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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 three decades 
demonstrate the comprehensive nature of the programmes and record the associated 
advances which have been made. 

From 2009 to 2011, the IAEA organised a programme titled “Environmental Modelling for 
RAdiation Safety” (EMRAS II). The programme comprised three topical headings: 

Reference Approaches for Human Dose Assessment 

• Working Group 1: Reference Methodologies for “Controlling Discharges” of Routine 
Releases 

• Working Group 2: Reference Approaches to Modelling for Management and 
Remediation at “NORM and Legacy Sites” 

• Working Group 3: Reference Models for “Waste Disposal” 

Reference Approaches for Biota Dose Assessment 

• Working Group 4: “Biota Modelling” 
• Working Group 5: “Wildlife Transfer Coefficient” Handbook 
• Working Group 6: Biota “Dose Effects Modelling” 

Approaches for Assessing Emergency Situations 

• Working Group 7: “Tritium” Accidents 
• Working Group 8: “Environmental Sensitivity” 
• Working Group 9: “Urban” Areas 

This report describes the work of the Reference Approaches to Modelling for Management 
and Remediation at “NORM and Legacy Sites” Working Group. The IAEA wishes to 
acknowledge the contribution of the Working Group Leader Astrid Liland. The IAEA 
Scientific Secretary for this publication was Virginia Koukoulio of the Division of 
Radiation, Transport and Waste Safety. 
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EXECUTIVE SUMMARY 

Working Group 2 (WG2) has evolved from the NORM working group in EMRAS I to the 
NORM and Legacy Sites in EMRAS II. This extension of the field of interest was made in 
recognition that the issues being considered previously regarding contamination and 
remediation of NORM material and residues were also applicable to some historical 
nuclear industry sites.  
 
In EMRAS I, the NORM WG was initially limited to working with hypothetical scenarios. 
In EMRAS II, the volunteering of real-life scenarios and the availability of the appropriate 
field data, was more forthcoming. This has resulted in a wealth of choice to apply and 
compare model performance. 
 
The main types of NORM sites of interest includes those linked to uranium mining and 
milling; the phosphate industry and phosphogypsum use and disposal; other mining and ore 
processing activities; coal mining; coal burning; NORM from oil and gas industries; and 
NORM contaminated land, as opposed to factory or mine premises. 

The main types of nuclear legacy sites are former nuclear technology facilities and other 
sites contaminated with man made radionuclides. 

WG2 was set up by creating a joint forum of regulators, modelers and assessment 
specialists where the needs and possibilities of each contributor could be discussed, using 
selected NORM and nuclear legacy sites as case studies. The goal of the forum was to use 
real site characteristics and management challenges to develop a reference approach for 
risk and environmental impact assessments necessary for management and remediation of 
NORM and nuclear legacy sites. 

A range of models have been developed over the years to perform risk and environmental 
assessments pertaining to radioactive waste or discharges (operational and accidental).  
They range from simple screening tools to sophisticated, complex modeling codes and have 
various applications. Some are available free of charge while others are only commercially 
available. WG2 incorporated the use of 10 such models within the modelling exercises 
undertaken within EMRAS II. Descriptions including fundamental mechanisms, scope, and 
availability have been provided. Details of other models (17 in total) that were potentially 
useful to model NORM and legacy sites have also been included to provide a good source 
of reference for model users. Specific model-model intercomparisons were performed on 
the data and information available for the Gela site in Italy and the Bellezane site in France. 

In this report, WG2 has provided a general assessment methodology (GAM) for the 
radiological impact of legacy (or operational) sites, in order to assist in the management of 
such sites. It is intended as guidance for assessors who are asked to provide scientifically 
based advice to decision makers on radiological issues associated with such sites. The 
graded approach described is a method of optimising the assessment process, in terms of 
requirements for regulation, radiological protection, and cost.  

The GAM was tested on several real exposure scenarios involving contamination with 
naturally occurring radioactive materials (NORM), and also artificial radioactivity due to 
atmospheric nuclear weapons tests. These scenarios were located in Australia, Belgium, 
Brazil, Italy and Norway. 
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Overall, WG2 has progressed more quickly within EMRAS II than within EMRAS I due to 
the availability of real data from a wide suite of contaminated sites. There are still offered 
scenarios that have not yet been modelled by the group, but that are listed in the annex to 
this report. Such scenarios can be used to broaden the applicability of the models and GAM 
approach and provide examples for members of academia, industry and regulatory bodies 
in the future. 

The report summarises the work performed during 2009 to 2011. Any changes related to 
eg. regulations, modelling codes or management at the exemplified sites after 2011 are not 
reflected in this report. 
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DEFINITIONS 

Cleanup criteria: 

The use of standards against which a cleanup and/or remedial action is carried out. They 
may be the same as the screening criteria, but they may also be influenced by factors other 
than purely radiological considerations, for example cost-effectiveness, or predicted land 
use, etc. In general, cleanup criteria should be chosen so as to optimise dose/risk during and 
after cleanup and/or remedial action. 

Conceptual model: 

A set of qualitative assumptions used to describe a system (or part thereof). These 
assumptions would normally cover, as a minimum, the geometry and dimensionality of the 
system, initial and boundary conditions, time dependence, and the nature of the relevant 
physical, chemical and biological processes and phenomena. 

For the purpose of this report, a conceptual model of a contaminated site provides a 
description of the components of the site and the interactions between these components. 
The conceptual model describes qualitatively how radionuclides are released into the 
environment, how they are transported in the geosphere and biosphere, and through what 
exposure pathways they lead to environmental contamination and/or dose to man. 

Exposure scenario selection: 

This is an important part of the assessment process. The approach to scenario selection and 
development is described in detail in the ISAM reports. This is based on a systematic 
analysis of the features, events and processes (FEPs) associated with each site being 
assessed. 

Graded approach: 

A methodology in which the level of effort applied to solving a radiological problem is 
based on the assessed level of dose/risk. The measures and conditions to be applied is 
commensurate, to the extent practicable, with the likelihood and possible consequences of, 
and the level of risk associated with the radiological problem. This has the great advantage 
of cost-effectiveness, in that effort is not wasted in dealing with problems involving low or 
negligible levels of dose/risk. 

Harm: 

The IAEA Safety Glossary does not give a formal definition of harm. For the purpose of 
impact assessment, harm is a negative impact on the health of humans and the environment. 
This should include consideration of harm to the economic value of resources, e.g. where 
the future use of land has been restricted because the land is contaminated. 

Hazard: 

The potential to cause harm. 
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Model validation: 

The process of determining whether a model is an adequate representation of the real 
system being modelled, by comparing the predictions of the model with observations of the 
real system. 

Model verification/computer code: 

The process of determining whether a computational model correctly implements the 
intended conceptual model or mathematical model. 

NORM - Naturally Occurring Radioactive Materials: 

Radioactive material containing no significant amounts of radionuclides other than 
naturally occurring radionuclides. The exact definition of ‘significant amounts’ would be a 
regulatory decision. Material in which the activity concentrations of the naturally occurring 
radionuclides have been changed by a process is included in naturally occurring radioactive 
material (in some countries also termed TENORM – Technologically Enhanced Naturally 
Occurring Radioactive Materials). 

Remedial action: 

Any measures which may be carried out to reduce the radiation exposure from existing 
contamination through actions applied to the contamination itself (the source) or to the 
exposure pathways to humans or non-human biota. 

Risk: 

The IAEA Safety Glossary gives three definitions of risk. For the purposes of assessment 
of the risks associated with contaminated sites, risk can be considered as the probability of 
a specified effect (usually a health effect) occurring. This is usually expressed as the 
product of the probability of occurrence of a particular exposure scenario occurring and the 
probability of the specified effect occurring if the particular exposure scenario occurs 
(summed over all possible scenarios). 

Screening criteria: 

Nationally determined standards against which a site, waste, radionuclide concentration, or 
process is evaluated to determine if the national policies for dose/risk management are 
being met. 

Local authorities may decide, in agreement with local stakeholders, to set local screening 
criteria. However, the decision maker can authorise remedial action even when the 
screening criteria are satisfied, so it is simpler to use national or regional criteria. 

The screening criteria should indicate the lowest level of regulatory concern, taking into 
account possible future evolutions of the site, this means that if the results of a 
measurement or assessment are below the relevant screening criteria, no further action is 
necessary on radiological grounds.  
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Stakeholder: 

An interested party, a concerned party. 

Standard: 

A nationally/regionally/locally determined acceptable radiation dose/risk, a specific 
radionuclide concentration found in soil, water, or material, and/or procedure for remedial 
action and waste disposal. 
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1. INTRODUCTION 

1.1. Background and objectives 

The EMRAS II Working Group 2 “Reference approaches to modelling for management 
and remediation at NORM and legacy sites” was formed at the first EMRAS II meeting in 
Vienna in January 2009.   

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, VAMP (VAlidation of Model Predictions) and 
BIOMASS (BIOspheric Modelling and ASSessment) programs (please see Bibliography 
for references to the publications of these programs). These programs evaluated and used a 
number of models, which are appropriate for simulating the behaviour of radionuclides 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.  

No earlier group has focussed on assessment methodologies and modelling for 
management and remediation of both NORM and nuclear legacy sites. At the same time, a 
large number of NORM and nuclear legacy sites exist around the world and there is 
concern about how to make sound decisions on the future management and necessary 
remediation of these sites to protect humans and environment now and in the future. 
“Legacy sites” here is taken to mean sites which have been operated in the past and need, 
or are expected to need, some form of remediation so as to properly protect human health 
and the environment. The sites may be contaminated by man made radionuclides or by 
naturally occurring radioactive material (NORM). Some of these sites may still be 
operational or under some form of control, rather than totally abandoned. A common 
feature of the sites is that they were formerly operated without adequate controls, leading to 
radioactive contamination of larger areas. The sites may be in need of clean-up operations. 
Such sites will fall within the definition in ICRP 103 of “existing exposure situations”.  

Many earlier programmes had a focus on nuclear accidents and radioactive fallout and the 
environmental transfer and impactof anthropogenic radionuclides, but in EMRAS I there 
was a specific working group on NORM. The report from this working group (IAEA, 
2009) focussed on NORM industries, waste and residues, and real and hypothetical 
scenarios for modelling purposes. 

The main types of NORM sites of interest includes those linked to the phosphate industry 
and phosphogypsum use and disposal; other mining and ore processing activities; coal 
mining; coal burning; NORM from oil and gas industries; and NORM contaminated land, 
as opposed to factory or mine premises. 
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The main types of nuclear legacy sites are sites for storage of spent nuclear fuel and 
radioactive waste; decommissioned or abandoned nuclear facilities; areas for nuclear 
weapons development and testing; areas contaminated by nuclear accidents; and radium 
extraction and processing facilities. 

Sites arising from the mining and milling of uranium can be regarded as either a NORM or 
a nuclear legacy site, according to the national regulation in the country where the site is 
found. 

The models necessary for performing risk and environmental impact assessments are 
developed by researchers and modelers, while the regulators are using these as a support to 
taking sound decisions on remediation actions. Regulators must ensure that the process and 
endpoint comply with national regulations and preferably international recommendations 
on health, safety and environment. In addition, the operators of the sites are the ones with 
detailed data on waste and site characteristics, data which are crucial for performing site 
specific predictive modeling. In order to develop adequate models, researchers need to be 
familiar with  

i) the legal requirements that regulators must comply with; and  

ii) real situations that operators are dealing with. 

Regulators on the other hand, need information on how to use models when reviewing or 
performing independent risk and environmental impact assessments – this includes both 
guidance on what parameters to include, how suitable a model is for a given site and the 
uncertainties associated with the model predictions. Experience has shown that a closer link 
between regulators, operators and modelers/assessment specialists on this topic would be 
beneficial.  

WG2 was set up to help solve this issue by creating a joint forum of regulators, modelers 
and assessment specialists where the needs and possibilities could be discussed, using 
selected NORM and nuclear legacy sites as case studies. The goal of the forum was to use 
real site characteristics and management challenges to develop a reference approach for 
risk and environmental impact assessments necessary for management and remediation of 
NORM and nuclear legacy sites. The idea was to put together a group with different 
expertise that could significantly contribute to solving challenges, better than to have a 
single expertise group, for instance only modellers who might have limited knowledge of 
the real site conditions or regulatory challenges. 

The final aim is that future environmental impact and risk assessments approaches related 
to management and remediation of legacy sites are based on sound science, suitable for 
regulatory purposes and in compliance with IAEA guidance and recommendations.  

Even though generic international recommendations are available, they are not always 
possible to implement directly in a given country or at a given site, and the development of 
a reference approach for management and remediation that allows for national or local 
adaptation would be advantageous. WG2 has looked at national and international 
regulations, real sites and available modeling tools to develop such a reference approach 
and subsequently tested the methodology for real sites around the world.   

This report describes the challenges related to NORM (chapter two) and nuclear legacy 
sites (chapter three). A range of available models for risk and environmental impact 
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assessment is described in chapter four, from simple screening tools to sophisticated 
modeling codes. The proposed general assessment methodology for performing risk and 
environmental impact assessments is given in chapter five while chapter six gives examples 
of using this methodology on various real sites (Gela site in Italy, Botuxim site in Brazil, 
Soeve site in Norway, Maralinga site in Australia, Tessenderlo and Olen sites in Belgium). 
Model-model intercomparisons for the Gela phosphogypsum stack in Italy and the 
remediated uranium mining site of Bellezane in France are described in chapter seven. 
Appendices I to IV gives a detailed description of many existing NORM and nuclear legacy 
sites around the world showing the variety of challenges and conditions. 

The table below gives an overview of the real sites that have been presented and discussed 
inside the working group. 

Country Category Name of site 

Argentina U mining and milling Los Gigantes 

Australia Nuclear legacy Maralinga nuclear test site 

Belgium 

Nuclear legacy Olen (radium production) 

NORM Tessenderlo (phosphate processing) 

NORM 
Other Belgian NORM sites 
(phosphogypsum stacks, ferro-niobium 
processing) 

Brazil 

U mining and milling 
Poços de Caldas Uranium mine and 
milling 

NORM 
Botuxim site (storage residues from 
monazite processing) 

Bulgaria U mining and milling 
”Iskra” site (Katina) 

Uranium Milling plant “Zvezda” 

China NORM 
Baotou sites (rare earth extraction 
and steel industry) 

Estonia 

Nuclear legacy 
Paldiski (former nuclear submarine 
training facility) 

U mining and milling / legacy 
Sillamäe (Uranium mine tailings + 
former nuclear material production 
facility) 

France  U mining and milling 
Uranium mining sites of Limousin 
region  

Greece 
NORM Megalopolis - Coal Fired Power Plant 

NORM Kavala phosphogypsum stack 

Italy NORM Gela phosphogypsum stack 

Norway NORM 
Soeve site (Niobium mining and 
processing) 

Poland NORM 
Several sites in the Upper Silesia coal 
basin 

Russia Nuclear legacy Andreeva Bay, The Lepse vessel 

Slovenia U mining and milling Žirovski vrh wastes piles  

Spain NORM Compostilla - Coal Fired Power Plant 
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Ukraine U mining and milling Pridneprovsky plant (Dniprodzerzhinsk) 

USA U mining and milling 
Abandoned Uranium Mine Sites on 
Navajo Nation 

The sites noted in bold are described in more details in Appendix 2-4. The phosphogypsum 
stack of Gela (Italy) is described in chapter 6 and 7 and the uranium tailings repository of 
Bellezane (France) is thoroughly described in the chapter about model-model 
intercomparison (chapter 7). The sites of Megalopolis and Kavala in Greece have been 
described in the EMRAS I report (IAEA, 2009). The nuclear test-site of Maralinga and the 
Soeve NORM site are described in the chapter on the application of the General 
Assessment Methodology, GAM (chapter 6).  

 

1.2. WG participants and meetings 

The WG had participants from 33 countries across six continents (North America, South 
America, Asia, Europe, Africa, Australia) showing that this is a problem of worldwide 
interest. The group consisted of regulators, modelers and researchers in radioecology and 
risk assessment. The participants presented a wide range of real sites, modeling tools used, 
regulatory aspects and challenges faced in the various countries. A full list of participants 
who attended at least one of the Technical Meetings or WG Meetings is given at the end of 
the report. 

In addition to the full EMRAS II Technical Meetings in Vienna, the WG had three interim 
meetings: 

• In Vienna, Austria, September 2009; 
• In Limousin, France, in September 2010, including a visit to remediated uranium 

mining and milling sites; and 
• In Brussels, Belgium, in October 2011, including a visit to a former radium extraction 

facility and a CaF2 sludges dumpsite from a phosphate industry. 
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2. CHALLENGES RELATED TO NORM SITES  

Naturally Occurring Radioactive Materials (NORM) here means materials containing no 
significant amounts of radionuclides other than naturally occurring radionuclides and for 
which the radionuclide concentrations and /or exposures have been modified by human 
activities (these materials are referred to in some countries as TENORM). The focus in this 
report is on exposures exceeding natural background radiation levels. NORM gives rise to 
the largest collective doses to the global population, and is therefore important from a 
radiological perspective. 

The features of NORM that distinguish the study and assessment of the impact on human 
health and the environment from that of anthropogenic radionuclides are: 

• A large number of radionuclides and hence a wide range of chemical properties; 
• An extremely wide range of radioactive half-lives; 
• A range of physical forms. 

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

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

• NORM materials can range from small volumes of material with highly concentrated 
radionuclides to large volumes of materials with low levels of radiation  

• Many minerals which give rise to NORM residues and products are not exploited for 
their radionuclide content, 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. 

• Re-use of materials contaminated with NORM is frequent (large volumes); and 
• Large tracts of land are used to store NORM residues and projected land use must be 

considered when discussing remedial actions. 

It was also noted in the EMRAS I NORM report (IAEA, 2009) that all countries are likely 
to have some industries which produce NORM wastes and residues. While waste is defined 
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. 

Another issue of particular relevance to EMRAS II is that many countries have legacy sites 
contaminated with NORM. These sites result from past operations that were not carried out 
under adequate regulatory control (either not regulated at all or with less strict regulations 
than today’s requirements), or from situations where no rehabilitation was carried out after 
active operations ceased. 



 

 
 19 

2.1. 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 three major 
implications for the present work: 

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

• 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; 

• misuse of some NORM wastes or legacy sites can result in unacceptable radiation 
exposures to members of the public (e.g. construction of houses using uranium 
mining or milling wastes, or on sites contaminated with NORM). 

2.2. National and  international standards and regulations 

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 (IAEA, 2004) 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, including 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. 

In 1999 the U.S. National Academy of Sciences (National Academy Press, 1999) 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 (1×10-3), another regulatory 
body might find that risk level to be unacceptable and prefer that the risk be limited to 
mortality of 1 in 10,000 (1×10-4). Such a situation could lead to different regulatory 
requirements from one nation to another for the same industry (zircon producers for 
example). 

2.3. NORM industries 

There are many industries and processes that produce residues containing NORM. These 
were listed in the EMRAS I NORM report (IAEA, 2009) and references to detailed 
descriptions of most of the industries were given in that report. Detailed descriptions of 
many of these industries are also given in UNSCEAR (1988 and 2000). The range of 
industries that generate NORM products and residues, the types of residues to be 



 

 
20  

considered for these operations, and the typical environments in which these operations 
tend to occur are summarised in the table below, taken from (IAEA, 2009). 

 

2.4. Types of assessment involving NORM wastes and residues 

2.4.1. Regulatory 

A growing awareness of NORM issues has led to a 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. 

2.4.2. 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. 
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2.4.2.1. On-site assessments 

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

2.4.2.2. 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. 

2.4.3. 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: 

• as an aid in assessing the health and environmental impact of the site in its current 
state, and in deciding if remediation may be warranted; 

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

• for assessing the impact of future use of the site or 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. 

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 becomes available 
from monitoring programs. 
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2.4.4. Exposure Situations/Scenarios 

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

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

• cleaning of scales in pipes and other production equipment; 
• recycling of scrap metal; 
• re-use of NORM residues in building materials (fly ash, phosphogypsum);  
• 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, or agricultural purposes.) 

• fossile fuel power station discharges of 210Po and 210Pb  
• (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) 

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

2.5. Current trends in NORM residue management 

In recent years emphasis has been placed on development of methodologies for 
management of contaminated residues and sites (IAEA, 2006). The aim of this approach is 
two-fold: 

1. to put in place an iterative process for managing the issue, which allows for changes to 
be made as more information becomes available (on health impact, environmental 
monitoring); 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. 
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3. CHALLENGES RELATED TO NUCLEAR LEGACY SITES  

3.1. Introduction 

Past development of commercial and military uses of radioactive material led to the 
development of many nuclear facilities worldwide.  In many countries, these facilities were 
built and operated before an adequate regulatory infrastructure was in place ensuring a legal 
requirement that they should be safely decommissioned, with arising radioactive wastes 
being safely disposed of, at the end of their useful life. The legacy from this development is 
that many countries now have abandoned nuclear facilities, including inadequate facilities 
for spent nuclear fuel and radioactive waste, or areas where spills or accidents have 
occurred resulting in radioactive contamination that has created risks to human health and 
the environment.  

3.2. Types of nuclear legacy sites 

All nuclear legacy sites are linked to activities with the intentional use of the materials’ 
radioactive or fissile properties, as opposed to NORM legacies where materials containing 
radioactive elements were not used because of their radioactive properties. They can 
include: 

• uranium mining and milling sites, where the purpose was to extract uranium for use 
in the nuclear fuel cycle; 

• sites for storage of spent nuclear fuel and radioactive waste with inadequate or badly 
degraded containment, already causing unacceptable leaks of radionuclides, or 
being likely to so do in future if not improved; 

• decommissioned or abandoned nuclear facilities, including research facilities and fuel 
cycle facilities, as well as power plants; 

• areas affected to an unacceptable level by nuclear weapons development and testing, 
or by peaceful use of nuclear explosions; 

• areas contaminated by nuclear accidents; and 
• radium extraction and processing facilities. 

These sites typically poses significant challenges to the organizations with operational 
and/or management responsibility because of a wide range of issues arising. These 
challenges include, but are not limited to: 

• physical protection of areas from a few hundred m2 up to tens of km2;  
• poor physical condition of facilities, degraded containment systems, obsolete and 

broken engineering facilities; 
• proximity of public communities, sometimes close to major cities, sometimes in very 

remote areas, both of which are problematic; 
• poorly characterised radioactive materials, for example spent nuclear fuel in degraded 

stores, or large volumes, low-level and disperse contamination, which sometimes is 
not contained at all; 

• poorly characterised chemo-toxic and other dangerous material; 
• physical hazards; 
• security and safeguards, as well as general radiological protection; 
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• optimisation of protection during hazardous recovery and remediation operations; 
• control of materials and avoidance of accidents during hazardous recovery and 

remediation operations; 
• former military facilities, under transfer from military to civilian regulatory 

supervision, involving security and safeguards; 
• geographic conditions of climate, geology, hydrology, and landscape all subject to 

environmental change; 
• land use planning,  and the wider social and economic context;  
• multiple stakeholder interests, short and long term, and 
• coherence of legacy management with the national radioactive waste management 

programme, and availability of radioactive waste disposal routes. 

Detailed descriptions of 4 different types of nuclear legacy sites, illustrating the range of 
issues above, are provided in the report. These include:  

• the Lepse Technical Support Vessel used to store spent nuclear fuel and solid and 
liquid radioactive waste, currently located in Northwest Russia and awaiting 
dismantling (Appendix II); 

• the site of temporary storage for spent nuclear fuel and radioactive waste at Andreeva 
Bay, in the Kola Peninsula, Russia (Appendix II); 

• the former radium production facility in Olen, Belgium (Appendix II); and 
• The nuclear test-site of Maralinga in Australia (chapter 6). 

Regulatory supervision over the management of legacy sites and facilities has to meet a 
corresponding set of challenges, requiring consideration of many different issues in order to 
ensure a balanced approach to different aspects of environmental and human health 
protection, both of workers and the public, in planned and unplanned situations, and in both 
the short and long term.  

3.3. International and national standards and regulations 

Safe management of nuclear legacies arising from past activities is a critical issue in 
maintaining confidence in the continuing and future use of radioactive materials. Effective 
and efficient regulatory supervision of nuclear legacy management is a critical part of that 
process. 

Although international recommendations and guidance exist for the nuclear fuel cycle and 
other uses of radioactive material, these were mostly developed after significant nuclear 
legacy sites had been created around the world. They also tend to address one issue at a 
time, rather than deal simultaneously with the range of issues presented by nuclear legacies. 
Today, as discussed in relation to NORM legacies in section 2.2, there is still a lack of 
comprehensive and consistent international guidance which addresses the complex set of 
issues mentioned above.  

This situation is reflected in national regulatory requirements and guidance. Substantial 
progress to manage the nuclear legacy within a modern regulatory system has been 
achieved in, for example, the USA and the Russian Federation, but even in such countries, 
there is still work to do to completely resolve regulatory issues, as indicated in the 
continuing regulatory programme summarised in Roudak et al, 2011  
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3.3.1. US regulations 

By way of illustration of regulatory development, concerning the so-called “Superfund” 
sites, the US Environmental Protection Agency provides substantial regulations and 
guidance as follows: 

• The basic law was set out in the Comprehensive Environmental Response, 
Compensation, and Liability Act of 1980 (CERCLA), available at: 

http://www.epa.gov/superfund/policy/remedy/pdfs/cercla.pdf 

• Regulations issued under CERCLA are broken into several documents within the 
National Oil and Hazardous Substances Pollution Contingency Plan (NCP), 
covering different topics, available at: 

http://www.epa.gov/superfund/policy/remedy/sfremedy/regenfor.htm 

• Section 300.430 of the NCP focuses on how decisions are made on a remediation 
approach for a site, see: 

  http://edocket.access.gpo.gov/cfr_2003/julqtr/pdf/40cfr300.430.pdf 

• Policies for determining remediation approach for long-term site clean-up responses 
at contaminated sites are described at: 

  http://www.epa.gov/superfund/policy/remedy/sfremedy/index.htm 

• The policies are the same for radioactively and chemically contaminated sites. 
• More specific guidance and tools for determining the remediation approach for 

radioactively contaminated sites, used in conjunction with the overall policies on 
the previous website, are available at: 

 http://www.epa.gov/superfund/health/contaminants/radiation/index.htm 

It is notable that the same risk based approach is deployed by the US EPA for radioactive 
and other contaminants. It may be noted that in other legacy contexts, a dose based system 
is employed in relation to control of radiation exposure.  

The proposed plan for the clean-up of the Radioactive Waste Management Complex at the 
U.S. Department of Energy (DOE) Idaho National Laboratory (INL) site is described along 
with the roles and responsibilities of different regulatory and other agencies in US DOE, 
2007. Three government agencies are responsible for clean-up decisions at the site. DOE, 
as the lead agency and the party responsible for conducting the selected clean-up 
alternative, is required to issue a Proposed Plan to fulfill public participation requirements 
under CERCLA and the NCP. The State of Idaho Department of Environmental Quality 
(DEQ) and the US EPA provide regulatory oversight. Together, the three organizations are 
referred to as the Agencies in the context of clean-up at the INL site. The document also 
conveniently sets out the protection standards in relation to radioactive and other 
contamination. 
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3.3.2. Belgian regulations 

As a further illustration, the regulatory framework for legacy sites in Belgium can be 
summarized as follows. As a European Union member, Belgium has transposed the 
Council Directive 96/29/EURATOM laying down the Basic Safety Standards for 
Protection for the protection of the health of workers and the general public against the 
dangers arising from ionizing radiation into its own regulations (Official Journal of the 
European Communities, 1996). This transposition into Belgian regulations was effected by 
the Royal Decree of July 20, 2001 which sets forth the general regulation for the protection 
of the population, the workers and the environment against the danger of ionizing radiation. 

According to the above, a legacy site is considered as an intervention1 situation in cases of 
lasting exposure: 

Definition of intervention: a human activity that prevents or decreases the exposure of 
individuals to radiation from sources which are not part of a practice or which are out of 
control, by acting on sources, transmission pathways and individuals themselves. 

Article 53 of the EURATOM directive (Official Journal of the European Communities, 
1996) addresses the question of intervention in cases of lasting exposure. It has been 
transposed into article 72bis of the Belgian Royal Decree, which states:  

“ … Where the Agency {in  Belgium, the Federal Agency for Nuclear Control} has 
identified a situation leading to lasting exposure resulting from the after-effects of a 
radiological emergency or a past or old practice or work activity, it shall, if necessary and 
to the extent of the exposure risk involved, ensure: 

(a)  that the area concerned is demarcated; 

(b)  that arrangements for the monitoring of exposure are made; 

(c)  the coordination of the implementation of any appropriate intervention, in agreement 
with the concerned authorities, including regulation of the access or use of the grounds and 
buildings located in the demarcated area and including the use of the contaminated or 
activated materials” 

The intervention levels are the following; they are expressed as incremental dose with 
respect to the natural background:  

• dose < 0.3 mSv: never intervention (unless the intervention work is trivial: 
application of the ALARA principle); 

•  0.3 < dose < 1 mSv: intervention rarely justified; 
• 1 < dose < 3 mSv: intervention generally justified; 

                                                

 

1 The regulations are still based on the concept of “intervention” and “practice” such as defined in ICRP 
60 (1991), even though these concepts have been replaced by “planned”, “existing” and “emergency” 
exposure situations in ICRP 103 (2007). 
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• dose > 3 mSv: intervention always justified. 

Note that there is a separate set of regulations for sites contaminated with non-radioactive 
hazardous substances. As most of nuclear legacy sites are also contaminated with non-
radioactive contaminants, these much more detailed and prescriptive regulations also apply. 
In Belgium, radiation protection and nuclear safety is a competency of the federal state, 
while other environmental issues are a competency of the Regions. Each Region has its 
own regulations with respect to sites contaminated with non-radioactive hazardous 
substances. Further regulation is under development, which will better define the liabilities 
and the administrative procedure for interventions in cases of lasting exposure. 

3.3.3. Brazilian regulations 

In Brazil, the Basic Standards include an intervention level of 10 mSv/y, but once 
remediation starts, an environmental monitoring program has to be carried out by the owner 
of the site and its results must comply with the Brazilian requirements, i.e. a public dose 
limit of 1 mSv/y and a dose constraint of 0.3 mSv/y. Similarly, a worker monitoring 
program must be established, approved by the Brazilian Nuclear Commission (CNEN), 
performed by the site owner and checked by CNEN. The dose limit for workers is 100 
mSv/5 y, average 20 mSv/y. 

3.3.4. Bulgarian regulations 

The management and supervision on mining legacies in Bulgaria are set out in 
“Preliminary Information on the Implementation on the Obligations Under Article 35 of the 
Euratom Treaty prepared for the purposes of the verification mission of the EC in Bulgaria” 
(EC, 2009). This includes a description of the different responsible agencies and regulatory 
bodies, and gives details of the monitoring program for the relevant sites. 

3.3.5. Czech Republic regulations 

The reduction programme of the uranium production in the Czech Republic is a 
consequence of lower uranium demand in the Czech Republic and revision of 
environmental criteria to limit the environmental burden caused by the uranium production. 
The concept of dismantling and remediation work is based on individual government 
decrees and for separate localities it is specified by technical dismantling and cleanup 
projects. Legislation related to mining and remedial activities has been developed for a long 
period of time and it has gone through many changes. 

The following is a list of legislation related to mining and remediation activities in uranium 
industry in the Czech Republic: 

• Act No. 20/1966 on Medical Care and Public Health 
• Act No. 254/2001 on Waters (Water Act) 
• Act No. 44/1988 on Protection and Use of Minerals and Raw Materials (Mining Act) 
• Act No. 86/2001 on Protection of Air Environment against Polluting Agents (Act on 

Air Environment) 
• Act No. 388/1991 on State Environmental Fund of The Czech Republic 
• Act No. 17/1992 on the Environment 
• Act No. 114/1992 on Protection of the Nature and Landscape 
• Act No. 100/2001 on the Environmental Impact Assessment (EIA) 
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• Act No. 18/1997 on Peaceful Use of Nuclear Energy and Ionizing Radiation (Atomic 
Act) 

• Act No. 185/2001 on Wastes 
• Act No. 183/20006 Coll. (Construction Act) 

This list illustrates the complex and cross-cutting nature of the regulatory problem. 

Provisions of the Acts listed above are implemented by related Decrees and completed with 
recommendations and guidelines giving required details. These are implemented by a 
similarly complex range of State regulatory bodies and administration involved in mining 
and remedial activities of uranium industry. 

Remediation project approval is based on a government resolution in which the 
Government sets requests and tasks. The State enterprise DIAMO is the only organization 
which is involved in operating and remediation of uranium mining and milling sites and is 
controlled by Ministry of Industry and Trade (MTO). The MTO authorizes all projects and 
its financing. 

Financial sources are allocated each year from the state according to the specific 
documentation called “Actualization of the Uranium Industry Contraction Program” which 
is prepared annually by DIAMO and submitted to the MTO for its authorization. After the 
approval in the state budget the Ministry of Finance observes its use.  

Preparation of any remediation program includes the following steps: 

1. Analysis and report on the current status in the uranium industry or at the given site, 
carried out by DIAMO and subsequently via (MTO) submitted to the Government 
to make appropriate decision; 

2. The Government issues the decree giving tasks related to the remediation of the site; 

3. DIAMO prepared a detailed schedule according to the tasks given by the 
government’s decree and specifications issued by the MTO; 

4. Risk analysis for the site is carried out by an independent company; 

5. Technical Plan of Decommissioning (TPD) is prepared by DIAMO, and submitted  
for review, and then to the MTO for authorization, the TPD includes also a social 
program; 

6. Technical design and plans and other documentation are prepared; 

7. Environment Impact Assessment (EIA) is carried out for every facility or technology 
change, which is planned to be realized in the framework of remediation of the site 
by an independent person; 

8. SÚJB issues a license for decommissioning of a facility and site remediation 

9. Supervision is performed by many authorities such as local offices for the 
environment (under the control of Ministry of Environment), Czech Bureau of 
Mines and its regional offices etc. during all the phases of remediation project 
implementation. 
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3.3.6. Central Asian (lack of) regulations 

It is notable that some countries are still substantially lacking adequate regulations and 
standards to deal properly with nuclear legacies. See, for example, a regulatory threat 
assessment carried out in several central Asian countries (Zhunussova et al, 2011), which 
concluded that existing regulatory documents do not address the issues regarding safety 
assessments and safety cases or the implementation of long-term institutional control and 
monitoring of the abandoned dumps with radioactive wastes or future radioactive waste 
disposal sites, neither during operation nor after their closure. There is also a need to 
develop safety criteria and determine measures to be taken for existing exposure situations. 
In addition, there is a lack of safety requirements for different types of disposal facilities in 
accordance with the different categories of radioactive waste. Safety criteria and clearance 
levels are also not yet established. 

3.4. International progress 

The above examples, and the discussions in Section 2, are only illustrative and do not 
provide a comprehensive analysis. They show that there is scope for improving the 
consistent application of radiation protection objectives and developing further guidance in 
relation to supervision of legacy sites. Noting the above, the IAEA has set up an 
International Working Forum for Regulatory Supervision of Legacy Sites (RSLS) 
(http://www-ns.iaea.org/projects/rsls/legacy-sites-reg-supervision-tm.asp). The objective of 
the RSLS is to promote effective and efficient regulatory supervision for the management 
of legacy sites, consistent with the IAEA Fundamental Principles, Safety Standards and 
good international practices. This is being achieved through the collection, collation and 
exchange of information on nuclear legacy sites and the generation of mutual support 
through presentation and discussion on how regulatory supervision can be implemented 
and maintained.  

Activities of the RSLS are organised under three working groups, as follows: 

Working Group 1: Enhancing the Regulatory Infrastructure. This WG is to review the 
experience of regulators in planning legacy management and regulatory supervision of 
legacies in order to make recommendations for enhancement of the regulatory 
infrastructure. Such recommendations may be developed from working with responsible 
organizations carrying out practical activities at real sites. 

Working Group 2: Safety Assessment Methods and Environmental Impact 
Assessment. This WG will focus on the application of methods for safety assessments and 
environmental impact assessments required to support management of legacy sites.  

Working Group 3: Professional Development for Regulators. This WG will focus on 
the professional development and training of regulatory staff for supervision of legacy 
sites.  

The RSLS is designed to be inclusive regarding the scope of legacy issues, using a working 
definition of a legacy site as a facility or area that has not completed remediation and is 
radioactively contaminated at a level which is of concern to regulatory bodies. The results 
in the current EMRAS II report are anticipated to be useful input to the RSLS, in particular 
to Working Group 2 on Safety Assessment Methods and Environmental Impact 
Assessment. Regulatory decisions clearly need to be backed up and supported by safety 
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assessments.  However, the detailed nature of the necessary assessments depends on the 
specific aspects of the legacy situation 

3.5. Types of assessment involving nuclear legacies 

The needs and radiological protection objectives for nuclear legacy sites might be expected 
to be similar to those for NORM sites, since the issues are broadly similar. Many of the 
references describing different aspects of assessments are mentioned in section 2, e.g. those 
related to the BIOMOVS, BIOMOVS II, VAMP and BIOMASS studies. Among the key 
differences is the set of radionuclides involved, with man-made radionuclides representing 
a different specific set of chemical forms and environmental behaviours from natural 
radionuclides. 

National guidance on assessments is provided in some countries. For example, the Belgian 
Federal Agency for Nuclear Control has issued two technical guides regarding the content 
of the characterization studies for a contaminated site and regarding the intervention level: 

- “Generic content of an orientation and descriptive study”; 

- “Intervention levels for lasting exposure situations”. 

3.5.1. Example: Generic content of an orientation and descriptive study in Belgium 

The impact assessment is a two steps process: 

First, an “orientation study” is carried out. The goal of this study is to validate the 
existence of a contamination and to give a first idea (screening) of the associated risk.  

As the existence of the contamination is validated, a “descriptive study” has to be carried 
out. The objective of this study is the assessment of the radiological risk. 

 

Content of the orientation study 

The orientation study must at least contain the following elements: 

• administrative data of the site: identification of the parcels, identity and contact data 
of the owner and user of the grounds, current use of  the ground, map of the site,…; 

• description of the history of the site (successive activities carried out on site, 
description of the processes used in these activities, copy of former 
authorizations,…); 

• geological and hydro-geological data. 

On basis of these elements, initial estimates of the contamination can be made. These can 
be used to guide a basic radiological characterization, which is also part of the orientation 
study.  

 

Content of the descriptive study 
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The descriptive study must include a detailed characterization of the contamination: 

• horizontal and vertical profile of the contamination; 
• localisation of hot spots; 
• study of the possible migration of radionuclides, in particular with respect to 

groundwater contamination; 

A dose assessment has to be carried out where at least three exposure scenarios must be 
taken into account: 

• a scenario which corresponds to the current use of the site; 
• a worst-case scenario: the (realistic) scenario which leads to the highest exposure 

(typically an intrusion scenario such as the construction of dwellings on the site); 
and 

• a “likely” scenario which does not necessarily correspond to the current use of the 
site but corresponds to a likely evolution in the use of the site.  

On the basis of the dose-assessment carried out in the descriptive study, the radiation 
protection authority will decide over the necessity to carry out an intervention. The 
intervention levels have been described in the previous section. 

3.5.2. UK guidance 

Similar broad based guidance, developed by a combination of organisations, including site 
operators and regulators, and adopted after broad stakeholder consultation, has been 
prepared in the UK under the Safegrounds programme, http://www.safegrounds.com. This 
is a forum and learning network covering contaminated land, waste and stakeholder issues 
relevant to the nuclear and defence sectors. The network uses participatory approaches to 
develop and disseminate good practice guidance for the management of radioactively and 
chemically contaminated land on nuclear and defence sites in the UK. 

3.6. Current trends in nuclear legacy management 

Some key issues relevant to regulation of radiation protection of nuclear legacies are the 
radiological characterisation of old and potential accident source terms, mechanisms for 
planning and control of radiation exposure during hazardous operations, emergency 
preparedness and response, understanding of local radionuclide migration and 
accumulation, and evaluation of potential public exposures in the short and long term. The 
relationship between setting of standards, prognostic assessment of impacts and the 
permission of remediation activities should be explored within the context of an overall 
strategy for legacy and radioactive waste management, including disposal. Consideration 
should also be given to arrangement of effective communication interfaces, important in 
the support of good decision making and the avoidance of creation of new nuclear legacies. 
Multi-national cooperation activities, such as the IAEA’s RSLS mentioned above, but also 
bi-lateral programs, play an increasing role in resolving legacy issues. This is not only 
useful through the sharing of experience, but necessary because legacies and their 
management can have trans-boundary impacts. 
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4. AVAILABLE MODELS FOR RISK AND ENVIRONMENTAL ASSESSMENTS 

A range of models have been developed over the years to perform risk and environmental 
assessments pertaining to radioactive waste or discharges (operational and accidental).  
They range from simple screening tools to sophisticated, complex modeling codes and have 
various applications. Some are a vailable free of charge while others are only commercially 
available. This chapter describes models used by participants when performing modeling 
work in WG2 (Table 1) and other available models and screening tools (Table 2). 

4.1. Models used for work in EMRAS II WG2 

The models used by the participants during the WG2 work are listed in Table 1, together 
with a brief description. Please refer to the following sections for more details about them. 

4.1.1. CROM 

CROM is a generic environmental model code developed by the Spanish research 
organisation CIEMAT2 in collaboration with the Polytechnic University of Madrid based 
on IAEA Safety Report Series 19 (2001) with some variations from RP 72 (Simmonds et 
al, 1995). It was designed to automate the calculation of radionuclide concentrations in 
different compartments of the environment and their impact on the food chain, as well as 
the effective dose calculation in humans, allowing the researcher to concentrate on the 
analysis of the model results. The models implemented in CROM and a user’s manual have 
been published by CIEMAT (2000, 2007). A quality control analysis of the code was 
carried out by CIEMAT and RPD-HPA3 (Roberts and Smith, 2005) for its worldwide 
distribution by the IAEA as the reference for those models. CROM 6 is available and freely 
distributed by contacting the IAEA or downloading it from ftp://ftp.ciemat.es/pub/CROM.   

CROM uses generic models for diffusion and dilution, with flexibility enough to be used 
for more realistic calculations using local parameters. In order to estimate the radionuclide 
concentrations in the environmental media, the quantities and types of radionuclides to be 
discharged (the source term), the mode and characteristics of the discharge and the receptor 
points, up to five, should be specified. 

 

                                                

 

2 Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas 

3 Radiological Protection Division of the Health Protection Agency, UK 
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Table 1: Summary of the models used in EMRAS II work by WG2. 

MODEL MECHANISMS  SCOPE Radioactive medium TYPE AVAILABILITY WEB SITE LINK 

CROM Gaussian plume and 
box models in steady 
state  

Screening to detailed Gaseous and liquid 
discharges. 

Steady-state Free 
ftp://ftp.ciemat.es/pub/CR

OM  

 

DandD Analytical Screening Building and surface soil Steady State Free http://www.orau.gov/DDSC/d
ose/compcode.htm 

DOSDIM+ 

HYDRUS 

Analytical Detailed Surface, near surface Time-dependent DosDiM is an in-house 
SCKˑCEN model.  

HYDRUS free 

http://www.pc-
progress.com/en/Default.as
px?hydrus-1d 

PC-CREAM 08 Gaussian plume 
module, other 
modules 

Detailed Gaseous and liquid discharge Steady state Commercially from 
Public Health England 
-Radiation Services 

https://www.phe-
protectionservices.org.uk/pccr
eam 

ReCLAIM  Screening Contaminated Land  Free http://environment.nnl.co.u
k/reclaim.html 

RESRAD-
OFFSITE 

Analytical Screening to detailed Surface, near surface Time-dependent Freely available upon 
request 

http://web.ead.anl.gov/resra
d/home2/ 

SATURN Analytical Detailed Building, surface and near 
surface 

Time-dependent Commercially http://www.saturn.facilia.se
/saturn/show/Downloads 

ERICA Semi-empirical Screening to detailed Dose rates to non-human biota Steady state Free https://wiki.ceh.ac.uk/displa
y/rpemain/ERICA+Tool 

MICROSHIELD Analytical Detailed Photon/gamma shielding and 
dose assessment 

Time dependent Commercially http://www.radiationsoftwa
re.com/mshield.html 

AMCARE Gaussian plume and 
box models  

Screening Soil, groundwater, surface 
water and air 

Steady state In-house SCKˑCEN 
model.  
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MODEL MECHANISMS  SCOPE Radioactive medium TYPE AVAILABILITY WEB SITE LINK 

 

 

Table 2: Summary of the models identified as potentially useful in EMRAS II work by WG2. 

