | 490+ 70 20060 | 40+11
PG014070206 PGSI 5/2005 500 £ 60 440 + 50 200 + 50 14+£5
PG012070206 PGSI 6/2005 340 £ 30 255+16 220 £40 84+6
PG003070206 PGSI 7/2005 320 £40 320 +£40 130 £40 46+9
PG005070206 PGSI 8/2005 710 £ 50 550 £ 30 420 £ 60 15+4
PG009070206 PGSI 9/2005 440 + 60 315+40 120 + 60 217
Phosphogypsum samples from basin No 4
PG003090306 PGSI 10/2005 28+7 16+2 14+5 7+1
PG013070206 PGSI 11/2005 657 £ 91 453 + 55 350 £ 70 58+8
PG008070206 PGSI 12/2005 320 £ 50 250 £30 120+ 60 | 37£11
PG007070206 PGSI 13/2005 350 + 60 300 + 50 240 + 60 45+8
PG004070206 PGSI 14/2005 820+ 100 | 580+70 420 £ 80 41+9
PG010070206 PGSI 15/2005 670+ 120 | 470+80 | 390+110 | 51+9
PG001070206 PGSI 16/2005 660 + 90 450 £ 60 350+ 70 58+8
PG002070206 PGSI 17/2005 560 £ 50 391 +£26 | 490 £100 | 12+1
Fresh phosphogypsum samples
PG002200208 PGSI 16/7 -31/7 480 £ 60 420 £ 40 210 £ 60 40+7
PG004200206 PGSI 16/8-31/8 -05 | 600 £ 70 560 £ 60 240 + 80 29+8
PG005200206 PGSI 1/8 - 15/8 380+ 50 350 £ 40 120 £ 40 31£8
PG003200205 PGSI 1/9- 15/9/2005 | 660 + 90 600 £+ 70 400 + 80 25+4
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Table 69 (Cont)
Code sample Description By 280¢ 2871h YK
Soil samples from G1
PG007120106 PGSI G1 N=1, 0-200M 50+7 5817 67+15 |[730 £130
PG001090306  |PGSIGI N=2 2.00-4.00m| 70£12 24 +£3 30+ 13 | 460£50
PG003100306 G1 N=3 4.00-6.80m 304 27+3 33+7 470+ 70
PG001100306 Gl N=4 6.80 - 8.60m 176 9+2 1212 160 =20
PG002100306 N=5 8.60-10.60m 30+ 10 21+4 30£11 | 350+60
PG002090306 Gl N=6 10.60 - 12.1 364 43+4 618 |742+100
PG006120106 PGSIGI1 12.10 70 £28 60+ 11 56+11 |850+140
Phosphogypsum samples from basins No 2,3
PG006070206 PGSI 1/2005 25+8 7x1 6%1 18+7
PG001180106 PGSI 2/2005 33+5 9+2 107 11+£3
PG011070206 PGSI 3/2005 33+£8 9+3 11+4 <6
PG002180106 PGSI 4/2005 40+ 11 102 9+2 <7
PG014070206 PGSI 5/2005 14+£5 4+1 4+1 <5
PG012070206 PGSI 6/2005 875 10£1 11+1 <8
PG003070206 PGSI 7/2005 46+9 9+1 9+1 <5
PG005070206 PGSI 8/2005 15+4 202 22+2 <15
PG009070206 PGSI 9/2005 21+7 3+1 4+1 <5
Phosphogypsum samples from basin No 4
PG003090306 PGSI 10/2005 7+1 <2 1+0 6+2
PG013070206 PGSI 11/2005 58+8 5+1 5+1 <11
PG008070206 PGSI 12/2005 37+£11 <4 5+1 <11
PG007070206 PGSI 13/2005 4548 7+2 9+ <8
PG004070206 PGSI 14/2005 419 102 10£1 <10
PG010070206 PGSI 15/2005 519 11+£2 10£2 <11
PG001070206 PGSI 16/2005 58+8 5+1 6+1 <9
PG002070206 PGSI 17/2005 12+1 9+1 11+4 <5
Fresh phosphogypsum samples
PG002200208 PGSI 16/7 - 31/7 40+7 25+3 22+2 <5
PG004200206 PGSI 16/8 - 31/8 -05 29+8 4+2 4+1 <8
PG005200206 PGSI 1/8 - 15/8 31+ 32+4 17£7 <7
PG003200205 PGSI 1/9- 15/9/2005 25+ <3 2+1 <9
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Figure 58: Distribution of ***U concentrations in groundwater
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Figure 60: distribution of ***U concentrations in surface water
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Figure 62: Distribution of 2**U concentrations in groundwater (second sampling)
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Appendix 7.3  Phosphogypsum stack scenario (PGDS2)

This site consists of a single phosphogypsum stack. The layout of the site and the
locations of the sampling points are shown in Figure 63. The stack is surrounded by a
concrete retaining wall.

VR

Figure 63: Layout of the site, and locations of the sampling points (shown in colour).
The labelling of the sampling points corresponds to Table 72 and Table 73.
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Table 72: Measured concentrations of >**U and

238

U in ground water and percolate for

2006 and 2007.
Sampling Sampling Sample 2y 28y Huty
date point kind

15/03/2006 PzE 01/05 groundwater 452 + 40 316 +40 1.43£0.22
30/01/2007 Pz E 01/05 groundwater 566 + 70 385+ 52 1.47+0.27
15/03/2006 PzE 05/05 groundwater 1045 £ 119 908 + 104 1.15+0.19
30/01/2007 Pz E 05/05 groundwater 194 + 28 179 £ 27 1.08 +£0.23
15/03/2006 PzE 11/05 groundwater -—-- -—-- -—--

30/01/2007 Pz E 11/05 groundwater 70 £ 16 49 + 14 1.41£0.52
15/03/2006 WELL#19 percolate 15560 + 1710 | 14330+ 1570 1.09+0.17
30/01/2007 WELL#19 percolate 15428 + 1693 14083 + 1547 1.10+0.17
30/01/2007 Pz E 01/05 groundwater 566+ 70 385+ 52 1.47+0.27
30/01/2007 Pz E 02/05 groundwater 397+ 50 326 +43 1.224+0.22
30/01/2007 Pz E 05/05 groundwater 194+ 28 179 + 27 1.08+ 0.23
30/01/2007 Pz E 11/05 groundwater 70+ 16 49 £ 14 1.41+0.52
30/01/2007 WELL#19 percolate 15428+ 1693 14083 + 1547 1.10£0.17

Table 72 gives measured concentrations of **U and ***U in ground water and

percolate at specified sampling points. Table 73 gives measured concentrations of
individual radionuclides in phosphogypsum and phosphorites.

1.

Summary of available data:

the stack is positioned in an area where a bed of clay (hydraulic conductivity ~ 10-
12x10™"" m s, thickness = 20-30 m, depth = 7-21 m) is present; the clay bed
extends for hundreds of hectares; the hydraulic conductivity of phosphogypsum is
5%x10° m s'l;

the clay bed and the surrounding concrete retaining wall, inserted in the clay bed
for 2-3 meters, should form a barrier for the superficial (i.e. over the clay bed)
groundwater normally flowing from NW to SE; no investigation exists on
presence of groundwater below the clay bed;

the superficial groundwater is not permanent, i.e. it completely depends on
rainfalls, which is very rare but intense; for long periods in a year piezometers and
wells, outside the N-NW side of the stack are dry; therefore groundwater samples
are not collected on a regular basis;

in the SE corner outside the stack wall, where the sampling points Pz 02/05 and Pz
11/05 are, a lens of sand receives water from the superficial groundwater getting
around the stack and from the surrounding hills; for this area information needed
to model the dispersion of NORM is available:

0 hydraulic conductivity: 2x10” m s™
0 Darcy velocity: 5ma’’

0 the depth of water is 6.25 m in Pz 11/05 which is at 12.30 m above sea level;
the depth of water is 4 m in Pz 02/05, which is at 10.4 m above sea level

EMRAS: Theme 2, Working Group 2, NORM 179

Draft TECDOC, September, 2007



13.