MODEL MECHANISMS  SCOPE Radioactive medium TYPE AVAILABILITY WEB SITE LINK 

AMBER Analytical Screening to detailed All environmental media Time-dependent Commercially http://www.enviros.com/in
dex.cfm?fuseaction=23 

CARAIBE Analytical Detailed Radon in building and 
surface soil 

Time dependent CARAIBE  is an in-
house IRSN model 

http://www.orau.gov/DD
SC/dose/compcode.htm 

CHAIN Analytical Detailed Solute transport in surface 
and near surface soils 

Time-dependent Freely available upon 
request 

http://gcmd.nasa.gov/record
s/USDA_ARS_CHAIN.ht
ml 

CHAIN 2D Analytical Detailed Solute transport in surface 
and near surface soils 

Time-dependent Freely available upon 
request 

http://www.ars.usda.gov/Se
rvices/docs.htm?docid=891
4 

CITRON Gaussian plume, 
point source 

Detailed Atmospheric dispersion of 
radon and progeny 

Time-dependent CITRON is is an in-
house IRSN model 

 

ECOLEGO Analytical Screening to detailed Surface, near surface Time-dependent Commercially except 
ECOLEGO Player Free 

http://ecolego.facilia.se/eco
lego/show/Downloads 
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Table 2: Continued 

MODEL MECHANISMS  SCOPE Radioactive medium TYPE AVAILABILITY WEB SITE LINK 

FECUTZ Analytical Detailed Solute transport in surface 
and near surface soils 

Time-dependent Reports freely 
available 

http://nepis.epa.gov/Exe/Zy
NET.exe/900G0V00.TXT?
ZyActionD=ZyDocument&
Client=EPA&Index=2000+
Thru+2005&File=D%3A%
5CZYFILES%5CINDEX+
DATA%5C00THRU05%5
CTXT%5C00000011%5C9
00G0V00.TXT&User=ano
nymous&Password=anony
mous&ImageQuality=r85g
16%2Fr85g16%2Fx150y15
0g16%2Fi500&Display=hp
frw&Back=ZyActionS&M
aximumPages=5&Query=f
name%3D%22900G0V00.
TXT%22 

FRAME Analytical Risk and dose 
assessment 

Air, water and human 
impacts 

Steady State Freely available upon 
request 

http://mepas.pnnl.gov/Fram
esV2/download.stm 

MILDOS AREA Gaussian plume and 
analytical 

Detailed Uranium mining dose 
assessments from buildings, 
surface and near surface 

Time-dependent Freely available upon 
request 

http://web.ead.anl.gov/mild
os/history.html 

MODELMAKER Analytical Screening to detailed All environmental media Time-dependent Commercially www.modelkinetix.com/mo
delmaker 



 

 
36  

Table 2: Continued 

MODEL MECHANISMS  SCOPE Radioactive medium TYPE AVAILABILITY WEB SITE LINK 

MULTIMED DP Analytical Detailed Multimedia waste disposal 
unit 

Time dependent Freely available upon 
request 

http://www.epa.gov/ceamp
ubl/mmedia/multidp/index.
html 

RESRAD BUILD Analytical Screening and 
detailed 

Building, surface, near 
surface 

Time dependent Freely available upon 
request 

http://web.ead.anl.gov/resra
d/home2/ 

ROOM Analytical Screening Indoor gamma dose from 
building materials 

Time dependent In-house STUK model  

PRG+DCC Analytical Screening Setting up of cleanup goals Steady state Free internet based 
calculator 

http://epa-
prgs.ornl.gov/radionuclides
/ 

http://epa-dccs.ornl.gov/ 

BPRG+BDCC Analytical Screening Setting up of cleanup goals 
for contaminated buildings 

Steady state Free internet based 
calculator 

http://epa-bprg.ornl.gov/ 

http://epa-bdcc.ornl.gov/ 

SPRG+SDCC Analytical Screening Setting up of cleanup goals 
for contaminated surfaces 

Steady state Free internet based 
calculator 

http://epa-sprg.ornl.gov/ 

http://epa-sdcc.ornl.gov/ 

RCLEA Gaussian plume and 
box models in steady 
state 

Screening Dose assessment from land 
use, buildings 

Steady state Free http://www.rclea.info/down
load.html 
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Figure 1:  Main screen of the CROM display, showing the main dispersion modules. 

The atmospheric dispersion model is a Gaussian plume model designed to assess annual 
averaged radionuclide concentrations in air. The model was validated for distances <20 km. It 
can be used for the calculation of the rate of deposition at various points in the region of 
interest from long-term releases, provided that a 30 years continuous emission and a neutral 
atmospheric condition are deemed. The model accounts for the effects of any buildings in the 
vicinity of the release and the effect of the roughness of the ground in the winds profile. The 
basic meteorological variables required for each individual air concentration calculation are 
the wind direction and the geometric mean of the wind speed at the physical height of the 
release point. The code allows the use of other diffusion factors, different stability categories, 
and also the introduction of effective heights but does not calculate them. 

The surface water models accounts for dispersion in rivers, small and large lakes, estuaries 
and along the coast of seas and oceans. These models are based on analytical solutions to 
advection-diffusion equations describing radionuclide transport in surface water with steady 
state uniform flow conditions. The contamination of surface water from routine discharges to 
the atmosphere is considered for small lakes. All the models contain a great quantity of 
default values that can be used in absence of local specific information. The models can also 
be easily used for great lakes and sewerage systems with some considerations. 

The terrestrial food chain models accept inputs of radionuclides from both the atmosphere and 
the hydrosphere and it takes account of the build-up of radionuclides on surface soil over a 30 
year period. The process of radioactivity decay and build-up is taken into account in the 
estimation of the retention of radionuclides on the surfaces of vegetation and on soil, and in 
the assessment of the losses owing to decay that may occur during the time between harvest 
and vegetable consumption. The food categories considered are milk, meat and vegetables. 
The uptake and retention of radionuclides by aquatic biota uses selected element specific 
bioaccumulation factors that describe an equilibrium state between the concentration of the 
radionuclide in biota and water. The types of aquatic food considered are freshwater fish, 
marine fish and marine shellfish. 

The estimated radionuclide concentrations in air, soil, sediment, food and water 
(representative of 30 years of discharge) are combined with the annual rates of intake, the 
occupational factors and the appropriate dose conversion factors to obtain the maximum 
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effective dose in one year for the combined external and internal exposure. The dose 
conversion factors for internal exposure are taken from  Safety Series No 115 (IAEA, 1996) 
while for external exposure they have been calculated according to the coefficients and 
equations given in the Federal Guidance Report No 12 (Eckerman and Ryman, 1993). The 
model takes into account external gamma dose rates from radionuclides due to cloud 
immersion, soil and sediments deposition and water submersion (for gamma and beta 
exposure). The effective doses from external exposure and radionuclide intakes are calculated 
for the six age categories recommended by IAEA (1996) ) and ICRP (2008). 

The software implements a default database with data for 152 radionuclides and also 8 
examples of application based on several examples included in SRS19 (IAEA, 2001). 

4.1.2. DandD 

DandD (version 2.1.0) (Decontamination and Decommissioning) was developed by Sandia 
National Laboratories based on NUREG/CR-5512 Volumes 1 to 4 (NUREG 1992, 1999a, 
1999b, 2001). The code allows probabilistic dose assessments, which are derived from 
probability distribution functions for all of the parameters associated with the scenarios, 
exposure pathways and models embodied in it. DandD has the capability to conduct 
sensitivity analysis to identify parameters that have the greatest impact on the dose 
distribution that are useful information for decision making regarding the need of gathering 
site-specific parameters. 

The code considers initial contamination in buildings for the building occupancy scenario and 
initial contamination in soil for the residential scenario.   

The building occupancy scenario relates volume and surface contamination levels in existing 
buildings to estimates of the total effective dose equivalent (TEDE).  The exposure pathways 
for this scenario include external exposure, inhalation exposure, and secondary ingestion. 

The more complex and generalized residential scenario is designed to address sites with 
contamination in soils.  A generic water-use model permits the evaluation of the annual TEDE 
from drinking water from wells and from multiple pathways associated with contaminated 
soil.  A simple 3-box water-use model accounts for radionuclide decay, progeny ingrowth, 
and environmental transport.  The three boxes (or layers) in the water-use model are the 
surface soil, unsaturated soil, and the aquifer. The generic treatment of potentially complex 
groundwater systems provides a conservative analysis that may only suggest when additional 
site data and more sophisticated modeling are warranted.  The pathways considered for the 
residential scenario are: external exposure, dust inhalation, and the following ingestion 
pathways: drinking water, food grown from irrigation water, land-based food, soil, and fish.  
The types of land-based food considered are leafy vegetables, other vegetables, fruit, grain, 
beef, poultry, milk, and eggs.  Three types of animal feeds are considered: forage, stored 
grain, and stored hay. 

The input parameter distributions for each scenario and exposure pathway were developed 
consistent with conducting screening dose assessments, increasing the likelihood of 
overestimating rather than underestimating potential dose.  To accommodate site-specific 
conditions, the DandD code allows a simple, straight-forward approach to modify scenario 
selection, exposure pathways, source profile, and many of the modeling parameters. 
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The code is user friendly with easy access to the user´s guide, in which are described some 
useful example applications. However, the simulation does not consider radon exhalation 
pathway and buried contaminated material. The thickness of the superficial contaminated soil 
is fixed in 15 cm depth.  DandD is available free of charge and can be download from 
http://www.orau.gov/DDSC/dose/compcode.htm 

4.1.3. DOSDIM + HYDRUS 

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 
EFDM (Emission 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 (Kretzschmar et al, 1977). The DOSDIM model has been used 
several times in international biosphere model verification studies. 

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 (Simunek et al, 1999, 2005). 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 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. 

4.1.4. PC-CREAM 08 

PC-CREAM 08 (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 and continuous radioactive releases of aerial and liquid effluents to members of the 
population of concern (Smith and Simmonds (Eds.), 2009). This model was originally 
developed for the European Union but parts of the modelling suite have been used in other 
parts of the world. The model results can be expressed in terms of individual or collective 
doses. The model can also be used to perform prospective assessments as input to site 
discharge authorisations and waste management decisions. PC-CREAM cannot be used to 
model short duration releases unless these occur with a frequency that can then be 
approximated to a continuous release. 

PC-CREAM 08 is an updated version of PC-CREAM 98. Updated features include: 

• A comprehensive list of radionuclides based on ICRP 38 (1993) 
• Inclusion of radioactive progeny  
• Inclusion of recent reviews of models and input parameters  
• Modelling of discharges to river environments as well as to atmospheric and marine 

environments  
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• Calculates activity concentrations in environmental media  

PC-CREAM 08 is a complex model that is made up of several parts. The program is divided 
into mathematical 'Models' and ASSESSOR, the assessment program, which has the central 
dose assessment function within the programs. The ‘Models’ include a series of models that 
calculate the transfer of radionuclides through the environment and provide estimates of 
activity concentrations in various environmental media. The output of these models is then 
used as input to the dose assessment part of the program ASSESSOR. The models are: 

4.1.4.1. PLUME 

PLUME is the atmospheric dispersion model used within PC-CREAM 08. It is a Gaussian 
plume model (Smith and Simmonds (Eds.), 2009; Clarke, 1979) which takes into account: 

• the meteorological conditions during the release;  
• the characteristics of the radionuclides being released; and  
• the roughness of the land surface.  

The model calculates activity concentrations in air, deposition rates and external gamma dose 
rates from radionuclides in the cloud (cloud gamma) at various distances downwind of the 
release point. The output from the model is used as input to ASSESSOR which combines 
these results with site specific meteorological data and actual release rates. The deposition 
rates from PLUME are used to factor the results from the other models, namely RESUS, 
GRANIS and FARMLAND, to estimate doses from various exposure routes arising from the 
aerial discharge of radionuclides. 

4.1.4.2. RESUS 

RESUS can be used to estimate activity concentrations in air arising from the resuspension of 
previously deposited radionuclides. It uses a formula derived by Garland [Smith and 
Simmonds (Eds.), 2009] which is independent of the radionuclide considered with the 
exception that differences in radioactive decay are taken into account. The activity 
concentrations are input to ASSESSOR for the subsequent calculation of doses from 
inhalation of resuspended material. 

4.1.4.3.GRANIS 

External exposure to gamma radiation from radionuclides deposited on the ground is 
calculated using the GRANIS model (Smith and Simmonds (Eds.), 2009). GRANIS models 
the transfer of radionuclides through the soil and takes into account the shielding properties of 
the soil when estimating doses one metre above the soil surface. The doses are calculated 
based on a user defined deposition rate. GRANIS is the only model in PC-CREAM 08 that 
includes some organ doses as well as effective dose. Effective doses are input to ASSESSOR 
for the subsequent calculation of external exposures one metre above ground. 

4.1.4.4. FARMLAND 

FARMLAND (Smith and Simmonds (Eds.), 2009) is a suite of models that can be used to 
predict the transfer of radionuclides into terrestrial foods following deposition onto the 
ground. The food categories considered are those that are most important in the human diet, 
namely, green vegetables, root vegetables, fruit, grain, cow milk, cow milk products, cow 
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meat, cow liver, sheep meat, and sheep liver. Activity concentrations in each food are 
calculated for a user defined deposition rate. These activity concentrations are input to 
ASSESSOR for the subsequent calculation of ingestion doses. 

4.1.4.5. DORIS 

The marine dispersion model used in PC-CREAM 08 (Smith and Simmonds (Eds.), 2009) is 
based closely on the MARINA II model (EC, 2003). The model can be used to predict the 
activity concentrations in sea water, sediments and marine biota for user defined discharge 
rates. These activity concentrations are input to ASSESSOR for the subsequent calculation of 
doses from ingestion of marine foods, external exposure to beach sediments and inhalation of 
seaspray. 

4.1.4.6. River models 

PC-CREAM 08 includes two models for calculating the dispersion of radionuclides released 
to rivers. The Screening model is a simple dilution model which assumes instantaneous 
equilibrium between the water and river sediments and should be used as a screening tool. It 
can be used in three modes depending on the amount of input data available. For more 
detailed assessments the Dynamic model can be used which is a time dependent compartment 
model and requires a greater amount of input data to run.  

4.1.5. ReCLAIM 

ReCLAIM ('Review of Contaminant Levels for the Assessment calculation of de minimis 
Inventory Model') is an electronic spreadsheet tool developed by the National Nuclear 
Laboratory (NNL) through support from the Nuclear Decommissioning Authority (NDA) in 
the UK. ReCLAIM can undertake simple generic and site-specific assessments of 
radioactively contaminated land. It is designed principally for Nuclear Licensed Sites but can 
be applied more widely (Nexia Solutions, 2008). 

ReCLAIM has also been developed to specifically consider future land use scenarios for a 
variety of realistic exposure routes associated with the contaminated land. This is designed to 
be of use in scenarios where the change in land use, e.g. from industrial to residential, will be 
an issue. 

The radionuclides considered in ReCLAIM v3.0 consist of medium- to long-lived 
radionuclides associated with the nuclear power industry and the nuclear fuel cycle, with the 
addition of selected naturally occurring radionuclides. 

4.1.5.1. Exposure pathways 

The following exposure pathways are considered within ReCLAIM v3.0:   

• external irradiation  -  contaminated ground whilst outdoors and indoors; 
• external irradiation  -  immersion in contaminated water; 
• dermal contact  - contaminated ground (excluding open wounds); 
• inhalation of contaminated dust  -  outdoors and indoors; 
• ingestion of contaminated soil and dust; 
• ingestion of contaminated plant-based foodstuffs (green and root vegetables, cereals and 

fruit); 
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• ingestion of contaminated animal based foodstuffs (beef, cattle offal, cow's milk); 
• ingestion of freshwater fish; and 
• ingestion of contaminated water. 

There are four geometries available to the model user for external irradiation from 
contaminated ground relating to:  

• surface contamination (Bq/cm2) 'zero' thickness;  
• shallow contamination (Bq/g) 5 cm deep from the surface;  
• deep contamination (Bq/g) extending to infinite depth from the surface; and  
• buried contamination (Bq/g) below either 0.1 m or 0.5 m thickness of clean soil. 

4.1.5.2. Scenarios  

The following scenarios can be accommodated within ReCLAIM v3.0: 

• Agricultural worker and their family; 
• Recreation (general park user, swimmer in outdoor lake, fisherman and his family, park 

worker); 
• Construction worker labouring outdoors and disturbing the soil; 
• School (teacher, caretaker and school children); 
• Office (industrial) worker; 
• Householders (family); 
• Drinking water; and 
• Covered area such as a car park. 

as well as 

• Residential land use with or without home grown produce; 
• Allotment land use; and 
• Commercial/industrial use. 

4.1.6. RESRAD 

4.1.6.1. 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. 

The RESRAD models comprise a suite of models that can be used for near surface burial of 
solid waste, landfill – on-site screening or detailed assessment, estimation of doses to biota, 
effects of buildings, chemical effects, etc. 

A total of nine major exposure pathways are considered in the RESRAD (onsite) code (see 
Figure 2): 

• Direct exposure to external radiation from the contamination soil material; 
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• Internal exposure from inhalation of airborne radionuclides; 
• Internal exposure from inhalation of radon progeny; and 
• Internal exposure from ingestion of: 

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

o Meat and milk from livestock fed with contaminated fodder and water; 

o Drinking water from a contaminated well or pond; 

o Fish from a contaminated pond; and 

o Contaminated soil. 

RESRAD was developed as a multifunctional tool and has many current and potential 
applications, including: 

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

• 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; 

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

• Support an ALARA analysis or a cost benefit analysis for use in the decision making 
process concerning decontamination and decommissioning; and 

• 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. 

 

Figure 2: A diagrammatic summary of the pathways considered in RESRAD. 
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The RESRAD model can be used to handle situations such as buried waste and landfill 
(uncovered waste) (Yu et al, 2001 and 1993). It has limited source region geometry, and is not 
designed to predict off-site impacts (see RESRAD-OFFSITE description below). 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. 

4.1.6.2. RESRAD-OFFSITE 

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 dose and excess lifetime 
cancer risk and outputs radionuclide concentrations in the environment and derives soil 
cleanup guidelines (Yu et al, 2006 and 2007). 

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 (ANL). Code and 
version control are currently maintained by DOE through ANL as part of the RESRAD family 
of codes. 

4.1.6.3.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. 

4.1.6.4.Pathways 

Eight exposure pathways are considered in RESRAD-OFFSITE: 

• direct exposure from contamination in soil; 
• inhalation of particulates and radon; 
• ingestion of plant foods; 
• ingestion of meat; 
• ingestion of milk; 
• ingestion of aquatic foods; 
• ingestion of water, and 
• incidental ingestion of soil. 



 

 
 45 

4.1.6.5.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 3. 

 

Figure 3: Graphic representation of the RESRAD-OFFSITE conceptual model. 

 

4.1.6.6. Main features of the RESRAD-OFFSITE package: 

• 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, 
and extends these models to offsite locations to consider offsite exposure; 

• 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; and 

• the package uses the ICRP38 database of radionuclides. 
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4.1.6.7. 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 (Eckerman et al, 1988), FGR12 (Eckerman and Ryman, 
1993), and ICRP 72 (1996) age specific dose factors, as well as FGR13 (Eckerman et 
al, 1999) and HEAST morbidity or mortality slope factors according to “40 CFR 
61.93(a), National Emission Standards for Hazardous Air Pollutants” and US EPA, 
2001. 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. 

 

 

Figure 4: The data and uncertainty analysis input screen. 

 



 

 
 47 

 

Figure 5: a typical RESRAD-OFFSITE sensitivity analysis result screen. 

 

Figure 6: RESRAD-OFFSITE Probabilistic Analysis result.  
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4.1.6.8. 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. 

 

 

 

Figure 7: Environmental transport processes considered in RESRAD-OFFSITE. 

4.1.6.9.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 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 8: Schematic representation of the RESRAD-OFFSITE leaching and groundwater 
transport models. 

4.1.6.10. Atmospheric Transport Model in RESRAD-OFFSITE 

• 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; 
• Standard Pasquill-Gifford dispersion coefficients or the Briggs dispersion coefficients 

are accepted; 
• Dry and wet deposition of the plume content are considered for vapour or particulate 

radionuclides; and 
• Spatial integration over the area of consideration is performed via the use of spacing 

grids to obtain the average air concentration. 

4.1.6.11. 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. 

4.1.7. SATURN 

SATURN is a software package which implements mathematical models for the assessment 
of present and future radiological impacts from contaminated land.  The models implemented 
are those described in the IAEA Technical report “Mathematical Models for Assessing 
Remediation of Radioactively Contaminated Sites”, which is currently in the process of being 
published. SATURN has been developed using the Ecolego software (see Section 5.2.6) and it 
can be run using the Ecolego Player, which is freely available. 

SATURN consists of a library of modules that can be combined to assess the radionuclide 
transport from contaminated land and human exposures by different pathways. An overview 
of the SATURN modules and their possible interactions is presented in Figure 9. The modules 
are designed to allow for input data relating to several radionuclide release scenarios. Input 
data can be directly given by the user if available, for example from monitoring programs, or 
from calculations with external models. Alternatively, the module outputs can be used as 
inputs to other modules.  
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Figure 9: Schematic representation of the SATURN modules and their interactions. 

4.1.7.1. Source Term modules 

SATURN includes two Source Term modules, one for releases of radionuclides to the local 
atmosphere above the contaminated land via resuspension of particles or gas releases, and one 
for releases of radionuclides to the unsaturated zone below the contaminated land or directly 
to the aquifer. The source term models can take into account the presence of one or more 
uncontaminated covering layer above the contaminated materials. Gas releases into buildings 
constructed directly above the contaminated land are also included in the Source Term 
module.  

4.1.7.2. Transport modules 

SATURN includes modules for the transport of radionuclides via groundwater and 
atmospheric pathways. A schematic representation of these transport processes can be seen in 
Figure 10 and Figure 11.  

Radionuclides leached from contaminated land migrate vertically in the unsaturated zone 
(vadoze) towards the groundwater table. Upon entering the aquifer (saturated zone), the 
radionuclides are transported by groundwater flow towards a downstream water well and 
finally discharge into a surface water system. It is assumed that radionuclide migration occurs 
under steady-state flow conditions. The geometry of the groundwater flow lines (flow tube) 
needs to be defined prior to radionuclide transport modelling. This can be done by means of 
groundwater modelling or from interpretation of hydraulic head observations in monitoring 
wells. The transport process taken into account by the models include: advection, 
hydrodynamic dispersion, radioactive decay, and radionuclide sorption by the soil matrix. For 
radionuclide sorption, assumptions are used for instantaneous and reversible sorption, 
described by a linear isotherm, also known as a Kd-model (here Kd is described as sorption 
distribution coefficient). The schematization in Figure 10 corresponds to the case where the 
groundwater system is deep, while the contaminated land has a relatively small lateral 
(horizontal) extent. The case when the aquifer has a relatively small thickness while the waste 
site has a large lateral extent is shown in Figure 11. 
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Figure 10: Schematization of the SATURN Groundwater Transport module: Deep 
groundwater system (aquifer of large thickness) and a relatively small lateral extent of the 
contamination (“source term”). 

The atmospheric transport module implements the simple atmospheric dispersion screening 
models as described in the IAEA Safety Report Series 19 (2001). By applying this module 
several times within an assessment, it is possible to take into account the effect of the 
distribution of radionuclides in contaminated land, as well as the impact on receptors at 
different locations with respect to the source.  

4.1.7.3. Receptor environments 

The receptor modules included in SATURN are: 

Well – calculates radionuclide concentrations in water from a well receiving radionuclide 
releases and doses from the drinking of its water. The well concentrations can be used as input 
for the land module whenever the well water is used for irrigation and/or animal watering.  

Surface Water – Several variants of this module are included in SATURN: River, Small Lake, 
Lake and Coastal Area. The modules calculate concentrations in water and different foods, 
and doses via ingestion of food and water. The models implemented are those described in 
IAEA SRS 19 with some modifications.  
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Figure 11: Schematization of the SATURN Groundwater Transport module: Groundwater 
system (aquifer) of a relatively small thickness and large lateral extent of contaminated land 
(“source term”). 

Land – Several variants of this module are included in SATURN: Crop Land, Pasture Land 
and Land (where people spend time but do not produce food). The modules calculate 
concentrations in soil, air and different foods, and doses via inhalation, external irradiation 
and food ingestion. The models implemented are those described in IAEA SRS 19 with some 
modifications.  

Building – calculates radionuclide concentrations in air inside a building and doses via 
inhalation and external irradiation. 

In the receptor modules, conservative doses for standardized exposure conditions are 
calculated. These conservative dose estimates can be used when comparing different hazards 
arising from the contaminated land. In addition, doses from the actual use of the contaminated 
objects by different groups are also calculated. The groups considered within the categories 
are workers, adults (including lactating mothers), children and infants. These groups are 
defined in the corresponding Exposure Groups modules. The main purpose of these modules 
is to integrate the exposure from different hazards.  

SATURN comes with a parameter database, where default parameter values are collated. 
Users can add their own parameter values to the database and share these with other users.   

SATURN supports both deterministic and probabilistic simulations. Several sensitivity 
analysis methods, such as regression methods and variance decomposition methods, are 
available. 

4.1.8. ERICA assessment tool  

The package contains a suite of generic models from IAEA Safety Report Series 19 (2001). 
These models use simplified transfer and dosimetry, using concentration ratios. ERICA uses 
the concept of screening dose rate – the aim is to protect the function and sustainability of 
ecosystems. 
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ERICA uses a layered approach, from simple to complex. The sequence of operations is 
summarised as: 

1. input initial information 

a. tier 1, tier 2: enter data directly and use generic models 

b. tier 3: cannot use generic models 

Calculations are based on the use of the environmental median concentration limit, EMCL, 
defined by 

tcoefficiendose

limitdose
EMCL =  

This is similar to the ALI (Annual Limit of Intake) used for humans. 

2. select radionuclides 

3. select organisms 

The reference organisms are currently biased towards European species. The main selection 
criteria for reference organisms are: 

• radioecological sensitivity (indirect) 

• radiosensitivity (direct) 

• ecological relevance 

The selection criteria provide a point of reference. 

The ERICA software is free, and development is on-going. It can be downloaded from  
http://www.erica-tool.com/ 

A useful reference is by Brown et al. (2008), and two other papers in the same issue of that 
journal. 

4.1.9. 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 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. 

4.1.10. AMCARE 

The AMCARE model has been developed under the CARE (“Common Approach for 

Restoration of contaminated sites”) project of the European Commission. We reproduce 
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below parts of the description of the AMCARE model given in the final report (Vandenhove 
et al, 1999) of this project.  AMCARE is the collective name for a modular approach to the 
generic assessment of remediation options which may be applied to sites contaminated 
through differing processes and with differing physical characteristics. As an assessment tool, 
AMCARE has been developed primarily to present a common approach to the relative 
ranking of differing remediation options rather than to assess in detail the individual 
characteristics of particular sites and the exposure of local critical groups. Consequently, 
AMCARE is generally conservative for all transport pathways and critical group habits are 
assumed to be uniform at all sites, based on European-wide generic habits surveys. Similarly, 
all foodstuffs are generally assumed to be produced at the point of habitation. Nonetheless, 
AMCARE is sufficiently flexible to allow important site specific features to be taken into 
account (e.g. type of waste, radionuclide inventory, waste disposal area/volume, proximity to 
nearest surface water etc.). The model has been designed to meet a number of requirements: 

i) To predict local critical group doses for each site over time, with or without remediation 
measures being introduced. In general, results are expressed for short term dose impacts, but 
peak dose, and therefore peak dose avoidance, over time-scales up to 10000 years may be 
derived; 

ii) To predict doses to workers on the site, whether engaged in remediation or other 
construction work; 

iii) To predict doses to a hypothetical group who inhabit houses constructed on the 
contaminated site in intimate contact with the main waste bearing area; 

iv) To provide an approximate local collective dose estimate over the period of ‘institutional 
control’ (100 years) and over a longer inter-generational period (500 years); and 

v) To reflect inherent uncertainties in the accuracy (or applicability) of data used to define key 
parameters, through the incorporation of ranges on values allowing dose impacts to be 
expressed as ‘best estimates’ within a defined distribution. 

The modular construction of AMCARE breaks down the components of groundwater 
migration of radionuclides contained within the wastes (GWAM), the atmospheric dispersion 
of radon emanating from the waste (GASAM) and the calculation of resultant doses 
(DOSEAM). A separate, proprietary model (CRYSTAL BALL) is used to derive uncertainty 
distributions. 

GWAM is a one dimensional groundwater pathway model which represents dissolved phase 
radionuclide migration through soil from the source to a location, which may then act as a 
secondary source, over time. GASAM is a Gaussian plume atmospheric dispersion model, 
based on the characteristics defined by the UK Working Group on Atmospheric Dispersion 
(Clarke, 1979). Output from both GWAM and GASAM is used to define the local 
contamination of soil, groundwater, surface water and air as inputs to the dose assessment 
module (DOSEAM). Since direct intrusion is also included as a potential pathway for 
exposure, the waste characteristics of the site can also be used as an input to define local 
conditions for DOSEAM. Both GWAM and GASAM are FORTRAN-based modules. 

DOSEAM is a relatively simple equilibrium-based spreadsheet model (using MS EXCEL) 
developed for the CARE project. CRYSTAL BALL is a commercially available module for 
uncertainty and sensitivity analysis (Decisioneering Incorporated, 1996).  
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4.2. Other models identified as potentially useful by EMRAS II WG2 

The models listed in Table 2 are a non exhaustive list of other models that were identified by 
the participants as potentially useful in assessing risk and environmental impacts related to 
NORM and nuclear legacy sites. 

4.2.1. AMBER 

AMBER is a tool for constructing models. It is only available commercially. It enables the 
user to construct compartment models of any desired degree of complexity. The package 
takes the models and constructs a set of simultaneous differential equations, and provides 
several differential equation solvers to solve these equations. 

4.2.2. CARAIBE 

This computer code enables the user to estimate the average 222Rn activity concentration 
inside buildings. CARAIBE takes into account different phenomena such as 222Rn generation 
in the underlying soil and bedrock, its transport up to the soil/building interface, its infiltration 
inside the structure and air flows inside the building. These parameters can be determined 
with data gathered in the field (source term, building structure, weather conditions, soil 
permeability etc.) or from scientific knowledge (222Rn diffusion coefficient, 222Rn emanation 
coefficient etc.). 

CARAIBE puts together a 222Rn transport model (within the underlying soil and through the 
building levels), and an air-flow model inside the building. 

The 222Rn transport model is unidimensional and vertical, which enables the user to estimate 
the 222Rn diffusive flux (Fick’s law) and advective flux (Darcy’s law) through several 
homogeneous layers representing the underlying soil, and through the building levels as well.  

The air-flow model determines the air inlet and outlet, and also the air flows between the 
building levels. These parameters are required for the use of the radon transport model inside 
the building. 

The radon transport model is based on a partial differential equation with an analytic solution. 
This solution is used to determine the radon fluxes. 

The air-flow model is based on a non linear equation system solved by the Newton Raphson 
method, in association with a LU Decomposition. 

4.2.3. CHAIN 

The CHAIN model is simple and easy to use in simulating the fate and transport of 
radionuclides in a uniform soil under steady unsaturated flow conditions. CHAIN (van 
Genuchten, 1985) uses analytical solutions to solve for the simultaneous one-dimensional 
advective-dispersive transport of contaminants for up to four members of a sequential (first-
order) decay chain. The model assumes that the soil system is a homogeneous soil system and 
that the moisture content and infiltration are constant in time (steady state flow). The adsorbed 
concentrations of the contaminant are represented by linear reversible isotherms. The 
transport contaminant boundary condition is either a constant concentration or a source decay 
given an arbitrary general release mechanism or the specific release mechanism defined by 
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the Bateman equations. The analytical solutions provide the solution in terms of concentration 
vs. distance (depth) at selected times as well as concentrations vs. time at selected depths.  

4.2.4. CHAIN 2D 

CHAIN 2D is a two-dimensional model for the simulation of variably saturated flow, 
contaminant transport, and heat transport developed by Simunek and van Genuchten (1994). 
The water flow is represented by Richards equation for saturated and unsaturated flow. It 
contains a sink term for water uptake by plant roots. The flow region can be composed of 
non-uniform soils to incorporate the effects of anisotropy. The flow model boundary 
conditions can include prescribed head, gradient, flux boundaries, or free drainage and a 
simplified representation of nodal drains. Heat and contaminant transport are modeled by the 
advective-dispersive equation which includes conduction and convection processes. The 
contaminant transport simulation can be modified for nonlinear nonequilibrium reactions 
between solid and liquid phases and for linear equilibrium reactions between liquid and 
gaseous phases. The contaminant transport simulation also includes zero order production and 
two first-order decay reactions: one which is independent of other solutes, and one which 
solutes are in sequential chain decay reactions. CHAIN 2D can simulate up to six species 
independent of one another or in a unidirectional chain decay. A specific distribution 
coefficient as well as a specific decay rate for each radionuclide is required for the model 
simulation. The boundary conditions for the contaminant transport could be constant 
concentration or constant flux. Flow and transport can be simulated in a vertical or horizontal 
plane or in an axisymmetrical cylindrical system. The flow and transport equations are solved 
using the Galerkin finite element method.  

When the assumption of vertical flow in the unsaturated zone is in question, CHAIN 2D may 
be the choice to simulate leaching of a radionuclide from the disposal facility to ground water. 
This is especially true when the leaching area is small and horizontal flow becomes 
significant in a highly stratified soil. The CHAIN 2D model outputs the radionuclide 
concentration in the soil water as a function of time and depth. The model also outputs 
cumulative solute flux across the bottom of the soil profile (water table). 

4.2.5. CITRON 

This computer code enables the user to calculate the 222Rn and its short half-life progeny 
activity concentrations in open air, which have been dispersed into the atmosphere from 
ground. 

CITRON uses a Gaussian plume model with different standard deviations available (Briggs, 
Hosker, Pasquill) or a puff model (Doury standard deviations). This model takes into account 
the plume/puff losses by radioactive decay, and wet and dry deposition of the 222Rn progeny.  

CITRON enables the user to model either point or area sources. Area sources can be 
represented either by a unique point source with a correction on the standard deviations used, 
or with a regular meshwork composed of point sources. 

Different typical corrections on standard deviations or other parameters influential on the 
model are available (vertical wind profile etc.). 
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4.2.6. ECOLEGO 

Ecolego (www.ecolego.facilia.se) is a simulation software tool that is used for creating 
dynamic models and performing deterministic and probabilistic simulations. It is also used for 
conducting risk assessments of complex dynamic systems evolving over time. Ecolego can be 
applied in a variety of areas, but is mainly used for risk assessment in radioecology, safety 
assessment for radioactive waste management, environmental physics and physiologically 
based pharmocokinetic (PBPK) modelling. To facilitate the use of Ecolego in the field of 
radioecology, specialized databases and other add-ons have been developed. For example, all 
radionuclides and their decay products have been integrated in the software. 

With the purpose to make complicated models with many interconnections easier to overview, 
the models in Ecolego are represented with the help of interaction matrices instead of the 
traditional flow diagrams. Combined with hierarchical containers (sub-systems), the 
interaction matrix greatly facilitates construction and documentation of large and complex 
models. Objects can be assigned comments, images, units, and hyper links to other documents 
or Ecolego objects. Ecolego can also create reports that contain everything from interaction 
matrices, to parameter values, equations, decay chains, plots and tables. The report can be 
saved in many different formats, including PDF and HTML. In order to increase the 
flexibility for the user, Ecolego has no restrictions on the order of creation – for instance, a 
parameter can be used in equations before it is defined. A real-time validation engine reports 
problems to the user, such as not-yet-defined objects, objects lacking values or having invalid 
equations. 

The typical Ecolego model is a compartmental model which requires a solver of differential 
equations. There is a wide array of numerical solvers to choose from. Some are optimized for 
stiff and numerically difficult models, others for trivial models. With an extensive list of 
probability density functions, together with Monte Carlo and Latin hypercube sampling and 
parameter correlation settings, Ecolego holds all the required tools to perform advanced 
probabilistic analysis. 

Ecolego has been used for assessment of doses from uranium tailings at sites in Ukraine, 
Tajikistan and Uzbekistan. Ecolego was used for development of the software package 
SATURN, which was applied for the Bellazane case study.  

Ecolego is a commercial package, but it includes a Player which is freely available. The 
software features the same functionality as Ecolego, with the exception that the integral 
structure of the model cannot be changed. However, with a module library created in Ecolego, 
the user can assemble models by combining components from the library. 

4.2.7. FECTUZ 

FECTUZ is a one-dimensional fate and transport model for the unsaturated zone (U.S. EPA, 
1995a and 1995b). It is an extension of the VADOFT code (Huyakorn and Buckley, 1987). 
FECTUZ simulates migration of contaminants from a landfill (or a surface impoundment), 
through the unsaturated zone to an unconfined aquifer with a water table present at some 
depth. The model allows for finite or infinite sources which can undergo decay using 
Bateman’s equation (U.S. EPA, 1995b). The model can simulate linear and nonlinear 
adsorption and first order decay. FECTUZ is limited to the simulation of simple 
hydrogeological sites.  



 

 
58  

FECTUZ is capable of chain decay with up to seven radionuclide species (one parent with up 
to six daughter products). The chain decay path can be either straight or branched. A 
distribution coefficient and a decay rate are specified for each individual radionuclide.  

FECTUZ assumes steady state flow in the unsaturated zone which can be composed of one or 
more uniform soil layers. It simulates the transport of contaminants in soil using an advective-
dispersive equation. FECTUZ employs three solution options for the transport equation. An 
analytical solution is used for steady state single species decay with linear adsorption. A semi-
analytical solution is used for transient and steady state chain decay and linear sorption. A 
finite element solution is used for chain decay with nonlinear sorption. 

The model allows time varying precipitation data for inputs, but a steady-state water flow is 
assumed during each precipitation event. The concentrations of radionuclides at a specific 
time and space are part of the model outputs. 

4.2.8. FRAMES 

FRAMES4 (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 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 

                                                

 

4 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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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. 

4.2.9. MILDOS AREA 

MILDOS AREA 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 was developed by Argonne National Laboratory based on the Uranium 
Dispersion and Dosimetry (UDAD) code (NUREG, 1979, 1981, 1984). By using a Gaussian 
plume dispersion model, the code estimates air and ground concentrations and the dose 
received by individuals within an 80 km radius of a source of radon and particulates.  Models 
were included in MILDOS to consider both point sources (stacks, vents) and area sources (ore 
pads, tailing areas). Releases of particulates explicitly considered are limited to the 
radionuclides U-238, Th-230, Ra-226, and Pb-210. Other radionuclides are implicitly 
accounted for under the secular equilibrium assumption. Gaseous releases were limited to 
consideration of Rn-222 plus ingrowth of decay products. Mechanism such as radioactive 
decay, plume depletion by deposition, ingrowths of daughter products and resuspension of 
deposited radionuclides are included in the transport model. The pathways considered are: 
inhalation, external exposure from groundshine and cloud immersion and ingestion of 
vegetables, meat and milk.  

The MILDOS code does not consider releases to surface water and groundwater. The main 
input parameters are radon release rate, meteorological conditions (site-specific joint 
frequency distribution) and receptors location within 80 km from the source. The parameters 
used in the food pathway model are to be supplied by the user. 

The MILDOS code and documentation are available for downloading at no cost through the 
MILDOS web site from Argonne National Laboratory. 

4.2.10. MODELMAKER 

This modelling package is similar in approach to AMBER. 

4.2.11. MULTIMED_DP 

MULTIMED_DP was initially developed as a multimedia fate and transport model to 
simulate contaminant migration from a waste disposal unit (MULTIMED) through different 
pathways in air, surface water, soil, and ground water(Liu et al, 1995; Salhotra et al, 1995; 
Sharp-Hansen et al, 1995). In MULTIMED_DP Version 1.0, the model has an option to allow 
it to be used for unsaturated zone transport alone. The capacity for Monte Carlo simulation 
has been extended to the unsaturated zone, as well as to the saturated zone. Contamination of 
a surface stream due to the complete interception of a steady-state saturated zone plume is 
simulated by the surface water module.  
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The unsaturated flow model simulates a one-dimensional steady flow with a semi-analytical 
solution and includes the option to consider seasonal variability in precipitation and 
evapotranspiration while retaining the assumption of steady-state. Transport in the unsaturated 
zone considers the effects of advection, dispersion, linear or nonlinear sorption, volatilization, 
hydrolysis and biodegradation. It can address steady or time variable infiltration and a finite 
or infinite source. A one-dimensional uniform steady flow in the saturated zone is assumed. 
The saturated transport module is also one-dimensional, but considers three-dimensional 
dispersion, linear adsorption, first-order decay, and dilution due to recharge. Mixing in the 
underlying saturated zone is based on a specified vertical dispersivity, the length of the 
disposal facility parallel to the flow direction, the thickness of the saturated zone, the ground 
water velocity, and the infiltration rate.  

The MULTIMED_DP model can handle parent, daughter, and granddaughter species chain 
decay. The chain decay reactions, for example, can be either one parent with one or two 
daughters or one parent with one daughter and two granddaughters. Effective/overall decay 
rate, individual decay rates, and distribution coefficient are required for the parent, daughter, 
and granddaughter species. 

Because of the complexity of the model and requirement of a great amount of input data, 
expertise in properly using the model is essential.  

4.2.12. 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: 

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

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

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

• up to three compartments can be used to simulate the building structure; 

• radioactive contamination on surfaces or in building materials; 

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

The code can perform uncertainty/probabilistic analysis (Yu et al, 2000; LePoire et al, 2000). 
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 (Kamboj et al, 2000). 

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 
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can be calculated by setting the time integration point to one. The RESRAD-BUILD database 
includes inhalation and ingestion dose conversion factors from Eckerman et al, 1988, direct 
external exposure and air submersion dose conversion factors from Eckerman and Ryman, 
1993, and radionuclide half-lives from ICRP, 1993. 

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. 

4.2.13. ROOM 

The methodology used in the ROOM model is described in Markkanen, 1995. 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. 

4.3. Screening Models 

Screening models available from the UK and the USA are described below. It should be noted 
that USEPA recommends the use of screening models for risk assessments for its sites, rather 
than the use of transfer/dynamic models. 

4.3.1. Preliminary Remediation Goals (PRG) and Dose Compliance Concentrations 

(DCC) Calculators 

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/. Users are recommended to begin the process by 
consulting the home page prior to any calculations being made.  

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 been determined through site investigation, has a well documented 
user guide, and offers a number of risk assessment scenarios for evaluation.  The PRG 
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calculator comes with free archived on-line training course linked to its on-line User Guide.  
The PRG calculator is also consistent with EPA’s recommended model for risk assessment 
for chemicals in soil, water, and air, the Regional Screening Level (RSL) calculator which 
may be found at:  

http://www.epa.gov/reg3hwmd/risk/human/rb-concentration_table/index.htm 

EPA has also issued a dose assessment calculator similar to the PRG calculator for 
demonstrating compliance with dose based regulations. It is entitled the Dose Compliance 
Concentrations (DCC) calculator which may be found at : http://epa-dccs.ornl.gov/. 

 

4.3.2. Building Preliminary Remediation Goals  (BPRG)  and Building Dose Compliance 

Concentrations (BDCC) Calculators 

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 unit area and activity 
per unit mass. The BPRG calculator comes with free archived on-line training course linked 
to its on-line User Guide. The BPRG calculator was consistent with EPA’s latest 
methodology for risk assessment for chemicals in buildings which was used after the World 
Trade Center incident.  The BPRG model can be found at http://epa-bprg.ornl.gov/. EPA has 
also issued a dose assessment calculator similar to the BPRG calculator for demonstrating 
compliance with dose based regulationsfor contaminated buildings. It is entitled the Dose 
Compliance Concentrations for Radionuclides in Buildings (BDCC) calculator which may be 
found at: http://epa-bdcc.ornl.gov/. 

 

 

4.3.3. Surface Preliminary Remediation Goals  (SPRG)  and Surface Dose Compliance 

Concentrations (SDCC) Calculators 

SPRG (Preliminary Remediation Goals for Radionuclides in Surfaces) 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 
outdoor hard surfaces such as roads, streets, pavements and sides of buildings. The 
contamination can result from radioactive material used in construction materials. The 
software enables a user to evaluate the risks posed to i) indoor workers in an industrial 
building, ii) outdoor workers at an industrial site and iii) a member of the public in a 
contaminated house. Sources of exposure evaluated are direct external exposure (gamma), 
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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 surface or building in units of both activity per unit area 
and activity per unit mass.  The SPRG calculator comes with free archived training courses 
linked to the its on-line User Guide. The SPRG model can be found at http://epa-
sprg.ornl.gov/.EPA has also issued a dose assessment calculator similar to the SPRG 
calculator for demonstrating compliance with dose based regulations for contaminated outside 
surfaces. It is entitled the Dose Compliance Concentrations for Radionuclides in Surfaces 
(SDCC) calculator wich may be found at: http://epa-sdcc.ornl.gov/. 

 

 

4.3.4. 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:  

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

• building type (timber framed or brick); 
• age of the exposed individual (adult, infant or child); and 
• sex of the exposed individual (male or female). 
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5. GENERAL ASSESSMENT METHODOLOGY FOR THE RADIOLOGICAL RISK 
AND IMPACT ASSESSMENT OF NORM AND NUCLEAR LEGACY SITES 

5.1. Introduction 

The aim of this chapter is to provide a general methodology for assessing the radiological 
impact of legacy (or operational) sites, in order to assist in the management of such sites. It is 
intended as guidance for assessors who are asked to provide scientifically based advice to 
decision makers on radiological issues associated with such sites. In this methodology, a 
distinction is made between the “decision maker” and other interested parties (stakeholders). 
The methodology is not intended to describe the decision making process. The provision of 
expert advice on specific technical issues, based on sound and defensible assessment 
procedures is an important component of the overall decision making process. There are 
several possibilities for setting up such a methodology, but it is important to keep the overall 
approach as simple as possible, while providing the capacity to deal with a wide range of 
problems. Unrestricted use of such sites is often impossible due to the level of contamination. 
Doing nothing might be costly, not only due to the costs of prolonged monitoring and security 
measurements but also due to the restrictions it places on the future use of the site. 

This document focuses on the radiological aspects. However the decision maker has also to 
consider many factors besides the radiological issues, including differences between sites and 
contaminated materials (usually wastes and/or residues), regulatory requirements, and also 
non-radiological issues such as the presence of other toxic materials (such as heavy metals, 
waste water, process water and chemicals), different Government policies in different political 
jurisdictions, and public attitudes. The last three factors make communication with 
stakeholders, such as the operator, the regulator or decision maker, and the public, a crucially 
important part of the process of assessing and remediating contaminated sites. 

The decision maker in most situations will be the appropriate regulatory authority, but in 
some countries or political jurisdictions the decision maker may be a national, regional, or 
local government body. There may also be situations where there are several authorities 
involved in the decision making process because there are several legislative requirements, 
administered by different Government departments or different levels of Government, that 
have to be met. Other stakeholders may include operators, local residents, or Non-
Government Organisations (NGO’s). 

Input from all stakeholders could be considered as an important part of the information 
gathering and decision making processes, depending on national policy. 

The relationship between decision-makers and stakeholders will influence the decision-
making process and the definition of the objectives of the impact assessment, but not the 
impact assessment process itself, which is a scientific process. 

Assessment of the radiological impact of a site or activity (such as remedial action) involves 
the development of a conceptual model for the site and an analysis of both exposure pathways 
and exposure scenarios. The investigation and characterisation of the site and surrounding 
environment enables exposure scenarios and pathways to be identified and the development 
of a conceptual model for the site. The conceptual model provides a description of the 
components of the site and the interactions between these components. It also includes a set of 
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assumptions concerning the chemical, physical, biological, and mechanical characteristics of 
the site, consistent with the available information and knowledge. Assessments can be carried 
out to determine the current impact of a site, the short-term or medium-term future impact, or 
the very long-term future impact. Most assessments start with an assessment of the current 
situation. 

As described in this section, the general approach to assessment should be to start with a 
simple, conservative assessment against nationally determined screening criteria. If the 
screening criteria are not satisfied, the level of detail in the assessment should be increased. 
This will usually involve more detailed site-specific measurements, more realistic exposure 
pathways, and the use of more complex models when necessary. If the results of a detailed 
assessment (using site-specific data) do not satisfy the screening criteria, the decision maker 
may decide that some remedial action (which may include restrictions on the use of the site) is 
necessary. 

Computer models are useful for predicting future impacts, but the use of these models 
depends on the availability and quality of data. The data may be generic for the early stages of 
an assessment, but should become more detailed and more site-specific, as the assessment 
becomes more realistic (less conservative). Measurements are also needed to validate model 
predictions (if possible) and to check the effectiveness of any remedial action that is carried 
out. 

The assessment methodology described here is applicable to sites contaminated as a result of 
past operations (e.g. mining and/or processing of mineral ores), or as a result of accidents. The 
radiological objectives should be determined by national/regional/local policy or by reference 
to internationally accepted good practice. 

The radiological assessment of a contaminated site should include evaluation of doses/risks 
to: 

• workers at the site; 
• members of the public; and  
• non-human biota (in the context of the relevant ecosystem). 

Where remedial action is decided upon, the assessment should include evaluation of 
doses/risks to: 

• workers at the site, members of the public, and non-human biota , while remedial action 
is on-going; 

• members of the public and non-human biota, after remedial action is complete. 

The inclusion of particular exposure pathways and scenarios will depend on the purpose (and 
the context) of the assessment. Consideration should also be given to the time-frame of the 
assessment, particularly for sites contaminated with long-lived radionuclides. 

There may be risks associated with the presence of other (non-radiological) contaminants at 
any particular site. The decision maker(s) will have to take all sources of risk into 
consideration when deciding how to manage the site.  
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The recommendations of the International Commission on Radiological Protection (ICRP, 
2007) give general guidance on the goals of assessment (and remedial action). There are 
several IAEA documents that already discuss aspects of this general assessment problem like: 

Integrated Approach to Planning the Remediation of Sites Undergoing Decommissioning. 
IAEA Nuclear Energy Series NW-T-3.3 (2009); 

Remediation Process for Areas Affected by Past Activities and Accidents. IAEA Safety 
Standards Series No. WS-G-3.1 (2007); and 

Remediation of Areas Contaminated by Past Activities and Accidents: Safety Requirements. 
IAEA Safety Standards Series No. WS-R-3 (2003). 

Other IAEA documents discuss specific aspects of the overall assessment process, or special 
problems (see Bibliography list for IAEA documents chapter 5). Moreover, several countries 
have already developed their own methodology documents (see Bibliography list for National 
methodology documents chapter 5). 

National authorities may already have appropriate policies and guidance documents for dose 
and risk management for contaminated sites in place. Where this is the case, these policies or 
guidance documents should be used to set forth which standards and criteria are appropriate 
for site modelling, evaluation and decisions on remedial action. In those cases where there is 
no national policy or guidance documentation on management of contaminated sites these 
should be developed; in the meantime a survey of internationally accepted practices should 
provide enough information to enable urgent tasks to be carried out. 

More detailed site characterisation should be carried out as required during the assessment 
stages to:  

1. Identify the main exposure pathways; 

2. Provide input for the different stages of assessment against the screening criteria; 

3. Estimate (if required) the impact of different remedial options (including the “do-
nothing” option) on members of the public, workers and non-human biota; 

4. Establish (if required) the cleanup criteria which have to be met for remedial action to 
be regarded as successful - these criteria should be chosen to ensure that any actions 
taken to remediate the site will reduce radiological and non-radiological risks to 
acceptable levels; 

5. Verify the suitability of measuring equipment; and 

6. Provide useful input into the process of estimating the financial cost of remedial 
action. 

During remedial action, site measurements should be carried out to: 

1. Show that the cleanup criteria are being met – this enables the remedial action to be 
modified if necessary; 

2. Check that doses to the workers do not exceed recommended limits; 

3. Verify the performance of measuring equipment; 

4. Verify the methods used for analyzing data; 

5. Verify the performance of computer codes used for estimating and predicting health 
and environmental impacts; and 



 

 
 67 

6. Keep the decision maker informed on the process of the work – it is the responsibility 
of the decision maker to maintain communication with other stakeholders. 

It is important to have good communication between the people running assessment models 
and the people making measurements, to ensure that effort is not wasted either in providing 
data that cannot be used in the assessment process or in asking for data that is beyond the 
capability of the measurement systems being used. 

The methodology presented here emphasises a graded approach to the radiological impact 
assessment of the site, with the level of assessment increasing (if required) from a simple 
screening assessment, which may require little or no site-specific data, to more complex 
assessments. As the complexity of the assessment increases, the use of site-specific data 
becomes more and more important. This graded approach optimises both the work required 
and the radiological assessment process, as it allows the assessors and decision maker(s) to 
stop at the point where it becomes clear that further work will not change the outcome of the 
assessment. 

The emphasis on dose or risk assessment will vary between countries, depending on national 
policy. 

5.2. The General Methodology 

The general approach to assessment is presented in Figure 12. 
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Figure 12: The overall assessment/management process. 

 

The colour key shown in this figure applies to all subsequent figures. The dotted arrows imply 
communication. 
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1. Identify the problem 

2. Carry out a preliminary site investigation and characterisation 

3. Carry out a screening assessment against agreed screening criteria 

a Define the objectives (of the screening assessment) 

b Estimate the impact using conservative assumptions and exposure scenarios; the 

model used for this estimation may be quite simple (IAEA, 2001), or detailed 

4. If the screening criteria are satisfied, notify the decision maker(s) 

5. If the screening criteria are not satisfied, carry out a more realistic assessment 

a Use more realistic assumptions and exposure scenarios 

b Collect more data to improve the estimation of transfer parameters and the 

estimation of the source term 

c Use more complex models if appropriate 

6. If the screening criteria are still not satisfied, carry out a detailed assessment 

a Use assumptions and exposure scenarios that are as realistic as possible 

b Identify sensitive parameters using sensitivity analysis methods 

c Collect the data on sensitive parameters and data needed to improve the 

estimation of transfer parameters and the source term 

d Use more complex models if appropriate 

7.  If the screening criteria are satisfied, notify the decision maker(s) 

8. If the screening criteria are exceeded, the decision maker should order implementation of 

remedial actions based on the following steps 

a Define the objectives of the remedial action and establish cleanup criteria 

b Collect additional data if necessary 

c Establish appropriate exposure scenarios, both for the workers involved in the 

remedial action and for the future use of the site and surrounding area 

d Carry out an assessment of the different remedial options available, and select the 

option that gives the optimal result, taking into account not only reduction in dose 

to the public and non-human biota but also the doses/risks to workers, public and 

non-human biota while the work is being carried out 

e Carry out the remedial action that is required to meet the cleanup criteria 

f Collect data from the remediated areas, to verify that the cleanup criteria have 

been satisfied 

g Continue this process (iteratively) until the cleanup criteria are satisfied 

 

The assessors should keep a good communication with the decision maker throughout the 
process. 

Each of these steps will be discussed in more detail in the following sections. 
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5.2.1. Identification of the problem 

Information that may be relevant to this step can be obtained from operator records (if the 
operator is still in business, or the records are still available), from regulatory or local 
government records, or from members of the public who lived near or worked at the 
contaminated site when it was operational. National regulations and standards regarding site 
remediation, and concentration limit values for radioactive and chemical substances and 
physical agents of concern should be checked. In those cases where national regulations are 
not available, international information could be helpful. 

5.2.2. Site investigation and characterisation 

The site investigation and characterisation methodology is summarised in Error! Reference 
source not found.. The aim of this step is to establish the features of the site that will be 
important for the current stage of the assessment. A graded approach should be used, 
concentrating on the information required for each stage of the process. It is not cost-effective 
(for example) to carry out a detailed measurement program before the screening assessment, 
if the results of the assessment indicate that the screening criteria are satisfied. The graded 
approach also implies that the measurement and assessment stages of the process will be 
carried out in parallel. This stage of the process may be carried out interactively with the 
identification of the problem. 

The first part of the site investigation and characterisation step involves identifying the 
hazards associated with the site. As before, information that may be relevant to this step can 
be obtained from operator records, from regulatory or local government records, or from 
members of the public who lived near or worked at the contaminated site when it was 
operational. Technical information on the activities formerly carried out at the site (e.g. 
materials and processing methods), or on material deposited at the site (e.g. a landfill) is also 
important. For a former operational site, this information should include (if available) site 
maps showing the layout of buildings, stockpiles, storage tanks, tailings dams, etc, and 
technical descriptions of materials and processing methods. This is shown as stakeholder 
input in Figure 13. In those cases where this information is not available, data from similar 
sites elsewhere (nationally or internationally) should be obtained. If available, information 
about the levels of environmental contamination should be collected and evaluated. 

The next step is to assess the hazard(s). This stage of the process may require measurements: 

1. to fill gaps in existing data records (where necessary); 

2. to establish radionuclide concentrations in air, soil, surface water (including sediments)  
and groundwater within the site boundaries (the source term); 

3. to determine whether contaminated material has been transferred from the site to the 
surrounding environment; and 

4. to determine the physical and chemical characteristics of the contaminated materials. 

Once this has been done, the features, events and processes (FEPS) (IAEA, 2006) relevant to 
the site can be established. This FEPS analysis also allows the possible exposure pathways 
and exposure scenarios to be established and documented and a conceptual model to be 
developed for the site. 
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If a suitable model is already available, it may not be necessary to develop a conceptual model 
for the site. Model suitability depends on several factors, particularly experience gained from 
assessing similar sites. This is discussed in more detail in the section on detailed assessment. 

Guidance is available on the selection of exposure scenarios (IAEA 2010, 2004a and 2004b) 
the identification of hazards (NUREG, 2000), and the design and implementation of 
measurement programs (NUREG, 2000 and 1997; Herrold and Brightwell, 2003; Burgess, 
1998). 

Documenting and storing the information gathered during this stage of the process is 
extremely important. 

 

Figure 13: The site investigation and characterisation stage 

 

5.2.3. Define the objectives 

Each stage of the overall process should have clearly defined objectives, which are 
understood by all stakeholders. The objectives will depend on Government policy, the nature 
and location of the site, and the anticipated future use of the site.  

In general any remedial action on a contaminated site should be consistent with the 
Optimization Principle (ICRP, 2007). Consideration of the potential doses to workers 
involved in the cleanup should be taken into account when considering the risks and benefits 
associated with the remedial action. 
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5.2.4. Establish screening criteria 

Screening criteria should be determined nationally, and expressed in practical terms, either 
total effective dose (or total risk), effective dose rate, or radionuclide concentrations in air, 
soil, water, sediment, etc. The levels should be such that if the results of the assessment (see 
the following sections) satisfy the screening criteria, the radiological risk is considered to be 
of no regulatory concern, both for the present and the future. The screening criteria should 
also take into account the likelihood of exposure and the number of people exposed, as 
required by the principle of optimisation (ICRP, 2007). This implies that unless the screening 
criteria are exceeded there is no radiological justification for carrying out any remedial action 
or additional assessments. This does not preclude the possibility that the decision maker may 
require some remedial action to be carried out for other reasons (including socio-economic, 
political and public acceptability considerations), or that remedial action work may be 
required because of other (non-radiological) hazards associated with the site (e.g. chemicals, 
heavy metals, etc.).  

5.2.5. Screening assessment 

Once the site investigation and characterisation stage has been completed (to the required 
level), and the objectives and screening criteria have been defined, a screening assessment 
should be carried out. The screening assessment methodology is summarised in Figure 14. 
The purpose of the screening assessment is to eliminate a site which poses a low-level hazard 
from further regulatory consideration. 

The identification of hazards, exposure scenarios and pathways, and exposed groups (human 
and non-human biota) should be largely qualitative at this screening assessment stage, 
consistent with the application of a graded approach to site assessment and management. 
There is little point in gathering detailed data for a screening assessment, but if the screening 
criteria are not satisfied (see later) and more detailed assessments are needed, the site 
investigation and characterisation studies should also become more detailed.  

A screening assessment should be carried out using a conservative model that simulates the 
major features and exposure pathways of the site. The model can be generic, or a detailed 
simulation can be used; in either case, the assessment should be demonstrably conservative. 
For example: 

• assume that all exposures are continuous (i.e. that the humans or non-human biota spend 
all their time in the contaminated area); 

• assume that the radionuclide concentrations are uniform across the site and equal to the 
highest measured values; 

• assume that all food and water consumed are contaminated; 
• gather enough data to enable a reasonable approximation to the source to be used (for 

example, total activity rather than a detailed radionuclide inventory); 
• use the basic characteristics of the source material (solubility, etc); and 
• use default values for the site transfer parameters. 

Site-specific data (other than the source term) are not necessary for a screening assessment. 
Default values can be used for transfer parameters and other species-related factors such as 
diet and occupancy, provided they can be shown to be consistent with the conservative 
approach (IAEA, 1992 and 2009). The use of a conservative model should allow the assessor 
to assert, where appropriate, that the estimated dose or radionuclide concentrations will not 
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exceed the relevant screening criteria. If the screening criteria are satisfied, the decision maker 
may decide to clear the site from (regulatory) control, or may require, in view of other non-
radiological considerations, some minimal remedial action to be carried out. 

 

Figure 14: The screening assessment methodology. 

 

5.2.6. More realistic (intermediate) assessment 

If the results of the screening assessment (using clearly conservative assumptions) do not 
satisfy the screening criteria, then a more realistic assessment should be carried out. This may 
require one or more of the following: 

• use more realistic assumptions and exposure scenarios; 
• use more realistic exposure times; 
• use more realistic values (based on discussions with stakeholders) for the fractions of 

contaminated food and water, without necessarily considering the full details of the 
local diet; 

• use a more realistic source inventory; 
• carry out more work on site investigation and characterisation, particularly if values for 

local parameters and variables (needed for modelling) are not already available; and 
• use more realistic models. 
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If the results of this assessment satisfy the screening criteria, then the decision maker has to 
decide whether to release the site from regulatory control or proceed further. 

5.2.7. Detailed assessment 

If the results of the intermediate assessment still do not satisfy the screening criteria, then a 
detailed assessment should be carried out. The detailed assessment methodology is shown in 
Figure 15. A detailed assessment usually involves: 

• an extensive radiological survey, to establish the source term(s) and the values of site-
specific transfer parameters for the contaminated area and surrounding environment 
for use in the model, and for validating the model predictions, where feasible, 

• the use of realistic exposure scenarios based on local habits, diet, etc, for both human 
and non-human species; 

• the use of a detailed source inventory; and 
• the use of complex models. 

The use of realistic exposure scenarios and site-specific data avoids unduly overestimating the 
risk and then having to carry out unnecessary remedial action, often at considerable cost in 
terms of resources and time and loss of stakeholder confidence. Guidance on which 
parameters are likely to be most important is available (NUREG, 2000). If a specific transfer 
parameter is shown to affect the critical pathway, a local determination of that parameter is 
recommended. Where site-specific values for transfer parameters cannot be derived from 
measurements, default values should be used.  

As the assessment process becomes more detailed, discussion and/or estimation of 
uncertainties and variabilities in the results and communication with the decision maker on 
the interpretation of such results becomes more important (IAEA, 2009; Burgess, 1998). 
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Figure 15: The detailed assessment methodology. 

Characterisation of a particular site, together with information about the future use of the site, 
will produce a set of exposure pathways and possible exposure scenarios for that site. The 
choice of appropriate exposure scenarios for a detailed radiological assessment is not always 
straightforward. In general the problem can be stated as follows: 

The total risk of harm for any site depends on the product of the probability that a particular 
exposure scenario will occur and the consequences (the probability of harm if the scenario 
does occur), summed over all possible scenarios. One approach to this process is to attempt to 
include all potential exposure scenarios in the assessment. However, this is an open-ended 
process, as it is not usually possible to clearly demonstrate that all potential scenarios have 
been included. Therefore, in practice, it is often necessary to rely on experience and 
judgement in choosing the scenarios that are to be included. Discussion between assessors, 
operators, regulatory authorities and other stakeholders are essential when selecting the 
scenarios to be included. Documentation and justification of this selection process to 
stakeholders are very important. Where it does become necessary to modify the assessment 
process at some later time (for example because more data have become available or the risk 
associated with a particular scenario has been reassessed on the basis of scientific studies), the 
nature of, and reasons for, the changes in the assessment should also be documented and 
communicated to all decision makers and stakeholders. 
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The detailed assessment has to consider the current characteristics of the site and the source 
material, possible future uses of the site (recreational, agricultural, industrial, residential, etc), 
the natural evolution of the site, and possible future changes in exposure scenarios, site 
characteristics and source-term characteristics. 

One type of scenario which illustrates the complexity of this process is human intrusion, 
which can be accidental or deliberate. 

The model development methodology is shown in Error! Reference source not found.. If 
suitable modelling packages are available (freely or commercially), they should be used. The 
criteria that should be applied to the process of selecting and using such packages 
(determining suitability) include (IAEA, 2009): 

• the packages should be readily available; 
• the packages should be well documented, and easy to use; 
• the mathematical model(s) should have been verified; 
• the mathematical model(s) should be appropriate for the work to be undertaken; 
• the model(s) should have been validated in a range of conditions that includes the 

current situation; and 
• the values used for the model parameters for an intermediate or detailed assessment 

should have been validated. 

If packages are not available, or if these criteria are not met for those packages that are 
available, the assessment process must include model development, testing and validation for 
the specific site under consideration. If the model is not appropriate for the problem to be 
evaluated the results could be misleading or meaningless. 
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Figure 16: The model development methodology.  
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secondary) should be documented and communicated to all decisions makers and 
stakeholders. 

The cleanup criteria should (if possible) be independent of the remedial action selected. This 
allows the process to be modified (see later) if necessary without having to revise the overall 
objectives. 

5.2.9. Remedial action 

The remedial action methodology is shown in Error! Reference source not found.. 
Remedial action is an intervention, and consists of several steps. The first step is to identify 
and assess the possible options. This step should consider (at least) the scale of the problem, 
the contaminated medium/media, the radionuclides involved, and the relative locations of the 
contaminated site and the local residents, both for present and probable future use of the site 
and the surrounding area. Guidance on this stage of the process is available (NUREG, 2000). 

The implementation of the selected remedial action should be carried out under a clear plan, 
which has been tested (by modelling) to determine whether the predicted outcome will 
achieve the cleanup criteria (see the previous section) and which allows for periodic 
reassessment (monitoring, modelling) of the impact of the site on members of the workforce, 
the public, and the environment. If this reassessment indicates that changes are needed in the 
procedure, then these changes should be discussed with stakeholders before any decision is 
made, and any changes and the reasons for the changes should be communicated to all 
stakeholders and documented. This is similar to the iterative improvement process used for 
operational sites (IAEA, 2001) and helps to build and maintain confidence in the process. 
Once the cleanup criteria have been met, the final disposition of the site can be implemented. 

In some situations remedial action may be limited to restrictions on the use of the site (or on 
the use of groundwater around the site) without doing any physical “work” on the site. 
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Figure 17: The remedial action methodology. 
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detailed assessment methodology outlined in Error! Reference source not found. to each 
possible option, using the approach shown in Figure 17. 

The assessment should provide an estimate of the uncertainties and variabilities in the 
predicted doses/risks for each possible remedial action. It is also important to carry out a 
sensitivity analysis, determining, as far as possible, the parameters and variables that have the 
greatest effect on the predictions. This information could help the decision maker in the task 
of choosing which parameters and variables should be monitored, once the implementation 
phase commences. It could also assist in the development of remedial options, by focussing 
attention on the more sensitive parameters. 

It is also important for assessments and model predictions to be independently checked 
whenever possible. This helps to maintain the objectivity of the scientific aspects of the 
assessment and remedial action and provides other interested scientists/assessors with a record 
of the experience gained at a particular site. This, in turn, leads to a process of continuous 
improvement of assessment and modelling techniques. 

The other factors include an assessment of economic costs and benefits (costs of remedial 
actions, waste disposal, monitoring, reduction of the need for security and/or control, 
increased economic value of the site, etc.) and social factors (reassurance of the public, the 
negative effects of discomfort and anxiety from the remedial action) (Zeevaert et al, 1999 and 
2001). By including these costs/benefits, a ranking and optimisation of relevant remedial 
options can be achieved using a multi-attribute utility analysis. This ranking can then give 
additional guidance to the decision makers. 

In evaluating different remedial options, the detailed assessment may have to be modified to 
take into account the effect of engineering works on the future impact of the site. In addition, 
the decision maker(s) will have to consider the economic cost and public acceptability of the 
proposed work, the estimated doses to the workers involved in the cleanup, and the predicted 
radiological benefit for each remedial option. 
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Figure 18: The methodology for evaluation of alternative approaches. 

 

If this evaluation process does not select any feasible approaches, the objectives should be 
revised and the evaluation process repeated.  
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5.3. General example (summary) 

The preceding discussion is long and detailed. The following summary is intended to 
highlight the main ideas. A typical assessment might proceed as follows: 

5.3.1. Identification of problem 

• historical records and anecdotal evidence suggest that a site may be contaminated and 
pose a radiological hazard to the local population. 

5.3.2. Site characterisation 

• preliminary measurements (for example, external dose rates, radionuclide 
concentrations in soil and ground water) indicate that a more detailed assessment may 
be justified; these measurements may also lead to a better formulation of the problem. 

5.3.3. Screening assessment 

• assume that all exposures are continuous; 
• assume that all food and water consumed are contaminated; 
• gather enough data to enable a reasonable approximation to the source to be used (for 

example, total activity rather than a detailed inventory); 
• use the basic characteristics of the source material (solubility, etc); and 
• use default values for the site transfer parameters. 

5.3.4. Intermediate assessment 

• use more realistic exposure times; 
• use more realistic values (based on discussions with stakeholders) for the fractions of 

contaminated food and water, without necessarily considering the full details of the 
local diet; and 

• use a more realistic source inventory. 

5.3.5. Detailed assessment 

• use realistic exposure scenarios; 
• use a detailed source inventory; 
• use a realistic diet; and 
• use site-specific values for the transfer parameters. 

The same model can be used for all three stages of the assessment, or increasingly complex 
models can be used at each stage. 

The measurement program should be designed to provide enough data to allow each stage of 
the assessment to be carried out. This takes account of the need to make the process as cost-
effective as possible.  
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5.4. Conclusions 

The general assessment methodology described here is applicable to sites contaminated as a 
result of past practices (legacy sites), accidental releases of radioactive material to the 
environment and rountine operations. 

The graded approach described here is a method of optimising the assessment process, in 
terms of requirements for regulation, radiological protection, and cost, which allows the 
assessors and decision maker(s) to stop at the point where it becomes clear that further work 
will not change the outcome of the assessment. 

A comprehensive survey of internationally accepted practices for assessing and remediating 
(where appropriate) contaminated sites would be useful for both assessors and regulators, and 
would be useful in terms of developing a harmonised international approach to the 
management of such sites. 
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6. TESTING OF THE GENERAL ASSESSMENT METHODOLOGY ON REAL 
SITES 

Part of the General Assessment Methodology has been tested in several real exposure 
scenarios involving contamination with naturally occurring radioactive materials (NORM), 
and also artificial radioactivity due to atmospheric nuclear tests. Some of those scenarios have 
been partly remediated and so the assumptions taken in the modelisation were verified. 

The real sites and models used for the testing of the General Assessment Methodology were: 

• Gela site (Italy) – RESRAD (onsite), RESRAD-OFFSITE, DandD and ReCLAIM. 
• Botuxim site (Brazil) – RESRAD-OFFSITE and Erica Tool. 
• Soeve site (Norway) - Microshield, Ecolego, Erica Tool and RESRAD-OFFSITE. 
• Maralinga site (Australia) – A description of the process is presented, no detailed 

models were used in this part 
• Tessenderlo site (Belgium) – AMCARE 
• Olen site (Belgium) - DOSDIM 

6.1. GELA SITE 

6.1.1. Identification Of The Problem 

The Gela site consists of a single phosphogypsum (PG) stack in Sicily, Italy, at approximately 
1-2 km from the sea. The layout of the site and the locations of the sampling points are shown 
in Figure 19. 

Between 1967 and 1981, phosphogypsum was directly discharged into the sea. Between 1981 
and 1992, residues were accumulated in the landfill which is composed of 4 basins (one 
empty). In 2002 an external wall, made with bentonite concrete, was constructed.  

The disposal site is inside the boundary of a large industrial area. It was remediated under the 
control of the Italian Environment Ministry in compliance with the regulation for chemical 
pollutants. 
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Figure 19: Phosphogypsum stack at the Gela site and location of sampling points. 

For any kind of industrial waste disposal facility, hydraulic control (extraction-monitoring-
treatment) of underground water inside and outside the boundary of the facility is mandatory, 
in order to limit the migration of hazardous pollutants. For the Gela phosphogypsum stack, 
this hydraulic control is accomplished at the sampling points. The control can be stopped 
when the remediation actions show that the concentrations of the contaminants are below the 
regulatory limits over a period of time and are likely to remain so for the foreseeable future. 

The following assessments are based on the assumption that a complete remediation of the 
site is performed. The designated future use of the area is a solar power plant installation. 
Capping with a plastic liner and covering with clean soil is required. Authorisation for 
discharging other kinds of new waste material is generally neglected. 

6.1.2. Definition of Objectives 

Two main objectives of the radiological study can be defined: 

Primary objective: Does the remediation performed in the stack for chemical pollutants 
control also provide safe conditions from the radiological protection point of view? 

Secondary objective: If the old phosphoric acid plant were to be dismantled and disposed of in 
the confined landfill, would it produce a variation in the source term? Would the remediation 
still be sufficient under those conditions? Could a new discharge authorisation be issued 
under those conditions? 

Two other objectives were defined during the work: 

• To perform an evaluation of the evolution in time of the migration of the relevant 
radionuclides in the absence of any physical barrier, in order to represent the situation 
before the remediatial action (current measurements in ground water show 
contamination that is probably due to the previous landfill configuration). 

• To simulate a test with radioactive tracers for the integrity of the wall/clay system (real 
test requested by the Italian Ministry). 

6.1.3. Site Investigation and Characterization 

The stack is surrounded by a concrete retaining wall. The layout of the retaining barriers is 
shown in Figure 20. The wall penetrates 3 m into the slab of underground clay. All the 
information available for the phosphogypsum, clay, and other materials is presented below. 
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Figure 20: Layout of the barriers for the containment of the leachates from the 
phosphogypsum stack. 

The information given on the industrial process is: 

• phosphorite consumption: 350 – 400·103 t a-1 
• type of process: mainly Prayon – wet process 
• production of phosphoric acid: 60 - 100·103 t a-1 
• production of slurry: 300·103 t a-1 
• the concentration of phosphogypsum in the slurry was 10 – 20 %; 
• until 2000 there were no regulatory requirements applicable to this site from a 

radiological point of view. 

Characteristics of the phosphogypsum stack: 

• total area = 55Ha 
• average depth of PG = 14.5 m 
• hydraulic conductivity = 5·10-6 m s-1. 

Characteristics of the clay bed below the PG stack: 

• total area = hundreds of hectares 
• thickness = 20-30 m 
• hydraulic conductivity = 10-12·10-11 m s-1. 

Characteristics of the surrounding concrete retaining wall: 

• 2-3 m inserted in the clay bed  
• A retaining wall surrounding the stack to restrict the flow of leachate is 60 cm thick, 

3,550 m long, at a distance of about 5 m from the heap of residues 
• A drainage trench between the wall and the heap was constructed, with a series of wells 

to collect rainfall percolate. The whole trench was lined with waterproof materials 
• in the south-east 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. 
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Characteristics of the lens of sand: 

• hydraulic conductivity: 2·10-4 m s-1 
• Darcy velocity: 5 m a-1. 

Groundwater data: 

• Normal groundwater flow direction = NW to SE (towards the sea) 
• No investigation exists of groundwater below the clay bed. 
• Surface groundwater is not permanent, depends on rainfalls which are very rare but 

intense 
• for long periods during the year, piezometers and wells outside the N-NW side of the 

stack is dry. For that reason groundwater samples are not collected on a regular basis. 
• 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. 
• leachate extracted from these wells is pumped back to the top of the stack. 

From these hydrogeological data, it is reasonable to conclude that leaching of NORM from 
the phosphogypsum stack should be highly unlikely after the remedial work. 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 3 presents the activity 
concentrations measured in phosphogypsum and phosphorite for some radionuclides from 
natural decay chains of 238U and 232Th. 

Table 3: Measured activity concentrations of radionuclides in phosphogypsum and 
phosphorites. 

PHOSPHOGYPSUM Nuclide Bq kg-1 

High Purity Germanium 38% spectrometer 
 

226Ra 418 ± 27 

214Pb 313 ± 15 

214Bi 272 ± 12 

212Pb 19 ± 1 

212Bi 19 ± 2 

234mPa 25 ± 4 

High Purity Germanium 94% spectrometer 
 

226Ra 410 ± 35 

214Pb 293 ± 27 

214Bi 248 ± 18 

212Pb 18 ± 1 

212Bi 19 ± 2 

234mPa <10 

PHOSPHORITES Nuclide Bq kg-1 

High Purity Germanium 38% spectrometer 
 

226Ra 1249 

214Pb 1261 

214Bi 1170 

212Pb 40 

212Bi 41 
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235U 65 

234mPa 1415 

High Purity Germanium 94% spectrometer 226Ra 1237 

214Pb 1230 

214Bi 1093 

212Pb 39 

212Bi 40 

235U 66 

234mPa 1459 

 

The measurements of the 234U/238U ratio downstream can indicate if the retaining wall is 
functioning as required. Table 4 presents the measurements in ground water and percolate of 
both radioisotopes and their ratio for the different measurement points and different days. 

Table 4: Measurements of 234U and 238U activity concentrations in the different points. 

Sampling date Sampling point Sample kind 234U 238U 234U/238U 

15/03/2006 PzE01/05 Groundwater 452±40 316±40 1.43±0.22 

30/01/2007 Pz E01/05 Groundwater 566±70 385±52 1.47±0.27 

15/03/2006 PzE05/05 Groundwater 1045±119 908±104 1.15±0.19 

30/01/2007 PzE05/05 Groundwater 194±28 179±27 1.08±0.23 

30/01/2007 Pz E11/05 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 PzE01/05 Groundwater 566±70 385±52 1.4±0.27 

30/01/2007 PzE02/05 Groundwater 397±50 326±43 1.22±0.22 

30/01/2007 PzE05/05 Groundwater 194±28 179±27 1.08±0.23 

30/01/2007 PzE11/05 Groundwater 70±16 49±14 1.41±0.52 

30/01/2007 WELL#19 Percolate 15428±1693 14083±1547 1.10±0.17 

 

6.1.4. Screening Criteria 

Screening criteria can be set using several approaches and will depend on several factors. The 
most important factors are government policy, location and major features of the site, 
anticipated future use of the site and surrounding areas, and objective(s) of the assessment. 

Two different types of criteria can be applied: 

Type 1: Based on activity concentrations  

Several international documents discuss the problem of the minimum concentration of natural 
radionuclides in materials both for disposal or reuse, that produce an increase in the exposure 
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to humans that can be considered negligible. Two recent documents (IAEA, 2004 and EC, 
2002) treat the problem starting from different approaches and reach activity concentrations 
of natural radionuclides (known as the exemption or clearance activities) that give a negligible 
increase in the effective dose. The clearance value recommended for 40K is 10000 Bq kg-1 (10 
Bq g-1) while for the rest of the radionuclides from the natural decay chains it is 1000 Bq kg-1 
(1 Bq g-1) (IAEA, 2005). These levels, of course, can be reduced in the national regulatory 
regimes based on e.g. a process of optimization by the decision makers. 

Type 2: Based on the increase of effective dose over the natural background 

Different levels of effective dose over the natural background can be applied. In the case of 
NORM, 0.3 mSv a-1 has been proposed (EC, 2002) as an acceptable dose level above 
background. Also the recommended annual effective dose limit of 1 mSv a-1 according to the 
IAEA Basic Safety Standards (IAEA, 1996) or the new ICRP recommendations in ICRP 
Publication 103 (ICRP, 2007) could be proposed as an acceptable level, depending on the 
factors that have been previously discussed. 

6.1.5. Screening Assessment 

A screening assessment is a simple, usually very conservative, assessment which is carried 
out to give an overall indication of the level of concern. It is based on the idea that if the result 
of the screening assessment is below the screening criteria no further work needs to be done, 
while if the result equals or exceeds the screening level a more realistic assessment is 
required. The IAEA Safety Report Series 19 document (IAEA, 2001) describes the process of 
performing screening assessments for a particular situation, but the principles are applicable 
in this situation. 

If Type 1 screening criteria are used then, as the activity concentration values were derived 
using conservative assumptions, a direct comparison with actual measurements on solid 
materials could be made. In the case studied here, all of the measurements registered in 
phosphogypsum are below the exemption/clearance levels. This is not the case with 
phosphorites. However, the industrial activity itself was not evaluated here, only the disposal 
of residual PG. Under this criteria and using the GAM, the assessment gives an answer: “No 
remediation work or further studies are needed for the phosphogypsum piles for radiological 
protection purposes”. Of course, this is only applicable after a positive decision of the 
decision makers, who in turn have to consider other stakeholders’ opinions.  

Using Type 2 criteria, based on the increase in effective dose over the natural background, a 
range of pathways and exposure scenarios should be discussed and considered. Inhalation of 
resuspended material and ingestion of foods cultivated in the area were identified as possible 
pathways under the present conditions (after the remediation for chemical pollutants). If the 
integrity of the plastic liners and soil cover is broken, other pathways such as inhalation of 
radon appear. Also, if no retaining walls are considered or their integrity is in doubt, 
groundwater as a source of drinking water could be a pathway to consider. The most 
restrictive scenario would be people settling on the site in the future. The considered scenario 
also defines the “Representative Individual” (human) that should be evaluated. 

A first evaluation was carried out in order to quickly assess the radiological impact on the 
representative individual. In addition, several tools were selected for assessing the effective 
doses under different assumptions: DandD 2.1.0, RESRAD 6.5, RESRAD-OFFSITE, and 
ReClaim v3.0. Evaluations considering the retaining walls and covers were performed. The 
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consequences of damage to the barriers were also evaluated.. All the screening evaluations 
were performed using default parameters in the different tools. As the default values are not 
always selected because of their conservatism, but as typical examples to be used in the 
software, the results should be checked to ensure that they are conservative. 

The first evaluation was made for an extremely conservative case. For screening purposes, a 
rural residential scenario was considered, where all the food ingested by the representative 
individual was grown directly on the stack and no remedial option was considered. If the only 
contribution to the exposure is the consumption of vegetables grown onsite, radium in 
phosphogypsum transferred to plants will produce an effective dose E = 1.92 mSv a-1. 

This was calculated using  

DCFHFCE vsoil ⋅⋅⋅=  

where  

• Csoil is the concentration of the radium in soil (418 Bq kg-1), 
• Fv ia a conservative transfer factor for vegetables that can be considered 0.04 for 

humans (IAEA, 2001) 
• H is the quantity of vegetables consumed annually, which in Europe can be considered 

as 410 kg a-1 (IAEA, 2001) 
• DCF is the committed effective dose conversion factor which is 2.8·10-7 Sv Bq-1 

according to (IAEA, 1996).  

This result indicates that the annual dose exceeds any screening criteria based on effective 
doses, even if only one radionuclide and one pathway are considered. This indicates the need 
to carry out an intermediate assessment, as recommended in the GAM. 

A different approach for the screening assessment was carried out using other software tools. 
One option was the use of Reclaim using the default values for the parameters in the model. 
Reclaim is an excel sheets based software created for screening assessments. The result 
obtained in this case was E = 0.38 mSv a-1. This result was obtained using only the radium 
activity concentration in soil. Although the result is below the screening criteria of 1 mSv a-1, 
it is not below the alternative criteria of 0.3 mSv a-1. Moreover, the simplifications used in the 
modelling suggest that more detailed evaluations should be made. 

The second software used for a screening assessment, without considering any cover on the 
site, was the DandD 2.1.0. computer code developed by Sandia National Laboratories and 
used by NRC, USA (NUREG/CR-5512, Vol.4, SAND99-2147). A residential scenario was 
applied, using as exposure pathways the external exposure, dust inhalation, soil ingestion, 
drinking water and agricultural. DandD does not consider the inhalation of radon gas or 
distinguishing between the ingestion of animal products or vegetables. The concentrations 
applied in the model were 0.42 Bq g-1 for the 238U decay chain (226Ra, 210Pb, 238U, 234U and 
230Th) and 0.04 Bq g-1 for the 232Th decay chain (228Ra, 212Pb, 228Th and 232Th). The area of 
the contaminated zone was considered to be of 50.000 m2 and the thickness of the unsaturated 
zone 6 m. The rest of the parameters were considered by default. In this case the result was 
obtained as a probability distribution (see Figure 21) showing that in 90% of the cases the 
simulation gives effective doses below 5.7 mSv a-1, which is above any of the screening 
criteria. In this case the dominant pathway was the agricultural (ingestion of food produced on 
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site), followed by external exposure. Less important pathways were drinking water, inhalation 
or secondary ingestion. 

 

Figure 21: Results obtained using DandD software. 

6.1.6. Intermediate Assessment 

All the screening assessments showed results above the screening criteria, so more detailed 
assessments were carried out using less conservative, and therefore more realistic, 
assumptions. The same screening criteria based on effective dose was used. 

One of the conservative assumptions for the screening assessment was to consider that all the 
food ingested by the representative individual was produced on the site without any 
remediation. For the intermediate assessment two exposure scenarios were considered: one 
recreational and another one where 50% of animal food is produced on the stack. Again, no 
remediation was considered. 

For the first recreational scenario the assumptions were: the individual is exposed 1 hour per 
day, the considered exposure pathways are external exposure and inhalation of resuspended 
material. For the resuspension a conservative value of 10 mg m-3 was considered for the dust 
loading, as it is consistent with values measured in similar climate conditions (Espinosa, 
1998). For the dose conversion factors for external exposure, derived factors based on FGR 
12 were used (Eckerman, 1993), while for inhalation IAEA factors were used (IAEA, 1996). 
A first test of the scenario, considering only 226Ra, returned values for inhalation of 13.8 µSv 
a-1, for external exposure from the soil 130 µSv a-1 and for the immersion in the resuspended 
material 1.7·10-6 µSv a-1. If the external exposure is applied for two additional radioisotopes 
that can be considered in secular equilibrium with 226Ra, namely 214Pb and 214Bi, the partial 
effective dose calculated is E = 299 µSv a-1, which is equal to the 0.3 µSv a-1 established 
screening criteria. If inhalation of 226Ra in dust is included, values for the effective dose above 
the screening criteria are obtained.  
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For the second scenario, again no cover was considered, and again a simplification of the 
source term considering only 226Ra was made. It was assumed that 50% of the feed consumed 
by the animals was produced on the site, and that the activity concentration of natural 
radioisotopes in the rest of the food could be considered negligible. Using the transfer factors 
and quantity of feed consumed by the animals and food consumed by the humans compiled in 
Safety Report Sseries 19 (IAEA, 2001) the calculated effective dose was E = 304 µSv a-1 
which is again equal to the screening criteria even without considering all radionuclides. 

Another calculation was carried out with RESRAD 6.5, using the default values included in 
the code and considering all the exposure pathways (external exposure, inhalation, soil 
ingestion, vegetable ingestion, radon and drinking water) in a residential scenario. The 
activity concentrations used were 0.42 Bq g-1 for the 238U decay chain (226Ra, 210Pb, 238U, 234U 
and 230Th) and 0.04 Bq g-1 for the 232Th decay chain (228Ra, 212Pb, 228Th and 232Th). No cover 
was considered. The result obtained was E = 8.7 mSv a-1, the main exposure being due to 
radon inhalation, as is shown in Figure 22. Figure 23 shows the evolution of the exposure 
over time due to changing conditions in the site applying the default parameters. After radon 
inhalation, the main exposure pathway is again the consumption of vegetables grown onsite.  

 

External, 

8.45E-01 

mSv/y, 

9.71%

Inhalation of

dust, 4.84E -03 

mSv/y , 0.06%

Radon, 

6.6 mSv/y, 

75.87%

Vegetable  

consumption, 

1.22 mSv/y, 

14.02%

Meat 

consumption, 

0.08 mSv/y, 

0.90%

Milk 

consumption, 

0.06, 0.68%

Soil 

consumption, 

0.03, 0.34%

Dose distribution without cover

 

Figure 22: Dose distribution using a residential scenario on Gela site. Calculations carried out 
using RESRAD 6.5. No cover considered. 

A second user applied the same considerations and also the same RESRAD 6.5 software. 
Although some considerations were different, the results are very similar. In this case the user 
considered the situation with and without the influence of radon inhalation. The worst case, 
including radon inhalation, gives an effective dose E = 9.8 mSv a-1 after 40 to 50 years, and 
always above 9.45 mSv a-1. Even not considering radon inhalation the effective dose was 
above 1.6 mSv a-1. Results can be seen graphically in Figure 24. 
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Figure 23: Evolution of exposure with time.  
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Figure 24: Effective dose evolution without considering radon (top) and considering radon 
inhalation (bottom). 

None of the calculations performed show results below the recommended dose levels for the 
public. This shows that an unremediated site would have the potential to expose people above 
the recommended values of 0.3 or 1 mSv a-1. The remediation performed due to chemical 
considerations is thus justified also on radiological grounds, but the question is whether the 
outcome of any remediation also complies with radiological criteria. This is explored in the 
following sub-chapters. 

6.1.6.1.Estimation of radium concentration in well water 

To calculate the migration of radium from the waste into the environment, the HYDRUS 2D 
code was used. The waste layer, aquifer and bottom clay layer as shown in Figure 20 are 
considered in this code with their specific hydraulic conductivity given in the site description. 
The bentonite wall was not considered 

It was assumed that  

• the height of the waste is 14 m 
• there is a sandy soil layer of 2 m below the waste and that this layer is also partly 

saturated  
• the net precipitation rate (precipitation minus evapotranspiration) is considered to be 

0.368 m/y 
• Ra-concentration of the waste is 1250 Bq/kg 

The radium concentration in well water was calculated. Conservatively, it was assumed that 
the well is located next to the waste (distance between well and waste disposal is zero) and 
extracts the water from the 1 m of soil layer just below the waste. The results are given in 
Figure 25. 

 

Figure 25: Radium concentration in well water. 
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The second objective is to assess the effect of the retaining bentonite wall. The effect of the 
vertical bentonite barrier on the Ra concentration in well water could not be calculated 
correctly by the code, probably because the groundwater transport of radium is very slow, 
even in the absence of a vertical barrier. However indirectly, by comparing the concentration 
of Ra beneath the waste in the absence and in the presence of the barrier, it was shown that 
the bentonite wall does have an effect. The concentrations below the waste after 200 years are 
approximately 10% higher in the presence of bentonite wall than in the absence of the barrier. 

6.1.7. Establish Cleanup Criteria 

Before considering the remediation of the site, the clean up criteria should be established. 
This is usually done in terms of effective dose; the dose constraint can then be used to derive 
constraints in terms of activity concentration that can be compared directly with operational 
measurement results. In this case the value of 0.3 mSv a-1 was used as the cleanup criterion. 

6.1.8. Remediation Work 

The basis of all the assessments was the consideration of the reported remediation that was 
carried out: a plastic capping and several meters of clean soil covering the stack. However, 
several options were considered, including the integrity of the plastic liner against radon 
exhalation and the depth of clean soil needed for the radiological protection of individuals. 
Human and animal intrusion scenarios were considered using those two options.  

The integrity of the plastic liner affects the radon exhalation, so the integrity was included in 
the assessments by considering the total dose with or without the radon inhalation pathway. 
Since it is unlikely that such a plastic liner will be degraded before at least 30 years (Kerry 
Rowe et al, 2004), this was used as the conservative assumption. To calculate the required 
thickness of clean soil, several codes were used: Microshield was used for the case that radon 
inhalation does not contribute to the dose (i.e. the plastic liner remains intact), and RESRAD 
6.5 calculations were made using the sensitivity option. 