From these hydrogeological data, leaching of NORM from the phosphogypsum
stack should not be possible. Radionuclides now measured at sampling points near the
SE corner could be the result of contamination which occurred before the containing

wall was constructed.

Table 73: Measured concentrations of radionuclides in phosphogypsum and

phosphorites
PHOSPHOGYPSUM Nuclide Bq kg'1
“°Ra 418 +27
1P 313+ 15
High Purity Germanium “1Bj 272+ 12
38% spectrometer “12pp 19+ 1
“I°Bi 19+2
“4mpy 25+4
“®Ra 410 + 35
P 293 +27
High Purity Germanium “Bj 248 + 18
94% spectrometer “I2p, 18+ 1
1B 19+2
234mPa <10
PHOSPHORITES Nuclide Bq kg'1
“°Ra 1249
zllipb 1261
High Purity Germanium 212B1 170
38% spectrometer 212Pt.) 40
Bi1 41
ELT 65
S4mpy 1415
“°Ra 1237
iipb 1230
High Purity Germanium 2121133; 1233
94% spectrometer VAVESY
Bi 40
LT 66
SAmpy 1459
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APPENDIX 8 TESTING OF REAL SCENARIOS

Appendix 8.1 Power Plant Scenario — LPPII

Three models (PC-CREAM, COMPLY and CROM) were used for this work.

Appendix 8.1.1 LPPII scenario summarised

There are two power plants (A and B), and five sampling sites (M1 to M5). Power
plant B is 3 km due west of Plant A.

The descriptions below are based on the prompts within the ‘Assessment Details’;
‘Atmospheric’ within ASSESSOR. In ASSESSOR, Stack 1 = Plant A, is described as
distance zero, bearing zero. Stack 2 = Plant B, is described as distance 3000 metres
and bearing 270 degrees.

Integration time: 50 years for an adult.

Discharge data: could not introduce ***Th nuclide to ASSESSOR nuclide suite,
therefore progressed with **°Ra and ***U.

Discharge data:
Discharges of **Ra and **U (assuming ratio of 1:1) from
Plant A 50,000 MBqa"' = 5x10"Bqa™.

Plant B 3,500 MBq a' =3.5x10° Bqa™.

Appendix 8.1.2 PC-CREAM calculations

Exposure pathways: all consumption pathways were used, and all
external/inhalation pathways were used except for those concerned with beta doses.

Receptor bearings and distances: these are shown in Table 74.

Table 74: The distances and bearings of the sampling points

Sampling point Distance from unit A Bearing from unit A
(km) (degrees)
MI 3,800 135
M2 2,800 157
M3 3,100 135
M4 2,300 135
M5 300 (minimum value 0
accepted)
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(This was the only opportunity to put in receptor points. It is assumed that
ASSESSOR calculates the receptor positions relative to Stack 2/Plant B since the
Plant B bearing relative to Plant A is given earlier in the ASSESSOR prompt sheets.)

Meteorological Data: the data supplied in the scenario description is not suitable
for use in PC-CREAM. Therefore the UNISOD.MET default file from PC-CREAM
was used, together with the Pasquill/Smith scheme of stability factors.

Ingestion rates: these were all set to average values, except for cow’s milk and
grain which were set at ‘critical” values.

Occupancy/Inhalation rates: these were set to the PC-CREAM default values.

PC-CREAM requires a site name to be entered. In this case ‘Almarez’ (an inland
site) was used. The ‘Almarez’ label in the in the pie-chart print-outs should be
ignored.

Receptor deposition rates (Bq m?) for 2**U and **Th were extracted from the
relevant plist100.ps! file. (it was found that **Th could be incorporated into the
PLUME files but could not be included in the ASSESSOR runs). This file provided
deposition rates in Bq m™ s”'. By multiplying these values by the number of seconds
in a year (86,400 x 365.25), the s term is removed leaving values in Bq m™.

Table 75: predicted and reported deposition rates.

PC CREAM Measured
PR T PRl PEREN
(Bqm™) (Bqm™) (Bqm™) (Bqm™)
Plant A 25-4.1 0.12-0.19
Plant B 1.5-2.8 0.07 -0.14
Total 4.0-6.9 0.19-0.33 2.36-11.02 0.19-1.20

The results presented in Table 75 show that there is extremely good agreement
between the measured data and the predicted values from PC-CREAM.