Table 5: Soil composition (Eckerman, 1993) 

Element Mass Fraction 

H 0.021 

C 0.016 

O 0.577 

Al 0.050 

Si 0.271 

K 0.013 

Ca 0.041 

Fe 0.011 

Total 1.000 

 

In the case of Microshield, the chemical composition and density of phosphogypsum and a 
typical soil (Eckerman, 1993) were used, see Table 5. All the radioisotopes in the decay 
chains were assumed to be in secular equilibrium, Figure 26 shows the values for activity 
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concentration as calculated by Microshield for 30 years of decay. The results for different 
thicknesses for the clean soil cover are shown in Figure 27. As shown, even less than 1 m of 
clean soil cover would produce 3 orders of magnitude reduction of the external exposure, 
which complies with the cleanup criteria in all the cases. 

 

Figure 26: Activity concentration of each radioisotope in the natural decay chain of 226Ra after 
30 year of decay. 

 

Figure 27: Reduction of external exposure for different thickness of soil cover. 

The results have been confirmed using RESRAD 6.5 with a 2 m thick cover of clean soil. 
This evaluation is shown in Figure 28. In this case, neglecting the presence of the plastic liner, 
nearly 100% of the dose was due to radon inhalation. However, the inclusion of this cover of 
clean soil reduces the effective dose to E = 2.3 mSv a-1. It was also shown that a cover of 4 m 
of clean soil would reduce the effective dose to less than 0.3 mSv a-1. In this case, using the 
using the default value for erosion included in RESRAD 6.5 (4⋅10-3 m a-1) an increase in dose 
will be produced after several hundred years due to the erosion of the soil cover. 
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Figure 28:  Estimation of dose after covering the contaminated material with 2 metres of soil. 

If a residential scenario is used under these assumptions, using RESRAD 6.5 but not 
considering radon exhalation, a maximum dose in excess of 1 mSv a-1 is obtained after several 
hundred years. This is due to the ingestion of plants cultivated onsite and external exposure 
after the erosion of the soil cover. If radon is considered, without any cover in place, a 
maximum dose above 3 mSv a-1 is obtained after several hundred years. This is shown in 
Figure 29. 

 

Figure 29: Evolution of effective dose considering a 100% efficiency of removal of radon by 
plastic liner (top) or without any liner (bottom). 
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Additional considerations, using RESRAD 6.5, were made on the integrity of the retaining 
wall. Using the default values for the parameters, the contribution to the effective dose due to 
ground water used as drinking water, would be above 5.5 mSv a-1. In this case, the 
contribution of this pathway would decrease with time, as can be seen in Figure 30 and Figure 
31. For this calculation, it was considered that there is no physical  barrier (wall and clay) and 
that all the contaminated material is below the water table. 
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Figure 30: Contribution of drinking water ingestion to the effective dose. The total dose from 
all radionuclides is shown by the gray curve as per the legend. 

 

Figure 31: Dose contributions from individual pathways due to groundwater. 

It was shown that, although several assumptions were needed to perform these assessments, 
several aspects of the remediation should be further investigated. Changes in the integrity of 
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the plastic liner with time will affect the radon exhalation, which was shown to be the main 
contributor to the effective dose in all cases. The integrity of the plastic will degrade with time 
due to weathering, or due to intrusions by humans or animals. 

If is it assumed that the integrity of the plastic liner is maintained with time, external exposure 
and ground water would become the main exposure pathways. For the case of external 
exposure, clean soil cover of 2 m would produce enough shielding to reduce the exposure 
below the cleanup criteria. 

If the integrity of the plastic liner cannot be assumed, radon becomes the main contributor to 
effective doses in all the cases considered. 

6.1.9. Detailed Assessment 

A detailed assessment is only needed in those cases where the intermediate assessments give 
results above the cleanup criteria. From the intermediate assessment, several questions were 
raised concerning the Gela site, the main issues being:  

1. The degradation of the plastic liner with time is a critical issue that would affect the final 
result. This issue should be further investigated by means of a more detailed assessment. 

2. The efficiency of the retaining wall against leaching would greatly affect the contribution to 
the effective dose. This should be investigated in detail, using real data from the site if 
possible. The loss of control of the site would probably result in a loss of integrity of the 
retaining wall, which in turn would increase the effective dose to values that would surpass 
the cleanup criteria. 

3. The modelling shows that preventing the influx of rainwater to the phosphogypsum stack 
significantly reduces the transfer of radionuclides to the surrounding environment. This can be 
achieved by covering the stack, but further modelling may be necessary to determine the 
optimum cover thickness. 

4. Any groundwater flow occurs above the underlying clay layer, and is inhibited by the 
retaining wall. This reinforces the conclusion that the doses are likely to remain very low well 
beyond the projected institutional control period, provided the integrity of the retaining wall is 
maintained. 

5. The calculations assume residential occupancy both above the phosphogypsum stack or at 
the edge of it, and show that the effective dose to the representative individual would be of 
concern after several hundred years. If the land is released for other uses, such as recreational 
or industrial use, the occupancy factor would be significantly reduced, which would 
significantly reduce the estimated doses to the representative individual. The projected solar 
plant or another use such as an athletics track would produce this result.  

6. Calculations suggest that any 232Th in the stack will have negligible off-site impact, so the 
main efforts in refining the available data should be made for the 238U and daughters. 
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6.2. BOTUXIM SITE 

6.2.1. Identifying The Problem 

The first question that is raised is the origin of the contamination. The monazite ore was 
processed, from 1945 up to July 1992, to obtain rare earth oxides. In the processing a residue 
containing Th and U oxide was produced. 

 

Figure 32: Cake II, residue from monazite processing. 

The residues were stored in the Botuxim site, where 3 500 tons of Cake II are stored in seven 
pools or silos. The Cake II is a mixture of 0.9 % of U3O8 and 22% of ThO2 with a specific 
activity around 1820 Bq g-1. 

 

 

Figure 33: Silos in the Botuxim site where residues from monazite processing are stored. 

The pools are 3 m deep and are surrounded by 30 cm thick concrete walls and floors. Each 
pool is 0.5 m above the soil surface and 2.5 m underground. They are capped with concrete. 
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Figure 34: Botuxim site location. 

A guard well is sited north from the silos. The water of that well presents high concentrations 
of radionuclides. Some measurements carried out in the well and in two reference points are 
presented in Table 6. 

Table 6: Beta concentration in some waters of the region (Bq l-1). (Data supplied by 
CETESB). N = number of measurements 

Local N Minimum Maximum Geometric mean 

Guard well 77 0.01 4.00 0.30 

Mojolinho Creek 8 0.04 0.40 0.15 

Itu town 6 0.05 0.20 0.11 

 

The heavy rain that appears in the rainy season seems to play an important role for the 
observed high concentrations of radionuclides in the Guard well water. 

6.2.2. Preliminary Site Investigation and Characterisation 

Some previous measurements were carried out around the site. 
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Figure 35: Area outside the silos fence. 

For the total gamma radiation survey the values ranged from 50 to 1000 cps. 

 

Figure 36: Distribution of 228Ra in soil around the silos. 

The activity concentration of several radionuclides from 232Th and 238U decay chains 
measured in soil during 1993 were: 

• Ra-228: from 0.03 to 70 Bq g-1 
• Ra-226: from 0.02 to 0.9 Bq g-1 
• U-238: from 0.02 to 13 Bq g-1 

Some important features for the site are presented in Table 7. 

Table 7: Topics to be investigated. 

Topic Situation 

Historical survey of the site Yes 

Radionuclides in soil, surface water, sediments and 
groundwater 

Yes (in the air it was not considered necessary) 

Physical and chemical characteristics of contaminant Not completed 

Integrity of the containing of the wastes (silos) Inconclusive 

6.2.3. Screening and cleanup criteria 

The radiological criterion for screening was fixed in 1 mSv y-1. This value was also 
established as clean up criteria. 

6.2.4. Screening assessment 

Resrad was used for the screening assessment. The exposure scenario is shown in the Figure 
37. The silos are represented in the contaminated site. Guard well is north, and the river is 
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presented as a line of surface water. Vegetables production has been also considered in this 
case. 

 

 

Figure 37: Representation of the Botuxim case. 

Using this case total dose due to the highest values of radionuclide concentrations in soil was 
calculated. Figure 38 shows the contribution of each radionuclide to the effective dose. 

 

Figure 38: Contribution of each radionuclide to the effective dose. 

The maximum value of the effective dose is E = 0.44 mSv y-1. 
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The parameters used are those defined by default in RESRAD, but they were changed the 
volume of surface water: 300 m3 and the mean residence time of water: 0.003 y. 

 

Figure 39: Contribution of each pathway to the effective dose. 

The main pathway is the 220Rn inhalation. 

In order to study this contribution a sensitivity analysis was performed considering the 
emanation of radon and the effective radon diffusion coefficient (see Figure 40). 

 

Figure 40: Sensitivity of the results to emanation (left) and diffusion coefficient (right). 

If the emanation of 220Rn is changed by a factor of two, also the dose vary by the same factor, 
however, if effective radon diffusion coefficient of contaminated zone is varied by the same 
amount the change of the result suffer a much greater variation. So, if possible these 
parameters should be locally determined. 

A simple exercise was carried out with biota impact because; even if a very low value of 
effective dose to human due to fish ingestion is expected, high activity concentration of 228Ra 
in surface water was expected. The estimated concentration of radionuclides in water after 0.5 
year is 228Ra = 228Th = 230Th = 0.1 Bq l-1; 238U = 234U = 0.02 Bq l-1. 

That concentration in water could therefore cause a high activity concentration of those 
radionuclides in fish. The concentration of radionuclides estimated in fish flesh after 0.5 year 
is: 228Ra = 6.1 Bq kg-1; 228Th = 232Th = 30 Bq kg-1; 238U = 234U =0.22 Bq kg-1. Using those 
values dose for biota was assessed using the software Erica Tool. As a result can be seen that, 
for at least one organism, the screening absorbed dose rate fixed in 10 µGy h-1 is exceeded 
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(Table 8). Other institutions such as UNSCEAR, ICRP or DOE define the criteria for 
absorbed dose D = 400 µGy h-1. 

 

Table 8: Absorbed dose rate to two water organism assessed with Erica tool. 

Organism Total dose rate per organism (µGy h-1) 

Benthic fish 763 

Pelagic fish 2.3 

 

In the studied case, the result are due to the high activity concentration calculated in bottom 
sediments by the Erica tool, reaching 1840 Bq g-1 (dry weight) in the case of 232Th decay 
chain daughters. 

6.2.5. Detailed Assessment 

A detailed assessment should therefore consider a detailed survey of the surface and 
subsurface contamination, the determination of some specific parameters as radon emanation 
and diffusion coefficient, residence time of the water in the creek. 

6.2.6. Validation 

The model could be validated using real measurements of sediments and monitoring 220Rn. 

6.2.7. Conclusions 

Some remarks rose after the study: 

• The establishment of the exposure scenario is of primordial importance, especially for 
long-lived radionuclides. The exposure pathways can change with time (e.g. someone 
in the future could valorise the sediment for building materials). 

• The use of default parameters (for screening analysis) should be followed by a 
sensitivity analysis, in order to avoid misunderstandings. In this case, the sensitivity 
analysis points out the specific parameters that should be determined for the step of a 
detailed assessment. The most sensitive parameters could be included in the final 
report. 

• The exposure pathways for humans can be very different of the main exposure 
pathways for biota. Modelling for both human and biota should be considered in 
further evaluations. 
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6.3. SOEVE SITE 

6.3.1. Identifying the Problem, Site Investigation and Characterisation 

There is a potential problem in terms of exposure of humans and the environment at the Søve 
mining complex. The exposure situation as it currently stands may be in contravention of 
Norwegian regulations, as defined elsewhere (NGI, 2009). From a geographical perspective, 
three main areas can be identified from the NGI report (NGI, 2009) as constituting hazards: 

Sludge disposal site (slamdam) which resembles a floodplain and has a brook running through 
it. Mainly fine grained material (< 1mm) with the presence of some surficial slag lumps. 

Wash House soils (vaskerijord) – The top layer consists of sandy materials of explosion-
pulverised stone (from wall-rocks) and crushed concrete. Resulted from the preliminary 
covering and improvement operations conducted when the mine was decommissioned. 
Removal of this surface material results in an increase in dose-rate. 

Slag heap (slagg) - Dumped slag was covered with carbonate sands following the cessation in 
mining activity. The sand is fine-grained (with low variability in texture) and, as a result, 
exhibits little erosive resistance. There are large erosion scars at the top of the incline caused 
by running water. The surface layer is comprised of decomposing vegetation material (from 
trees) and some rubbish. 

 

Figure 41: Contaminated areas at the Søve mining site showing the 3 specified area hazards 
(from NGI, 2009). 

Once objectives have been defined, screening criteria need to be set. The following guidance 
is given in the GAM :“Screening criteria should be determined nationally, and expressed in 
practical terms, either total effective dose (or total risk), effective dose rate, or radionuclide 
concentrations in air, soil, water, sediment, etc.” In Norway, a preliminary set of values 
pertaining to the level at which material is classified as radioactive waste (and thus requiring 
consideration under the relevant regulations), have been formulated in the regulation FOR 
2010-11-01 nr 1394). 

These values (Table 9) would appear to constitute suitable screening activity concentrations 
for use in the screening assessment. 
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Table 9: Activity concentrations above which material becomes classified as radioactive 
waste in Norway.  

Screening values (Bq g-1) 

238U 226Ra 210Pb Th-nat (incl.232Th) 228Ra 228Th 

1 1 1 1 1 1 

 

An additional, alternative screening benchmark has been selected as being a 1 mSv (per year) 
reference level to a representative person and which applies to exposure situations where 
individuals receive exposures – usually planned – that may be of no direct benefit to them 
(but the exposure situation may be of benefit to society) based on the basic recommendation 
of the ICRP (ICRP 2007). For Søve, a limited number of measurements of activity 
concentration of natural decay series radionuclides have been made on samples taken from the 
site (Table 10). The risk quotient for this screening assessment is derived by simply dividing 
the measured activity by the screening benchmarks (Table 9). If this value (individually or as 
a sum over all radionuclides) exceeds 1, the screening criteria are exceeded and there is a 
requirement to progress further with a more detailed analysis. For the screening assessment 
based on measurement it would be typical to use the highest measured values to perform the 
assessment (thus ensuring conservatism). Strictly speaking this is a slight divergence from the 
GAM which recommends “A screening assessment should be carried out using a 

conservative model that simulates the major features of the site.”  Since direct measurements 
were available and it was considered appropriate to compare these data directly with 
screening activity concentrations negating the requirement for a model, strict adherence to the 
GAM was not considered essential for this step. 

Table 10: Measured activity concentration of some natural decay series radionuclides at the 
Søve site (NGI, 2009) and (IFE, 2006). 

 Activity Concentration (Bq g-1) 

Sample location 238U 226Ra 210Pb 232Th 228Ra 228Th RQ 

Wash House soils a 10.9 12.5 13.6 15.4 18.8 19.5 91 

Wash House soils b 5.2 3.3 2.7 7.7 8.7 8.3 36 

Wash House soils c 1 0.88 0.89 1 0.99 1.1 6 

Slag heap – a n.d. 5.4 n.d. n.d. 5.2 n.d. >10 

Slag heap – b n.d. 5 n.d. n.d. 5.2 n.d. >10 

Slag heap – c n.d. 0.04 n.d. n.d. 0.04 n.d. 0.08 

n.d. – not determined 
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Clearly, the sum of the RQs exceeds 1 in almost all cases. The screening criteria are not met 
and the procedure therefore needs to move on to the next step in the methodology wherein a 
more realistic (intermediate) assessment is performed. A similar simplified screening 
assessment can be performed using dose-rate criteria and measured values for ambient dose 
equivalents. The RQs derived this way also exceed unity for even quite moderate occupancy 
times. 

6.3.2. More Realistic (Intermediate) Assessment 

The GAM states that “If the results of the screening assessment (using clearly conservative 
assumptions) do not satisfy the screening criteria, then a more realistic assessment should be 
carried out.” A more detailed assessment has been attempted through the application of the 
RESRAD-Offsite model (Yu, 2009). The RESRAD-OFFSITE code provides methods for 
evaluating the radiological consequences to a receptor located onsite or outside the area of 
primary contamination. The code calculates radiological dose for the predicted radionuclide 
concentrations in the environment. An advective-dispersive groundwater transport sub-model 
has been developed to predict the transport of progeny produced in transit. 

The exposure pathways for the Søve site, which are considered to be in line with GAM 
guidance to develop a conceptual model, have been limit to: 

• External exposure from the primary contamination – exposure time (outdoor) has been 
set to 0.1 – corresponding to just over 1 month (ca 36 days) and it was assumed that 
individuals spent 0.3 years (110 days) indoors over the waste. These values have been 
selected to characterise the representative person as those individuals working in the 
building on site and might be considerer very conservative as an individual would 
need to be working +50 hours per week 52 weeks of the years to attain these levels) 

• Radon inhalation (with the same occupancy as above) 
• Ingestion of fish and crustacean from the nearby lake. 

Although data did not exist to define many of the required parameters specifically for the site, 
some parts of the problem could be specified in a site-specific manner, including the physical 
extent of the source and the position of receptors in relation to this. The input activity 
concentrations were equal to the maximum values reported for the site in NGI, 2009 and as 
reported in Table 10. In addition 210Pb activity concentrations were included in the model run 
with values equating to those of 210Po. Site specific parameters were also defined for 
hydraulic conductivity and gradient, precipitation and irrigation rate and dry grain densities. 
For all other parameters recourse was made to RESRAD- defaults. Output from the model is 
shown in Figure 42. 

In addition, models have been applied to simulate 

1. Infiltration, vertical migration and groundwater flow of contaminants and 

2. External dose-rates. 

Maps of the Søve mining site have been analysed and a transect, through the contaminated 
area selected with a view to producing a 2-dimensional bespoke model for the site. The rate 
constants between compartments in the unsaturated zone are based on information concerning 
infiltration rates, retardation coefficients (in turn derived from distributions coefficients) 
compartment depth and porosity. Rate constants between compartments in the saturated in the 
saturated zone are a function of the Darcy velocity, retardation coefficients porosity and 
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compartment size. The model has been parameterised as far as possible using site specific 
data and implemented using the model construction software ECOLEGO (Avila, 2005). 
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Figure 42: Annual committed dose-rates at the Søve site for the existing situation, modelled 
for 1000 years using RESRAD-offsite. 

No rigorous validation of this model was possible – this was simply a first attempt to explore 
the viability of developing a bespoke model for the Søve mine. Nonetheless, a simple 
comparison has been made between results from the fully developed and widely tested 
RESRAD-Offsite model and this simplified bespoke model for selected radionuclides and 
time points. At time = 1000 years, RESRAD Offsite predicts an activity concentration in the 
primary contamination (i.e. waste) of approximately 7 Bq g-1 226Ra. This compares with the 
bespoke compartmental model value of 7.3 Bq g-1  226Ra (in ‘slag heap 1’ where initial 
conditions concerning activity concentrations were assumed to be the same as those used for 
the primary contamination in the RESRAD Offsite model runs). The model outputs inform us 
is that activity concentrations in the various hazard components remain above the screening 
criteria based on activity concentrations for some radionuclides even after 1000 years in the 
case where no remediation measures are applied. 

6.3.3. Establishing Cleanup Criteria and Remediation 

GAM guidance states that “If the decision maker decides to proceed further, either on policy 
grounds or because the screening criteria are not satisfied by the detailed assessment, cleanup 
criteria for the remedial action need to be established.” The simplest approach in setting 
clean-up criteria may be to re-apply the values used for the screening assessment. This is 
consistent with the GAM where the consideration is aired that “The clean-up may be the same 
as the screening criteria” although noting that “they may also be influenced by factors other 
than purely radiological considerations, for example cost-effectiveness, or predicted land use, 
etc. In general, cleanup criteria should be chosen so as to optimise dose/risk during and after 
cleanup and/or remedial action.” Non-radiological criteria have not been included in this 
particular assessment. The clean-up criteria might therefore be to: 
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• Remove contaminated material until the (surface) soil is below the level at which 
material is regulated as radioactive waste (Table 9) 

• Reduce (committed, effective) doses to below the 1 mSv (per year) reference level to a 
representative person based on the basic recommendation of the ICRP, 2007. 

Three remediation options have been suggested in the report NGI, 2009, these being: 

• Option 1 : Null alternative – leave as is 
• Option 2: Development of a local countermeasure solution that will involve removal 

and re-disposal of the area originally allocated for the waste treatment work.  
• Option 3: Removal of radioactive waste and disposal at an approved repository. 

Option 1 has already been modelled prospectively using the RESRAD-offsite code in the 
process of applying an off the shelf model in the detailed assessment (Figure 42). The external 
exposure pathway associated with Option 2 has been explored in detail through the 
application of an external dose-rate model and the use of the highest activity concentration 
data presented in Table 10. Microshield is commercial software developed by Grove 
Engineering Inc. used mainly to analyze the shielding of gamma radiation, assessing 
personnel effective dose in different external exposure configurations. The software has been 
widely used in assessing effective doses in situations that can be easily reduced to simple 
geometries, what takes into account a great variety of real or hypothetical cases (e.g. Jong, 
2008). The use of a cover of uncontaminated soil was studied using Microshield and 
considering several cover thickness, from 1 to 100 cm, obtaining the results presented in the 
Figure 43 for the decrease in effective dose equivalent. 
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Figure 43: Influence of the thickness of a cover of clean soil to the external exposure in terms 
or effective dose equivalent rate. 
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Applying approximately 50 cm of topsoil has the effect of reducing the effective dose 
equivalent by a factor of approximately 100, i.e. the exposure level arising from waste will be 
reduced to approximately 1 % of the level without shielding to a value of around 0.1 µSv h-1. 
At these dose rates, the clean-up criteria would be met even using extremely pessimistic 
occupancy factors. Nonetheless, this assessment provides no insight into the long-term 
exposure situation where erosion of the shielding layers of top soil could lead to substantially 
increased exposure rates in the future.   

The last option (remediation involving removal and disposal) has been modified slightly so 
that it involves reducing the contamination source to the benchmark activity concentration 
presented above (Table 9), i.e. all activity concentrations = 1 Bq g-1, and then using the land 
for agricultural production (the feasibility of which has not been evaluated) – with all 
available exposure pathways ‘open’. A nominal cover of 0.1m of clean soil has been used in 
line with the ‘existing situation’ set up. The modelling results, from the application of 
RESRAD-Offsite, are given in Figure 44. 
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Figure 44: Doses for Scenario exploring remediation option 3: Removal of radioactive waste 
to a level below the screening benchmark and opening of land to agricultural use. 

The results from modelling this scenario are interesting as they show that theoretically the 
dose-rates still might exceed 1 mSv year to a critical group owing largely to a component 
from radon but significantly also to contributions arising from drinking contaminated water 
(assumed that there is an extraction well near to the site), ingestion of crops and direct 
external exposures. It would seem imperative therefore to define the post-remediation use of 
the land so that appropriate exposure pathways can be scrutinized and secondary checks made 
on predicted prospective dose against established dose criteria. 
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6.4. THE FORMER ATOMIC WEAPONS TEST SITE AT MARALINGA 

6.4.1. Identification of the Problem 

A series of nuclear weapons tests was conducted in Australia, from 1952 to 1963. The first 
weapons test was conducted at the Monte Bello islands, off the North West coast of Western 
Australia. In 1953, two atomic explosions were conducted at Emu in South Australia. In 1956 
two more tests were conducted at the Monte Bello islands, and from 1956 to 1957 a series of 
seven atomic tests was conducted at Maralinga, in South Australia (see Figure 45). 

Most of the contamination that resulted from these tests (apart from fallout) was in the form 
of contaminated vehicles and aircraft that were placed in the test areas to study the effects of 
the atomic blast on military equipment. 

From 1957 to 1963 hundreds of trials of triggering devices were also conducted at Maralinga. 
These so-called “minor trials” contaminated the environment with plutonium and other 
radioactive debris (fragments of contaminated equipment).  

 

Figure 45: Map showing the location of the Maralinga and Emu test sites in South Australia. 

In 1966 the British conducted the first cleanup – operation “Brumby”. This consisted of 
ploughing the surface material into wind rows, with the aim of burying the plutonium. This 
was supposed to have restored the site to a condition where it could be returned to the 
traditional owners, the Maralinga Tjarutja people. 
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6.4.2. Screening Criteria and Assessment 

Measurement surveys by the Australian Radiation Laboratory (ARL) during 1984 and 1985 
indicated that contamination levels were significantly higher than previously reported. While 
not explicitly stated as part of the investigation, the screening criteria were taken to be the 
objectives of operation “Brumby”, so it was clear from the ARL survey that the screening 
criteria were not met. 

6.4.3. Site Characterisation and Investigation 

In 1986, a technical assessment group (TAG) was set up by the Australian government to 
oversee further technical studies of the site and to advice on rehabilitation options. More 
detailed studies in the late 1980’s showed extensive surface contamination by plutonium, in 
well-defined “plumes” corresponding to the wind direction at the time of each minor trial, at 
two sites known as Taranaki and TM. 

The plumes at the Taranaki site are shown in Figure 46. 

 

 

Figure 46: The location and directions of the contaminated areas at the Taranaki test area. The 
TM site is approximately 10 km ESE of Taranaki; the extent of contaminated at TM is much 
smaller than at Taranaki, but the same well-defined plume distribution occurs at both sites. 
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A systematic program of measurements showed that most of the contamination was still 
within 10-20 cm of the surface (probably due to the low rainfall) and consisted of three 
components: 

• Fragments of plutonium-contaminated debris (visibly identifiable) 
• Finely divided material (potentially inhalable), consisting of grains of plutonium oxide 

or contaminated soil - more or less uniformly distributed 
• Sub-millimetre “hot” particles of soil or other material, randomly distributed 

Many of the visibly identifiable fragments had already been placed in 22 burial pits which 
were capped with concrete. 

6.4.4. Site Characterisation 

A systematic program of measurements showed that most of the contamination was still 
within 10-20 cm of the surface (low rainfall) and consisted of three components: 

• Fragments of plutonium-contaminated debris (visibly identifiable) 
• Finely divided material (potentially inhalable), consisting of grains of plutonium oxide 

or contaminated soil - more or less uniformly distributed 
• Sub-millimetre “hot” particles of soil or other material, randomly distributed 

Many of the fragments had already been placed in 22 burial pits which were capped with 
concrete. 

The plumes at the Taranaki site are shown in Figure 46. 

The Maralinga area is characterised by limestone (karst), with extensive underground cave 
networks. Vegetation is mostly desert grasses, scrub and small trees (mostly eucalypt and 
acacia). Rainfall is approximately 100 mm per year, but is highly irregular. With few 
exceptions, the ground water is not potable. The traditional owners of the land (the Maralinga 
Tjarutja people) lead a semi-nomadic lifestyle, camping for extended periods (days to weeks) 
in the area. 

6.4.5. Definition of Objectives 

In 1993 the Maralinga Technical Assessment Committee (MARTAC) was established to 
evaluate the risks and determine acceptable cleanup criteria – this committee included experts 
from Australia, the USA and Great Britain. 

6.4.6. Intermediate Assessment 

The initial MARTAC assessment established that the group most at risk would be indigenous 
people passing through and camping and possibly hunting on the site. The risk assessment 
was based on a study of the diet, habits, etc., of these people (stakeholder consultation). The 
exposure pathway of greatest concern was found to be inhalation of dust by children playing 
around camp sites. 

This assessment also indicated that the screening criteria were not met. 
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6.4.7. Establish Cleanup Criteria 

MARTAC established that the area would need to be remediated to a level at which residual 
contamination would result in a maximum dose of 5 mSv per year to an individual, for full-
time occupancy by indigenous people living an outstation lifestyle (camping). This dose 
constraint corresponds to a risk of fatal cancer of 1 in 10,000 by the 50th year of life. 

A detailed dose assessment was carried out to establish the cleanup criteria that would 
enable the 5 mSv dose constraint to be met. The cleanup criteria derived from this assessment 
were: 

•  A maximum concentration of plutonium per square metre in finely divided material; 
•  A maximum number of particles per square metre; 
•  Visible fragments to be collected and treated. 

6.4.8. Remediation Work 

The remediation work was carried out in several steps: 

•  The extent of the area(s) to be remediated was determined from the detailed survey 
measurements; 

•  Trees and bushes were removed – seeds (grasses, trees, bushes) were collected, 
catalogued and stored for later replanting; 

•  The top 10-20 cm of soil was removed by scraping; 
•  This material was placed in large burial pits and covered with 5 m of clean soil; 
•  11 of the burial pits were treated by in-situ vitrification (ISV); 
•  Due to a major accident, which severely damaged the ISV equipment, material from the 

remaining burial pits was exhumed and placed in a single large burial pit, which was 
then capped. 

6.4.9. Radiation Protection Issues During the Cleanup 

The main radiological issue during the cleanup was inhalation of plutonium attached to 
airborne dust particles. This necessitated dust suppression procedures – dust suppression was 
achieved by spraying water on the haulage routes (the roadways used for transporting the 
removed soil to the burial pits). 

A strict health physics and occupational hygiene regime was applied to all personnel working 
in the contaminated areas to minimise the probability of inhalation or ingestion of 
contaminated material. 

Vehicles and personnel were checked (for surface contamination) before being allowed to 
leave contaminated areas to minimise transfer of contamination. 

6.4.10. Verification 

As soon as an area had been scraped, measurements were made to check whether the cleanup 
criteria had been met. Two measurement systems were built by ARL in the early 90’s, 
corresponding to the need to verify the two main cleanup criteria (average plutonium 
concentration per square metre, and number of particles per square metre). These systems 
were computer controlled and mounted on vehicles as shown in Figure 47 and Figure 48. 
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Figure 47: The purpose built system used for testing the area density of finely divided 
contamination. 

The linked image cannot be displayed.  The file may have been moved, renamed, or deleted. Verify that the link points to the correct file and location.

 

Figure 48: The system used for measuring the number of particles per square metre. 
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Where it was found that the cleanup criteria were not met, extra scraping was carried out, and 
the checks repeated. 

In addition, measurements of plutonium in suspended dust were made to check that the 
airborne concentrations of plutonium were at acceptable levels. These measurements were 
carried out by personnel from Lawrence Livermore National Laboratory (LLNL) in the US 
and ARL using equipment from LLNL. 

6.4.11. Was The Cleanup Successful? 

A post-cleanup assessment based on the verification measurements suggested that the 
estimated doses after remediation were a factor of approximately 5 lower than the doses on 
which the cleanup criteria were based. 

The procedures developed and used at Maralinga have been used and/or adapted for similar 
situations in other countries 

6.4.12. Summary 

The procedures used at Maralinga were developed well before any attempt was made to 
develop a formal methodology for dealing with remediation of legacy sites. However, the 
main features (identification of the problem, site characterisation, screening assessment, 
detailed assessment and development of cleanup criteria based on stakeholder input, and 
verification) are consistent with the General Assessment Methodology. 
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6.5. TESSENDERLO CaF2 SLUDGES DUMPSITE 

This company and the corresponding sites have been described in the chapter “Site 
description”. For the application of GAM, we will focus on the currently in exploitation 
“Veldhoven” landfill where about 2 millions tons of calcium fluoride sludge resulting from 
the processing of sedimentary phosphate ores have been dumped.  

6.5.1. Identification of the Problem 

The Belgian radiation protection regulations explicitly lists several work activities involving 
naturally occurring radioactive materials, which may be of concern from radiation protection 
point of view. Phosphate ores processing is one of these work activities. Each company 
belonging to the phosphate sector must - according to the regulations - submit a notification to 
the radiation protection authority. This notification should allow the authority to identify 
possible risks of exposure for the workers and the public, both within the production 
operations as within the treatment of the residues. The operator of the site of Tessenderlo has 
fulfilled its obligations to submit a notification. This notification provides the necessary 
information to identify the risk of exposure.   

Moreover, the Geological Service of Belgium had carried out in the 1990s an aerial gamma 
spectrometry survey of the whole Belgian territory. This survey showed clearly the (current or 
former) industrial landfills of the phosphate industry as presenting an elevated level of 
radioactivity compared to the local background – among others the landfills in Tessenderlo 
(both the landfill in operation as a few other disused landfills.  

6.5.2. Site Investigation and Characterization  

Most of the data regarding the site were directly provided by the operator through its 
notification to the authority. They are described in detail in Appendix 1. Here is a short 
summary:  

• Till 1995, 226Ra concentration in the CaF2 sludge was about 3.5 Bq g-1. At this date, the 
process of co-precipitation of radium in the waste water was applied which led to an 
increase of the 226Ra concentration in the residual sludge up to ~ 11 Bq g-1.  

• External dose-rate at the surface of the dumpsite may reach 2.5 µSv h-1.  
• Outdoor radon concentration is monitored on and around the landfill. Annual average 

values up to 160 Bq m-3 have been recorded.  

6.5.3. Screening Assessment 

Several screening criteria may be used in such a case. Belgian recommendations with respect 
to NORM residues management (currently under development) propose a screening level of 
0.2 Bq g-1 for the average concentration activity on the whole volume of a landfill where 
NORM residues are disposed. If this average level of activity concentration is exceeded, a 
site-specific risk-assessment must be carried out.  

Other screening criteria may be based on the radon concentration. The recent WHO 
recommendations (WHO, 2009) propose a reference level of 100 Bq m-3 for indoor radon 
concentration.  
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Both screening levels are clearly exceeded in this case. Note that there is not yet any modeling 
necessary at this stage. The conclusion comes straightforwardly from the measurements. 

6.5.4. More Realistic Assessment  

A radiological assessment for this site has been performed in the framework of the CARE 
report of the European Commission (Vandenhove et al, 1999). Two exposure scenarios were 
considered in this report: 

A normal evolution scenario (farmers residing and working close to the site), which lead to a 
dose to the reference-person of ~ 0.5 mSv y-1. 

An intrusion scenario (living in dwellings built on site), which – according to the assumptions 
of the report - leads to a dose to the reference-person of 357 mSv y-1 (essentially from 
exposure to radon) 

At this stage, the decision criteria will be an effective dose (E) criteria. In Belgium, following 
intervention levels (expressed as incremental dose with respect to natural background) are 
recommended by the radiation protection authority:  

E < 0.3 mSv y-1
⇒ no intervention; 

0.3 mSv y-1 < E < 1 mSv y-1 ⇒ intervention rarely justified; 

1 mSv y-1 < E < 3 mSv y-1 
⇒ intervention generally justified; 

E > 3 mSv y-1 ⇒ intervention always justified. 

Moreover, setting intervention levels is only meaningful in combination with exposure 
scenarios. One must specify if these levels applied only to the current impact of the site or if 
they should also apply to possible future impact, taking into account the evolution of the site, 
especially the evolution of the use of the site. In Belgium, the regulator recommends to 
consider at least three exposure scenarios in the dose-assessment: 

• A scenario which corresponds to the current use of the site; 
• A worst-case scenario; it is the scenario which leads to the highest exposure (typically 

an intrusion scenario such as construction of dwellings on site); 
• A “likely” scenario which corresponds to a likely evolution in the use of the site (for 

example, development of new industrial activities). 

For the site considered here, the intervention level of 3 mSv y-1 is largely exceeded for the 
intrusion scenario. Note that an intervention does not necessarily involve remediation works. 
In some cases, it may be sufficient to impose restrictions on the use of the site in order to 
prevent the realization of the intrusion scenario. But both for remediation works and for 
restrictions on the use of the site, a regulatory action will be needed.  

6.5.5. Detailed Assessment and Remediation 

As this site is still in exploitation, a detailed assessment and the remediation of the site is not 
yet at the agenda. A remediation in accordance with (non radiation protection) environmental 
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regulations is anyway foreseen after the end of the exploitation. It is not yet decided whether 
radiation protection aspects will lead to additional constraints on the remediation.  

6.6. THE FORMER RADIUM PRODUCTION FACILITY OF OLEN 

The town of Olen hosts a metallurgical company, which was active in the extraction of 
radium and production of radium sources between 1922 till 1969. A complete description of 
the various legacies from this radium production is given in the chapter on site description. 
For the GAM application, we will essentially focus on the not yet remediated dumpsite D1 
and on some remediation works performed on the banks of the nearby river.  

6.6.1. Identification 

Historical records make obvious the identification of the existence of a radium contamination 
on the former dumpsites. Some patchy contamination has also been found in the neighboring 
streets. This is due to the past practice of using production residues as basement material in 
road construction. As there are no historical records for this practice, the resulting patchy 
contamination may only be identified through on-field measurements.   

6.6.2. Screening Assessment 

The average 226Ra concentration in the D1 dump amounts to ~20 Bq g-1. Outdoor radon 
measurements at the surface of the dump may reach 1000 Bq m-3. As in the case of 
Tessenderlo, it is obvious that such values required further investigation.  

6.6.3. More Realistic Assessment 

The dose-impact of the D1 dump has been calculated in a study performed by the Belgian 
Nuclear Study Centre (SCK-CEN) (Vanmarcke, 1997). The normal evolution scenario (no 
major changes in the use of the dumpsite and of the surrounding areas) leads to a dose of ~ 2 
mSv y-1 (almost completely due to radon – the dose due to groundwater contamination was 
negligible) and two intrusion scenarios (construction scenario on site, residential scenario on 
site). For the scenario “living in a house built on-site”, the dose was evaluated to 56 mSv 
(with radon again as the dominant contributor: 44 mSv y-1, external radiation: 6.5 mSv y-1, 
consumption of vegetables grown on site: 5 mSv y-1).  

6.6.4. Detailed Assessment and Clean-Up  

The authorities have asked for a global remediation solution where the radiological impact of 
the various legacies of the radium production is taken into account. The remediation of the D1 
dump has still to be done but remediation works have already been performed for the banks of 
the nearby river (Bankloop). During the radium production period, the waste waters from the 
radium production facility were discharged in this river, which led to a contamination of the 
sediments and, as a consequence of dredging, to a contamination of the banks of the river.   

During the clean-up of these banks which took place between 2006 and 2008, the following 
operational clean-up criteria were established in order to guide the excavation works; it 
combines dose-rate measurement and activity concentration measurement: 

First, the dose rate is measured. If the value of the dose rate is lower than 0.2 µSv h-1 (which 
corresponds to ~ 2 times the local background), no further excavation has to be performed.  
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If the dose-rate is larger than 0.2 µSv h-1, 226Ra activity concentration will be measured. If the 
activity concentration at a depth inferior (resp. superior) to 1 m is below 0.5 Bq g-1 (resp. 1 Bq 
g-1), no further excavation is necessary. If these values of activity concentration are exceeded, 
the soil has to be dug out and carried to a specific disposal site. 
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7. MODEL-MODEL INTERCOMPARISON 

Model-model intercomparisons were carried out for two sites. The first was the Gela site, 
which was discussed in Section 6.1 in terms of the General Assessment Methodology. The 
second site was the Bellezane site, which is situated near Limoges in the Limousin region of 
central France. The Gela intercomparison is discussed in Section 7.1, and the Bellezane 
intercomparison is discussed in Section 7.2. 

7.1. GELA SITE 

7.1.1. Description of the site 

The Gela site was described in Section 6.1. For convenience, the layout of the site and the 
locations of groundwater sampling points are shown again in Figure 49. 

 

Figure 49: Phosphogypsum stack in Gela site and sampling point locations. 
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Figure 50: Scheme of the barriers for the containment of the leachates from the 
phosphogypsum stack. 

The details of the retaining wall and the natural barriers at the site are shown in chapter 6.1. 
The input data for the modelling exercise were presented in Section 6.1.3. 

7.1.2. Objectives of the model-model intercomparison 

The objective of this intercomparison was to discuss any significant differences between the 
predictions of the different modeling packages, in terms of the different approaches used. 

The modelling processes were discussed in Section 6.1. The model-model intercomparison 
for the different stages of the assessment process is discussed in the following sections. 

7.1.3. Screening Criteria 

As noted in Section 6.1.4, the recommended exemption level for 40K is 10000 Bq kg-1 while 
for the rest of the radionuclides from the natural decay chains the value is 1000 Bq kg-1.  

In Section 6.1.4, it was suggested that a dose level of 0.3 mSv a-1 for the natural radioisotopes 
was considered acceptable as a screening criterion. It was also noted that the annual effective 
dose limit (1 mSv a-1 according to the IAEA Basic Safety Standards (IAEA, 1996) or the new 
ICRP recommendations (ICRP, 2007)) could be proposed as a screening criterion. 

7.1.4. Screening Assessment 

A screening assessment is designed to result in a very conservative value.  

A hand evaluation and four modelling packages (DandD 2.1.0, RESRAD (onsite), RESRAD-
OFFSITE, and ReClaim v3.0.) were used for the screening assessment calculations. The 
details of the calculations were presented in Section 6.1.5. 

All the screening calculations were performed using the default values for the parameters used 
in the different packages. For screening purposes, a rural residential scenario was considered, 
where all the food ingested by the representative individual is grown directly on the stack. No 
remedial options were considered 

A handmade evaluation was made for an extremely conservative case. The dose in this case 
was estimated using a simple formula, as described in Section 6.1.5. 

The results (total doses only) for the screening calculations are presented in Table 11. 

Table 11: Results of the screening calculations. 

Modelling 
package 

Hand 
calculation 

DandD 2.1.0 RESRAD RESRAD-
OFFSITE 

ReClaim v3.0 

Total (mSv a-1) 1.92 5.7 9  0.38 

Screening level 0.3 0.3 0.3 0.3 0.3 

The lowest result was predicted by the ReClaim methodology. However, as noted in Section 
6.1.5 the ReClaim calculations only considered the impact due to radium in soil. This is not 
consistent with the idea stated earlier that a screening assessment should be conservative. In 
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addition, the hand calculation, which considered only the ingestion of vegetables grown on 
the contaminated site, gave a higher predicted dose than ReClaim. This suggests that both the 
hand calculation and the ReClaim calculation are not conservative, and the predictions from 
these calculations should be used with caution. 

The two detailed software packages (Dand D version 2.1.0, and RESRAD) gave results which 
differed by a factor of two from each other, but were significantly higher than the hand 
calculation and the ReClaim Prediction. The reasons for the difference between the two sets 
of predictions are not understood. However, considering the uncertainties inherent in this type 
of calculation, this can be considered to be reasonable agreement. 

7.1.5. Intermediate Assessment 

The intermediate assessments were carried out as described in Section 6.1.6. 

The basis for these assessments was the reported remediation that was carried out, as 
described in Section 6.1.8. This included a plastic capping and several metres of clean soil 
covering the stack. 

  

The integrity of the plastic liner was included in the assessments by including or excluding 
the radon inhalation pathway. For considering the required thickness of clean soil, both codes 
were used. The details (and results) of the calculations were given in Section 6.1.8. 

The MICROSHIELD package was used to estimate the external dose rate as a function of 
cover thickness. The results were shown in Figure 27 in Section 6.1.6. The MICROSHIELD 
predictions were confirmed using RESRAD for a cover thickness of 2 metres. 

Another calculation was carried out with RESRAD, using the default values included in the 
code and considering all the exposure pathways (external exposure, inhalation, soil ingestion, 
vegetable ingestion, radon and drinking water) in a residential scenario, without any 
remediation, and assuming that 50% of the food ingested by the representative individual was 
produced on the site. 

The HYDRUS-2D package was used to calculate the migration of water from the waste into 
the environment. The radium concentration in well water was estimated by using both 
HYDRUS-2D and RESRAD. 

Although there were differences in the results of the calculations from the different modelling 
packages for individual pathways, and the assumptions were different in some cases, all the 
calculations led to the conclusion that without the retaining wall, plastic liner and cover in 
place the site would not meet the screening criteria, and that with the retaining wall, plastic 
liner and cover in place the site might be suitable for recreational or industrial use. 

7.1.6. Detailed Assessment 

Using the GAM, a detailed assessment is needed in those cases where the predictions of the 
intermediate assessment exceed the screening criteria. 
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In this case the detailed assessment focussed on the effect of the remediation measures that 
had already been implemented at the site. In particular, the assessment considered factors such 
as: 

1.  The possible decrease in the integrity of the plastic liner with time; and 

2. The effectiveness of the retaining wall (with time) in reducing leaching; and 

3. The ingress of rainwater to the phosphogypsum stack. 

Two model packages (MICROSHIELD and RESRAD-OFFSITE) were used for this work. 
The calculations assumed residential scenarios both above and at the edge of the 
phosphogypsum stack. 

The results for both models presented in Section 6.1.8 showed that, for both residential 
scenarios, the effective dose to the representative individual would be of concern after several 
hundred years. The results also showed that, if the land were to be released for other uses (e.g. 
recreational or industrial use), the reduction in the occupancy factor would significantly 
reduce the doses. The projected solar plant or other uses such as an athletics track, would 
produce this result. 

The results of the calculations (both models) also confirmed that, with the retaining wall in 
place, the off-site doses are likely to remain very low well beyond the projected institutional 
control period. 

7.2. Bellezane 

7.2.1. General description 

The Bellezane site is part of the Crouzille Mine Division and includes 4 tailings repositories 
(see Figure 51 and Figure 52). It is situated in the catchment area of the Gartempe river and 
located about 2 km south-east of Bessines-sur-Gartempe, a village near Limoges in the French 
department “Haute-Vienne” (Limousin region). 

The current property owner of the Bellezane site is AREVA (formerly COGEMA), the 
mining operator which carried out the remediation works a few years ago. AREVA is 
currently responsible for the environmental surveillance on and in the vicinity of this site. 
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Haute-Vienne department  

(40 % of the French production) 

Tonnes of U produced 

Crouzille Mine Division : 
- 24 mining sites 

- 4 tailings repositories (including the one of Bellezane) 
 

 

Figure 51: Location of the Bellezane site in France. 
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Figure 52: Layout of the Bellezane site showing the 4 tailings repositories (Lavaugrasse, Le 
Brugeaud, Bellezane and Montmassacrot) within the Crouzille Mine Division. 