Assumptions were made regarding the consumption rates and occupancy
times/inhalation rates of the critical group. Calculated doses from the ‘Sum of stacks’
run show that the total dose over the first year is between 2.8 and 4.3 mSv and
integrated over a 50 year period is between 3.6 and 5.5 mSv. Most of this dose is
calculated to be delivered through inhalation of the two radionuclides considered here.

The nuclide and pathway breakdown pie charts for the 50 year integration period
are included below.

Other information regarding the contribution from the individual stacks are
available. This can be forwarded if required.
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Assessment: Almaraz Dizcharge: Atmospheric
Dose type: Individual Receptor point: Beceptor Point 1 Stack: Sum of Stacks
Integration time(y): 5.0E+01 Age group: Adult Total Doze[uSvy]: 3.6E+03

0.0
0.1
B ra26(09)
U-238 (30.1
69.9 BELD

Muclides not included because they contribute less than 1 percent are:
TH-234

Figure 64: Calculated *°Ra and ***U concentrations at receptor point M1.

Aszzessment: Almaraz Dizcharge: Atmosphernic
Dose type: Individual Receptor point: Receptor Point 1 Stack: Sum of Stacks
Integration time(y): 5.0E+01 Age group: Adult Total Dose{uSy): 3.6E+D3

B inhatstion (60.4)

Dep. gamma

(Ln

Gireen veg. (4.76)
B Grn(i1n
B k(83

Milk products
(4.43)

B it (573

Pathways not included because they contribute less than 1 percent are:
Cloud gamma Resuspension Root veg. Cow meat Cow liver Sheep
meat Sheep liver

Figure 65: Calculated doses for different pathways at receptor point M1.
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Azszessment: Almaraz Discharge: Atmospheric
Dosze type: Individual Receptor point: 2 Stack: Sum of Stacks
Integration time(y): 5.0E+01 Age group: Adult Total Dose[uSvy): 4.7E+03

208
B rinsmon

U-238 (29.8)

MNuclides not included because they contribute less than 1 percent are:
TH-234

Figure 66: Calculated *°Ra and ***U concentrations at receptor point M2

Assessment: Almaraz Discharge: Atmospheric
Dosze type: Individual Receptor point: 2 Stack: Sum of Stacks
Integration time(y): 5.0E+01 Age group: Adult Total Dose{uSy): 4.7E+D3

B inhatation (32.6)
Dep. gamma (12)
Green veg. (4.83)

B Gun(3)

B ko

Milk products
(4.31)

B it (589

Pathways not included because they contribute less than 1 percent are:
Cloud gamma Resuszpension Root veg. Cow meat Cow liver Sheep
meat Sheep hiver

Figure 67: Calculated doses for different pathways at receptor point M2
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Aszzessment: Almaraz Discharge: Atmospheric
Dose type: Individual Receptor point: 3 Stack: Sum of Stacks
Integration time(y): 5.0E+01 Age group: Adult Total Dose[uSv]): 4.3E+03

B re2600)

U-238 (30)

Muclides not included because they contribute less than 1 percent are:
TH-234

Figure 68: Calculated *°Ra and **U concentrations at receptor point M3

Aszsessment: Almaraz Dizcharge: Atmospheric
Dose type: Individual Receptor point: 3 Stack: Sum of Stacks
Integration time[y]): 5.0E+01 Age group: Adult Total Dose[uSy): 4. 3E+03

B inhatation (60)

Dep. gamma

(119

Green veg. (4.79)
B Guming22
B kEsn

Milk products
(4.46)

B ornic (579

Pathways not included because they contribute less than 1 percent are:
Cloud gamma Resuspension Root veq. Cow meat Cow liver Sheep
Imeat Sheep liver

Figure 69: Calculated doses for different pathways at receptor point M3
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Aszzessment: Almaraz Dizcharge: Atmospheric