7.2.1.1.Nature and extent of mining works, historic landmarks 

Mining 

The mining works in Bellezane started in March 1975, and stopped in January 1992 because 
of resource depletion. Ore extraction consisted both in open pit mining (referred to as MCO) 
and underground mining works (referred to as TMS). 

Open pit mining 

The different open pit mining phases are the following: 

• First part of MCO 105: 1976; 
• MCO 70: 1976-1978; 
• MCO 201, 420 and first part of MCO 122: 1984-1985; 
• MCO 71: 1985-1986; 
• MCO 68 and second part of MCO 105: 1984-1990; 
• Second part of MCO 122: 1989- 1990. 
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Underground mining 

The underground mining works were carried out from 1975 to 1992 mainly below the MCO 
105 and the MCO 201, on 7 stages from the level 360 m NGF5 to the level 56 m NGF. 

They were connected by about 25 km of tunnels and winzes, the main entrances were 2 
tunnels leading to the pithead and the central shaft: 

• Tunnel B100 for the level 360 m; 
• Winze BD200 for the level 315 m and lower; 
• Operational central shaft dug in 1984 from the level 423.4 m to the level 56.9 m. 

The situation of MCOs and TMSs mentioned above are shown on the following Figure 53. 

 

Figure 53: Location of MCOs and first stage tunnels of TMSs in the Bellezane 
site. In yellow: waste rock dumps and landscaped areas; in orange: tailings 
repository covered by a layer made of waste rock. 

 

Table 12 presents the amount of ore mined in Bellezane, and the corresponding amount of 
uranium produced by milling on heap leaching. 

                                                

 

5 NGF is the French acronym for General Levelling of France 
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Table 12: Amount of ore mined in Bellezane and corresponding amount of uranium produced 

Origin Ore mined (t) Uranium produced (kg) 

TMS 
1 237 286 

109 177 

2 617 324 

46 814 

MCO 
799 061 

687 569 

1 167 290 

221 777 

Total 2 833 093 4 053 205 

 

Mining activities both in MCOs and TMSs generated respectively 18 378 775 and 
2 194 687 tonnes of raw materials (ore and waste rock). Ore was milled in a nearby facility 
(SIMO6) by dynamic or heap leaching depending on the uranium content. MCO 105-68 
represents the most important open pit on the Bellezane site, with 75% of the ore mined from 
all the MCOs on this site. 

Tailings repository 

The tailings repository of Bellezane hosted the tailings coming from the SIMO milling 
facility, located at Bessines-sur-Gartempe. Tailings produced by dynamic treatment were 
disposed of in the MCO 68 from 1989 to 1990, then in the MCO 105 from 1990 to 1993, 
consecutively to the decommissioning of the SIMO milling facility during the second 
semester of 1993. MCO 105 also received heap leaching residues. More than 97% of the 
tailings disposed of in Bellezane are however tailings produced by dynamic treatment. They 
contain the most concentrated part of Ra-226: 32 000 Bq kg-1 on average, as against 
14 000 Bq kg-1 on average for heap leaching residues. This repository contains a total of 
1 513 591 tonnes of fine particle-sized tailings in the MCO 105-68 and 42 029 tonnes of heap 
leaching residues in the pit 105. 

It is to be noticed that this repository is regulated by the French regulation for authorized 
installation.  

Remediation 

The remediation works consisted of: 

• Backfilling the works connecting bottom and top; 
• Backfillingthe pits 70-71-201-120-420-122; 
• Covering the tailings disposed of in pit 68-105 with 250 000 m3 of waste rock. 

                                                

 

6 Subsidiary of COGEMA, at that time; this subsidiary does not exist anymore since the closure of all the 
uranium mines in France 
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Management of water flows: 

• Drainage on site; 
• Water treatment plant with settling basins. 

Treatment products currently used are: 

• barium chloride to precipitate radium with sulphate ions; 
• lye to adjust pH and aluminium sulphate to precipitate iron and for uranium fixation on 

hydroxides; 
• flocculant (aluminium polyhydroxychlorosulphate) to increase settling processes. 

This water treatment facility comprises 3 settling basins serially connected. 

Creation of a disposal cell for sludge and sediment on MCO 105-68 

By a prefectural decree dated August 2006, AREVA was allowed to dispose of in a dedicated 
cell, created in the southern part of the tailings repository, sludge from the dredging of the 
water treatment facility and sediments from the dredging of different ponds located in the 
surroundings. Its capacity was set to 42 000 m3 of dry matter. Flow of draining water is piped 
by 2 different drains toward tunnel B100. 

 

Figure 54: Picture of the Bellezane site after remediation (nowadays). 

7.2.1.2. Design and principles considered for the tailings repository 

Principles considered during the design phase of the tailings repository are presented in an 
license application by AREVA (COGEMA at that time) in 1987. This project of a repository 
containing tailings from the SIMO milling facility on the management of potential impacts 
resulting from the repository is based on the collection and treatment of water flows likely to 
be in contact with tailings, and on the implementation of a cover above the tailings. 
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Amount of tailings and features 

Tailings produced by dynamic treatment in the SIMO milling facility 

Ore (uraninite, pitchblende) was milled in the SIMO facility (which came from all the mines 
in the Limousin region). The treatment in the milling facility was carried out for ore 
containing more than 0.6‰ of uranium. For less rich ore, the treatment consisted of in situ 
leaching.  

Treatment principle and production of tailings 

Ore were crushed and pounded in a pulp whose size is lower than 450 microns. This pulp was 
then attacked by sulphuric acid at 65°C in the presence of sodium chlorate as an oxidizer (to 
ease the reaction leading uranium to a more soluble state). At that stage, filtrate was led to 
uranium treatment, tailings were washed and sent to the retention basin. 

Uranium from uraniferous liquid was extracted by a solvent, then by ammonium sulphate; the 
solution obtained was neutralized by ammonia; the final concentrated solution is ammonium 
diuranate which contains 75% of uranium. Treatment discharges were neutralized and 
precipitated by lime and calcium carbonate (limestone); tailings produced after neutralization 
were gathered together with tailings produced after acid attacks, and sludge from water 
treatment before discharge. 

A part of the sandy fraction of the tailings produced were used as backfilling materials for 
tunnels during exploitation. This fraction whose size is higher than 150 microns was obtained 
by cyclonic separation. It represents about 30% of the total mass of solid residues. 

Fine particle-size fraction represents the fraction below 150 microns; tailings not been 
separated by cyclones together with fine part are disposed of after spin-drying in open pit 
mine or remediated basin. Tailings coming from the SIMO milling facility were successively 
distributed over the 4 nearby repositories. 

Characteristics of tailings 

Considering the efficiency of the whole mining and milling process, tailings produced by 
dynamic treatment contain only 5% of their initial uranium content. As regards heap leaching, 
the mining efficiency is lower (from 50 to 80%) and the residues contain a more important 
fraction of the initial ore uranium content. 

Taking into account differences between initial content in ore milled by the SIMO facility by 
dynamic treatment or heap leaching, and mining efficiency of these 2 types of treatment, 
residual uranium contentrations ranges from 50 to 300 ppm in both cases (cf. Table 13 and 
Table 14). 

Radiological characteristics of the tailings can be represented by data obtained on some core 
samples taken in 1993-1994 on Le Brugeaud repository. Gamma spectrometric analysis of 39 
strata from one core sample (50 m deep) provided the following mean values (Table 13). 

Table 13: Le Brugeaud tailings − Mean values measured on 39 strata (Bq kg-1 dw) and range 
of variation 

U-238 U-234* Th-230 Ra-226 Pb-210 
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1 188 

(448-1961) 

860 

(375-1 100) 

13 329 

(1 547-30 380) 

12 703 

(1 500-28 140) 

14 182 

(1 505-29 830) 

*U-234: measurements on 11 strata 

After a particle size analysis, it appears that the fine particle-sized fraction contains the largest 
amount of radionuclides (measurements on Ra-226). Ra-226 activity in the coarse particle-
sized sand fraction (> 150 microns) is estimated to 2 500 Bq kg-1 dw. This is consistent with 
the results presented in Table 144. 

Table 14: Particle size analysis on 6 tailings samples whose Ra-226 activity is very contrasted 

Ra-226 (Bq kg-1 dw)  
in different strata 

Particle size < 200 microns (%) Particle size > 200 microns (%) 

28 140 97.3 2.7 

23 940 97.4 2.6 

20 410 94.1 5.9 

5 661 73.4 24.7 

4 850 67.5 32.5 

4 317 38.6 61.1 

These results are also consistent with other studies, which point out in particular: 

• the particle-size fraction lower than 150 microns is made of clayey minerals, sulphates 
(essentially gypsum and barite), and iron and aluminium hydroxides, and concentrate 
more than 80% of the residual radioactivity; 

• the sandy fraction (from 150 to 450 microns), whose chemical composition is similar to 
the host rock, has a significantly lower activity than in the fine particle-size fraction. 

A chemical analysis has been performed on 5 samples from the core samples taken in 1993-
1994. It has shown the presence of the compounds mentioned in Table 155. 

Table 15: Chemical composition of tailings measured in samples taken from Le Brugeaud 
repository. 

Cations 
Dry matter content (% or 
ppm) 

Trace elements Dry matter content (ppm) 

Sulphates 3.24 to 11.71 % Pb, Bi, Ba, Zn, Mn 100 to 500 

Phosphates 0.304 to 0.707 % Cu, Ni, Sn, V, W, Y 10 to 40 

Carbonates 0.11 to 0.85 % Cd, Co, Ge, Mo, Sb, Se < 10 

Nitrates 5 to 88 ppm  

 



 

 
 133 

These data confirm that the chemical composition of tailings includes chemical precipitates 
related to treatment, but stays mainly similar to ore and host rock. Table 1616 presents the 
chemical composition of the tailings. 

Table 16: The chemical composition of the tailings. 

Oxides and elements Dry matter mass (% or ppm) 

SiO2+Al2O3 65 to 90 % 

CaO+Na2O+K2O+Fe2O3+P2O5+MgO 10 to 35 % 

Uranium 70 to 280 ppm 

Thorium about 20 ppm 

Radium 0.0006 to 0.003 ppm 

Pb, Zn, Cu, Ni, Co, Ag, Bi... Trace elements 

 

From a mineralogical point of view, tailings from acid treatment carried out in the SIMO 
milling facility are made up of: 

• more than 90% of mineral solid phases inherited from the granitic ore chemically 
resistant to treatment; they are composed of quartz, feldspar, mica, sulphide, clay from 
chemical weathering; 

• from 1.5 to 8% of newly formed minerals arising from the implementation of acid 
treatment on ore and from effluent treatment before discharge (gypsum, barite, iron 
sulphates, iron and aluminium hydroxides…): they represent a bond between inherited 
minerals and contain from 30 to 90% of the activity of the residual uranium. 

Leaching tests on tailings 

As regards the chemical characteristics of leachates, tests were performed on the core tailings 
samples taken on Le Brugeaud repository. These tests were carried out using distilled water 
saturated in carbon dioxide as solvent, and air to simulate rainwater. The ratio liquid/solid was 
equal to 10, and the test lasted 18 hours. The observations from these tests are the following: 

• pH in leachates was between 6.7 and 7.3, whereas at the end of belt filter presses in the 
SIMO milling facility pH in leachates was more acid, about 5.5; 

• about 1% of the Ra-226 was leached after 3 successive contacts, proportion for barium 
and uranium was lower than 1%; 

• calcium sulphate and magnesium sulphate were present in large amounts: after 10 
successive leaching, calcium sulphate was leached from the sixth extract, radium and 
barium then decayed within solutions; 

• sodium and chlorides were present in a lower proportion and were leached from the 
second extract; and 

• heavy metals were not detected, they were very little extracted. 
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Other studies have shown the predominance of Ca, Mg and SO4 in the water flows of 
Bessines-sur-Gartempe, and pointed out that calcium and magnesium are strongly correlated 
to SO4; fluid composition is mostly controlled by the nature of newly formed phases and not 
by the main mineral phases. Gypsum controls Mg, Ca and SO4 behaviour; silicates control Si, 
Al and K behaviour. A study on another repository located in Vendée region have shown as 
well that distilled water extracts 0.3 to 0.6% of Ra-226 and 34 to 47% of gypsum. 

Successive extractions performed with different reagents enable to trace the different phases 
containing Ra-226: 

• total dissolution of gypsum releases from 10 to 20% of Ra-226 within tailings; 
• dissolution of amorphous phases of iron, manganese and aluminium, but also pyrite 

releases the largest amount of radium and uranium; 
• dissolution of barite, iron and manganese oxides, or even phosphate oxides releases 

another large amount of Ra-226; and 
• silicate fraction, which represents 60 to 70% of the tailings mass, only contains from 3 

to 7% of radium and 7% of uranium. 

These results confirm that radioactivity of the sands after cyclonic separation, mainly 
composed of the silicate fraction, is much lower than the radioactivity in the fine particle-
sized tailings. 

Under the current conditions of pH and redox potential of tailings, gypsum controls the 
activity of Ra-226 in pore water. Some leaching tests were performed by COGEMA between 
1994 and 1995 on sludge from the water treatment facility of the Bellezane site, and came to 
the same conclusion for Ra-226, i.e. amounts discharged by water are low. 

Comparison of the tailings and waste rock radiological composition 

To compare the activity of tailings disposed of on site with the activity of waste rock in 
dumps, an estimation of radium and uranium content in different products has been made, 
based on the previous data. Values obtained are presented in Table 1717. 

Table 17: Amount and total activity of the materials extracted. 

Amount of the materials extracted Total activity 

1 513 591 tonnes of fine particle-sized tailings 
from dynamic treatment in MCO 105-68 

Ra-226: 48.4 TBq 
(hypothesis of mean Ra-226 content equal to 32 000 Bq kg-1) 

U-238: 2.4 TBq  
(hypothesis: U-238 in ore = Ra-226; mining efficiency 95%; 
the same calculation made with the results acquired from Le 
Brugeaud repository would give 1.8 TBq) 

42 029 tonnes of heap leaching residues 
disposed of in pit 105 

Ra-226: 0.6 TBq 
(hypothesis of mean Ra-226 content equal to 14 000 Bq kg-1) 

U-238: 0.2 TBq 
(hypothesis: U-238 in ore = Ra-226; mining efficiency 70%) 

14 179 tonnes of hydraulic fill in MCO 122 

Ra-226: 0.04 TBq  
(hypothesis of mean Ra-226 content equal to 2 500 Bq kg-1) 

U-238: 0.002 TBq  
(hypothesis: U-238 in ore = Ra-226; mining efficiency 95%) 

17 740 000 tonnes of waste rock extracted Ra-226: 11 TBq 
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and used to fill some TMSs, MCOs and to 
build dumps (estimation based on a uranium 
content of 50 ppm, i.e. 617 Bq kg-1, to be 
compared to the uranium content in host rock 
which is about 20 ppm on average) 

U-238: 11 TBq 

These values confirm that tailings from dynamic treatment represent a large part in the 
activity of the Ra-226 contained in materials left on site after the mining period; however they 
show that the gap with the part contained within waste rock does not exceed a factor of 5. 

For U-238, the remaining fraction in all tailings represents the quarter of the part included in 
waste rock disposed of on site. The activity of Ra-226 and U-238 estimated for sands from 
hydraulic fill in MCO 122 represents one thousandth of the activity contained in tailings from 
dynamic treatment. 

7.2.2. Scenarios description 

Two exposure scenarios are considered as part of this model-model intercomparison. 

Current situation 

The current situation scenario corresponds to the configuration of the site nowadays, where 
most transfer pathways are supposed to be under control, checked by the environmental 
surveillance implemented. Access to the Bellezane site is restricted (it is currently a private 
property); there is a fence around the site. Consequently the receptors considered are the 
inhabitants of the nearest village to the site: “Les Grandes Magnelles” (center of this village is 
about 1.5 km from the outer edge of the Bellezane repository, and the nearest resident may 
only be 1 km distant). 

The representative person is considered to be an adult who lives and works in the village. A 
part of his diet is made of locally grown products (meat of cows pasturing on fields close to 
the tailings repository, and vegetables grown on fields close to the repository). 

In summer, the vegetables locally grown are supposed to be irrigated with water taken from a 
well pumping directly from the groundwater and located in the field.  

The following exposure pathways are considered: 

• Plant ingestion; 
• Meat ingestion; 
• Milk ingestion; 
• Aquatic foods ingestion; 
• Drinking water ingestion; 
• Soil ingestion; and 
• Inhalation of radon and its short-lived progeny (released from contaminated water only).  

The primary contamination is only considered waterborne, from the point of view of the 
receptor, since: 

• the receptor does not live on or very close to the tailings repository; and 
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• the tailings repository is mainly shaped like a valley (see Figure 54) oriented NW-SE, 
perpendicularly to the axis “tailings repository-receptor’s home” corresponding to the 
direct airborne pathway.  

Besides, this is the reason why inhalation and external gamma pathways are not considered in 
this scenario. Short-time intrusion on site for leisure activities was discarded for the current 
situation scenario: such an intrusion is unrealistic in the case of Bellezane due to the 
institutional control of the site (and especially, the presence of a fence). However, for other 
types of sites or in other contexts, short-time intrusion may be considered as a realistic 
hypothesis in a risk-assessment. Just as an academic exercise, it has been checked that the 
consideration of a short-time intrusion of half an hour per day on the Bellezane site led only to 
a trivial exposure.  

Intrusion (future situation) 

In 2112, the responsibility of the Bellezane site is transferred to the French nation. Then, due 
to budget restrictions, the monitoring program stops in 2163. Consequently, in 2209, the 
existence of the tailings is forgotten.  

In 2253, a family builds a house on site. Once settled, they work at home, and they have a 
garden where they grow some vegetables. These vegetables are irrigated in summer with 
water from a well pumping directly from the groundwater.  

Every exposure pathways are considered, i.e.: 

• Plant ingestion; 
• Meat ingestion; 
• Milk ingestion; 
• Aquatic foods ingestion; 
• Drinking water ingestion; 
• Soil ingestion; 
• External gamma; 
• Inhalation of contaminated dust; and 
• Inhalation of radon and its short-lived progeny. 

The primary contamination is considered, from the point of view of the receptor, both 
airborne and waterborne. 

7.2.3. Available environmental measurement data 

For the current situation, the available measurement data comes from the environmental 
surveillance implemented by AREVA on the Bellezane site and its vicinity. They will not be 
listed one by one in this report, because they are numerous, but they all have been synthetized 
in a single file readable by a geographic information system software, which have been used 
for this model-model intercomparison. 

These data are related to the following environmental compartments: 

• Groundwater; 
• Surface water; 
• Air (gamma dose rate and potential alpha energy concentration); 
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• Fish; 
• Sediment; 
• Milk; 
• Soil; and 
• Vegetable. 

Figure 55 shows the spatial distribution of the measurement points implemented for the 
environmental monitoring. 

 

Figure 55: Spatial distribution of the monitoring data available in the vicinity of the Bellezane 
site. 

No data were selected for animals (poultry, rabbits…), because they are scarce and they are 
all under the detection limit of the measurement devices used. Most data refer to the period 
1994-2006 (remediation works ended in 1996), and almost all the values provided represent 
an average over a whole year. However, many values are under the detection limit, which has 
sometimes evolved over time. That is the reason why few significant data are available for 
several monitoring points. 

Figure 56 gives an example of available measurement data for groundwater. 
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Figure 56: Available measurement data for groundwater – Detail for the piezometer ES61. 

7.2.4. Available site-specific data 

7.2.4.1. Source term 

The source term considered is the tailings repository of Bellezane, made up of the two former 
open pit mines MCO 68 and MCO 105, which are separated by a dike (see Figure 57).  

 

 

Figure 57: Cross-sectional view of the Bellezane tailings repository. 

MCO 68 

MCO 105 
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Characteristics of MCO 68 

Total surface area: ~ 2.2 ha. Successive layers (from top to bottom): 

• Vegetal cover  

Width: 0.1 – 0.2 m (IRSN, 2007); and 
No detectable radionuclides. 

• Waste rock cover (compacted waste rock) 

Width: 2 m; 
Density: ~ 1 700 kg m-3; 
Radionuclide inventory: 40 ppm uranium (AREVA, 2004) (1 ppm uranium = 12 Bq kg-1 
U-238), supposedly in equilibrium with its progenies; and 
Permeability: 2.8 10-7 m s-1 (AREVA-COGEMA, 2006). 

• Layer of tailings from dynamic treatment 

Width: 50 – 60 m; 
Radionuclide inventory: 1.6 Bq g-1 U-238 – 32 Bq g-1 Ra-226 (on average); and 
Permeability: between 10-5 and 10-8 m s-1 (AREVA-COGEMA, 2006). 

Characteristics of MCO 105 

Total surface area: ~ 2.8 ha. Successive layers (from top to bottom): 

• Vegetal cover 

Width: 0.1 – 0.2 m (IRSN, 2007); and 
No detectable radionuclides. 

• Waste rock cover (compacted waste rock) 

Width: from 2 to 12 m, depending on the location; 
Density: ~ 1 700 kg m-3; 
Volume: 250 000 m3 (IRSN, 2007); 
Radionuclide inventory: 50 ppm uranium (AREVA, 2004) (1 ppm uranium = 12 Bq kg-1 
U-238), supposedly in equilibrium with its progenies; and 
Permeability: 2.8 10-7 m s-1 (AREVA-COGEMA, 2006). 

• Layer of heap leaching residues 
 
      Width: ~ 5 m; and 

Radionuclide inventory: 5 Bq g-1 U-238 – 14 Bq g-1 Ra-226 (on average) (IRSN, 2007). 

• Layer of tailings from dynamic treatment 
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Width: between 10 m and 25 m; 
Radionuclide inventory: 1.6 Bq g-1 U-238 – 32 Bq g-1 Ra-226 (on average) (IRSN, 2007); 
and 
Permeability: between 10-5 and 10-8 m s-1 (AREVA-COGEMA, 2006); 

• Concrete slab 

Width: 1 m. 

• Waste rock and fluid concrete drainage layer 

Width: 5 m. 

7.2.4.2. Groundwater and surface water 

Groundwater 

The following data are available: 

• Catchment area of the Bellezane site: ~ 120 ha (IRSN, 2007); 
• Type of soil: quite sandy; 
• Type of host rock: granitic; 
• Description of unsaturated zone(s) under tailings: no unsaturated zone; 
• Saturated zone: average piezometric level: + 360 m NGF (IRSN, 2007); 
• Main drainage paths and water circulation axis: see Figure 57; 
• Direction of groundwater flow: see Figure 58; and 
• Hydrogeological balance: see Figure 60. 
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Figure 58: Cross-sectional view (NE-SW) of the Bellezane site – Main drainage paths and 
water circulation axis (IRSN, 2007). 

 

South-West North-East 

Water from the site, treated if necessary, is led to the 3 successive settling basins before 

discharge in the brook “Les Petites Magnelles”, joining the Gartempe river 1 km 

Discharge point before 
water treatment 

STE: water treatment facility 

Drainage paths 

Water circulation axis through the host rock 
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Figure 59: Main axis of groundwater flow for the Bellezane site (AREVA-COGEMA, 2006). 
Blue arrows show the direction of the groundwater flow, “bassin versant” = “catchment area” 
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Figure 60: Elements of the hydrogeological balance of MCO 68 – MCO 105 (AREVA-
COGEMA, 2006). 

Surface water 

The following data are available: 

• Flow rate of the brook “Les Petites Magnelles”7: 60 m3 h-1 (IRSN, 2007); 
• Flow rate of the Gartempe river: 30 000 m3 h-1 (IRSN, 2007); and 
• Runoff coefficient: 0.219 (AREVA-COGEMA, 2006). 

Figure 61 synthesizes some of the previous features presented: 

 

Figure 61: Layout of the Bellezane site showing a few features. 

 

                                                

 

7 Into which water discharge occurs after treatment 

Discharge point after 
water treatment 

Discharge point before 
water treatment 

Water treatment facility (STE) 
made of 3 settling basins 

serially connected 
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7.2.4.3. Climate 

Table 1818 shows some available data relative to the local climate. 

Table 18: Average pluviometry and extreme temperatures over different periods of the year 
(data from a weather station located in Bessines-sur-Gartempe operated by Météo France). 

Period of the year 
Pluviometry  
(mm d-1) 

Lowest temperature 
(°C) 

Highest temperature 
(°C) 

September to 
November 2000 

5.3 7.0 13.7 

June to July 2007 3.3 12.4 23.1 

April – June 2008 4.7 6.9 17.8 

 

The average pluviometry between 1993 and 2005 amounts to 1 050 mm a-1 (AREVA-
COGEMA, 2006).  

7.2.4.4.  Diet for people living in a rural area in France 

Table 19 presents the diet for an adult living in a rural area in France. 

Table 19: Diet for an adult living in a rural area in France (IRSN, 2011). 

Foodstuff 
Consumption for an adult (kg a-1 or 
L a-1) 

Fraction of foodstuff locally 
consumed 

Leafy vegetables 28 0.707 

Fruit vegetables 75 0.306 

Root vegetables 12 0.675 

Potatoes 44 0.767 

Cereals 75 0.001 

Beef meat 20 0.365 

Mutton 4 0.435 

Pork meat 27 0.292 

Poultry meat 26 0.734 

Eggs 10 0.631 

Milk 88 0.301 

Milk products 31 0.059 

Fish 9 0.161 

 



 

 
 145 

7.2.5. Radiological impact assessment 

CAUTION: 

The following modelling exercise is only a first attempt, based on two simple exposure 
scenarios (corresponding respectively to the current situation and a case study of a future 
intrusion situation), to try to provide a minimum representative radiological impact 
assessment. The Bellezane site is indeed very complex to model for most of the transfer 
pathways. That is why all the results provided in this chapter are for illustration only, 
not for decisions on any further management decisions.  

Two modelling tools have been used to perform the radiological impact assessment for the 
tailings repository of Bellezane, challenged for this “model-model intercomparison”: 
RESRAD-OFFSITE and SATURN. 

7.2.5.1. Modelling assumptions and hypotheses for RESRAD-OFFSITE 

Small adjustments have to be made to match available data and the input dataset required for 
RESRAD-OFFSITE.  

Source term 

To simplify the modelling process, a parallelepipedic shape is considered for the source term 
(see Figure 62). To conserve the mass, and considering for tailings: 

• a density of 1200 kg m-3; 
• a total mass of 1 512 000 t 8; and 
• a surface area of 50 400 m2; 

the dimensions of the parallelepiped representing the layer of tailings are 420 m × 120 m × 
25 m.  

To conserve the mass as well, and considering for waste rock: 

• a total volume of 295 000 m3; and 
• a surface area of 50 400 m2; 

the dimensions of this parallelepiped representing the waste rock cover are 420 m × 120 m × 
5.8 m.  

For the topsoil layer, the same area is considered with a depth of 0.1 m. The resulting 
parallepiped, made of these three layers, is oriented NW-SE. 

                                                

 

8 heap leaching residues not included considering  their little contribution to the total mass 
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Figure 62: Source term modelled 

Dose conversion factors 

The dose conversion factors for external exposure are taken from the Federal Guidance 
Report 12, whereas those for ingestion and inhalation come from the ICRP Publication 72. 

Distribution coefficient Kd 

Table 20 presents the different values considered for the solid-liquid distribution coefficient 
Kd. 

Table 20: Values considered for Kd 

Radioelement 
Kd  

(dm3 kg-1) 

Uranium 180 [IAEA, 2010, Table 12] 

Thorium 2 600 [IAEA, 2010, Table 12] 

Radium 500 [NIRAS/ONDRAF, 2011.] 

Lead 140 [NIRAS/ONDRAF, 2011.] 

Topsoil layer (depth = 0.1 m) 

Waste rock layer (depth = 5.8 m) 

Tailings layer (depth = 25 m) 

120 m 

30.9 m 

420 m 



 

 
 147 

Polonium 30 [NIRAS/ONDRAF, 2011.] 

 

Diet 

Considering the diet presented in Table 19 for people living in a rural area in France, and to 
match the different kind of foodstuff used in RESRAD-OFFSITE, Table 21 presents the diet 
considered for calculations. 

Table 21: Consumption considered for calculations with RESRAD-OFFSITE. 

Foodstuff 

Consumption considered for 
calculations with RESRAD-
OFFSITE  
(kg a-1 or L a-1) 

Fraction of foodstuff from affected 
area 

Fish 9 0.161 

Crustacea, mollusks 0 0 

Fruit, grain, non-leafy vegetables 206* 0.315 

Leafy vegetables 28 0.707 

Meat 77** 0.468 

Milk 88 0.301 

*includes the values from Table 19 for fruit vegetables, root vegetables, potatoes and cereals 
**includes the values from Table 19 for beef meat, pork meat, mutton and poultry meat 

 

RESRAD-OFFSITE only considers meat from beef, and no other kind of meat. That is why it 
has been decided to merge all the values for meat consumption into this one category, even if 
that creates a bias because of the difference existing between transfer factors from one animal 
to another. The same kind of merge is done for the category “Fruit, grain, non-leafy 
vegetables”. 

Other parameters 

For other parameters, the default values used in RESRAD-OFFSITE have been picked – 
except for the occupancy factors which have been adapted to the respective exposure 
scenarios.  

7.2.5.2. RESRAD-OFFSITE results 

Both current situation and intrusion scenario were modelled using RESRAD-OFFSITE. 
Although the proposed time-scale was 1000 years, the calculations were performed on a much 
longer time-span – most probably beyond the scope of any regulatory control – in order to 
show possible effects of radionuclides migration to surface and groundwater.  

In both scenarios, a separate modelling has been performed for the tailings layer and the waste 
rock layer. Although the degree of contamination of the waste rock layer is much smaller than 
of the tailings layer, the waste rock – being at the surface of the site – obviously gives the 
main contribution to the external exposure and radon pathway.  
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Current situation scenario - Modelling the tailings repository as a contaminated zone, 

without considering the radioactive content of the waste rock layer
9
. 

The modelling is done on basis of the parameters distributed as an Excel sheet to the 
participants in the modelling exercise. Figure 63 presents the main features described in the 
input file. 

 

Figure 63: RESRAD-OFFSITE map interface showing the main features considered and 
described for calculations related to the current situation scenario. 

The groundwater flow modelled is directed straight to a limited surface water body (whose 
flow rate is considered equal to 60 m3 h-1) representing the monitoring point corresponding to 
the water discharge before treatment. The goal is to get results from the modelling in a place 
where measurements data are available in order to make a comparison. 

Dose impact 

There is no dose for the first 1 000 years: this is due to the very long migration time of the 
radionuclides to surface water and to groundwater, since the exposure pathways considered 
for this scenario are only waterborne. 

                                                

 

9 In that case, the thickness of the clean cover is considered to be equal to 5.9 m (topsoil layer + waste rock 
layer) 
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If the time-span is extended to 100 000 years (maximal value allowed in RESRAD-
OFFSITE), the dose is trivial for most of the time; it reaches 0.1 mSv a-1 only after 
~ 80 000 years. Figure 64 shows the contribution of the different exposure pathways to the 
total dose: a limited peak dose of ~ 1.6 mSv a-1 is reached after 100 000 years − purely water 
dependent. 

 

Figure 64: Time-evolution of the contribution of the different exposure pathways to the dose 
in the current situation scenario (impact of tailings). 

The peak dose is due to the progenies of U-238 and U-234, in particular Po-210, as shown on 
Figure 65 and Figure 66. The radionuclides present in the source term with a shorter half-life 
have no time to reach surface and groundwater. 
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Figure 65: Contribution to the dose of U-238 and its ingrowth progenies in the current 
situation scenario (impact of tailings). 

 

Figure 66: Contribution to the dose of U-234 and its ingrowth progenies in the current 
situation scenario (impact of tailings). 

Nuclide concentrations in well-water 

There is no nuclide migration to well-water unless very long time-spans are considered. 
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The peak in U-238 and U-234 concentration in the well-water shows up only after 
~ 88000 years; the peak in Th-230 and its progenies concentration in well-water occurs after 
100 000 years. Figure 67 gives the evolution of Po-210 concentration in well-water. 

 

Figure 67: Time-evolution of Po-210 concentration in well-water in the current situation 
scenario (impact of tailings). 

Nuclide concentrations in the surface water body modelled – Comparison to measurements 

According to this modelling attempt, there is no nuclide migration towards the surface water 
body, except if very long time-spans are considered (see Figure 68). 

 

Figure 68: Time-evolution of Ra-226 concentration in the surface water body modelled for the 
current situation scenario (impact of tailings). 
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And yet the annual mean soluble Ra-226 concentration measured in surface water at the 
discharge point before treatment reached, in 2007, about 0.5 Bq L-1. 

Thus, the results provided by the model implemented in RESRAD-OFFSITE seem to 
underestimate the transfer of radioactivity through groundwater. The explanation is simple: 
the groundflow considered in this model is supposed to circulate through a porous medium, 
whereas it is mainly drained by some mining tunnels (see Figure 58). It is obviously possible 
to get a better match by changing the value considered for the hydraulic conductivity of the 
saturated zone. If a value of 1 000 000 m a-1 is used, more representative of a transport of 
water through a cavity, instead of the default value of 100 m a-1, the results presented in 
Figure 69 are obtained. 

 

Figure 69: Time-evolution of Ra-226 concentration in the surface water body modelled for the 
current situation scenario (impact of tailings), with a hydraulic conductivity of the saturated 
zone equal to 106 m a-1. The values obtained fit much better to measurement data since the 
same order of magnitude is reached from the very beginning of the time-span studied. 

However, if concentration values in surface water seem to fit through these hypotheses, dose 
values do not. This is probably due to the water treatment process which has not been 
modelled, whereas its efficiency seems, according to the available measurement data, to 
enable a decrease of concentration values in surface water by a factor of 10. 

It would be very difficult to include this process in the model, especially its spatial extent. 
Anyway, and in a wider outlook, it is difficult to calibrate a model with measurements in such 
a context where the average background level is quite high and hard to discriminate. 

Sensitivity analysis 

Sensitivity analysis has been performed on the following parameters:  
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• hydraulic conductivity of the contaminated zone and of the saturated zone; and 
• Kd for polonium in the saturated zone and in the contaminated zone.  

Changing the hydraulic conductivity of the contaminated zone or the value of the Kd of 
polonium in the contaminated zone has no influence on the results (neither the value of the 
dose nor the time of the peak dose). The influence of the two other parameters on the peak 
dose and the time when the peak dose is reached is shown in Table 22 and Table 23. 

Table 22: Influence of hydraulic conductivity of the saturated zone on peak dose 

Hydraulic conductivity saturated 
zone (m a-1) 

Peak dose 
(mSv a-1) 

Time of peak dose 
(years) 

100 (default) 1.598 99 885 

50 0.0008 99 934 

200 0.781 68 332 

 

Table 23: Influence of Kd in polonium in the saturated zone on peak dose 

Kd  
(dm3 kg-1) 

Peak dose 
(mSv a-1) 

Time of peak dose 
(years) 

30 (base case) 1.598 99 885 

3 12.38 100 000 

300 0.429 99 885 

 

Modelling the waste rock layer as a contaminated zone10 

The waste rock layer contains 0.5 Bq g-1 of U-238 in secular equilibrium with its progenies. In 
this part of the modelling exercise, the waste rock layer is defined as a contaminated zone, 
and the tailings layer is considered as an unsaturated zone. The results must be added to the 
ones obtained previously. 

The peak dose (0.2 mSv a-1) is only reached after a very long time-span (~ 97 000 years): see 
Figure 70. 

                                                

 

10 In that case, the thickness of the clean cover is considered to be equal to 0.1 m 
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Figure 70: Time-evolution of the contribution of the different exposure pathways to the dose 
in the current situation scenario (impact of waste rock cover). 

 

Intrusion scenario 

To model the intrusion scenario, the following parameters had to be changed compared to the 
current situation scenario: 

• site layout (location of the receptors); 
• location of well; and 
• occupancy factors. 

The fraction of agricultural areas directly on primary contamination has been taken as 1. 
Occupancy factors have been set as follows: 

• Fraction of time spent on primary contamination 

o Indoors: 0.8 

o Outdoors: 0.15 

• Fraction of time spent in farmed areas11 

o Fruit, grain, and non-leafy fields: 0.05 

o Leafy vegetable fields: 0.05 

                                                

 

11 located fully inside the primary contamination for this exposure scenario 



 

 
 155 

o Pasture and silage fields: 0 

o Livestock grain fields: 0. 

Figure 71 presents the main features implemented in the input file. 

 

Figure 71: RESRAD-OFFSITE map interface showing the major features considered and 
described for calculations related to the intrusion scenario. 

 

Modelling the tailings 

Dose impact 

As – in this scenario – the well is directly located on the contaminated zone, the dose due to 
water dependent pathways shows up very quickly.  

After 10 years, the dose is ~ 4.7 mSv a-1 (essentially due to radon). The peak dose is reached 
after 71 018 years with a value of 152 mSv a-1. 

As shown on Figure 72, this dose is almost entirely due to water-dependent pathways: 

o Drinking water: ~ 90 mSv a-1 
o Ingestion of plant: ~ 47 mSv a-1 
o Ingestion of meat: ~ 11 mSv a-1 
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Figure 72: Time-evolution of the contribution of the different exposure pathways to the dose 
in the intrusion scenario (impact of tailings). 

Sensitivity analysis 

Sensitivity analysis has been performed on the same parameters as for the current situation 
scenario Changing the hydraulic conductivity of the contaminated zone or the value of the Kd 
of polonium in the contaminated zone has no influence on the results, contrary to what was 
expected. The influence of the two parameters in the saturated zone on the peak dose and the 
moment of the peak is shown in Error! Not a valid bookmark self-reference. and Table 25.  

Table 24: Influence of hydraulic conductivity of saturated zone on peak dose. 

Hydraulic conductivity saturated 
zone (m a-1) 

Peak dose 
(mSv a-1) 

Time of peak dose 
(years) 

100 (default) 152 71 018 

50 40.5 69 211 

200 526 46 254 

 

Table 25: Influence of Kd of polonium in saturated zone on peak dose. 

Kd 
(dm3 kg-1) 

Peak dose 
(mSv a-1) 

Time of peak dose 
(years) 

30 (base case) 114 71 018 

3 1212 71 409 

300 36.38 69 455 
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Suppressing the cover 

The current parameters (default values for the parameters affecting the erosion rate – except 
density) lead to an erosion rate for the cover of 10-5 m a-1: the 5.9 m thick cover will thus be 
maintained for all the investigation period of 100 000 years. To simulate the suppression of 
the cover, we changed the cover and management factor from its default value of 0.003 to a 
value of 0.1 which leads to an erosion rate of 3.4ˑ10-4 m a-1 for the cover and 4.8ˑ10-4 m a-1 for 
the tailings. The cover will then be eroded after 17 500 years and the tailings 52 000 years 
later. This leads to a peak dose of 657 mSv a-1 at t = 17 828 years. As shown on Figure 72 
(components pathways), this is mainly due to the large contribution of radon following the 
suppression of the cover. The effect of the complete erosion of the tailings after 69 500 years 
is also clearly visible on Figure 73.  

 

Figure 73: Time-evolution of the contribution of the different exposure pathways to the dose 
in the intrusion scenario (impact of tailings) – Cover eroded after 17500 years. 

 

Modelling the waste rock layer 

Dose impact 

Taking into account the radionuclide content of the waste rock layer, radon shows up as the 
dominant pathway over the whole time-scale. The peak dose occurs at t = 0 with a value of 
~ 15.8 mSv a-1, almost entirely due to radon as shown on Figure 74.  
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Figure 74: Time-evolution of the contribution of the different exposure pathways to the dose 
in the intrusion scenario (impact of waste rock cover). 

Sensitivity analysis 

As radon is the most significant exposure pathway, two radon-related parameters have been 
selected for sensitivity analysis: the effective radon diffusion coefficient in the contaminated 
zone (waste rock layer) and the total porosity of this contaminated zone. The results are 
summarised in Table 26 and Table 27.  

Table 26: Influence of effective radon diffusion coefficient of contaminated zone.  

Rn-222 diffusion coefficient 
(m2 s-1) 

Peak dose 
(mSv a-1) 

Time of peak dose 
(years) 

2ˑ10-6 (default) 15.8 0 

2ˑ10-5(default) 20.11 0 

2ˑ10-7 10.73 0 

 

Table 27: Influence of total porosity of contaminated zone. 

Total porosity 
Peak dose 
(mSv a-1) 

Time of peak dose 
(years) 

0.4  15.8 0 

0.2 24.75 0 

0.8 9.71 0 
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Combination of the impacts of tailings and waste rock layers 

If we add the contributions from the waste rock cover and from the tailings, we get the 
following curve: 
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Figure 75: Respective contributions to the total dose of the waste rock layer and of the 
tailings. 

The waste rock cover contribution is dominant up to ~ 450 years. 

Conclusions 

For the current situation scenario, the dose impact is trivial all over the timeframe of 1000 
years. A non trivial (but still limited) dose only occurs if a very long timeframe is considered. 
Of course, predictions on such a long time-scale are purely academic: the hypotheses of the 
scenario may not be valid anymore in such a distant future as fundamental societal and 
landscape changes will certainly have occurred.  

The intrusion scenario may lead to a significant dose: in the timeframe of 1000 years, both 
tailings and waste rock contribute to the dose. Up to 450 years, the main contribution to the 
dose comes from the radon emanating from the waste rock layer, where the radium-226 
concentration is of the same order of magnitude as in e.g. phosphogypsum. The tailings will 
affect the water-dependent pathways, which dominate on longer time-scale.  
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7.2.5.3. SATURN 

The dose calculations presented here were carried out using the SATURN radioecology 
modeling library, developed by Facilia AB using Ecolego. The SATURN library implements 
dose assessment models described in BMU, 1999. The source for the default values of model 
parameters are the reports BMU, 1999 and IAEA, 2001. In addition to the previously 
mentioned information,the report by Ledoux and Schmitt, 2010 was used to get a few 
additional monitoring data relative to hydrogeological settings measured within the tailings 
repository area. 

Calculations were carried out by considering separately the two former open pit mines (MCO 
68 and MCO 105) containing the tailings of the Bellezane repository. 

Estimation of exposure doses for the current situation scenario 

For this exposure scenario the following calculations were performed with SATURN: 

• Doses from consumption of crops irrigated with groundwater using measured levels of 
Ra-226 in groundwater; 

• Doses by different transfer pathways resulting from radon releases from the tailings and 
external irradiation at the tailings. The endpoints of the calculations were doses from 
staying at the village and from ingestion of crops, milk and meat produced on fields 
close to the tailings. 

The groundwater transport of radionuclides from the Bellezane tailings site was not modelled 
with SATURN for the current situation scenario. This is due to quite complex 
hydrogeological settings and lack of detailed hydrogeological schematization. During the 
discussion of the EMRAS II working group, it was yet decided to try to estimate the 
radionuclide migration in groundwater towards the well down gradient from the contaminated 
area, and to carry out comparison calculations. The parameter values considered were given in 
an Excel file. Given these values it can be concluded that the groundwater transport cannot 
possibly be significant before a long time-span: 

The distance considered from the contaminated area to the well is 1150 m. The groundwater 
travel time (without retardation) can be easily calculated as:  

flow_velocity = hydraulic_conductivity * gradient / porosity = 10 m a-1 

travel time = distance / velocity = 115 years 

The uranium Kd originally considered by default in the Excel file was 50 L kg-1; the 
corresponding retardation factor is then 376. This translates to an advective travel time of 
uranium to the well of 43 000 years. But, the time interval considered here for modelling is 
1000 years only. 

Doses from consumption of irrigated vegetables 

We have carried out calculations of doses to an adult caused by consumption of crops that are 
contaminated by irrigation with groundwater. The data on radioactivity of groundwater were 
taken from monitoring data, reported above.  
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Three types of crops, which compose the diet of an adult individual: “leafy vegetables” 
(yearly consumption by adult 13 kg a-1), other “vegetables” (40 kg a-1), and “root vegetables” 
(such as potatoes etc.) (55 kg a-1) (BMU, 1999) were taken into account. It was assumed that 
25 % of the crops consumed by the exposed individual come from the contaminated area, and 
the rest comes from other non-contaminated areas. In the calculation of radium concentrations 
in crops, the soil to plant transfer factor (TF) values for Ra published in IAEA, 2010, Table 17 
were used. They are reproduced in Table 28 below.  

Table 28: Element specific soil-to-plant transfer factors (TF) (IAEA, 2010, Table 17). 

Element Plant group TF geometric 
mean, kg dw 
kg-1 dw 

Geometric 
Standard 
Deviation 
(GSD) 

Min TF, 
kg dw kg-1 
dw 

Max TF, kg 
dw kg-1 dw 

U Leafy vegetables 2.0E-2 7.3 7.8E-5 8.8 

Ra Leafy vegetables 9.1E-2 6.7 1.8E-3 130 

Th Leafy vegetables 1.2E-3 6 9.4E-5 0.21 

Po Leafy vegetables 7.4E-3 6.9 2.5E-4 0.05 

Pb Leafy vegetables 8.0E-3 13 3.2E-3 25 

      

U Non-leafy vegetables 1.5E-2 4.2 5.2E-4 0.2 

Ra Non-leafy vegetables 1.7E-2 8.4 2.4E-4 6.3 

Th Non-leafy vegetables 7.8E-4 6.8 6.2E-5 1.6E-2 

Po Non-leafy vegetables 1.9E-4  1.6E-5 3.7E-4 

Pb Non-leafy vegetables 1.5E-2 26 1.5E-3 3.9 

      

U Roots 8.4E-3 6.2 4.9E-4 0.26 

Ra Roots 7.0E-2 9.2 2.0E-3 56 

Th Roots 8.0E-4 1.3 8.2E-6 0.09 

Po Roots 5.8E-3 4.3 2.4E-4 0.05 

Pb Roots 1.5E-2 1.6 2.4E-4 3.3 

Note: For conversion from dry weight to fresh weight of vegetables the following dry matter 
content values for plants were used: leafy vegetables – 10%; non-leafy vegetables – 7%; roots 
– 20% (IAEA, 2010). 

Two types of calculations were carried out: deterministic and probabilistic. The deterministic 
simulation used a Best Estimate (BE) value for the TF value for Ra (geometric mean from 
IAEA, 2010, Table 17). The calculations were carried for the Ra-226 concentrations in 
irrigation water of 0.45 Bq L-1, which is the upper range of groundwater concentrations 
reported in the monitoring results. Results from the deterministic calculations of radium 
concentrations in different types of vegetables and resulting doses are presented in Table 29. 
The modelled time interval is t = 100 years. Concentrations of radium in vegetables and 
associated doses increase with time due to accumulation of radioactivity in soil (see Table 
29).  
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Table 29: Results from the deterministic simulation for the current situation scenario, 
assuming that Ra-226 concentration in irrigation water is 0.45 Bq L-1    

Time, years Ra-226 concentrations in crops, Bq kg-1 FW Dose to an adult, 

Sv a-1 Leafy vegetables Vegetables Roots 

0 0.70 0.47 0.47 1.6E-05 

10 0.72 0.47 0.51 1.7E-05 

20 0.75 0.47 0.54 1.8E-05 

30 0.77 0.48 0.58 1.9E-05 

40 0.80 0.48 0.62 2.1E-05 

50 0.82 0.48 0.66 2.2E-05 

60 0.85 0.49 0.70 2.3E-05 

70 0.87 0.49 0.73 2.4E-05 

80 0.90 0.49 0.77 2.5E-05 

90 0.92 0.50 0.81 2.6E-05 

100 0.95 0.50 0.85 2.7E-05 

 

The probabilistic calculations assumed log-normal distributions for the TF (IAEA, 2010, 
truncated by the minimum and maximum values presented). Another model parameter that 
was treated as uncertain is the fraction of the activity in irrigation water intercepted by the 
crops, which was assumed to range from 0.2 to 0.4 (uniform distribution; a value of 0.3 was 
used in the deterministic simulation). Results from the probabilistic Monte-Carlo simulation 
are shown in Table 30. The median value of the dose is close to Best Estimates from the 
deterministic simulations (for t = 50 years); the doses corresponding to 5% and 95% 
percentiles differ by approximately factor of 3. 

Table 30: Results of Monte-Carlo simulation for the current situation scenario (doses 
correspond to time t=50 years after starting irrigation). 

Parameter Dose for adult, Sv a-1 

Median dose 2.3E-05 

5% percentile 1.9E-05 

95% percentile 5.3E-5 

 

Doses resulting from releases of radon from the tailings and external irradiation at the 
tailings 

Radon emanating from the tailings layer through the cover layer will result in contamination 
of the air above the tailings and in surrounding territories. The radon decay products also 
appear in the atmosphere due to the decay of Rn-222. In this calculation the dose increment 
resulting from releases of Rn-222 originating in the tailing materials was considered. 
Contributions from the cover of the tailings were not considered.  
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Time dependent radon fluxes at the top of the cover layer were calculated and from this the 
time evolution of Rn-222, Pb-210 and Po-210 concentrations in the local atmosphere air 
above the tailing and on the top soil layer were obtained. These calculations were carried out 
using the “Source” module of the SATURN library. Further, applying the “Atmospheric 
transport” module of the library, the Rn-222 concentrations in air at a village situated 1000 m 
from the source were calculated; as well as concentrations of Pb-210 and Po-210 in air and on 
the top soil layer resulting from radon decay. These concentrations were used in the SATURN 
“Building” and “Land” modules to calculate doses from external irradiation, inhalation and 
soil ingestion. The calculations for this case were made for the contribution of the MCO 68 
site only. In the calculation of the external dose rates, contribution from the radionuclides in 
the tailing material was considered, taking into account the attenuation from the tailing cover. 
Using the SATURN “Crop Land” model concentrations in crops produced in a field located 
400 m away from the tailings site were calculated. Concentration in milk and meat from cows 
grazing a field located 500 m from the repository were also calculated using the SATURN 
“Pasture Land” module. Doses resulting from ingestion of contaminated crops, milk and meat 
were calculated . 

Results of the calculations for the current situation scenario, at t = 27 years after closure of the 
tailings repository, are summarized in Table 31. 

Table 31: Results of calculations of concentrations and doses by the atmospheric pathway for 
the current situation scenario (elapsed time – 27 years). 

Location Parameter, Units Radionuclide Calculated result 

Village Concentrations in air outdoors, 
Bq m-3 

Rn-222 7.3E-4 

Pb-210 3.6E-10 

Po-210 1.0E-14 

Dose rate outdoors,  
Sv h-1 

Total 3.6E-13 

Concentrations in air indoors 
(above background), Bq m-3 

Rn-222 2.9E-4 

Pb-210 1.4E-10 

Po-210 4.1E-15 

Doses rate indoors,  
Sv h-1 

Total 1.4E-13 

Dose, Sv a-1 External outdoors 2.1E-5 

External indoors 8.6E-6 

Inhalation outdoors 1.2E-8 

Inhalation indoors 4.9E-9 

Soil ingestion 1.6E-8 

Crop land Concentrations in air outdoors, 
Bq m-3 

Rn-222 3.6E-3 

Pb-210 1.8E-9 

Po-210 5.2E-14 

Dose rate outdoors, Sv h-1 Total 1.8E-12 

Concentrations in crops*, 

Bq kg-1 fw 

Pb-210 9.8E-8 

Po-210 8.8E-9 



 

 
164  

Dose, Sv a-1 Ingestion of crops 1.4E-12 

Pasture land Concentrations in air outdoors, 
Bq m-3 

Rn-222 2.4E-3 

Pb-210 1.4E-10 

Po-210 4.1E-15 

Dose rate outdoors, Sv h-1  2.0E-12 

Concentrations in milk, Bq L-1 Pb-210 1.7E-3 

Po-210 1.3E-4 

Concentrations in meat, 

Bq kg-1 fw 

Pb-210 5.7E-3 

Po-210 2.0E-3 

Dose, Sv a-1 Ingestion of milk 1.8E-7 

Ingestion of meat 2.2E-7 

Overall Total doses, Sv a-1 External exposure 3.0E-5 

Inhalation 2.7 E-8 

Food ingestion 4.0E-7 

Soil ingestion 1.6E-8 

All pathways 3.0E-5 

*
Conservative calculations of the concentrations in a generic crop were carried out using the 

Transfer Factors given in IAEA, 2001. 

From the obtained results it can be observed that the calculated values differ significantly 
from the values of monitoring measurements made at the site. One possible cause of this 
difference is that measured values integrates the contributions of the background and other 
sources, whereas in the exercise only the incremental dose from the tailing is evaluated, 
excluding potential contributions from radionuclides in the tailing cover.  

Estimation of exposure doses for the intrusion scenario 

For this exposure scenario the following calculations were performed with SATURN: 

• External and inhalation doses from occupancy of the tailings were calculated using 
measured data at the tailings. In these calculations diffusion of Rn-222 from the 
tailings material through the basement of the house was not taken into account; 

• The contribution from the tailings to the external and inhalation doses from occupancy 
of the tailings, as well as doses from ingestion of crops cultivated at the tailings  were 
calculated for MCO 68. In these calculations diffusion of Rn-222 from the tailings 
material through the basement of the house was taken into account; 

• Doses from ingestion of crops irrigated with water from well built directly on the 
tailings are calculated. 

Doses from occupancy of the tailings calculated from data measurements 

For this calculation it was assumed that an adult stays 75% of time indoors, and 25% outdoors 
at the tailings. It was assumed also, that the house is built with non-contaminated construction 
materials, and it provides a shielding factor of 0.3 for the external exposure (which is the 
default parameter of SATURN) (BMU, 1999). It was assumed that Rn-222 concentration in 
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the air indoors are the same as the outdoor concentrations (due to ventilation air exchange 
through doors, windows etc.), and that the equilibrium factor for Rn-222 progeny is 0.4 (while 
outdoors on the tailings dump is assumed to be 0.2) (BMU, 1999). In these calculations 
possible diffusion of Rn-222 from the tailings site through the basement of the house was not 
taken into account. Data on radioactivity levels at the site were used in the calculations. The 
results are presented in Table 32.  

Table 32: Doses to an adult from occupancy of the tailings calculated from measured data for 
the intrusion scenario. 

Parameter Units MCO 68 MCO 105 

Dose rate Sv h-1 2.2E-7 2.9E-7 

Dose external exposure Sv a-1 4.6E-4 7.2E-4 

Rn-222 concentration 
in air 

Bq m-3 135 470 

Dose from Rn-222 
inhalation 

Sv a-1 2.4E-3 8.7E-3 

Total Dose Sv a-1 2.8E-3 9.5E-3 

 

Contribution from the tailings to the doses from occupancy of the tailings and from 
ingestion of crops cultivated at the tailings 

In this calculation, the contribution of the tailings to external doses rates and Rn-222 
concentrations in air indoors and outdoors were calculated using the “Source” module of the 
SATURN library. The contribution from radionuclides in the cover of the tailing was 
disregarded, but the attenuation of the external irradiation by the cover was taken into 
account. In the calculation of the Rn-222 concentrations indoors, diffusion of Rn-222 from 
the tailings material through the cover of the tailings and the basement of the house was taken 
into account. The ventilation rate in the house was assumed to be 0.5 exchanges of air per 
hour. Calculations were also carried out for the case when a garden for production of 
vegetables is established directly on the tailings. In this case, the contamination of vegetables 
comes solely from Rn-222 emanation from the tailing material. Irrigation of vegetables is not 
considered. The results from the calculations are presented in Table 33.  

Table 33: Contribution from the tailing materials to concentrations in crops and doses by 
different pathways calculated for the intrusion scenario using the SATURN modules (the 
assumed elapsed time from the closure of the tailing is 130 years). 

Location Parameter, Units Radionuclides/Exposure 
pathways 

Calculated result 

Tailings site Concentrations in 
crops*, Bq kg-1 fw 

Pb-210 8.0E-4 

Po-210 7.9E-5 

Doses, Sv a-1 Crops ingestion 1.2E-8 

Soil ingestion 3.1E-7 

External exposure indoors 2.6E-7 

External exposure outdoors 8.7E-8 

Inhalation indoors 3.6E-5 
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Inhalation outdoors 4.3E-7 

*
Conservative calculations of the concentrations in a generic crop were carried out using the 

Transfer Factors given in IAEA, 2001. 

Exposures from irrigation with water from a well drilling directly on the tailings 

In this calculation it is assumed that the family builds a water well directly on the tailings and 
use the well water directly for irrigation. Doses from ingestion of irrigated crops are 
calculated.  

Groundwater concentrations were estimated using measured data of specific activity of 
tailings. The radionuclide partitioning between pore water and tailings matrix was estimated 
using generic Kd values in the model described in Baes and Sharp, 1983. This model assumes 
also that the whole radionuclide inventory in the tailings layer is in mobile (exchangeable) 
form. Further, it is assumed that activity of U-234 in tailings is in equilibrium with U-238, 
and that activities of Po-210, Pb-210 and Th-230 in tailings are in equilibrium with Ra-226. In 
absence of site-specific data, it is assumed that the bulk density of tailings is 2 kg dw dm-3, 
and the porosity is 0.3.  

The key parameter influencing calculated radionuclide concentrations in groundwater is the 
sorption distribution coefficient (Kd). No site-specific Kd data are available for the Bellezane 
tailings site. For the element-specific Kd values of tailings material, the values for mineral 
soils from the IAEA report (IAEA, 2010, Tables 12, 14) were used. Whenever possible we 
accounted also for the lithological composition of soil. The tailings represent low-
permeability fine-dispersed material. Therefore, the most appropriate are Kd values 
corresponding to loam/clay material. Such data are available in IAEA, 2010 for Ra and Pb.  

Two types of modeling analysis were carried out to predict radionuclide concentrations in 
crops:  

(1) Deterministic simulations using Best Estimate values for the Kd, soil plant transfer 
factors (TFs) and other model parameters (this modeling case used as BE values the 
geometric mean of Kd and TF values reported in IAEA, 2010). 

(2) Probabilistic simulation accounting for uncertainty in Kd, TF values and some other 
parameters. In particular, the stochastic case assumed that Kd and TF values are log-
normally distributed based on statistical parameters reported in IAEA, 2010. The 
element-specific Kd values used in the simulations are reproduced in Table 34 below. 

 

Table 34: Element-specific Kd values for mineral soils (IAEA, 2010, Table 12). 

Element Type of soil Geometric mean 
Kd, L kg-1 

Geomtric Standard 
Deviation (GSD) 

Min Kd, L 
kg-1 

Max Kd, L 
kg-1 

U Mineral 180 13 0.7 67000 

Ra Clay 38000 12 700 950000 

Th Mineral 2600 10 35 250000 

Pb Loam+clay 13000 3.6 3600 130000 
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Po Mineral 190 5.1 12 7000 

 

In the probabilistic simulations it has been assumed that Kd values for Ra, Th and Pb are 
correlated random variables, with correlation coefficient R = 0.5 (that is the Kd values of these 
nuclides tend to jointly increase or decrease). This is because sorption behavior of these 
radionuclides is governed by ion-exchange process, and therefore Kd is usually correlated 
with cation-exchange capacity of soil. Uranium and polonium have more complex sorption 
behavior, and no assumptions were made on correlation Kd of these radionuclides with other 
Kd values. 

Another model parameter treated as uncertain was the fraction of the activity in irrigation 
after interception by the crops, which was assumed to range from 0.2 to 0.4 (uniform 
distribution; in the deterministic simulation a value of 0.3 was used). 

Results from the deterministic simulations 

Estimated radionuclide concentrations in groundwater are given in Table 35. They are in good 
agreement (see Table 36) with the monitoring data for Bellezane site in 2008 (Ledoux and 
Schmitt, 2010). 

Table 35: Estimated radionuclide concentrations (Bq L-1) in water well constructed directly on 
the tailings. 

Radionuclide MCO 68 MCO 105 

U-238 8.9 27.8 

U-234 8.9 27.8 

Ra-226 0.84 0.37 

Th-230 12.3 5.4 

Pb-210 2.5 1.1 

Po-210 168 73.6 

 

Table 36: Radionuclide concentrations in pore water of water-saturated tailings based on 
monitoring data from 2008 (Ledoux and Schmitt, 2010). 

Radionuclide Piezometer ES 90 (MCO 
68) 

Piezometers ES 85, 89 (MCO 105) 

Uranium total (soluble) 

µg L-1 

Bq L-1 

 

4670 – 5900 

56.4 – 70.8 

 

2380 – 4460 

28.8 – 54 

Ra-226, Bq L-1 

Soluble 

Insoluble 

 

0.72 – 0.84 

15 – 39 

 

0.36 – 0.95 

8 – 21 
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Three types of crops, which compose the diet of an exposed person: “leafy vegetables”, other 
“vegetables”, and “roots” (IAEA, 2001), were taken into account. Results of calculations of 
doses from consumption of vegetables irrigated by contaminated groundwater for MCO 68 
and MCO 105 are presented in Table 37. The modelled time interval is t = 100 years. Doses 
account for all radionuclides of the U-238 decay series. 

Table 37: Results of deterministic calculations of doses from ingestion of irrigated crops for 
the intrusion scenario. 

Time, years 
MCO 68 

Dose for adult, Sv a-1 

MCO105 

Dose for adult, Sv a-1 

0 1.32 E-3 6.41E-04 

10 1.32 E-3 6.43E-04 

20 1.32 E-3 6.44E-04 

30 1.32 E-3 6.45E-04 

40 1.32 E-3 6.45E-04 

50 1.32 E-3 6.46E-04 

60 1.32 E-3 6.47E-04 

70 1.32 E-3 6.48E-04 

80 1.32 E-3 6.49E-04 

90 1.32 E-3 6.50E-04 

100 1.33 E-3 6.51E-04 

 

Probabilistic simulations 

Results of probabilistic simulation for MCO 68 and MCO 105 are shown in Table 38. The 
predicted confidence intervals for doses due to consumption of contaminated crops 
encompass nearly two orders of magnitudes. An important point is that the 95 percentiles are 
significantly higher than Best Estimates from the deterministic simulation. The median values 
of doses are comparable to the Best Estimates from the deterministic simulation. An example 
frequency histogram of dose values for the intrusion scenario (for MCO 68 only) is shown at 
Figure 76. 

Table 38: Results of probabilistic Monte-Carlo simulation for the intrusion scenario. Median 
values of doses and confidence intervals of doses to an adult caused by consumption of crops 
irrigated by contaminated groundwater (for t = 50 years from starting irrigation). 

Parameter MCO 68 MCO 105 

Median dose, Sv a-1 2.0E-3 1.2E-3 

5% percentile, Sv a-1 3.1E-4 2.0E-4 

95% percentile, Sv a-1 1.1E-2 7.4E-3 
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Figure 76: Frequency histogram for dose values from ingestion of irrigated crops for the 
intrusion scenario. Values for MCO 68 (t=50 years) are presented. 

Sensitivity analysis 

A sensitivity analysis carried out from the probabilistic simulation for the intrusion scenario, 
presented in a Tornado chart12 (see Figure 77), has shown that the most sensitive model 
parameters are the Kd values for tailings material, which govern radionuclide concentrations 
in irrigation well water. The Kd of polonium has the highest contribution to the uncertainties 
of the predicted doses. In the analysed case, polonium has relatively low Kd values, and 
consequently high concentration in the irrigation water. Another important model parameter is 
the fraction of the activity in irrigation water intercepted by the crops. In particular this 
parameter has a strong influence on the predicted polonium concentrations in the irrigated 
vegetables. 

 

 

 

 

                                                

 

12 A Tornado chart enables to compare the effects of every input data on results. For each input data, 
considering its range of possible values, the bar length gives the magnitude of the change caused by this 
specific input data on results. The most influent input data is displayed on the top of the chart, followed in 
decreasing order by those which are less and less influent: that is why this kind of chart is often shaped 
like a tornado. 
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Figure 77: Results from the sensitivity analysis for the intrusion scenario (only for MCO 105). 
Partial rank correlation coefficient values for model parameters are shown. 

7.2.6. Conclusions for the Bellezane modelling exercise 

For the current situation scenario, both models reach conclusions which are qualitatively 
similar: a trivial dose for a time-frame of 1000 years. For the intrusion scenario, a meaningful 
comparison between the RESRAD-OFFSITE and the SATURN results is difficult to establish 
due to different modelling assumptions and approaches.  

For example, while in the RESRAD-OFFSITE calculations, the pits 68 and 105 containing 
the tailings of the Bellezane repository had been replaced by an average single source term, 
SATURN calculated contributions of both pits separately. SATURN focused on a few 
specific exposure pathways – neglecting for example the drinking water pathway - while 
RESRAD-OFFSITE included all of them. The latter included also the contribution of the 
nuclide content of the waste rock cover which seems to dominate the total dose in the 
intrusion scenario for the first 500 years.  

In spite of these considerations, the quantitative results in the intrusion scenario for the dose 
from ingestion of plants turned out to be very similar in both models. At t= 100 years, this 
dose amounts to 1.18 mSv a-1 in the RESRAD-OFFSITE calculations while the SATURN 
calculations give 1.33 mSv a-1 for pit 68 and 0.65 mSv a-1 for pit 105.  

SATURN results included a probabilistic simulation which is a key-element in a decision-
making process given the large number of uncertainties on the various parameters. Due to 
lack of time, such a probabilistic simulation was not performed with RESRAD-OFFSITE.  

Due to different assumptions and approaches, the model-model intercomparison turned out to 
be rather a “modeller-modeller” intercomparison – showing how two independent groups of 
modellers could make different assumptions about a same complex reality. A meaningful 
comparison of two models could only be made starting from the same problem description 
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including the time-frame, the exposure pathways, the layout of the site, the transfer 
parameters, etc.  
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8. CONCLUSIONS 

 

Acknowledging the many NORM and nuclear legacy sites existing around the world, it is 
clear that tools and procedures are requested when performing risk and impact assessments 
for radiation exposure of people and the environment. The challenges faced by assessors and 
decision makers are divers, as are the national regulations in this field.  

A broad range of freely available and commercially available models (27 in total) have been 
considered within WG2 and described here. These models vary from simple screening models 
to more sophisticated modeling codes requiring specific training and expertise. Despite this 
broad range of available models, the user still needs to be aware of the limitations of whatever 
model they choose to operate for their issue at hand. No model discussed in Chapter 4 has all 
of the modeling solutions for the NORM and legacy sites presented within this document. The 
assessor has to be clear in what information they require at the end of the modeling effort to 
help them select the most appropriate models to use. The assessments presented in this report 
show the practical use of some of the models on real sites. 

The general assessment methodology (GAM) presented, is applicable to sites contaminated as 
a result of past practices (legacy sites), accidental releases of radioactive material or routine 
operations. The GAM proved useful for a number of different sites with varying 
characteristics and challenges. This implies that the methodology is generally applicable for 
NORM and nuclear legacy sites around the world. A graded approach (from screening to 
detailed assessment) is useful for optimising the assessment process, in terms of requirements 
for regulation, radiological protection, and cost. 

The model-model intercomparison of the Gela phosphogypsum site in Italy had the objective 
to discuss any significant differences between the predictions of the different modeling 
packages. Based on the existing information, assessments of different uses of the site in the 
future were performed. For screening purposes, a rural residential scenario was considered, 
where all the food ingested by the representative individual is grown directly on the stack. No 
remedial options were considered. This represents a worst case scenario. The models gave 
rather differing results for the screening assessment calculations, ranging from around the 
screening level of 0.3 mSv/y for an exposed individual at the site and up to 30 times this 
value. The model that predicted the lowest doses, however, did not take into consideration all 
the relevant pathways which illustrates the importance of knowing the possibilities and 
limitations of each model. Fewer models were available for the intermediate and detailed 
assessments. The basis for these assessments was the reported remediation that was carried 
out which included a plastic capping and several metres of clean soil covering the stack. 
Several options were considered, including the effect of the plastic liner on radon exhalation 
and the depth of clean soil needed for the radiological protection of individuals. The 
assessment results were comparable between the models used: with the retaining wall, plastic 
liner and cover in place the site might be suitable for recreational or industrial use, but not for 
residential use in the future. 

A model-model intercomparison was also performed for the Bellezane site in France where 
two former open uranium pit mines, which are separated by a dike, have been remediated. 
The site has restricted access and is fenced. Two exposure scenarios were considered. The 
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current scenario involves exposure of nearby villagers whose diet comes partially from local 
produce and where groundwater is used to irrigate the fields. The intrusion scenario 
hypothesises that in 250 years from now there is no longer an institutional control of the site 
and the knowledge about the former tailings is forgotten. A family builds a house on the site 
which now looks like a green field. Once settled, they work at home, and they have a garden 
where they grow some vegetables. These vegetables are irrigated in summer with water from 
a well pumping directly from the groundwater. Two modeling codes were used: RESRAD-
OFFSITE and SATURN. For the current situation scenario, both models reach conclusions 
which are qualitatively similar: a trivial dose for a time-frame of 1000 years. For the intrusion 
scenario, however, different modelling assumptions and approaches where used for 
RESRAD-OFFSITE and SATURN, respectively. For example, while in the RESRAD-
OFFSITE calculations the two pits had been replaced by an average single source term, 
SATURN calculated contributions of both pits separately. SATURN focused on a few 
specific exposure pathways while RESRAD-OFFSITE included all of them. In spite of these 
and other differing assumptions, the quantitative results in the intrusion scenario for the dose 
from ingestion of plants turned out to be very similar in both models. At t= 100 years, this 
dose amounts to 1.18 mSv a-1 in the RESRAD-OFFSITE calculations while the SATURN 
calculations give 1.33 mSv a-1 and 0.65 mSv a-1, respectively, for the two pits. Due to 
different assumptions and approaches, it turned out to be rather a “modeller-modeller” 
intercomparison – showing how two independent groups of modellers could make different 
assumptions about the same complex reality.  

Finally, the appendices to this report give detailed descriptions of many existing NORM and 
nuclear legacy sites around the world including the source term and measurement data. If 
available, the radiological assessments and remediation performed are also described for each 
site. 

 

9. FURTHER WORK 

The work of EMRAS II will be continued in the new programme MODARIA. The following 
topics have been identified by WG2 as potential topics for the new programme: 

 Assessing the impact from operational sites to encourage them to operate in a better way 
in order to reduce the possibility of creating new legacy sites. 

 Development of the capability to carry out probabilistic calculations;  

 Development of rigorous methods of estimating uncertainties in model predictions and 
estimates; 

 Try to merge approaches/models for hazardous substances and radioactive substances 
(need to be risk based and not dose based); 

 Model different remediation actions for real sites; and 

 Cross-fertilizing between groups.  
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APPENDIX I. SITES DESCRIPTION 

A number of NORM and nuclear legacy sites, which could be used as real scenarios for a 
modelisation exercise, have been presented and discussed inside the working group. These 
sites cover 16 different countries of almost all continents, which illustrate the ubiquity of the 
issue. They may be ordered in three main categories:  

- nuclear legacy, e.g. former test-sites of atomic bombs; 
- NORM sites, e.g. phosphogypsum stacks; 
- Uranium milling and mining sites;   

Table 39 gives an overview of all presented sites. While – by definition – nuclear legacy sites 
are not in operation anymore, it is not the case for many NORM sites – which means that the 
modelisation process may not only aim at remediation of existing contamination but also at 
prevention of possible radioactive legacies. Moreover, for NORM industries in operation, the 
radiological assessment does not only focus on the possible impact of the site on the public 
and the environment but also on the operational radiation protection of the workers in the 
industry.  

For most of the sites, data may be structured as follows:  

1. Description of the source terms: volume of contaminated materials, area of site, 
relevant nuclides and ranges of activity concentration, etc.  

2. Description of the transfer parameters: hydrogeology, climate, transfer factors, … 
3. Monitoring data: dose-rate on site, nuclides concentration in ground- and surface 

water and/or in percolate, radon exhalation measurements, activity concentration in 
plants and animals, etc.  

4. For sites which are already in the remediation stage, description of the remediation 
measures.  

For some of the sites, a dose-assessment had already been performed on basis of well-defined 
exposure scenarios. These scenarios are not limited to the assessment of the current 
radiological impact but may address future impact taking into account the physical evolution 
of the site (migration of the nuclides, ingrowth of some nuclides due to radioactive decay,…) 
and the evolution in the use of the site (like construction of dwellings on site - the typical 
intrusion scenario).  

It must be noted that, for several of these sites, an intrusion scenario is not just a theoretical 
possibility but a real occurrence.  

Table 39: Overview of the sites discussed within WG2. The sites noted in bold are described 
in more details in Appendix 2-4. 

Country Category Name of site 

Argentina U mining and milling Los Gigantes 

Australia Nuclear legacy Maralinga nuclear test site 

Belgium 

Nuclear legacy Olen (radium production) 

NORM Tessenderlo (phosphate processing) 

NORM Other Belgian NORM sites 
(phosphogypsum stacks, ferro-
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niobium processing) 

Brazil 

U mining and milling 
Poços de Caldas Uranium mine and 
milling 

NORM 
Botuxim site (storage residues from 
monazite processing) 

Bulgaria U mining and milling 
”Iskra” site (Katina) 

Uranium Milling plant “Zvezda” 

China NORM 
Baotou sites (rare earth extraction and 
steel industry) 

Estonia 

Nuclear legacy 
Paldiski (former nuclear submarine 
training facility) 

U mining and milling / legacy 
Sillamäe (Uranium mine tailings + 
former nuclear material production 
facility) 

France  U mining and milling Uranium mining sites of Limousin region  

Greece 
NORM Megalopolis - Coal Fired Power Plant 

NORM Kavala phosphogypsum stack 

Italy NORM Gela phosphogypsum stack 

Norway NORM 
Soeve site (Niobium mining and 
processing) 

Poland NORM 
Several sites in the Upper Silesia coal 
basin 

Russia Nuclear legacy Andreeva Bay, The Lepse vessel 

Slovenia U mining and milling Žirovski vrh wastes piles  

Spain NORM Compostilla - Coal Fired Power Plant 

Ukraine U mining and milling Pridneprovsky plant (Dniprodzerzhinsk) 

USA U mining and milling 
Abandoned Uranium Mine Sites on 
Navajo Nation 

The phosphogypsum stack of Gela (Italy) and the uranium tailings repository of Bellezane 
(France – Limousin region) were chosen as test-cases for modeling. These sites are 
thoroughly described in the chapter about model-model intercomparison (chapter 7). The sites 
of Megalopolis and Kavala in Greece have been described in the EMRAS I report (IAEA, 
2009). The nuclear test-site of Maralinga and the Soeve NORM site are described in the 
chapter on the application of the General Assessment Methodology, GAM (chapter 6).  
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APPENDIX II.  NUCLEAR LEGACY SITES 

II.1. The Technical Support Vessel Lepse  

II.1.1. General description 

The Lepse was built more than 70 years ago to carry cargo, but in 1958 it was rebuilt as a 
service ship, or FTB (Floating Technicial Base), for refuelling the first nuclear powered 
icebreaker - Lenin - and later for the next generation of icebreakers: Arktika and Sibir. In 
1988 it was taken out of service and in 1990 Lepse was officially declared as a 'laid-up' vessel 
although its storage compartments still contained spent nuclear fuel (SNF) and solid and 
liquid radioactive waste (RW). 

The decommissioning of Lepse was identified as an important task over 20 years ago and 
work was initiated by the Murmansk Shipping Company (MSCo) but then was terminated in 
1994 when funds ran out. Work has been in progress since then, based partly on international 
support13. 

 
II.1.2. Description and source term  

Figure 78 and Figure 79 below provide illustrations of the vessel Lepse, and the waste storage 
locations on the vessel. 

                                       

Figure 78: the vessel Lepse 

 

                                                

 

13 http://www.ndep.org/projectinfo.asp?ProjectID=138&type=nc&cont=prji&action=projectview 
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Figure 79: the SNF (in red un-crossed) and solid and liquid RW (crossed) storages. 

 

The vessel, currently located in the Kola Bay near Murmansk, contains two storage tanks for 
spent nuclear fuel (SNF) from the icebreakers with 639 fuel assemblies on board, many of 
which have damaged fuel elements. Liquid and solid radioactive waste are also stored on 
board. 

II.1.3. Radiological assessment and safety challenges 

The activity of the SNF in the storage hold is approximately 2.5 x 104 TBq, which is very 
substantial. The poor condition of a significant fraction of the fuel elements suggests early 
action so as to avoid the consequences of any accidents, including the possibility of criticality, 
or further degradation of materials making decommissioning even more difficult. At the same 
time, any such action might lead to increased risks, at least in the short term during hazardous 
recovery operations. The RW inventory is much smaller; however, contamination in various 
areas (now reduced) hampers decommissioning work.  

The abnormal circumstances and condition of both the vessel infrastructure and the condition 
of the waste stores and the radioactive material itself leads to a requirement for specific 
regulatory requirements. Such development involved close cooperation between operators and 
regulators, as well as international inputs (Sneve et al, 2009). The guidance developed, 
providing a framework for continuing regulatory supervision, included (EC, 2001): 

• Requirements for the composition of a set and contents of documents substantiating 
nuclear and radiation safety. 

• Requirements for the quality assurance program of activities for unloading spent fuel 
assemblies. 

• Requirements for the nuclear and radiation safety analysis report. 

Assessments based on these requirements include those for worker protection, analysis of 
possibilities and consequences of accidents and transport safety analyses. 

II.1.4. Safety challenges and lessons learned 

An initial major issue with planning the decommissioning of the Lepse was the lack of 
information about the condition of the stored SNF. It was clear that early engineering work to 
investigate the circumstances needed to proceed very carefully, and slowly, so as to provide 
the minimum information necessary for developing a complete decommissioning plan.  
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Particularly important in this case was whether fuel assemblies could be removed from 
current locations without risk of breaking. Waste characterisation is necessary so that 
appropriate handling operations, treatment processes can be developed, as well as waste 
acceptance criteria for long term storage and eventual disposal. 

It may be noted that some of the damage to fuel occurred prior to its storage in the Lepse. 
Actions taken in the management of wastes following accidents need to be appropriately 
recorded. 

The radiation conditions in potentially relevant work areas were very high, both in terms of 
radiation dose rate and contamination levels. Options for reducing these conditions, already 
partly implemented, involve assessment not only of the advantages to worker protection, but 
also in terms of secondary waste production and management. 

Abnormal working conditions, ironically common in legacy situations, require the judicious 
application of radiation protection planning. Delaying, or taking no action may avoid limited 
but controlled radiological impacts, say, related to discharge of secondary wastes, or, in these 
days, relatively high exposure of workers. However, it may result in continued existence of a 
major hazard. In this case the risk is of major release of radioactivity to the environment. The 
same risk balance could relate say, to taking action to make physically safe an unstable dump 
of NORM waste or mine tailings. 

The solution to such problems is not likely to be easy, but it is bound to require integrated 
consideration of types of radiation, other pollution and physical hazards. This requires 
coordinated effort on the part of regulatory authorities, in order that operators have clear 
grounds within which to work. 

 

II.2. Site for Temporary Storage of Spent Nuclear Fuel and Radioactive Waste, 
Andreeva Bay 

II.2.1. General description 

Two technical bases of the Northern Fleet were created in the Russian Northwest in the 1960s 
at Andreeva Bay in the Kola Peninsula and Gremikha village on the coast of the Barents Sea. 
They maintained nuclear submarines, performing receipt and storage of radioactive waste 
(RW) and spent nuclear fuel (SNF). No further waste was received after 1985 and the 
technical bases have since been re-categorized as sites of temporary storage (STS).  

Here, the situation is described with respect to the site at Andreeva Bay. 

The following circumstances critically characterized this site: 

• Unsatisfactory condition of facilities, hampering safe SNF and RW management; 
• Radioactive contamination dispersion from the STS territory to the adjacent marine 

environment; 
• Lack of regulatory requirements and guidance to deal with the existing abnormal 

radiation conditions, and 
• Lack of relevant standards for the complete management of radioactive waste. 

The following factors exacerbated the problem of management: 
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• Damage to the SNF and the engineered barriers of the storage facilities, leading to 
radioactive contamination of the environment, and a continuing threat of further 
releases; 

• Gaps in regulations on procedures connected with specific aspects of SNF and RW 
management, including insufficient definition of requirements for remediation; and 

• Justified public concern that environmental safety may be jeopardized not only in Kola 
Peninsula and the European part of Russia, but also in other countries of northern 
Europe. 

The Russian strategy for addressing this situation draws upon a wide range of industrial 
projects which in turn receive support from donor organizations and technical institutions, 
coordinated through the International Atomic Energy Agency’s (IAEA’s) Contact Expert 
Group (CEG). The Norwegian Radiation Protection Authority’s bi-lateral regulatory 
cooperation program was designed to provide parallel support to the Russian regulatory 
authorities, with a view to ensuring that investments made to manage the nuclear legacy in 
northwest Russia would be spent safely within the context of an effective regulatory regime. 

 

II.2.2. Source term and site data 

The STS in Andreeva Bay consists of the following main constructions (Shandala et al, 
2008): 

• fixed-site technological berth; 
• blocks of dry storage – three partly underground 1000-m3 stores, re-equipped to serve 

as facilities for the SNF storage; 
• service site for the SNF store, including some buildings; 
• basin-type SNF storage facility – building 5 being decommissioned after the SNF 

removal from it; 
• liquid radioactive waste (LRW) storage facilities; 
• building intended for water purification; 
• storage facility for high level concentrates of  LRW after treatment; 
• numerous constructions and sites for solid radioactive waste (SRW) store. 

For the purpose of radiation protection of workers, Andreeva Bay was divided into four 
separate radiation protection areas (see Figure 80). 

Controlled Access Area (CAA). The facilities were located within this area where SNF and 
RW were stored and where radiation-hazardous operations carried out. The facilities in this 
area were the main subjects of remediation. This area was appointed with decontamination 
posts and a special regime of work was defined there. Personal protection equipment was 
applied in the CAA to provide radiation protection of personnel from Group A (dose limit – 
20 mSv/y). 

Uncontrolled (free access) Area (UA). Facilities were located in this zone which support 
work implementation in the controlled access area. No radiation-hazardous operations were 
performed within this area. The main workplaces of the personnel from B group were located 
here. Personnel from B group were subject to dose limit – 5 mSv/y. 
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Health Protection Zone (HPZ). This was the area of STS administrative and technical 
provision. The external border of this area was limited by the system of physical protection of 
the engineered area. 

Supervision Area (SA). This area with radius of about 10 km was the subject of supervision 
of the facility impact on the environment and the public (dose limit – 1 mSv/y). 

 

 Controlled Access Area 

 Uncontrolled (free access) area 

 Health Protection Zone 

 Supervision area 

Figure 80. Area categorization at Andreeva Bay (Shandala et al, 2008). 

 

The total radioactive inventory amounted to about 105 TBq, primarily in spent fuel, but also 
significant amounts of solid and liquid radioactive waste as well as contaminated soil and sub-
soil (Shandala et al, 2008).  

A wide range of environmental sampling has been undertaken, to support the planning of 
remediation operations and to help plan for the long-term management of the site. Figure 81 
illustrates the ranges of Sr-90 and Cs-137 contamination in the different designated areas, as 
reported in NRPA, 2008. More details are provided therein, alongside the description of site 
specific regulatory controls and requirements which were developed to cover: optimization of 
radiation protection of workers, criteria for site monitoring and control, management of very 
low level waste, and emergency preparedness and response.  
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Figure 81: Sr-90 and Cs-137 contents in soil on-site the STS in Andreeva Bay (NRPA, 2008). 

 

II.2.3. Radiological assessment 

Prognostic radiological assessment is considered a vital part of the planning for safe and 
effective remediation. It relies on a sufficient understanding of the current situation, in terms 
of the existing facilities, nature of the environment and radioactive sources. The assessment of 
future conditions, for example, dose rates at work places once some sources have been 
removed, or the radiological impacts of residual contamination, supports the selection of 
appropriate management operations as well as effective regulatory supervision. 

To this effect, two assessment tools have been developed, one related to radiation situation 
and individual exposure monitoring (DOSEMAP) and one related to radio-ecological 
assessment (DATAMAP). Both are supported by GIS systems and are decribed in detail in 
NRPA, 2011. 

Figure 82 provides an example of output from DOSEMAP, showing how to present the 
industrial site and isolines of ambient dose rate. The example serves only to illustrate 
potential graphic representation of real data, which can be developed from results of relevant 
measurements and put into the assessment tool database. Such technique can be used to assess 
the actual current situation and the effect of removing particular source terms, and hence 
optimization of protection of workers. 
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1

 

 

Figure 82:. Andreeva Bay facilities and illustration of how isodose curves can be presented in 
DOSEMAP 

The DOSEMAP assessment tool focusses on the management of environmental 
contamination. It relies on measurements on environmental radioactivity in soils, sub-soils 
and groundwater, the use of suitable interpolation techniques and provides the following 
functions: 

• Presentation of contamination levels in 2 or 3 dimensions 
• Identification of areas where available data is not sufficient for necessary analysis of 

radio-ecological situation 
• Assessment of future contamination levels, allowing for radioactive decay and models 

for migration and accumulation of radionuclides. 

Figure 83 provides an example of output from DOSEMAP of 3D representation of activity 
distribution over depth in the ground. 
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Figure 83: Three dimensional plot of activity distribution over borehole depth (NRPA, 2011). 

 

II.2.4. Progress with remediation 

Since 2002, substantial construction of new and reconstruction of available infrastructural 
components has been under way. Table 40 illustrates the changed radiation situation in what 
used to be some of the more highly contaminated areas. 

Table 40: Changes in dose rate with time 

Location Dose rate, µSv/h Action taken 

2002 2009 

Area near new pier 0.15 - 450 0.15 – 0.35 Old pier dismantled 

Around building 50 0.3 – 1.5 0.25 – 0.57 Removal of scrap metal 
landfill 

Various damaged 
buildings 

0.58 – 2.7 0.38 – 1.1 Sand backfilling and 
asphalt covering 

Motor transport 
decontamination area 

2.5 – 30.7 0.57 – 0.7 Paving of the site 

 

These measures are not considered complete or final, but part of the on-going process of 
remediation, allowing lower dose-rate working areas etc. Overall progress is described in 
NRPA, 2011, alongside the need for continuing actions and supervision from a regulatory 
perspective. 
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II.3. The former radium production facility in Olen (Belgium) 

II.3.1. General description 

The activities of the former radium and uranium factory in Olen (a town located east of 
Antwerp, Belgium) and which was operated by the former Union Minière (now Umicore) 
between 1922 and 1977 have led to the existence of several radium-containing sites in the 
area: two licensed storage facilities, one dumpsite for which a decision about remediation had 
been taken and some other contaminated dumps and grounds which could be the object of a 
decision for remediation from the competent authorities.  

Part of this site was already used as test-case in the framework of the IAEA BIOMASS 
program (IAEA, 2004). However, this later report focused on the part of the site which was 
contaminated through the liquid effluents (via flooding and dredging of sediments) of the 
former production plant. The dumpsites were not addressed in that study.  

II.3.2. Source term 

a) Layout of the site 

i. Licensed facilities for temporary storage (UMTRAP and “Bankloop”) 

• The UMTRAP facility was built in the 80s and contains the following main 
components: 

• radium sources (in total ~200 g Ra-226), residues from uranium extraction  (2000 tons, 
with ~700 g Ra-226) and other radium-rich residues (500 tons with ~60 g Ra-226); 
these residues are stored in concrete bunkers covered with a copper foil; 

• ~ 8000 tons of residues with a low radium-content (in total ~30g Ra-226) stored in silos 
between the bunkers; and 

• Various residues (~6,000 tons with ~20 g of Ra-226) and contaminated soil (~ 60,000 
tons with ~20 g Ra-226), which fill the space between the silos and the bunkers. 

These residues amount for a total volume of ~ 55,000 m3. The whole is covered with clay, 
sand and gravel. 

The Bankloop storage facility contains ~30,000 m3 of residues coming from the remediation 
in 2007 – 2008 of the Bankloop stream which was used in the past to discharge the liquid 
effluents of the factory.  

ii. The D1 dump is a ground of ~10ha - outside factory premises – where almost 
200,000 m3 of radium-containing residues and chemical residues have been 
disposed.  10,000 m3 of this material contain residues from the dismantling of the 
former radium laboratories, which may lead to the presence of hot spots. This 
dumpsite contains also some materials from the remediation of contaminated streets 
in the neighbouring cities.  

iii. The S1 dump is located on the other side of the canal – inside factory premises. It 
contains mainly residues (iron hydroxide and calcium sulfate) from the cobalt 
production facility and radium contaminated dredging sludges from the former 
discharge stream (“Bankloop”). It covers an area of ~ 2.4 ha (240 X 100 m) with a 
volume estimated to 207,000 m3. 
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Figure 84 shows an overview of the site with an indication of the gamma dose rate (in counts 
per second) at the surface. 

 

Figure 84: Layout of site – it shows the D1 and S1 dumps as well as the two licensed storage 
facilities “UMTRAP” and “Bankloop” (BL). Measurements of gamma dose-rate at the surface 
of the site are indicated.  

 b. Radiological data 

i. D1 dump 

The radium concentration is highly inhomogeneous with activities ranging from 40 Bq/kg up 
to 930 kBq/kg. The average value for Ra-226 on the whole volume of the dump varies 
according to various studies between 5.3 and ~20 Bq/g 14. The activity of U-238 is ~ 0.2 Bq/g 
but the activity of Th-230 is similar to and in some cases higher than the activity of Ra-226. 
Th-232 and its daughter nuclides were not detected above natural background levels.  

Extensive dose-rate measurements have been performed. Maximum dose rates measured 
downhole in the interval 50-100 cm below the surface of the dump ground surface varies 
between 0.1 µSv/h (background value) and more than 10 µSv/h (SCK·CEN, 1994). The dose-
rate measurements show that most of the radioactive materials are located in the centre of the 
dump whereas the peripheral parts are less radioactive.  

                                                

 

14 Due to the inhomogeneity of the distribution, the value of the average may vary according to the way it is 
calculated.  
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Measurements of annual average concentration of Rn-222 in the air above the D1 dump at 1.5 
m and 0.5m are also available (Vanmarcke, 2003). At 0.5m above ground, the values vary 
between 180 and 1330 Bq/m3, while normal values for outdoor radon concentration in this 
area are ~10 Bq/m3.  

ii. S1 dump 

Dose-rate measurements have been performed in boreholes showing that contaminated 
material is present essentially in a band at 6-8m depth (8-10m above the surrounding ground 
level) in the eastern part of the dump.  

The average value of Ra-226 activity concentration in this contaminated band has been 
evaluated to ~10 Bq/g (1 Bq/g if averaged over the whole volume of the dump).  

In some samples, activity concentration of U-238 has been measured up to 2 Bq/g (and 2.6 
Bq/g for Th-230). Activity concentration of these two nuclides in the other samples is much 
lower. 

II.3.3. Site data 

a) Surface waters + (hydro-)geology 

A good description of surface waters and hydrogeology may be found in (IAEA, 2004), pp. 
115-125. In addition, this report contains also data over climate, demography, flora and fauna.  

Geology: The most important geological substrate of the region is constituted by the Kasterlee 
formation, a tertiary formation (Lower Pliocene) which is approximately 10 m thick at the 
site. It is constituted by clayey fine sands, micaceous and slightly glauconitic with some 
purple clay horizons. The lower portion of the formation is enriched in silt and clay minerals.  