Dosze type: Individual Receptor point: 4

Stack: S5um of Stacks

Integration time(y): 5. 0E+01 Age group: Adult Total Dose[uSy): 5.5E+03

0.0
254
0.6

B ra26008)

U-238 (29.4)

Muclide: not included because they contribute less than 1 percent are:

TH-234

Figure 70: Calculated *°Ra and **U concentrations at receptor point M4

Dose type: Individual HReceptor point: 4

Aszzessment: Almaraz Dizcharge: Atmospheric
Stack: Sum of Stacks
Integration time(y]): 5.0E+01 Age group: Adult Total Dose[uSv): 5.5E+03

g gq

46

384

B Inhalation (38.4)

Dep. gamma

(12.3)

Green veg. (4.98)
B Grn(7in
B k506

Milk products
(4.69)

B Foits03)

J Others
(1.001209)

Cloud gamma Resuspension Root veq. Cow meat
meat Sheep liver

Figure 71: Calculated doses for different pathways at receptor point M4

Pathways not included because they contribute less than 1 percent are:
Cow liver

Sheep
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Aszzeszment: Almaraz Dizcharge: Atmosphernic
Dose type: Individual Receptor point: 5 Stack: Sum of Stacks
Integration time(y): 5. 0E+01 Age group: Adult Total Dose{uSy): 5.5E+03

0.0

294
B rRa2260008

U-238 (29.4)
706

Muclides not included because they contribute less than 1 percent are:
TH-234

Figure 72: Calculated *°Ra and **U concentrations at receptor point M5

Assessment: Almaraz Discharge: Atmospheric
Dose type: Individual Receptor point: 5 Stack: Sum of Stacks
Integration time[p): 5. 0E+01 Age group: Adult Total Dose[uSv): 5. 5E+03

B Inhatation (58.4)

0 50

Dep. gamma

(12.3)
Green veg. (4.98)

46

B Gun(in
B nGkGos

Milk products
(4.64)

B Ewitcson

I Others
(1.000209)

j84

Pathways not included because they contribute less than 1 percent are:

Cloud gamma Resuspenzion Root veq. Cow meat Cow liver Sheep
meat Sheep liver

Figure 73: Calculated doses for different pathways at receptor point M5

Appendix 8.1.3 COMPLY calculations

The scenario description is given in Appendix 7.1. In the source
specification, the air discharge rate is not given.

term
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Using the specified power production figures, the discharge rates for **°Ra for
Plant A (5.0 x 10'° Bq (GWa)™) and Plant B (3.5 x 10° Bq (GWa) Ywere estimated to
be 2.8 x 10" Bqa™ and 1.1 x 10° Bq a™' respectively.

The available meteorological data are shown in Appendix 7.1.3. The data do not
include wind rose data and atmospheric stability data. Also there are no data on local
food production and consumption rates.

Therefore it is assumed that all meat, milk and plant food consumed by a local
resident is produced locally. The assumed contaminated fraction of food is therefore
1.0. Consumption rates have been set to the default values used in COMPLY.

The COMPLY code was chosen because of its minimal data requirements, and
because the data supplied for the scenario were not complete. COMPLY is a
computerized screening tool for evaluating radiation exposure from atmospheric
releases of radionuclides. The COMPLY code calculates the effective dose from
radionuclides released from one or more stacks, and includes 4 levels of complexity
(see Appendix 2.1.1).

The dose estimated by this code is primarily intended for comparison with
environmental standards but in the case in question it could be used for an upper dose
level calculation. Atmospheric concentrations are estimated using a Gaussian plume
model. The code calculates radionuclide concentrations in various foods by coupling
the output of the atmospheric transport models with the food chain models.

SUJB approach

To obtain the dose as a function of distance, a spreadsheet file has been used. This
approach is based on the SUJB Recommendation (2000) [70]. This procedure
calculates the effective dose due to radionuclides released from stacks.

Atmospheric concentrations are estimated using a Gaussian plume model in
simailar way as the COMPLY code, taking into account the limitatios of the model..
Radionuclide concentrations in various foods are calculated by coupling the output of
the atmospheric transport models with the food chain models.