The water table of the aquifer lies between one and two meters beneath ground level. 
Groundwater flows in the direction of the river “Kleine Nete” located ~ 850m North of the D1 
dump. The flow rate of the Kleine Nete is ~ 9000 m3/h.  

b) Climate 

See p. 125 of IAEA, 2004 for data about average temperature and precipitations in the area.  

c) Transfer factors to agricultural products and diet of critical group 

Soil-plant concentration factors have been measured around the site. Results are given in 
Table I-VI of IAEA, 2004 (p. 130). 

The diet of the critical group (cultivator families settling on site) may be found in Table I-VIII 
of IAEA, 2004.  

II.3.4. Radiological assessment 

As mentioned in the introduction, part of this site has been assessed in the framework of the 
BIOMASS program (but the assessment did neither address D1 and S1 dumps nor the 
licensed storage facilities) (IAEA, 2004).  
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The assessment was performed with the following models (for a detailed description of the 
models, see appendix II of IAEA, 2004): CLRP / CLRP-RAD, DOSDIM, OLENRAD, 
RISKOLEN, TAMDYN/TAMDYN-UV, RESRAD-ONSITE, RESRAD-OFFSITE.  

The value of the parameters used in that assessment may be found in Section I.6.3 of IAEA, 
2004 (pp. 157 – 162).  

A dose-assessment for the D1 dumpsite has been performed by SCK·CEN, 1996: it included a 
normal evolution scenario (no major changes in the use of the dumpsite and of the 
surrounding areas) and two intrusion scenarios (construction scenario on site, person in a 
house built on site).  

The normal evolution scenario led to a dose of ~2 mSv/y (almost completely due to radon). 
For the intrusion scenario (living in a house built on site), the dose was evaluated to 56 mSv 
(with radon again the dominant contributor: 44 mSv/y, external radiation: 6.5 mSv/y, 
consumption of vegetables grown on site: 5 mSv/y).  

The dose was also evaluated for different remediation options (SCK·CEN, 1997).  
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APPENDIX III. URANIUM MINING AND MILLING SITES 

According to national regulations, uranium mining and milling sites can be defined either as a 
nuclear site or a NORM site.  

III.1. Mineral tailings of a former uranium manufacturing mining facility: Los Gigantes 
– Argentina) 

III.1.1. General description 

Los Gigantes Manufacturing Mining Facilities are located in Sierra Grande, Province of 
Córdoba, Argentina; 30 km away from the city of Villa Carlos Paz. The complex is part of the 
provincial Water Reserve of Achala. The story begins in 1957 when uranium minerals were 
detected in the area. In 1970, prospecting studies were developed, assigning the exploitation 
of uranium to a private company.  This company developed its activities without interruption 
from 1979 to 1990, in the site rented by National Atomic Energy Commission to a religious 
order.   

The industrial activities developed in the site processed 2.500.000 tons of ore (0,15 °/oo U3O8 
tcf, 0,239 °/oo U3O8 mean law, 0,123 °/oo U3O8 for the marginal ore); produced 206 tons of 
concentrated U, generating 1000 000 tons of sterile quarry, 600 000 of marginal mineral, 
2400000 tons of ore tailings, 100000 m3 of precipitation mud and 100000 m3 liquid effluents  

Mineral tailings have hot spots up to ~1,2 MBq/kg of Ra. A remediation project is presently 
being carried out in order to stabilize them. 

III.1.2. Source term 

Layout of the site 

The mineral tailings are located tailings over an 800 m section of the northern riverbed of 
Arroyo de la Mina. Due to rainfall effect and springs associated to subsurface waters,  they 
lixiviate and release acid solutions (3,5<pH (UpH)<6), with high contents of dissolved salts 
(0,23<U(µg/l)<500; 0,0148<Ra(Bq/l)<1,48; 2,1< SO4

2-(mg/l)<2800), to surface water 
courses. These lixiviates represent the major contribution of contaminants to watercourses in 
the area, decreasing the water quality regarding the protection of aquatic life (see Figure 85). 

The piles have a slope (talud angle) of 35°, with a mean altitude of 70 m. They are subject to 
erosion by rain.   

• area : ~ 10 ha 
• Mass waste: 2400000 t. Mean Optimum Humidity = 12 %; Mean Maximum dry 

density = 1.8 ton/m3. 

The mean width of the waste layer is around 130 m.  
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Figure 85: Indicators of water quality around the site. 

Radiological data 

The dose rate results corresponding to waste areas are in the range of 0.43 to 0.63 µSv/h; 
those of nearby areas, from 0.19 to 0.27 µSv/h and those of the background from 0.19 to 0.24 
µSv/h. 

There were also available measurements of radon concentration in air and gamma radiation 
over the mineral tailings. Mean values are presented in Table 41. 

 

Table 41: Mean values of radiological parameters over the tailing. 

Parameter Unit Value 

Rate of emission of radon over the tailings Bq/m2 seg 0.33 

Dose rate due to external irradiation over the tailings µSv/h 0.35-0.45 

Concentration of radon,  over the tailings Bq/m3 337-896 
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III.1.3. Site data 

Geology 

The geological environment is composed of partially peneplanized areas of plutonites, limited 
by high grade metamorphic rocks. They are a significant part of the Achala batolite. A 
detailed description of the geology of the area could be found in IF-40M-020, 2005. 

Hydrogeology 

The hydrological conditions of the area are limited by the characteristics of the geology 
previously described. A massive crystalline basement did not allow significant accumulations 
of meteoric water, which are controlled by a drainage system and a positive relief that favors a 
quick percolation of them. 

The framework for this environment is given by the fracture zones, which are the only 
percolation and recharge lines for further drainage that supply water to the mountain creeks; 
and a dry pluvial regime in winter and spring, and rainy in summer and autumn.  

Surface waters 

There are two springs associated to fractured zones: one is in the middle of the quarry, over 
the west slope, permanent; the second is in the southern end of the quarry and is seasonal. 
Both of them join to form the Arroyo de la Mina, which is an affluent of Arroyo Vigilante; 
and this one of the Río Cambuche.  

Table 42 presents the contribution of 3 effluent streams (monitoring stations 32, 32b and 33) 
to water quality of Arroyo de la Mina (see Figure 85).  

Table 42: Contribution of the effluent streams 

Ion 
Stream 
Effluents (32) 

Stream 
Effluents 

(32b) 

Stream 
Effluents 

(33) 
Others Total 

U 35.66 % 62.79 % 1.45 % 0.10 % 100 % 

Ra 36.84 % 54.09 % 8.95 % 0.12 % 100 % 

SO4
2- 30.18 % 58.20 % 5.14 % 6.48 % 100 % 

TDS 33.31 % 58.93 % 5.61 % 0.29 % 100 % 

Acidity 20.41 % 73.28 % 6.29 % 2.15 % 100 % 

Flow 40 % 25 % 10 %  25 % 100 % 

A good description of surface waters and hydrogeology may be found in references (INA-
CNEA, 2009; Comisión Nacional de Energía Atómica; IF-40M-020, 2005).  

Climate  

The reports IF-40M-020, 2005 and PRODIA.BID contain data over climate dealing with 
temperatures and precipitations of the area. 
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Flora and fauna 

CNEA published a report in 2000 containing data dealing with the flora and fauna of the area. 

Demography  

The complex facilities are located in the Department of Punilla, whose capital city is Cosquín 
(2592 km2 and a population of 121 215 inhabitants– 46.8 inhab/km2). More information 
regarding socio-economical aspects of the area can be found in reports from the 
Administración de Parques Nacionales. 

Transfer factors to agricultural products and diet of critical group 

Soil-plant concentration factors have not been measured around the site. 

III.1.4. Environmental assessment 

An environmental assessment is presently being done on the impact of the mineral tailings on 
the water quality of the nearby mountain creeks by using CCWQI and the USEPAWASP. 

A radiological assessment is presently being done by PRAMU15.  

III.2. Poços de Caldas site: open mine pit, tailing dam, waste rock dumps and an acid 
rock drainage problem. Uranium mine and mill site (Poços de Caldas– Brazil). 

III.2.1. General description 

With the purpose of producing 500 tons U3O8/year, the Poços de Caldas mining and milling 
facilities began their commercial operation in 1982. After fifteen years of activity, the 
facilities were closed. During the operation, over 120 million tons of rocks were removed 
from the open pit mine. From this amount, 10 million tons were used as building material 
(roads, ponds, etc.), while the remaining material is stored in piles (Fernandes et al. 1996 and 
2008a). The main Waste Rock Piles (WRP) are the so-called waste rock pile 4 (WRP-4) and 
waste rock pile 8 (WRP-8), which both contain around 60% of the total amount of rocks 
removed during the ore extraction. In the site a tailing dam was raised containing around 2·106 
tons of residues of the milling process and wastes of different origins, among them: calcium 
sulfate produced by the neutralization of the acid drainage and pyrolusite used to promote the 
uranium oxidation.  

The Poços de Caldas region is characterized by the occurrence of radioactive anomalies and 
bauxite associated with fluorite, pyrite and oxide of manganese. The removing of a huge 
amount of rocks coupled with the occurrence of pyrite and with relatively high rainfall rates 
(1800 mm/y), generate acid drainage that is able to mobilize metals and radionuclides from 
the rocks and from the tailing. At the present, the site has three sources where acid drainages 
are generated: the mine pit, WRPs and the tailing dam. Without the chemical treatment, the 

                                                

 

15
 Proyecto de Restitucion Ambiental de la Mineria del Uranio - Uranium Mining Environmental Restoration Project 
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continuous release of this acidic solution will enhance the metal and radionuclide 
concentrations in the nearby surface water.  

In order to decrease the containing of metals, fluorite and radionuclides in the acidic solution, 
a chemical treatment facility is still in operation in the site. Before the release into the rivers 
of the region, the drainage from WRPs, tailing dam and mine pit are treated by the addition of 
Ca(OH)2 that neutralizes the acidic drainage to pH 10-11. After the solid settlement in dams 
the liquid overflow is released into the Antas river and Soberbo creek (that runs to Verde 
river).  

III.2.2. Source term 

Layout of the site 

The uranium mine and mill site is located on the Poços de Caldas plateau in the Minas Gerais 
State (Geographic coordinates: 21º47’27’’S and 46º47’56’’ W)  in the southeast region of 
Brazil and 20 km far from Poços de Caldas city (151 000 inhabitants).  The site encompasses 
an area of 15 km2 in which the mine occupies an area of 2.0 km2 (Figure 86).  Two major 
water courses receive the releases of the site: the Antas River that flows in the direction of 
Pocos de Caldas city and the Verde river that flows in the direction of the city of Caldas.  

The region is characterized by well-developed agriculture activities in which the water of the 
rivers is intensively used for crop irrigation and castle watering purposes. 

Table 43 and Table 44 show information about the waste rock piles and the tailing dam 
(Fernandes et al, 2008a).  

Table 43: Volume, mass and areas of the waste rock piles at the Poços de Caldas  site. 

Table 44: General characteristics of the tailing dam (Fernandes et al, 2008b). 

Total drainage area 0.86 km2 

Average waste discharge 0.15 m3s-1 

Maximum volume 2.39 million m3 

area 1.8 km2 

Average outflow rate 0.05 m3s-1 

 

Waste rock pile Volume (106 m3) Mass (106 t) Area(106 m2) 

WRP-1 4.4 10.6 2.5 

WRP-3 9.8 23.5 2.0 

WRP-4 12.4 29.8 5.7 

WRP-7 2.4 5.8 5.3 

WRP-8 14.8 35.5 6.4 

Total 43.8 105.2 21.9 
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Figure 86: Location of the site. 

Radiological data 

a) Waste rock piles 

The studies and characterization of the WRPs were focused on the WRP-4, because its 
drainage is collected directly in a pond, while for WRP-8 only part of the drainage is 
collected, the other part is lost to environment (Fernandes et al, 2008 a and b).   

Table 45 shows the radiological composition of the drainage from WRP-4 and Table 46 
presents the radionuclide concentrations in a sample from WRP-4. 

Table 45: 226Ra and 238U concentrations and pH values in the drainage from WRP 4. 

Parameter Average Minimum value Maximum value 

pH 3.3 2.9 3.7 
226Ra (Bq/l) 0.3 0.1 0.6 
238U (Bq/l) 175 71 315 

Table 46: Radionuclide concentrations in a rock sample from WRP-4 

Radionuclide Concentration (Bq/kg) 
238U 4203 
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234U 4090 
230Th 4066 
226Ra 5845 
210Pb 5120 
210Po 6600 

b) Tailing dam 

Metals and radionuclides are not uniformly distributed in the solid material of the dam. This 
stratification in the tailing was caused by the different kinds of wastes and materials that were 
disposed in the dam and by various mechanisms, among them the settling process, 
precipitation, preferential adsorption and leaching. 

Fernandes et al. (1996) pointed out a mobilization of radionuclides in the tailing dam caused 
by the acid leaching of the radionuclides from wastes. The presence of acidic solution in the 
dam is an outcome of the residual pyrite oxidation. An estimation of the total amount of 
radionuclides in the dam is shown in Table 47 as well as their fraction that is potentially 
mobile and the radionuclide concentration in the dam water. 

Table 47: Inventory of radionuclides at the tailing dam. 

Element Total inventory (Bq) Mobile fraction (%) Dam water (Bq/l) 
238U 4 1012 7 0.22 
232Th 3 1011 21 <0.01 
226Ra 5 1012 59 0.03 
228Ra 3 1012 16 0.38 
210Pb 7 1012 65 <0.02 

 
III.2.3. Site description 

Geology 

Located in the central-western portion of the Cabo Frio Magmatic Lineament, the Poços de 
Caldas Alkaline Massif is the largest alkaline complex in Brazil with 30 km in diameter and 
800 km2 in area. It comprises a suite of alkaline volcanic and plutonic rocks (mainly 
phonolites and nepheline syenites) with high normal background levels of U, Th and rare 
earth elements. The alkaline massif main morphology is a semi-circular plateau with average 
altitude of 1300 m rising up to 400 m above surrounding flatlands (Poços de Caldas Plateau), 
with elevations up to 1500–1600 m in its borders. The plateau is a stable feature and its 
surface has been eroding at an average rate of 12 m per million years over the last 50 million 
years. Hydrothermal fluid rock interactions of local extent led to pyritisation, strong 
potassium enrichment and the formation of several important radioactive anomalies 
(Grohmann et al, 2007). 
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Climate 

The tropical climate of the region has a marked rainy season from November to April and a 
dry season in the rest of the year. The annual average temperature is 19°C varying between 
1°C and 36°C.The total maximum annual rainfall is 1800 mm. 

Surface water 

The streams are ephemeral in their upper reaches, tending to dry up in the dry season as they 
are fed by a declining base flow. In the rainy season they exhibit flash floods fed by intense 
rainfall causing overland flow. The rainy season also provides recharge to groundwater. Two 
hydrographic basins, the Antas and Verde, cross the site: the Antas basin drains around 70% 
of the plateau and the Verde basins 20%. Hence, the Antas basin is the most important of the 
region and has a drainage area of 432 km2. The Antas river has an average flux: 1.86 m3/s; 
varying between 0.0025 m3/s and 7.65 m3/s. It is considered the strategic stock of water for 
the region. 

Site Data 

A number of researches were performed in the Poços de Caldas region in order to determine 
the transfer factors from soils to plants and to food (Amaral et al, 1988a; Vasconcellos et al, 
1987), to study the transport of radionuclides in surface and groundwater (Amaral et al, 
1988b; Azevedo et al, 1988; Barcellos et al, 1990) and to assess the public dose due to the 
mining and milling operation Error! Reference source not found. Amaral et al, 1995). 
Additionally, the owner of the site and the regulatory body have carried out pre-operational, 
operational and post-operational environmental monitoring programs. By this way, the levels 
of 226Ra, 228Ra, 238U and 210Pb in the effluents, surface water, milk and vegetables are 
continuously monitored. 

III.2.4. Radiological assessment 

The impact of the mining site and the enhancement of metal concentrations in the nearby 
surface water has been the subject of extensive studies; Fernandes et al, 2008a, cite a 
compilation of these studies. Prado (1994) stated that the main contaminants of concern in 
Antas River were manganese, fluorite and uranium, which concentration values exceeded the 
water quality criteria (WQC) established by Brazilian standards.  

Tailing dam 

A dose-assessment of the impact of the tailing dam has been performed in (Fernandes et al, 
1996) using the model equations reported in IAEA (1982): it included a worst case scenario in 
which the control procedures would be interrupted and the acidic solutions were released to 
the aquatic bodies without any kind of treatment. The values of estimated dose in a 
conservative approach were 8.5 mSv y-1 for children (0-1 year) and 8.1 mSv.y-1 for adults.   

A simulation with RESRAD-ONSITE showed that the exposure to radon and gamma 
radiation might also result in high dose levels, if houses are constructed directly on the 
tailings in a future scenario of unrestricted use of the site (Fernandes et al, 2008a). In this case 
the dose reached value of 40 mSv/y for Rn and 8 mSy/y for external exposure. In addition to 
that, the contamination of the groundwater was evaluated by the GWSCREEN code taking 
into account conservative assumptions. The evaluation pointed out a very long contaminant 
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transit time and in consequence the contaminants might take thousands of years to reach the 
aquifer. 

Waste rock piles 

Amaral et al. (1988 b) estimated a total committed effective dose of 0.5 mSvy-1 due to the 
release of 226Ra and 238U with the acid drainage of the waste rock piles. After the chemical 
treatment of the acidic solutions, the dose decreases to 0.05 mSv y-1. The impact of releasing 
the acidic solution from the WRP-4 into rivers was assessed by (Fernandes et al, 2008a). A 
screening model was used considering that the critical group would be located close to the 
zone of mixture of the river water and the acid drainage. The only considered exposure 
pathway was the direct ingestion of water. In this situation the dose due to uranium, that is the 
main contributor for the dose, would be 0.21 mSv y-1. 

The dose was also evaluated for different remediation options.  

III.3. Buhovo uranium mining and milling site (Bulgaria)  

III.3.1. Site description and history 

Manifestations of uranium mineralization in Bulgaria are known since 1920. First exploration 
activities were held in 1935 at the Buhovo ore deposit, at 25 km distance from Sofia. Serious 
exploration activities based on technological research and economical calculations were held 
in 1938-1939 with the cooperation of German specialists. 

In the period 1946-1947 Soviet geologists performed intensive geological investigations of 
the Buhovo ore deposit. In the spring of 1946 a joint Soviet-Bulgarian enterprise is 
established but its activity is ceased in 1956 and “Rare Metals” Bureau with the Council of 
Ministers of Bulgaria is established. 

A number of exploration methods were applied:  geological, geophysical, technological and 
combined. Aero-gamma-spectrometry, hydro-radiochemistry were used well as other 
methods.  

As a result of these explorations, 39 ore deposits were found and developed on the territory of 
Bulgaria. The main ore deposits for underground extraction are: Buhovo near Sofia, 
Eleshnitsa in North-West Bulgaria, Sliven in Central Bulgaria, Smolyan, Dospat and Selishte 
in Rhodope Mountains.  

Two hydro-metallurgical plants had been built in the town of Buhovo and in the village of 
Eleshnitsa for uranium ores processing and production of uranium concentrate (U3O8). This 
milling plant became the center of uranium mining region South–Central with center Buhovo 
and South-West region with center Eleshnica. 

All uranium mines were closed and the Uranium Milling in Bulgaria was shut down in 1992 
by decree of Government.  

III.3.2.  Remediation activities 

The activities foreseen in the decree of Government on the liquidation of the consequences 
from the extraction and processing of uranium raw materials in the Republic of Bulgaria are: 
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• technical liquidation, 
• technical and biological remediation, 
• purification of uranium contaminated mine waters, and 
• environmental monitoring in the regions affected by the uranium extraction. 

 

Remediation activities carried out in Bulgaria started with technical liquidation. 

For above-ground facilities it includes: dismantling the mining and milling facilities;  
• demolishing the existing buildings;  
• decontamination of the technical equipment for reuse and deposition of the radioactive 

wastes in the tailing ponds. 

Underground facilities were closed with two concrete walls. Technical liquidation of the 
uranium mining facilities was finished.  

The second stage is technical rehabilitation and includes: 

• Stabilization and reshaping of the surface waste rocks piles and backfilling the tailing 
ponds and open pits;  

• Build the diversion channels for removing the surface water for protection of waste 
rocks piles against erosion;   

• The surface is covered by a non radioactive layer for reducing the gamma dose rate. 

Technical rehabilitation was done in approximately 60 per cent of the sites. 

In some of the sites remediation activities include purification of the polluted water. 

After the cease of the activities on uranium extraction and uranium processing, the pumping 
stations for circulating water in the mines had been dismantled; this created conditions for 
flow out from the stulms of water contaminated with radionuclides. In this manner mining 
waters containing radionuclides flowing out to the surface create preconditions for 
contamination of surface waters in the region of the closed down facilities. 

In the regions where these processes are particularly intensive, treatment facilities of sorption 
type are set up, so called Installations for sorption purification of uranium contaminated mine 
waters. 

III.3.3. Radiological data 

Buhovo uranium mining and milling site is situated 15 km north-east from Sofia, the capital 
of Bulgaria. Buhovo mining region as the major sites of uranium industry covers the area 
around Buhovo, Seslavtsi, Kremikovtzi, Yana village and Gorni Bogrov (Figure 87). On its 
territory, there are various contaminated objects. They can be divided by type of pollution: 
water, soil and  by stage of reclamation: reclamation completed at the time of reclamation, 
rehabilitation or compromised initiate reclamation; size: large, small, etc.  
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Figure 87: Location of the Buhovo site. 

 

Objects with contaminated water  

Closed facilities are filled with water that flows out of the lowest production in some areas: 
Seslatsi, Kremikovtzi. The concentration of radionuclides in water samples at the point of 
discharge for Kremikovtzi and the Kremikovska river in village are presented in Table 48. 

Table 48: concentration of radionuclide in water samples. 

Sampling Place U nat. [mg/l] Gross α [Bq/l] 

Point of discharge 1.71 5.9 

The Kremikovska river in village 1.00 3.2 

uncertainties (2δ) 20 % 10 % 

 

Water passes through many tunnels and underground facilities. Radioactivity in these tunnels 
is unknown. The concentration of radionuclides in water samples from Seslavtsi is of the 
same order. Water is used for watering of animals and irrigation of agricultural production 
(Figure 88).  

Water from two sections of Buhovo mining region is purified through a sorption column - site 
“Chora” and site “Iskra”. Water is directed through underground channels to the lowest point 
where the column is installed. The concentration of radionuclides before and after the 
treatment plant is monitored. The area is examined on outflow of elusive water and bottom 
sediments from river are measured.  

Map.1 
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Hydrology of the area for now is not available, but the direction and level of groundwater may 
be provided for assessment of pollution. 

 

Figure 88: Contaminated water used by grazing animals in the area. 

Objects with contaminated soil 

In conducting the mining of uranium ore, numerous waste rock piles were brought to the 
surface.  Most of them are in Buhovo and Seslavtsi. Dumps are remediated only in the 
horizontal part. Reclamation is completed and adopted by a state commission. Closing the 
horizontal part of the dumps in Seslavtsi has stopped the infiltration of surface water in the 
waste tip, but it then flows on the surface and destroys the vertical part. In this way, polluted 
material spread towards the village. The concentration of radium-226 is about 1100 Bq/kg.  

Dumps located in Buhovo are not subject to erosion by surface water due to the fact that they 
are older. The vertical part of them, however, is used by motorcyclists for extreme sports. 
This destroys their integrity and contributes to the spread of radionuclides. The concentration 
of radium-226 is about 700 Bq/kg. 

In the first years of operation of uranium sites, there were no measures for environmental 
protection. The biggest pollution has resulted from the commissioning of the processing plant 
in Buhovo. It worked almost 5 years without tailings and waste products were flowing down 
to the villages Yana and Gorni Bogrov. These lands are now parks in the village of Yana and 
farmlands for agricultural production. The concentration of radium-226 is about 2200 Bq/kg. 

One of the biggest polluted site from uranium industry in Bulgaria is the milling plant in 
Buhovo. Now it is a private enterprise and decommissioning is being carried out. Fields will 
then be reclaimed. A project for the remediation of this site has been set up. The maximum 
concentration of radium-226 is 19000 Bq/kg and of uranium 530000 Bq/kg. 

Buhovo uranium milling has two tailing ponds, one is dry and the other is filled with water. 
Total surface area is 900 acres.  The mass of waste deposited is 8320 tons, activity is 
1,8·1015Bq. 
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III.4. Žirovski vrh: waste piles of a former uranium mining and milling facility 
(Slovenia) 

III.4.1. General description 

At the Žirovski vrh area, uranium ore was discovered in 1960. After that, different research 
activities were conducted in order to determine the amount of the uranium ore and feasibility 
of commercial exploitation. It was assessed that within the area of the Žirovski vrh there is 
about 12 million tons of uranium ore containing about 16000 tons of U3O8. In 1976, the 
company Rudnik urana Žirovski vrh was established, which started with industrial 
excavations of uranium ore in 1982. Two years later, industrial production of U3O8 
concentrate (yellowcake) has started and lasted until July 1990 when all mining and milling 
activities were temporary stopped by a decree of the Slovenian Government. Mining of 
uranium was stopped because the prices of uranium on the world market decreased after the 
end of cold war and because of rising environmental protection and anti-nuclear movement 
after the Chernobyl accident. With the act of permanently cessation of exploitation of uranium 
ore and prevention of consequences of mining at the Rudnik urana Žirovski vrh uranium 
mine, which was adopted in the year 1992, the uranium mine was permanently closed. After 
that, activities for permanent remediation of the area, which was affected with uranium 
mining, were started and finished in 2010. In the time of exploration, about 0.6 million tons of 
uranium ore and more than 2.5 million tons of other waste rocks and low-grade uranium ore 
were excavated. From the uranium ore, 450 tons of U3O8 in form of yellowcake were 
produced (Florjančič et al, 2000). 

After closing the mine, all mining and milling facilities were dismantled and all area was 
decontaminated. Within the area of the former facility for production of yellowcake, there is 
now an industrial zone. All mining and milling wastes were deposited onto two waste piles, 
located closely to the uranium mine (Jazbec and Boršt waste pile). 

III.4.2. Source term 

Layout of the site 

Layout of the site can be seen in Figure 89. The Jazbec waste pile is located in a small valley 
of the stream Jazbec, whereas Boršt waste pile is located in a former swampy site. Both waste 
piles were constructed above the temperature inversion point, which prevents radon retention 
in the Brebovščica and Todraščica valleys in meteorological conditions when the temperature 
inversion occurs. Within the waste pile Jazbec, waste rocks, low-grade uranium ore, red mud 
(remaining of the purification of U3O8 concentrate) and all contaminated material left after 
dismantling of the facilities are deposited. On the waste pile Boršt, uranium mill tailings 
(UMT) are deposited. 

Both waste piles are remediated. This includes about 2 m thick cover for the wastes 
comprised of different materials as schematically shown on Figure 90. 
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Figure 89: Layout of the site (RUŽV – Rudnik urana Žirovski vrh). 

 

 

Figure 90: Composition of layers of the cover on the Jazbec and Boršt waste piles 

Jazbec waste pile:  

• area : ~ 4 ha 
• amount of waste rocks and low-grade uranium ore: 2.5 Mt 
• amount of red mud: 0.05 Mt 
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Boršt waste pile: 

• area: ~ 3 ha 
• amount of UMT waste: 0.6 Mt 

Radiological data 

The activity concentrations and inventories of natural radionuclides in the processed wastes 
deposited at the Jazbec and Boršt waste piles are shown in Table 49 and Table 50. It is evident 
that in the Jazbec pile, red mud has elevated activity concentration of 230Th, which represents 
about 58 % of 230Th, originally present in the uranium ore. Nevertheless, amount of the red 
mud is small compared to other waste rocks deposited at the Jazbec pile. The UMT, which is 
deposited at the Boršt waste pile contains almost all 226Ra (about 95 %), about 42 % of 230Th 
and 11 % of 238U compared to what was originally contained in the uranium ore. In addition, 
UMT contains also 7610 ± 495 Bq/kg of 210Pb and 210Po, which represents about 87 % of 
what was originally contained in the uranium ore. 

Table 49: Activity concentrations of natural radionuclides in wastes deposited at the Jazbec 
and Boršt waste piles (Križman et al, 1995). 

Sample aU–238 (Bq/kg) aTh–230 (Bq/kg) aRa–226 (Bq/kg) 

Uranium ore16 8780 ± 700 8780 ± 700 8780 ± 700 

Jazbec site:    

Red mud 495 ± 75 65100 ± 9800 190 ± 20 

Waste rocks1 750 ± 100 750 ± 100 750 ± 100 

Boršt site:    

UMT 995 ± 80 3930 ± 580 8630 ± 340 

Table 50: Inventories of natural radionuclides in processed wastes deposited at the Jazbec and 
Boršt waste piles.( Križman et al, 1995). 

Sample AU–238 (TBq) ATh–230 (TBq) ARa–226 (TBq) 

Uranium ore 5.37 5.37 5.37 

Jazbec site:    

Red mud 0.02 3.1 0.01 

Boršt site:    

UMT 0.58 2.33 5.12 

Average dose rates in 2010 on the top of the Jazbec waste pile were about 100 nSv/h and on 
the top of the Boršt waste pile about 120 nSv/h. Radon activity concentrations in 2010 were 

                                                

 

16 Based on data for average U3O8 content of 840 mg/kg in uranium ore and 70 mg/kg in waste rocks. 
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on the Jazbec waste pile from 8.4 – 120 Bq/m3 and on the Boršt waste pile from 6.9 – 77 
Bq/m3 (Štrok et al, 2011). 

 

III.4.3. Site data 

Surface waters + (hydro-)geology 

Good description of surface waters and hydrogeology may be found in Florjančič et al, 2000. 
Figure 91 shows surface waters at the area of the former uranium mine Žirovski vrh. Seepage 
waters from the Jazbec waste pile outfalls into the Brebovščica stream and from the Boršt 
waste pile into the Todraščica stream. Todraščica stream flows into the Brebovščica stream 
and Brebovščica eventually into the Selška Sora river. 

 

Figure 91: Surface waters in the area of the former uranium mine Žirovski vrh. 

Climate 

Both waste piles are located in a subalpine region with relatively high rainfalls. In the vicinity 
of the Boršt waste pile, automatic meteorological station is placed, which collects 
meteorological data about the site. 

Radioecological studies 

Since 1968, continuous radiological measurements of the area of the former uranium mine 
Žirovski vrh have been carried out. During the last five years, research has been focused on 
the migration and mobility of natural radionuclides within the Boršt waste pile, transfer of 
those radionuclides to plants, milk and fish and dose assessments to plants (Štrok and Smodiš, 
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2010a, b and c, 2011; Černe et al, 2010a and b; Černe and Smodiš, 2010). The results of 
investigations show that at the Boršt waste pile, the most mobile is 238U, followed by 226Ra 
and 210Pb, whereas 230Th and 210Po are extremely immobile. Activity concentrations of natural 
radionuclides in milk and fish are low and mostly comparable with the reference location. 
Transfer of natural radionuclides to plants is the highest for 226Ra, followed by 238U and 230Th. 
Dose assessment to plants using the ERICA tool showed that the doses are lower than the 
action values. 

III.4.4. Radiological assessment 

Additional dose to the nearby living people is assessed yearly on the basis of the radioactivity 
monitoring data, which comprises all possible transfer routes (air, aerosols, water, food…). In 
the year 2010 additional effective dose due to the former uranium mine Žirovski vrh to the 
nearby living people was about 0.118 mSv for adult inhabitant.  
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APPENDIX IV.  NORM SITES  

The sites described here are NORM sites other than uranium mining and milling sites. 

IV.1. Tessenderlo’s CaF2 sludges dumpsites (Tessenderlo – Belgium) 

IV.1.1. General description 

Tessenderlo is located in North East Belgium. The chemical company Tessenderlo Chemie 
processes Moroccan phosphate ore for the production of cattle food. It uses the hydrochloric 
acid process which results in the production of solid waste consisting predominantly of CaF2 
sludges. Several dumpsites (sludge basins) have been exploited by the company. One of them 
(Veldhoven sludge basin) consists of three separate disposal sites next to each other (see 
Figure 92): S1, S2 and S3. S1 is not in exploitation anymore. S2 and S3 are still in 
exploitation. The site S1 was used as a case-study in the European Commission report 
“Radiation protection 115: Investigation of a possible basis for a common approach with 

regard to the restoration of areas affected by lasting radiation exposure as a result of past or 

old practice or work activity”(Vandenhove et al, 1999). 

A few other disused dumpsites are scattered around the site. Moreover, due to relatively high 
radium concentration in past liquid discharges, the banks of the discharge streams, Laak and 
Winterbeek, have also been contaminated.  

IV.1.2. Source term 

Layout of the site 

The Veldhoven dumpsite is located just North of a canal (“Albert canal”) and is made of three 
distinct exploitation areas, S1, S2, S3. As shown in Figure 92 (Paridaens and Vanmarcke, 
2001) there is another dumpsite (no more in exploitation) just on the other side of the canal, 
located on the factory premises. Two others disused dumpsites are located 1 – 2 km SW of the 
Veldhoven site. 

Table 51: overview of the dumpsites. 

 Area (ha) 
Volume of 
residues 
(tons - dry) 

Years of 
exploitation 

S1 25 900 000 1963 - 1986 

S2 4 50 000 
(buffer dump) 
~1980 - today 

S3 26 900 000 1987 - today 

Sludge basin on factory premises 5.6 150 000 1931 – 1968 

Sludge basin Kepkensberg 19.7 ~ 550 000 ~ 1946 – 1979 

Landfill Spoorwegstraat 2.4 630 000 
1942 – 1983            
+ 1989 - 1996 

The total capacity of the S3 dump amounts to ~ 2,400,000 m3. The density of the sludge is 
around 1.6 ton/m3. 
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Figure 92: Layout of the Tessenderlo site 

Radiological data 

Till 1990, the average Ra-226 concentration in the CaF2 sludges was ~3.5 Bq/g. Since 1990, 
Ra-226 concentration17 has significantly increased up to ~11 Bq/g.  Ra-226 concentration on 
the S3 sludge basin is thus significantly higher than on the other sites (which have been 
abandoned before 1990). Values of dose rate at the surface of the site are indicated on Figure 
93. It may reach a maximum value of 2.5 µSv/h. 

The contamination (due to dredging of contaminated sediments) on the banks of the discharge 
streams, Laak and Winterbeek, reaches a few Bq/g in Ra-226. Its distribution is patchy and 
covers a large area, as illustrated by Figure 93 where dose-rate measurements on parts of the 
banks of Winterbeek are shown.  

                                                

 

17 In order to decrease the radium concentration in waste water, barium has been added to the process in 
order to co-precipitate radium. This process was very efficient in reducing the radium concentration of waste 
waters (it went from 20-25 Bq/l down to < 0.2 Bq/l) but led to an increase of the radium concentration in solid 
waste.  
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Figure 93: Dose-rate measurements on the banks of the Winterbeek stream. It may reach 15 
times background values.  

The contour of the contamination around these streams has been determined on basis of 
several dose-rate measurements campaigns. Next to radium contamination, heavy metals (like 
arsenic and cadmium) contamination is also present. Dose-rate values and cadmium 
contamination show some degree of correlation, which allowed using dose-rate as a tracer for 
identifying heavy metals contaminated areas. 

A radon monitoring program has been set up on and around the basins S1-S3. There are 14 
measurements points; Table 52 shows a summary of the results for the period 2008 to 2010.  

Table 52: Radon measurements on and around the S1-S3 sludge basins. 

 2008 2009 2010 

On areas S1 and S2 160 80 65 

On area S3 14 20 20 

Environment 11 10 10 

Sludge basin on factory 
premises 

53 60 30 

NB: All results in Bq/m3. Normal background values for outdoor radon concentration in the 
area are ~ 10 Bq/m3. 

IV.1.3. Site data 

Surface waters + (hydro-)geology 

In addition to the canal, there are two streams flowing next to the dump site (~ 50m away 
from the site): “Bosloop” to the NE (it follows the edge of S2 and S3) and “Grote Beek” (SE 
of S3). According to piezometrical measurements, groundwater flows in the direction of the 
“Grote Beek” river.  
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Flowrate of “Grote Beek”: 2000 m3/hour.  

Nature of soil under dumpsite: sandy 

Groundwater:   

• Cross sectional area: 2600 m2 
• Flow rate: 10 m/y  

Distribution coefficients 

There are no site-specific distribution coefficients available. In Radiation protection 115 
(Vandenhove et al, 1999), values of Kd were taken from IAEA/IUR, 1994:  

Transfer factors 

The transfer factors to pasture grass, agricultural crops, animal and aquatic foodstuffs used in 
Radiation protection 115  are not site-specific and have also been taken from IAEA/IUR, 
1994. 

 

IV.1.4. Radiological assessment 

The dumpsite S1 has been used as a test-case for the generic assessment methodology 
described in the report “Radiation protection 115: Investigation of a possible basis for a 
common approach with regard to the restoration of areas affected by lasting radiation 
exposure as a result of past or old practice or work activity” (Vandenhove et al, 1999). In this 
report, a generic assessment model has been developed (AMCARE: Assessment Model for a 
Common Approach to REstoration of contaminated sites).  

Section 5.3.2 of the report (pp. 20 – 26) describes all parameters values of the model (nuclide 
specific distribution coefficient, transfer factors to pasture grass and agricultural crops, 
transfer factors to animal and aquatic foodstuffs, critical group characteristics, etc.). 

Two exposure scenarios have been considered (see p. 17 of report): 

i) a normal evolution case, with farmers residing and working close to the site 
(“status quo” in the site and local population characteristics) 

ii) an intrusion scenario, where members of the critical group inhabit houses built 
directly on the contaminated site.  

The results of the dose assessment for these two scenarios are described in details in section 
5.3.3 (p. 26) and 5.3.4 (p. 29) of the report.  

Radon inhalation is by far the main exposure pathways for the two scenarios. For the normal 
evolution scenario, it leads to a dose of 0.5 mSv/y. For the intrusion scenario, it leads to a 
dose of 357 mSv/y. 

Note that in another study of the radiological impact of S1 sludge basin performed by SCK-
CEN (Vanmarcke et al, 1993) the contribution of radon is much smaller, so that the total dose 
for the intrusion scenario is estimated in this later study to 38 mSv/y. 
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Radiological impact studies have also been performed for other former dumpsites: see e.g. 
Vanmarcke et al, 1996.  

IV.2. Other NORM sites in Belgium 

IV.2.1. Dumpsite for slag of ferro-niobium extraction 

A metallurgical company, located in Ghent, produced ferro-niobium in the 1960s and 1970s. 
Slags from the extraction process of Fe-Nb from columbite-tantalite ores were disposed on a 
landfill next to the premises of the company. The contamination of the slag is very 
inhomogeneous and reaches up to 60 Bq/g in Th-232 and 12 Bq/g in Ra-226. Figure 94 shows 
the dose-rate at the surface of the site: it shows a patchy pattern of contamination with a dose-
rate up to ~ 6µSv/h. Radon concentration in soil was not elevated in comparison with 
background values; there was a slight increase in thoron, reflecting the fact that thorium is the 
main radioactive contaminant in the slag. The high density of the slag explains why the radon 
concentration is not elevated in spite of the significant radium concentration in the slag.  

 

Figure 94: Gamma-dose rate measurements round a metallurgical factory in Ghent – formerly 
producer of Fe-Nb. 

 

It should be noted that some of these “hot spots” are located just under some workshops, 
which were built on the former landfill after the slag had been disposed. It is another example 
of how an “intrusion scenario” may occur when no institutional control has been established.  

IV.2.2. Phosphogypsum stacks 

Several companies in Belgium use or have used the sulfuric acid process to produce 
phosphate fertilizers, which results in the production of large amounts of phosphogypsum 
(PG).  
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A number of disused phosphogypsum stacks are scattered around in the Rupel area (a river 
located between Brussels and Antwerp). The activity concentration is typical for PG made 
from sedimentary ores: between 0.5 and 1 Bq/g Ra-226  

Some of these PG stacks have already been reconverted: Figure 95 gives an overview of the 
gamma dose-rate at the surface of a former PG stack which is now a recreational domain: this 
domain is used as a place for sport and walking activities as well as a playground for children 
. At some locations, the cover has been eroded and phosphogypsum appears directly on the 
surface: the gamma dose-rate may reach 3 to 8 times background values. In dialogue with the 
owners of the site, adequate counter-measures will be developed and implemented. As the 
picture shows, the domain is located in a populated area with dwellings just next to the limits 
of the former PG stack.  

 

Figure 95: Gamma dose-rate at the surface of a recreational domain established on a former 
PG stack 

This area is located between the two most populated cities of Belgium: consequently there is 
some pressure for redeveloping so-called “brownfields” for real-estate purposes. This applies 
to PG stacks too, which means that the probability of occurrence of an “intrusion scenario” 
may not be discarded. In 2009, the Belgian government had considered a former PG stack in 
this area as a possible site for building a new detention centre. As part of the feasibility study, 
the government asked the advice of FANC, the radiation protection authority, over the 
possible radiological impact. The radon concentration in soil was measured and showed an 
average value of 372 kBq/m3 (background values are ~20 kBq/m3 in the area). This means 
that the radon concentration indoor in any building which would be implanted directly on the 
site (like the planned prison) could reach high values if no preventive measures are 
implemented in the engineering of the building. This led to the abandon of the site as a 
possible candidate for the government.  

Next to the PG stacks of the Rupel area, there are a few former PG stacks located near Ghent, 
Oostende, Antwerp and Liège. 

The PG stack near Ghent has been in exploitation between ~ 1925 and 2009, when the 
company operating the site declared itself bankrupt. The site is quite large, ~ 65ha, and the 
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total volume of phosphogypsum amounts to ~ 18 millions tons. Figure 96 gives an overview 
of the site. Gamma dose-rate measurements at the surface reach up to 5 -7 times background 
values. It must be noted that contaminated spots have also been discovered outside the PG 
stack on the premises of the former production facilities; at one point, a dose-rate up to 50 
µSv/h has been measured at a few centimeters from the surface of the ground. Such “hot 
spots” have been observed on other similar sites as well, like the PG stack of Burcht near 
Antwerp.  

Next to gamma dose-rate measurements, radon (resp. thoron) concentration in soil reaches 
values up to 160 kBq/m3 (resp. 30 kBq/m3). Ra-226 concentration in groundwater are not 
significant with values between 10 and 30 mBq/l.  

 

 

Figure 96: Gamma dose-rate measurements of the PG stack of Zelzate near Ghent 

 

IV.3. Botuxim: a storage site of residues from monazite industrial process (Botuxim – 
Brazil) 

IV.3.1. General description 

As a result of 43 years of chemical processing of monazite in Brazil, some million metric tons 
of radioactive low-level wastes containing long-lived radionuclides were generated : the so-
called “mesothorium cake” (Ra and Pb isotopes) and the “cake II” (a mixture of 0.9% of U3O8 

and 22% of ThO2). Around 3500 tons of cake II has been stored since 1975 at Botuxim site, 
located in a rural area in the Itu District, 80 km far from São Paulo city (Nouailhetas et al, 
1993). 
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At the site, cake II is stored in seven rectangular pools (silos), which were loaded between 
1975 and 1980.  

A soil contamination was found in the silos controlled area. The activity concentrations in the 
surface soil samples reached values of 70 Bq.g-1 for 228Ra (Lauria and Rochedo, 2005) the 
values of 228Ra/226Ra activity ratios were compatible with the ratios expected to be present in 
cake II, leading to the assumption that the contamination was a consequence of material 
overflow that could have occurred during the filling process of the silos. 

Since the 80’s, it has been observed a high radium concentration in a groundwater from a well 
downstream the storage site. The highest radium concentration values are observed during the 
highest rainfall period April-May. Some studies have been carried out in order to discover the 
origin of the abnormal levels of radium measured in this water well. The contamination might 
be associated with the soil contamination or with the spill of the Cake II through a crack in the 
concrete of the silos and the leaching of such residues through the soil could have been 
responsible for the contamination to the well water. However, the activity ratio of 228Ra/226Ra 
found in the groundwater is not in the range to be expected for a contamination with the Cake 
II disposed at the site (Agudo, 1992). On the other hand a survey showed the existence of 
natural abnormalities of high natural radioactivity levels in soil and rocks, mainly granite 
rocks, in the Botuxim region and stated the possibility that the high levels of radium in the 
water well might be an outcome of the leaching of such rocks (Magalhães et al, 2005). 
Notwithstanding these studies, the origin of the contamination has not yet been clearly 
identified and additional research would be needed to confirm the above assumptions. 

 

IV.3.2. Source term 

Layout of the site 

The silos storage controlled area is located in the Botuxim site (Figure 97). The residue is 
stored in seven pools, which are three meters deep, surrounded by 30 cm thick concrete walls 
and floors. Each pool is 0.5 m above the soil surface and 2.5 m underground. They are capped 
with concrete (Figure 98). A small creek, the Monjolinho creek, runs through the site and 
flows into the public water supply of Itu city (150000 inhabitants).  A map of  Botuxim site is 
shown in Figure 97. 
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Figure 97: Map of the Botuxim site. 

 

 

 

Figure 98: Controlled silos area at the Botuxim site. 

Radiological data 

The stored residues have around 22% of thorium oxide and 0.9% of uranium oxide, and part 
of their decay families. The total specific activity is around 1820 Bq/g. 
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The radionuclide concentrations in soil are highly inhomogeneous. The main radionuclide in 
soil is 228Ra, which activity varying from 0.034 Bq.g-1 to 70 Bq.g-1, followed by 226Ra  and by 
238U, which activities varied between 0.02 Bq. g-1 and  0.8 Bq.g-1 and from 0.02 to 13 Bq/g, 
respectively. Gamma radiation survey has identified contaminated areas surrounding the 
concrete storage silos (Figure 99). 