The resulting output table contains the total effective dose as well as effective
doses from external and internal exposure as a function of the distance from the
stack.

The results at a distance of 2.5 km are shown in Table 76.
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Table 76: Results of the SUJB calculations at a distance of 2.5 km

Dose (mSv/a) at SUJB COMPLY(L2) COMPLY(L4)
distance 2.5 km
Ingestion 1.2 Not available Not available
Inhalation 0.37 Not available Not available
External 0.45 Not available Not available
Radon Not calculated Not calculated Not calculated
Total 2.0 2.4 0.88

The doses obtained from the SUJB calculation as a function of distance are
presented in Figure 74.

—m— Total Dose

—— Ingestion dose
—— |nhalation Dose
—x— Surface Dose

100000

Effective Doses
0.01
>
25
o 0.001
(@]
e
(O]
=
< 0.0001
Q2
]
0.00001 - ‘
1000 10000
Distance [m]

Figure 74: Doses as a function of distance, calculated using the SUJB approach

Appendix 8.1.4

CROM calculations

Only calculation for U238

Wet and Dry Deposition 500 m/d

Only Category D in Pasquill Gifford Scale

Means Velocity of 1.7 m/s

The mean height of the stack 130 m
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Considering a homogeneous wind rose in 12 sector the fraction of time to

receptor points is 0.083

emission 1.7 10° Bg/s considering the 2 plant as only one emission point

100.00
&E\ *
S 80.00 -
(<) 'S
£ 60.00 - .
g - .
S 40.00 |
2
s 20.00 -
o - m = n
O
0.00 * \ \ \
0 1000 2000 3000 4000

Distance from the stack (m)

¢ Calculated
= Measured

Figure 75: A comparison of measured and calculated 238U ground deposition

concentrations as a function of distance from the stack

For point M5, which is approximately 300 m from the stack, the concentration
cannot be calculated using CROM with the assumptions given earler. This is because
this sampling point is inside the plant boundary, and there are other pathways that

have not been included in the model.

The discrepancy between predicted and measured ground surface concentrations
needs further investigation. One possibility is uncertainty in the magnitude of the
source term. Another is that detailed wind-rose data and values for the wet and dry
deposition coefficients were not available. However, given these deficiencies, the
agreement between predicted and measured values is reasonable.

EMRAS: Theme 2, Working Group 2, NORM

Draft TECDOC, September, 2007

190



13.

APPENDIX 9 DEVELOPMENT OF LOOKUP TABLES AND GRAPHS
TO EVALUATE GENERIC RADIATION RISKS

The U.S. Environmental Protection Agency (EPA) conducted extensive data
collection and risk assessment studies associated with human exposures to uranium
mine (not milling) residues, primarily from legacy mine sites in the western part of
the country. Utilizing the information collected, the Agency looked to two different
models to conduct generic, rather than site specific, risk and dose assessments for
what it considered the most likely human exposure scenarios to this type of NORM
residues at smaller abandoned uranium mines: on-site recreation, homes with
contaminated building materials, on-site residents, and near-by residents. This
information supplements work previously conducted by EPA.

The purpose of this evaluation was to inform policy decisions for future efforts
with affected governmental, tribal, and public stakeholders. One result of the study
was development of a series of lookup tables and graphs of the calculations made.
The tables and graphs enable a decision-maker to quickly assess the potential hazard
associated with a particular exposure situation, and how that hazard varies according
to time of exposure and radionuclide concentration involved. The discussion which
follows is derived principally from one of the EPA reports [69], and includes two
examples of developing lookup tables and graphs from the modelling results.

On-Site Recreation

This scenario examined recreational use of a legacy uranium mine site, in which
the abandoned mine is visited occasionally by hikers, campers, or driven through by
all-terrain vehicles (ATVs). Recreational use by children may occur if a site is located
near houses. Users would likely visit unreclaimed uranium mines for short periods of
time, such as two weeks, Occupational workers, such as government employees or
contractors performing site investigations, could also spend similar periods of time at
these locations. The primary exposure pathways would be external exposure and
drinking contaminated water from an adjacent spring or stream. Pathways of
secondary importance include inhalation of dust, exposure to radon, ingestion of dust
on dried or prepared foods, and inadvertent ingestion of soil. Calculations were made
for both individual pathways and combined pathways.