 

 

 

Figure 99: Distribution of contamination in the  surface soil of the silos area. 

Additionally, an area containing high concentrations of radionuclides was located outside the 
fenced controlled silos area, which may have been caused by a land grading, after the area 
contamination. 

Water radionuclide concentrations from a monitoring program carried out by the IRD 
(Institute of Radiation Protection and Dosimetry) showed values of 0.10 (0.023 – 0.820) Bq 
L-1 for 226Ra and 0.14 (0.023 – 0.740) Bq L-1 for 228Ra, for the Guard well sampling station, 
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while the geometric mean radium concentrations in surrounding wells presented values 
around 0.08 for 226Ra and 0.01 Bq L-1 for 228Ra. A spring upstream has showed values of 0.02 
and 0.16 Bq L-1 for 226Ra and 228Ra, respectively. 

Values for total alpha activity in water samples from sampling stations are presented in Table 
53. It can be verified that the values observed for the Guard well station are higher than those 
related to Monjolinho Creek and than those related to the water supply of Itu city. 

Table 53:  Alfa activity in environmental sites and in the guard well ( Bq.L-1)*. 

LOCAL N Geometric Mean Minimum Maximum 

Guard well 77 2.97E-01 (3.90) 1.00E-02 4.00E+00 

Itu city water  supply 
treatment station 

6 1.03E-01 (4.07) 1.00E-02 5.00E01 

Monjolinho  creek 8 1.04E-01 (2.93) 2.00E-02 3.30E-01 

*data supplied by the CETESB (São Paulo Environmental Technology Company)  

 

IV.3.3. Site data 

Geology  

The Itu intrusive suite defined by Pascholati (Pascholati et al, 1997) is located between the 
cities of Itu, Itupeva and Indaiatuba, in the state of São Paulo, Brazil, 60 km away from São 
Paulo City. It covers an area of about 400 km² and contains at least four granitic bodies, 
separated by basement exposures, faults and masses of undifferentiated granites. The 
composition of the bodies is mainly fehastingsite biotite granites and biotite granites. 

The Th/U activity ratio is above the average presented in the literature a value around 1.2, 
while the granite from Itú presents a value around 2.5. The high values obtained for the Th/U 
activity ratio indicates the action of the granite leaching (Magalhães et al, 2005). 

Climate 

The site region experiences tropical type of climate with temperatures ranging from 16º to 22º 
C, with yearly average rainfall of 1200 millimeters.  Dry season is from July to December, the 
rainy season is from January to June, with most rainfall occurring in April-May. 

The water table of the aquifer lies around 16 metres beneath ground level.  

 

IV.3.4. Radiological assessment 

The environmental impact assessment for the Botuxim repository has faced some challenges 
through years. One of these challenges relates to a supposed contamination of a groundwater 
well inside the site. The origin of this contamination has been looked for years. This was at 
first associated to an impact from the disposal site, but another approach, taking into account a 
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geological survey performed at the region surrounding the site, stated the possibility that the 
contamination found in that water may be natural. Still some field studies will be necessary to 
verify the origin of the high radium level found at that water well. 

 

IV.4. Baiyun Obo, China: Mining and processing from a deposit of iron and rare earth 
ores 

IV.4.1. General description 

The Inner Mongolia BaoTou Iron and Steel Plant (BTISP) was founded in 1954 which is 
composed of the following entities: 

Baiyun Obo: 

(1) Mining and crushing; 

(2) Milling since 2008. 

Baotou: 

(1) Milling; 

(2) Refining in the Iron and Steel Plant; 

(3) Processing in the Rare Earth plant since 1974. 

The BTISP processes 12×106 tons/a of ores from Baiyun Obo mine or 9×106 tons/a of iron 
and steel and more than 7×103 tons/a of oxide equivalent of rare earth ores (REO) products. 
The ores are rich in thorium. It causes a certain radiological impact on working places and 
environment.  

Regular radiation monitoring is required by law, and carried out by Radiation Environmental 
Monitoring Station of Autonomous Region of Inner Mongolia (REMSARIM). Moreover, an 
investigation and assessment of radioactive pollution resulted from the exploitation of Baiyun 
Obo mine has been conducted.  

The background radiation level is 85nGy/h in Bayan Obo. Higher radiation levels were found 
mostly in the mining area and their surroundings, including the mining sites, some of the 
office-buildings and the dumping sites. The typical radiation levels are in the range of 200—
800nGy/h covering an area of about 55 km2 where the radiation levels vary from 600 to 
2000nGy/h in mining sites, 400 to 800nGy/h in the dumping sites. Elevated radiation levels in 
the areas of new rare earth plant and tailing pond, sintering plant, iron plant, etc. are typically 
in the range of 300—500nGy/h. The contaminated soil is distributed mostly in the upper layer 
of 10 cm; the activity concentration of thorium is about 80-120 Bq/kg. 

The background radiation level in Baotou is 65nGy/h. Higher radiation levels is observed in 
an area of about 7 km2, located mostly in the BTISP, including the sorting plant, rare earth 
plant, steel refining plant, as well as in the areas where NORM residues are stored. The 
radiation level mostly is 500-1,000nGy/h，the maximum is 1,518nGy/h. The radiation level 
in the central area of rare earth plants ranges from 200 to 600nGy/h. A number of hot spots 
with radiation levels to some extent are found in some rare earth plants of the city. The 
radiation level in the plant and its surrounding environment ranges from the background level 



 

 
 227 

to 143 nGy/h. The radiation level in the tailing pond without water cover is in the range of 
650-1,200nGy/h. The radiation of soil contaminated by the dust flying from the tailing pond is 
in the range of 85-150nGy/h or 80-200 Bq/kg, near the tailing pond it is over 400 Bq/kg. 

 

IV.4.2. Source term 

Mining sites in Baiyun Obo 

- Open pit mines 

1520×1080m2 for Main Mine, 1400×1020m2 for East Mine, and 4,600 m in length by 1,000 m 
to 1,200 m in width for West Mine.  

- Waste rock dumps 

About 10×106 tons of waste rocks are produced annually. Total amount of waste rocks is 
about 560×106 tons, piling up in the waste rock dumps. 

The BTISP and Baotou City 

- Tailing pond 

An area of 11km2 with tailings of about 149×106 tons (2006). About 6.55×106 tons of tailings 
with 0.048% Th are produced annually. 

-Ferrous slag dump 

Ferrous slag dump covers an area of 1km2. About 3.55×106 tons of ferrous slag is produced 
annually. 

-Others 

60×103 tons/a of rare earth slag is produced and disposed in Baotou Radioactive Waste 
Storage Facility. Liquid effluent discharges into the tailing pond. Exhaust gas after treatment 
by gas cleaning is discharged to environment from stacks 
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Figure 100: Bayan Obo Mining Sites. M1, M2 and M3 are East Mine, Main Mine and West 
Mine respectively. A, B, C, D and E are Dumping sites.  

 

Figure 101: The BTISP and Baotou city 
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IV.4.3. Available monitoring data for modelling 

(1) Regional radiological data 

Concentrations of natural nuclide from aero survey and ground measurements: 

    

Figure 102: Radiation levels in Baotou area. 
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Figure 103: Radiation levels in Baiyun Obo area. 

 

(2) Concentrations of natural nuclides from samples of soils, water, gases and other materials; 

(3) Indoor radiation (radon and nuclide concentrations of building materials) data; 

(4) Regular monitoring data: 

Obtained from Radiation Environmental Monitoring Station of Autonomous Region of Inner 
Mongolia (REMSARIM). 

Table 54: Monitored constituents and frequency of NORM sites. 

Discharge Locations Sampling Frequency 
Monitored 
constituents 

External 
radiation 

Industrial park, mining sites 
and waste rock dumps, tailing 
pond 

69 
Once a 
year 

Gamma dose rate 

Aerosol 
Iron & steel, and rare earth 
industrial park 

2 
Once a 
year 

Rn progeny 

Well water 
Iron & steel, and rare earth 
industrial park, and villages 
around the park 

5 
Once a 
year 

Gross α 

Gross β 

U 

Th 
226Ra 

Waste 
water 

In tailing pond, leaking from 
tailing pond, and discharging 
from plants 

4 
Once a 
year 

Gross α 

Gross β 

Solid waste 
Ores, raw materials (minerals), 
waste rocks, tailings, 
ferrous,slag and rare earth slag. 

8 
Once a 
year 

238U 
232Th 
226Ra 
40K 

Gross α 

Gross β 

Table 55: Monitored constituents and frequency for environmental quality. 

Discharge Locations Sampling Frequency 
Monitored 
constituents 

External 
radiation 

Around the building of the REMSARIM 1 
Continuous 
sampling 

Gamma dose 
rate 

In public areas 33 Twice a year 
Gamma dose 
rate 

Around the building of the REMSARIM and 
Radioactive Waste Storage Facility 

2 Twice a year Gamma dose 
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Aerosol 

Around the building of the REMSARIM and 
on the Tuanjie square 

2 Twice a year Rn progeny 

Around the building of the REMSARIM 1 once a year Gross α, gross β 

deposition In public areas 7 Four a year 
Gross α 

Gross β 

Surface 
water 

Huanghe River, Nanhaizi lake and Kundu 
reservoir 

7 
Twice a year 

 

Gross α 

Gross β 

U 

Th 

226Ra 

drinking 
water 

Waterworks in Baotou city 3 
Twice a year 

 

Gross α 

Gross β 

U 

Th 
226Ra 

well water Around Radioactive Waste Storage Facility 3 
Twice a year 

 

Gross α 

Gross β 

U 

Th 

Waste 
water 

3 streams, those are Sidaoshahe, Kunhe,and 
Xihe. 

3 once a year 
226Ra 

soils 
Around Radioactive Waste Storage Facility 
and on the Tuanjie square 

5 once a year 

238U 
232Th 
226Ra 
40K 

Gross α 

Gross β 

 

(5) other data: 

Meteorology, geology and hydrology. 

 

IV.4.4. Radiological assessment 

The additional external exposure for workers in the plants ranges from 0.29 to 0.41 mSv/a, 
while for those working in mining areas, it varies from 0.24 to 1.0 mSv/a. If the inhalation of 
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aerosol and dust containing thorium is considered, the additional effective dose for many 
workers probably exceeds 1.0 mSv/a.  

Additional external exposure received by members of the public is not significant. However, 
the indoor radiation level is higher in the buildings using slag materials. 

For additional references, see Wu Qifan et al, 2009 and 2010; Inner Mongolia Radioactive 
Environment Management Institute, 2007a and b.  

 

IV.5. Poland: Description of settling ponds from coal mining industry  

IV.5.1. RONTOK , Upper Silesian Coal Basin,  South of Poland,  appr. 50 km from 

Katowice. 

General description 

Since 1977, the pond has been used for the sedimentation of the suspended solids from mine 
waters. Approximately 70 million cubic metres of saline waters has been discharged into the 
pond during last 22 years. The content of the suspension varied from 0.3 up to 2.4 g/dcm3.  
The area of the pond is very large – about 36 ha. Main purpose of this pond was the retention 
of saline water before discharge to the river in order to protect fresh water against a too high 
content of salt. Clarification from suspended matter was also going on in it. Concentration of 
radium in bottom sediments was a side effect. 

Radium-bearing type A waters have been pumped into reservoir (Michalik et al, 2000) along 
with significant amounts of barium and traces of sulphate ions. For example in 1998 about 
5600 m3/day of such waters were released into the pond. The co-precipitation of radium and 
barium took place spontaneously and, as a result, insoluble deposits of BaSO4 + RaSO4 have 
settled out at the bottom of the pond. Such scales are characterised by highly enhanced levels 
of radium isotope concentrations. 

Inspectors of Polish Atomic Energy Agency were invited to measure gamma dose rates in the 
vicinity of the pond. Monitoring had been performed at 37 points around the reservoir. In 
their report, a significant increase of dose rates was quoted, up to 42 µGy/h near the point of 
inflow of waters into the settling pond. With the increase of the distance from the discharge 
point, the decrease of dose rate was observed – down to 2 µGy/h at 15 metres from the end of 
the pipeline. That area is presently secured against casual entry of non-authorised persons. On 
the remaining part of the area, lower values of gamma dose rates were measured, not 
exceeding the level 1.2 µGy/h. In comparison, the background of gamma dose rate in Poland 
is within the range 0.02 – 0.09 µGy/h (Jagielak et al, 1992, 1998). 
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Figure 104: Sketch plan of the reservoir (with sampling points). 

Analyses from 1999 showed that the average concentrations of the two radium isotopes in 
saline waters discharged into the pond were equal: 

• Ra-226 – 2.27 kBq/m3, 
• Ra-228 – 2.37 kBq/m3. 

It has been calculated that about 9.5 GBq/year of both radium isotopes are released into the 
pond. Due to the high rate of the deposition of radium, the pond bottom sediments were 
investigated more carefully. During the measurements, the radiation hazard was also assessed. 
Shortly, the pond will be rebuilt, therefore so that an investigation of the current situation is 
very important. The sketch plan of the pond and surrounding area is shown in Figure 104.  

Results of measurements 

Water and sediment samples from the reservoir were collected from 28 chosen sampling 
points on a regular grid. In each sampling point following measurements were done:  

• The thickness of the bottom sediments layer; 
• The depths of water above the sediments; 
• The shape of the bottom (by bathymetric scanning); 
• Gamma dose rate above the water surface. 

Bottom deposits were sampled at each point for further gamma spectrometry (natural and 
artificial radionuclides). Since bottom sediments were very soft and water laden, it was 
impossible to sample the different layers of deposits that represent different ages of 
sediments. 
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Results of radium measurements in water and solid samples 

Table 56 summarises the results of measurements of radium activity in bottom sediments, 
performed by gamma spectrometry. 

It can be clearly seen that the measurements show big differences of radium content in 
sediments (Figure 105). Results of radium analysis in water samples are quoted in Table 57, 
whilst Figure 106 shows the pattern of the total radium concentration in water. 

In the central part of the reservoir (distant from the inflow point) both radium isotopes (226Ra 
and 228Ra) are more uniformly distributed. There is a little exchange between waters in this 
area and the rest of the pond. Usually, where sediments with a higher radium content were 
found, radium content in water is lower than average. 

Table 56:  Results of radium measurements in bottom sediments from the pond. 

Bottom sediments 

28 samples 

226Ra 

[Bq/kg] 

228Ra 

[Bq/kg] 

Average 5105 1407 

Median 1191 593 

Maximum 49151 6388 

Minimum 67 62 

Table 57:  Results of radium measurements in water samples from the pond. 

Water 

28 samples 

226Ra 

[Bq/m3] 

228Ra 

[Bq/m3] 

Average 3176 2931 

Median 3609 3220 

Maximum 3996 3740 

Minimum 337 520 
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Figure 105: Distribution of Ra-228 + Ra-226 in bottom sediments (Bq/kg). 

 

Figure 106:  Distribution of Ra-228 + Ra-226 in water (Bq/l) (when settling pond was in use).  
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Additionally, in order to assess the pollution of the banks of the pond, we took soil samples as 
well as samples of waste rock that was used for the construction of the banks. Results of 
gamma spectrometric measurements are shown in Table 58. At one particular site, the radium 
concentration in waste rock was clearly enhanced, probably due to the contamination with 
mine sediments. Cesium-137 concentration in soil samples is however higher, due to pollution 
after Chernobyl accident, which is still palpable. 

Table 58: The activity of chosen radionuclides in waste rocks and soil samples from the banks 
of the settling pond. 

 

 

Concentrations of radionuclides 

226Ra 

[Bq/kg] 

228Ra 

[Bq/kg] 

40K 

[Bq/kg] 

137Cs 

[Bq/kg] 

Range of 
concentration for 
waste rocks 

30 –3508 40 -2482 414 -645 <2 – 79 

Range of 
concentration for 
soil 

29 - 74 33 - 77 377 - 811 77 - 238 

 

Radon concentration in soil gas 

The contamination of pond banks, caused by waste rocks and sediments with enhanced 
radium concentration would be expected to lead to an increase of radon in soil. Therefore we 
investigated radon concentrations in soil gas along the banks of the pond. The soil gas was 
sampled from the depth 1 metre, transferred into Lucas cells and measured. Sampling points 
are shown on the sketch plan of the area (Figure 104). The maximum value of radon 
concentration in soil gas was 12.7 kBq/m3. However, in  numerous sampling points radon 
concentration was very low, probably due to the high water table in the ground around the 
pond. 

Analysis of the results of investigation 

Influence of the deposition of radium in the reservoir on the contamination of the adjacent 

land 

According to the UNSCEAR report (2000), the normal range for radium isotopes in earth’s 
crust is 17 – 60 Bq/kg, 11 – 64 Bq/kg, for 226Ra and 228Ra respectively whilst the range for the 
potassium K-40 is 140 - 850 Bq/kg. In Table 59, the range of measured values for particular 
radionuclides in the present study are shown and compared with the average values for the 
natural environment. 

It is clearly seen that radium concentration in bottom sediments is significantly higher than 
the average value for the Earth’s crust. The source of the enhancement are radium-bearing 
mine waters. Radium is co-precipitated with barium as insoluble sulphates and settles at the 
bottom of the pond together with non-radioactive suspended matter, dumped into the pond 
with mine waters. 
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Table 59: Summarised results of the investigation of natural radionuclides in solid samples in 
the area of the settling pond 

Radionuclide Activity  [Bq/kg] 

range of concentrations in 

the Earth’s crust [Bq/kg] 
Bottom sediments Waste rocks Soils and  therapeutic mud 

226Ra (17-60) 67 - 49151 30 - 3508 22 – 74 

228Ra (11-64) 62 - 6388 40 - 2482 17 – 47 

224Ra (11-64) 65 - 8990 38 - 1791 17 – 44 

137Cs <2 - 1014 <2 - 79 77 – 238 

40K (140-850) 155 - 848 414 - 664 102 – 811 

The rate of co-precipitation can be assessed from the activity of radium isotopes in the 
sediment. A very wide range of radium concentration in sediments and the distribution pattern 
show that the co-precipitation and sedimentation of radium and barium take place mainly near 
the discharge point of saline waters into the pond. On the other hand, there are large areas in 
the pond where pond sediment contamination is very low, even where there is enhanced 
radium content in water. 

High radium content in waste rocks can be seen only near the inflow point. The contamination 
is possibly caused by dredging of sediments from the bottom onto the banks of the pond. We 
found no contamination of soils on the adjacent lands. Another important result of the survey 
is that there is no radioactive pollution in the swamps which supply the therapeutic mud. 
Finally, the following conclusion can be drawn, that except for a very small area near the 
outlet of the pipeline, which carries saline waters from mine to the settling pond, 
contamination is limited to the sediments at the bottom of the reservoir. 

The cesium radioisotope, 137Cs, is an artificial nuclide with half-life of about 30 years. 
Therefore, it should not be present in the natural environment. However, in many samples we 
found elevated activity of this isotope. This is a result of radioactive fallout after the 
Chernobyl accident in 1986.  137Cs is not present in samples of bottom sediments from deeper 
layers, or in freshly excavated waste rocks. However, in soil samples and in samples of 
bottom sediments from places with low rates of sedimentation, enhanced levels of 137Cs have 
been measured. Radium concentration in these sediments is also low and it supports the thesis 
that these sediments have been carried into the pond from fields in the vicinity. Additionnal 
support for this theory is the fact that similar ratio of activities of radium and 137Cs have been 
found in samples of therapeutic mud. 

Assessment of the radium balance in bottom sediments in the settling pond 

The radium concentration in bottom sediments is non-uniform and in many localities there is 
a considerable enhancement above the average level. This may cause serious problems during 
reclamation. In attempting to resolve this problem, an assessment of the amount of affected 
sediments at the bottom of the settling pond was done. The mass balance of total activity, due 
to precipitated radium nuclides, has also been considered. 



 

 
238  

During sampling, measurements of the thickness of the sediment and the depth of water above 
the bottom were done. We were thus able to prepare a computer generated bathymetric chart, 
and to calculate the thickness of bottom sediments for whole area of the pond. We found that 
the maximum thickness of that layer occurs in the southern-east part of the reservoir, close to 
the place of discharge of mine waters from pipeline (see Figure 104). The maximum thickness 
is about 1.2 metres. The area, where the layer of deposits is thicker than 0.4 m, seems to be 
only a small part of the pond, roughly 2.5 ha. For the remaining 33 ha, the thickness of 
sediments layer varies from 0.1 to 0.4 m and minimum thickness of precipitates can be found 
in northern and western parts of the pond. It is likely that in this part of the reservoir only 
small inflows of fresh water occur and, as a result, there is a very slow precipitation of radium 
and barium from water. Moreover, no coal remains were found here and the radium content in 
sediments from this part was rather low, below 500 Bq/kg. 

The bathymetric map shows also, that in the northern and eastern parts of the pond there is a 
subsidence, caused by underground mining. In the remaining area the depth of the water layer 
is very shallow, therefore the bottom sediments are found just below the water surface or 
sometimes even above the water – especially near the outflow from the pond to the Vistula 
River. 

Table 60: Amount and total activity of the bottom sediments, settled in the pond 

Area of the 
reservoir 

[m2] 

Deposits 
volume 

[m3] 

Water volume 

[m3] 

Total activity 
of 226Ra 

[Bq] 

Total activity  
of 228Ra 

[Bq] 

Total activity 
of 226Ra+ 
228Ra 

[Bq] 

360000 113107 262084 240 ×109 74×109 314 ×109 

The maximum activity of radium isotopes in sediments (about 55 kBq/kg of 226Ra+228Ra) was 
discovered in the southern part of the pond – midway between inflow of mine waters and the 
outflow from the pond to the Vistula (see Figure 104). Near the inflow from the pipeline the 
average activity of radium isotopes is 10 kBq/kg. The most probable reason of that 
phenomenon is the faster deposition of non-radioactive suspended matter and much slower 
settlement of fine crystals of barium and radium sulphates. 

On the largest part (35-40%) of the bottom, situated mainly at the north and west, the average 
radium concentration is lower than 350 Bq/kg for 226Ra and 230 Bq/kg for 228Ra. In Michalik 
et al, 1995 concerning the storage of waste material with enhanced natural radioactivity on the 
surface, these values were proposed as maximum permissible values of radium concentrations 
in such deposits and waste rocks. 

The total activity of radium isotopes, deposited in the pond, is roughly equal to 315 GBq. The 
major part of that activity (at least 240 GBq) is due to the presence of 226Ra, with a half-life of 
1620 years. 74 GBq of the activity come from 228Ra, with a half-live of only 6 years.  It means 
that technologically enhanced radioactivity will be present in this area centuries after the end 
of mining activity. Without proper techniques of ground reclamation, deposits from the 
reservoir may endanger people, now and in the future, in the vicinity of the pond. 

Currently (2010) the settling pond of concern is fulfilled with fresh water, radium content is 
negligible (Table 61).   
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Table 61:  Radium concentration in water from Rontok settling pond (Bq/l) 

year Ra-226 B_226 Ra-228 B_228 

2005 0.101 0.009 0.04 0.02 

2006 0.272 0.024 0.15 0.04 

2007 0.213 0.025 0.03 0.07 

2008 0.152 0.012 0.05 0.03 

2009 0.106 0.014 0.04 0.06 

2010 0.065 0.012 0.02 0.06 

Results of radium concentration in sediments were obtained in 1999. So, for radium 228, it is 
necessary to take into consideration the correction due to decay (radium isotopes in sediments 
are not supported by their parents!). Also, for proper calculation, one must assume that 
concentration of thorium 228 and radium 224 in sediments now is equal to 1.4 times the 
current concentration of radium 228. Concentrations of Pb-210 and Po-210 can be calculated 
assuming that just after sedimentation their concentration in sediments were close to zero.  

 

IV.5.2.  Bojszowy Reservoir, Upper Silesian Coal Basin, South of Poland, appr. 50 km from 

Katowice. 

The second settling pond is the Bojszowy Reservoir, into which saline, radium-bearing waters 
from two mines are released. The inflow from the “Czeczott” Coal Mine is about 15 000 
m3/day whilst from the “Piast” mine, the discharge is even bigger - roughly 20 000 m3/day. In 
both cases the type of water is the same (B type – no barium, only radium and sulphate ions). 
The activity ratio between 226Ra: 228Ra is 1:2, the reverse of Rontok. Due to the absence of 
barium, no precipitation of radium in the pond can be observed. Nevertheless, measurements 
of the radium content in bottom sediments showed enhanced concentration of radium isotopes 
up to several hundred Bq/kg as a result of sorption of radium. 

The pond was used from 1980 up to 1999, and about 227 millions m3 of waters have been 
discharged into the reservoir. The pond waters are released into the small river Gostynka, a 
tributary of the Vistula. 

Bojszowy Reservoir  - Radium-bearing waters. 

Waters, released from two coal mines into the Bojszowy reservoir, are both of type B with 
228Ra concentrations higher than 226Ra. The average values of radium concentrations in 
discharges from the Piast Mine were ca. 4.1 kBq/m3 for 226Ra, while for 228Ra, about 7.2 
kBq/m3. Corresponding values for inflows from the Czeczott Mine were lower – 3.2 kBq/m3 
for 226Ra and 4.9 kBq/m3 for 228Ra. These are average values for the last two years.  

The assessment of the radium concentrations (226Ra + 228Ra) in inflows to the Bojszowy 
settling pond gives us an annual activity of about 124 GBq. This is 55% of the total amount of 
radium carried in waters from all the coal mines of Poland (Skubacz K. et al, 1993). We 
calculated the average radium concentrations in waters discharged to the pond as 3.6 kBq/m3 
for 226Ra and 6.2 kBq/m3 for 228Ra. 
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The reservoir water and bottom sediments were sampled in 1996. The grid was the same 
(50x50 metres) as for the Rontok settling pond. The results of analyses of radium 
concentrations in 42 water samples are shown in Table 62. 

Table 62: Radium concentration in water samples from  Bojszowy 

Bojszowy Radium concentrations 

 226Ra 228Ra 

 [kBq/m3] [kBq/m3] 

Average 3,45 6.95 

Median 3.34 6.76 

Max. 5.21 8.32 

min 2.12 4.67 

It can be seen, that the distribution of radium in water in Bojszowy is more uniform than in 
the Rontok settling pond. The main reasons seem to be a more stable radium content in the 
inflows and the type of the water, from which radium is removed only by sorption. 

The average radium concentration in outflows from the settling pond is similar to the values at 
inflow - 3.5 kBq/m3 for 226Ra and 6.0 kBq/m3 for 228Ra. This means that only small amounts 
of radium are deposited at the bottom. Moreover, the total concentration of radium isotopes in 
waters, released to the Gostynka stream is about 10 kBq/m3, which is more than 10 times 
greater than the permitted level for waste water. A significant improvement of the situation 
was achieved in 1998, thanks to the implementation of an underground treatment plant for 
mine waters in the Piast Colliery. 

By comparing the results of radium analysis of inflows and outflows from the Bojszowy 
reservoir to the Gostynka river, we calculated that only 2.9 % of   the 226Ra  and  3.3% of 
228Ra  activities remain in the pond and are sorbed onto bottom sediments. 

More than 95% of the radium is discharged with the saline waters into the Gostynka river. 
The influence of such discharge is obvious. Upstream from the discharge point, the 
concentration of radium isotopes is very low, below 0.1 kBq/m3 – a value typical for 
groundwater and river waters in Poland (Wardaszko and Grzybowska, 1996). Downstream 
from the discharge point, there is a rapid increase of radium content. Usually, during winter 
and spring, when water levels in the river are higher, the concentration of radium does not 
exceed 0.7 kBq/m3. However, during summer, the concentrations of  226Ra in Gostynka river 
varies within the range 0.5 - 0.7 kBq/m3, whilst for 228Ra the concentrations are higher and 
ranges about 1.0 – 1.3 kBq/m3. The total activity of radium isotopes in Gostynka river can be 
as high as 1.5 - 2.0 kBq/m3 (Wysocka et al, 1998). Additionally, a proportion of the radium 
(several relative percent) is adsorbed on bottom sediments, but most of the radium is 
transported into the Vistula. In this big river, the radium concentration in water decreases as a 
result of dilution and further adsorption (Wardaszko and Grzybowska, 1996; Wysocka et al, 
1998). 

Bottom sediments 

Bottom sediments were sampled at the same sites where waters were taken. Boreholes were 
drilled into the bottom of the settling pond and cores of sediments collected and analysed by 
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gamma spectrometry. Sediments from Bojszowy showed 226Ra concentrations in the range  95 
- 950 Bq/kg, and 228Ra from 124 up to 1705 Bq/kg (Wysocka et al, 1998). It is a characteristic 
of these samples that in almost all cases the activities of 228Ra and 224Ra were close to 
equilibrium, and very often the concentration of 226Ra was only slightly lower than the 228Ra 
content. This implies that the sediments are relatively old, at least a few years. It means also, 
that the adsorption in such places is very slow. It is only in a very few places, and these far 
from the banks, that we found “young” deposits. Results are shown in Table 63. 

Table 63:  Radium in bottom sediments from Bojszowy. 

Bojszowy Radium concentration 

 226Ra 228Ra 

 [Bq/kg] [Bq/kg] 

Average 414 627 

Median 406 628 

Max. 950 1705 

Min 95 124 

Based upon these measurements, the balance of radium in bottom deposits in the settling pond 
was calculated (see Table 65). We assumed that the distribution of radium isotopes in the 
bottom sediments was uniform, and so we used the average concentrations of both radium 
isotopes for our calculations.  

The results of these considerations are as follows:  

The total activity of 226Ra, accumulated in bottom sediments during the 19 years of operation 
of the Bojszowy reservoir, is ca. 66 GBq, and the corresponding value for 228Ra – 100 GBq. 
The annual rate of deposition is about 3.5 GBq for 226Ra and 5.8 GBq/year for 228Ra. This is 
only 7% of the annual discharge of radium with waters into the settling pond. Earlier 
calculations gave lower rates of deposition – about 4 % per year, but those assessments were 
not very accurate, because they did not take into account the large uncertainties in the 
parameters measured. 

Table 64: Assessment of the amount of deposits in Bojszowy and total radium activity in 
deposits 

Area of the 
pond 

[m2] 

Volume of 
deposits 

[m3] 

Amount of 
water 

[m3] 

Total activity of  
226Ra 

[Bq] 

Total activity of 
228Ra 

[Bq] 

Amount of radium in the 
pond 
226Ra+ 228Ra 

[Bq] 

160000 240000 262084 66 ×109 100×109 166 ×109 

The above results can be used to describe the radium behaviour in both settling ponds and 
rivers and be used to attempt to correlate them with the chemical composition of radium-
bearing waters.  

In the case of the Bojszowy Reservoir, the rate of deposition of radium is very low, only 
about 4 - 7% of the total activity is adsorbed in bottom sediments per year. The distribution of 
radium in the sediments is rather uniform, therefore calculation of radium balance in 
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sediments was relatively easy. At least 90% of the radium is discharged into the Gostynka 
river and later to the Vistula. This leads to the contamination of river water a long way from 
the discharge point. 

Table 65:  Radium balance in Bojszowy settling ponds 

Settling 
pond 

Area 

[m2] 

Volume of 
deposits 

[m3] 

Total amount of 
radium 
discharged into 
pond 

[GBq] 

Amount of 
radium 
deposited in 
the pond 

[GBq] 

Deposition 
Rate 

% 

Bojszowy 160 000 240 000 2356 166 7 

After the settling pond was dried the natural transgression of flora was observed. During the 
period 2000-2007, about 80% of the total surface of the settling pond has been overgrown by 
different plant species. In 2008, the inventory of all plants was done. Above 40 species were 
identified. Twelve of them were dominating. For three of them, the sediment-plant transfer 
factor (TF) was measured. The relationship between radium activity concentration in 
sediments and TF was assessed. Hot spots where the dose rate and radium activity 
concentration reaches 3 µSv/h and 7 kBq/kg  respectively were also sampled. 

Currently (2010), at the area of the Bojszowy settling pond, the process of land reclamation is 
finished. Sediments have been left at the original place and covered by a layer of inert 
material. First, the waste rock from coal mine was used and a layer about 1 m thick was 
created. After that a thin layer of sand was put on the top. Finally, the top level of the settling 
pond area is still below the banks but 2-3 m above the level of neighbouring land. See the two 
pictures below.  

   

Figure 107:  Pictures from the settling pond area 

 

IV.5.3. Chwałowice stream 

The Chwałowice stream is a small river in the vicinity of a coal mine. In the past, it was a part 
of the mine dewatering system. Mine water had been discharged to this stream for many 
years. The nearest coal mine is one of the oldest coal mines (more than one hundred years) 
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but is still working. Currently the water from this coal mine is discharged to the mine water 
collector and then discharged directly to the big river Oder.  

Due to the discharge of water with very high concentration of suspended matter, the bed of 
this stream was fulfilled with sediments. Probably, in order to keep its capabilities to carry out 
the water, the bed of this stream was cleaned many times. The bottom sediments were 
removed and then placed directly on the vicinity of the stream banks. There are no data about 
the amount of sediments removed. Also there are no data about radium activity concentration 
in them. But the contamination of neighbouring lands is observed. Results of recent screening 
measurements showed an increment of dose rate up to 6 µSv/h. Activity concentration of 
radium 226Ra in soil samples reaches 7 kBq/kg, but activity concentration of 228Ra is quite low 
and reaches only 75 Bq/kg. Taking into consideration that, in mine water, the activity 
concentration of both radium isotopes are comparable and half life of 228Ra is 5.75 years, it 
proves that the contamination occurred at least several years ago. The existing data from 1982 
and 1986 shows that contamination of soil reached 53 kBq/kg of 226Ra in some hot spots on 
the nearest arable lands. The range of contaminated land is not exactly assessed but one can 
expect that it covers at least a few hundred meters along the stream banks. 

The area currently neighbouring the banks of the stream is a waste land overgrown by 
different species of herbaceous plant. In the direct vicinity, arable land and inhabited 
buildings exist.  
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Figure 108:  Dose rate measurements along the Chwalowice stream. 
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IV.6. The coal-fired power plants of UPT Compostilla II (Leon – Spain) 

IV.6.1. General description 

The combustion of fossil fuels, including the coal combustion for production of electricity, 
was defined as a NORM industry. One of the biggest coal-fired power plants of Spain is 
located in Ponferrada (Leon, Spain): Compostilla II.  

This installation belongs to ENDESA, one of the most important electrical companies in 
Spain. The plant has five production groups, committed from 1961 to 1985, that have used 
local and imported coal since then. The first group was stopped in 2002, and in 2009 was 
decided to gradually substitute this group and the groups II and III, by gas-combustion plants. 

The installation has been studied within a national project with the main objective to analyze 
the main NORM industries in Spain, by the Unit of Radiological Protection of the Public and 
the Environment from CIEMAT, together with the laboratory of environmental radioactivity 
(LARUEX18) from the University of Extremadura. The project included this plant and other 
three Spanish coal-fired power plants with different characteristics, fuels and geographic 
situations. 

In this plant, a complete radiological characterization of the material and dose evaluations for 
the workers and the public were performed, including the management of residues, when it 
was different from recycling, and the maintenance operations within the boilers. Part of the 
fly and bottom ashes are dumped to a surface store inside the site of the plant, uncovered and 
near a small river. 

 

Figure 109: View of the Compostilla II coal-fired power plant. In the photograph can be seen 
the four stacks, the two cooling towers and the two main groups 

                                                

 

18 Laboratorio de Radiactividad ambiental de la Universidad de Extremadura 
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In this document the main data used for the dose evaluations, including meteorological data 
and the radioactive characterization of the materials are presented. 

 

IV.6.2. Radioactive characterization 

Layout of the site 

This plant is sited in the northwest of Spain: latitude 42.56 N, longitude 6.58 W, average 
altitude 512 m, in a continental-Mediterranean climate, with relatively humid and temperate 
weather: average temperature 13 ºC, annual average precipitation 640 mm, annual average 
relative humidity 70%. 

 

Figure 110: Location of the Compostilla II plant in Spain. 

The plant is close to the reservoir Bárcena and a small river used for irrigation of vegetables 
grown on the river banks. 

Inside of the plant, there are two storage sites for coal and one storage for residues. In the last 
one, all the material that has not been recycled, including the fly and bottom ashes, from the 
five electric groups, has been dumped and stored without cover. 

The plant used low quality coal from the local mines of el Bierzo in the beginning of its 
operation, but currently uses a mixture of those coals with imported coal mainly from South 
Africa and Ukraine. The transport of the coals to the plant is carried out by trucks and train. 

The total electrical output currently is 1200 MW. 
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Table 66: Resume of data of Compostilla II. 

Group Power (MW) 

I Out of service 

II 147.9 

III 337.2 

IV 358.6 

V 355.9 

A big proportion of the generated fly-ashes has been recycled into building materials during 
the period where a growth of the building activity was experienced in Spain. When it was not 
the case, they were treated as conventional materials and dumped in an uncovered storage 
inside the plant, together with bottom ashes and gypsum created during the desulphuration 
process that take place in specific filters which remove a big part of the sulphur in the flue 
gases. 

The main filters used in the plant are electroprecipitators, which remove more than 99.9% of 
the fly ashes flowing in the flue gases, and desulphurators, which convert limestone into 
gypsum in a wet process. 

 

 

Figure 111: Scheme of the coal-fired power plant. 



 

 
248  

The water used for the transport and treatment of solid residues are transported to a treatment 
plant together with rain water and service water in order to clean it before their release to the 
nearby river. 

Flue gases and not filtered solid particles are released to the atmosphere using two stacks of 
270 and 290 m height. The approximate diameter of the stacks in the top is 8 m.  The flow 
rate of the flue gases emitted by the first stack is 2·106 m3 h-1 while 3·106 m3 h-1 for the 
second one. The average temperature of exit of the gases is 120 ºC. 

Total coal used in a single typical year is around 3.2·106 t a-1. The quantity of fly ashes and 
bottom ashes generated corresponding to that amount of coal is 866 231 t a-1 and 96 248 t a-1 
respectively. The estimated quantity of suspended particles emitted through the stacks is 
4.331⋅105 kg a-1. 

The quantity of material in the uncovered storage can be estimated to approximately 20 
millions of tons which correspond to 10 millions of m3. 

Description of the critical groups 

For the radiological evaluation performed in the plant, considering the tasks carried on the  
plant, 5 workers groups were selected (Table 67). For the public, the data of the three closest 
villages were considered. The data for the groups of the public affected by the plant are 
presented in table 3. 

Table 67:  Workers groups considered in the evaluation. 

Workers groups 

Drivers of bulldozers in the coal piles 

Maintenance operators for the plant 

Drivers of the trucks carrying fly ashes 

Workers of the waste storage 

Boiler maintenance workers 

The water of the small river, where treated water is discharged and where leached or run-off 
material could arrive, can be used as drinking water for humans or cattle and for irrigation of 
different vegetables cultivated near the plant, as fruits or green vegetables. 

Table 68:  Main population in the vicinity of the plant 

Name Distance (km) Direction Population 

Ponferrada 7.6 SSE 67 969 

Cubillos del Sil 1.4 NNE 1656 

Congosto 3.9 ENE 1747 

Toreno 10.9 NNE 3806 

The small villages are known to cultivate a part of their food in local farms. 
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Radioactive characterization 

All the materials used and produced in the coal-fired power plant were radiologically 
characterized. The range of the activity concentrations measured in coals and subproducts are 
presented in Table 69. 

Table 69:  Range of activity concentrations measured in the materials. 

A (Bq kg-1) 

Sample 210Po* 232Th 230Th 228Th 226Ra 238U 234U 40K 

Coal 79 - 181 28 - 46 36 - 42 44 - 52 10 - 37 36 - 62 34 - 52 113 - 358 

Fly Ash 300 -  590 81 - 119 87 - 148 108 - 181 83 - 147 71 - 112 74 - 119 1030 - 1196 

Bottom Ash 6 - 113 81 - 190 83 - 227 93 - 250 76 - 158 76 - 114 67 - 120 950 - 1140 

Limestone 82 - 455 < 2 - - 11 - 19 - - < 8 

Gypsum 79 - 271 < 5 - - 5 – 15 - - < 5 

A characterization of the equivalent ambient dose rate in the installation was carried out. In 
Figure 112, the results of those measurements in nSv h-1 are presented. 

 

Figure 112: Ranges of the measurements of H*(10) (nSv h-1) in the installation. 

For evaluating the effective doses to the workers which perform the maintenance within the 
boiler, several measurements were carried out. In Figure 113, the different points of 
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measurements are represented: equivalent dose rate outside the boiler, equivalent dose rate 
inside the boiler and sampling of tubes for laboratory measurement. 

 

Figure 113: Scheme of the boiler of Compostilla II. Marked in red are the points where 
H*(10) was measured from the external parts of the boiler; in blue the points where H*(10) 
and β contamination were measured inside the boiler; and in green the points where tubes 
were sampled for laboratory measurements. 

The H*(10) results obtained in the different measurement points outside the boiler, during the 
first phase of this study, are presented in Table 69. 

Table 70:  H*(10) measured in several point from the outer part of the boiler during the 
maintenance. 
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Point identification 
H*(10) 

µSv h-1 

Background 1. Level 33 m. 0.010 

Background 2. Level 33 m. 0.011 

Background 3. Level 0. 0.028 

Point 1. Level 33 m. 0.087 

Point 2. Level 33 m. 0.050 

Point 3. Level 30 m. 0.054 

Point 4. Level 24 m. 0.042 

Point 5. Level 20 m. 0.053 

Point 5. Level 10 m. 0.105 

Point 6. Level 7 m. 0.094 

Point 7. Level 0 m. 0.065 

The results for in-situ surface contamination and H*(10), measured in the second phase of this 
study are presented in Table 71.  

Table 71:  H*(10) and beta counting measurements inside the boiler. 

Point identification 
H*(10) 

µSv h-1 

β counting 

cps 

Point 8. Level 37 m. 0.026 19-20 

Point 9. Level 37 m. 0.015- 0.021 20 

Point 10. Level 28 m. 0.053-0.060 40-47 

Point 11. Level 28 m. 0.014-0.016 - 

Point 12. Level 10 m. 0.020 - 

Point 13. Level 10 m. 0.020-0.024 - 

Point 14. Level 10 m. 0.050-0.060 40-120 

Point 15. Level 0 m. 0.036-0.040 85-87 

Point 16. Level 0 m. 0.1 37 

 

The results for alpha and gamma spectrometry carried out in the laboratory in the third and 
last phase are presented in Table 72. In this case, measurements correspond to the activity on 
the surface of the tubes which was chemically attacked to extract possible lead or polonium 
deposits. 

Table 72: 210Po surface activities measured in the selected tubes. 

Sample description 
210Po 

(mBq cm-2) 

Boiler’s water walls 3.6 ± 0.6 

On radiant 25 ± 6 
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On radiant 18 ± 4 

On primary 29 ± 6 

On the end 24 ± 6 

Reheating 7.0 ± 1.1 

Finally, for assessing the effective doses to the public, several measurements were carried out. 

The range of the activity concentrations measured in the water from the small river, upstream 
and downstream, is presented in Table 73. As there are big differences in the pluviometry for 
dry and wet season, values are presented for both cases. 

Table 73:  Activity concentrations in water (Bq m-3) 

Sample 234U 238U 226Ra 210Po 

Dry season 

Upstream 5.0 ± 0.8 3.5 ± 0.6 4.1 ± 0.9 1.5 ± 0.3 

Downstream 5.3 ± 1.1 5.1 ± 1.1 2.7 ± 0.5 2.5 ± 0.6 

Wet season 

Upstream 28.4 ± 1.8 21.9 ± 1.4 3.3 ± 0.9 1.3 ± 0.4 

Downstream 9.3 ± 0.7 7.3 ± 0.9 4.6 ± 1.4 7.5 ± 1.9 

Several samples were taken of vegetables from the shore of the river. The results of the 
analysis are given in Table 74. 

Table 74:  Activity concentrations in vegetables (Bq kg-1) 

Sample 
A (Bq kg-1 fresh weight) 
40K 226Ra 232Th 

Cauliflower 175 ± 4 0.5 ± 0.2 0.9 ± 0.6 

Cabbage 189 ± 4 0.4 ± 0.2 < 1 

Apple 470 ± 18 < 9 < 5 

Other measurements were taken in the surroundings of the plant. However, all the values are 
of the same order of magnitude, what could be an indication that the values are part of the 
natural radioactive background. As an example, 210Po measurements are presented in Figure 
114. 
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Figure 114: 210Po measurements in air (mBq m-3). 

 

IV.6.3. Site data 

Meteorological data 

Hourly meteorological data from two consecutive years, measured in a local meteorological 
tower, are available. They include precipitation rate, solar irradiation, barometric pressure and 
wind velocity, wind direction and temperature at 3 different heights (10m, 25m and 60m). 

With those data different wind roses for different years, heights or even for day and night, can 
be calculated. An averaged and simplified representation is presented on Figure 115. 
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Figure 115: Two years averaged wind rose (data from the meteorological tower at 60 m). 

On average, one can consider a Pasquill stability category D, an average pressure of 944 
mBar, a relative humidity of 65%; the average temperature, at 10, 25 and 60 m, is 10.0, 10.9 
and 11.9 ºC (13.5 ºC can be inferred from those values at 270 m). 

The installation is sited in a continental-Mediterranean climate, with relatively humid and 
temperate weather: average temperature 13 ºC, annual average precipitation 640 mm, annual 
average relative humidity 70%. 

Location of members of the public 

Fruits and green vegetables are cultivated on the river bank, near the discharge point of the 
plant and in a zone where the leachate, if any, of the storage piles of residual materials could 
reach the river. The location and data of interest of the groups considered for the assessment 
are presented in Table 68. For additional references with useful data on the Compostilla II 
site, see Robles et al, 2008 and Mora et al, 2010. 
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