Since the intent of this analysis was meant to be scoping in nature, the EPA Soil
Screen Guidance (SSG) model was considered appropriate for identifying the
magnitude of radiation hazard faced in the recreational scenario. As the intent of the
SSG is to ensure that potential problems are identified, the SSG methodology tends to
lead to conservative risk estimates, or risks that are more likely to be overestimated.
The risk estimates become more accurate with more site-specific data.

Using the conservative SSG for radionuclides methodology, estimates were made
of lifetime cancer risk for different exposure time periods and different concentrations
for NORM radionuclides. For the discussion here, only the results for natural **°Ra in
secular equilibrium are presented.
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The SSG methodology assumes a linear relationship between a person’s
incremental cancer risk from exposure to “*Ra, ***Th, and natural uranium (Z*U +
#3U). In the U.S., the incremental lifetime cancer risk level of 10 is usually the
baseline level of risk that is acceptable, and 5 x 10™ is typically at the high end of the
range of acceptability. Thus the Soil Screening Levels (SSLs) are evaluated for this
range.

Due to the nature of the recreational scenario, it was assumed that the person
spends the entire day at the site, with no indoor time—that is, the individual spends all
day on the waste material and sleeps in a tent or other light structure that provides no
appreciable shielding. Since no time is spent indoors, gamma shielding does not come
into play. For a target risk of 1x10° for 14 days of exposure and the assumptions
stated above, the *°Ra soil screening level would be ~114 Bq kg, but for one day of
exposure at a target risk of 1x107, the **°Ra soil screening level would be ~1590 Bq
kg™). Table 77 and Figure 76 illustrate the relationship between radium concentration
and risk for different times of exposure, The relationship is linear, so reducing the
estimated time on site by one half (from 100 percent of the time on site to 50 percent)
would increase the radium screening level by a factor of two for the same target risk.
The risk estimated for a recreational exposure could also be used for occupational
workers (government workers or contractors for example) who spent time at the site
for their jobs.

Table 77: Soil Screening Levels for external exposure to **°Ra

Exposure Target Cancer Risk
Frequency | 5x10° | 1x10° | 5x10° | 1x10° | 5x10° | 1x10°
(days) Concentration of *°Ra (Bq kg™)
1 794,950 158,990 79,500 15,900 7,950 1590

14 56,780 11,360 5,680 1140 570 110
30 26,500 5300 2650 530 270 50
52 15,290 3060 1530 310 150 30
140 5680 1140 570 110 60 10
350 2280 450 230 50 20 5

Table 77 lists the data used to generate Figure 76.
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Figure 76: External exposure—relationship between exposure frequency, radium

concentration and target lifetime cancer risk

In Figure 76 the x-axis is the activity concentration of radium in the uranium mine
waste material, and the y-axis is the incremental lifetime cancer risk as a result of
direct exposure to the radium in the waste material for different time periods. For
example, exposure to 454 Bq kg of radium, in secular equilibrium with its progeny,

for 350 days, would result in a lifetime cancer risk of 107,

Similar calculations and graphs were developed in the study using the separate
calculation modules of the SSG for soil ingestion, as well as inhalation of fugitive
dusts, and drinking contaminated water at the site. The results of combining the

calculations made for all pathways are shown below in Table 78 and Figure 77.

Table 78: Multi-pathway Soil Screening Levels for *°Ra

Exposure Target Cancer Risk
Frequency 5<10* | 1x10* | 5<10° [ 1x107| 5%10° | 1x10°°
(days/year) Concentration of **°Ra (Bq kg™)
1 781,300 156,250 78,130 15,630 7810 1560
14 55,800 11,160 5580 1110 560 110
30 26,000 5210 2600 520 260 50
52 15,030 3000 1500 300 150 30
140 5580 1120 560 110 60 10
350 2230 450 220 50 20 5
Exposure Target Cancer Risk
EMRAS: Theme 2, Working Group 2, NORM 193

Draft TECDOC, September, 2007




13.

Frequency 5x10°* 1x107* 5%10° | 13107 | 5%10° | 1x10°
(days/year) Concentration of *°Ra (Bq kg™)
1 781,300 156,250 78,130 15,630 7810 1560
14 55,800 11,160 5580 1110 560 110
30 26,000 5210 2600 520 260 50
52 15,030 3000 1500 300 150 30
140 5580 1120 560 110 60 10
350 2230 450 220 50 20 5
1.E-03 T
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Figure 77: Multi-pathway Soil Screening Graphs for *°Ra

In Figure 77 the x-axis is the activity concentration of radium in the uranium mine
waste material, and the y-axis is the incremental lifetime cancer risk as a result of
exposure to the radium in the waste material for different time periods. The graphs
portray combined risks via multiple pathways (direct exposure, inhalation, and
ingestion) to soil radium.

Use of Uranium Mine Waste in Building Materials

Given that some homes incorporate uranium mine waste building material, the
question arises as to the radium and uranium concentrations in these materials that
would result in exposure levels of concern. To identify potential gamma and radon
exposures over a range of uranium and radium concentrations from contaminated
concrete used as building materials for the floor and each wall, EPA used the

EMRAS: Theme 2, Working Group 2, NORM 194

Draft TECDOC, September, 2007



13.

Environmental Impact Assessment model RESRAD-BUILD 3.21 computer code.
Only the radium concentration results are included in this appendix.

The building used for modelling was based on a concrete Navajo ceremonial
house for which measurements had been made. The building modelled had one room
with a floor area of 5m x 5m or 25 m”. Each wall is assumed to be 2.5 m high and 5 m
long, with an area of 12.5 m (Figure 78). Occupancy is assumed to be 70 percent for
365 days a year. Since the calculations were scoping in nature, the RESRAD-BUILD
default parameters were used. It was assumed that the floors and walls were made of
concrete, the radium and uranium concentrations were equal, and the receptor was at a
height of 1 m. However, RESRAD-BUILD calculates the contribution of the floor and
the wall, so that the contribution from each part can be separated. The calculations
assume no contribution from the soil beneath the concrete floor. The concrete was
assumed to be 15 cm thick, with a density of 2.4 g cm™. Doses from direct exposure
to radiation, calculated by RESRAD-BUILD, are presented in Table 79 and Figure
79.

Source

Figure 78: Building Exposure Model

This 3-D schematic of the building modelled indicates the sources of direct
exposure with the floor as source 1, and the walls as sources 2 - 5. The origin of the
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geometry is at the lower left-hand corner, where z represents the vertical extent of the
room and x and y represent the lateral extent of the walls.

Table 79: Doses from 30 years of external exposure to ***Ra in the modelled building.
The dose from the floor is about equal to all of the walls combined.

Activity Concentration Dose from floor Dose from one wall
(Bqkg") (mSv) (mSv)
37 0.14 0.4
370 14 4
740 28 8
3000
—e— Floor
—a— Wall /
2500
2000
3
g
E 1500
&
Qo
0
1000 -
500
0 : t : t : t : t : t : t : t
0 100 200 300 400 500 600 700
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Figure 79: Doses from 30 years of external exposure to “*°Ra in the modelled
building

Although ***U would contribute to the overall radiation exposure, the **°Ra in the
mining waste materials is the more hazardous of the two radionuclides.
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A concentration of 37 Bq kg™ of *Ra in the floor is estimated to result in a dose
of about 1.4 mSv during 30 years of external exposure. According to a 1985 EPA
Report to Congress, most of the uranium mines sampled had **°Ra concentrations of
740 Bq kg™ or more in the waste. If waste with this radium activity were incorporated
into a concrete floor slab, it would result in a 30-year dose of about 28 mSv. Figure 79
illustrates the relationship between “*°Ra concentrations and doses from external
exposure calculated with RESRAD-BUILD. In addition to direct external radiation
exposure, radon generation from radioactive decay could also contribute to risk posed
by living in buildings constructed with uranium mine waste, depending on frequency
of air exchange and other factors. The radon contribution to dose was not computed
here.
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