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SUMMARY

This thesis presents the findings o f  a study undertaken to determine the radioactivity present 

in building materials in the Republic o f  Ireland. A total o f  70 samples o f commonly used 

building materials was collected from various manufacturers and suppliers throughout the 

country and analysed using a HPGe gamma ray spectrometer. The specific activities o f
22 ^  232  40Ra, Th and K were measured in all samples and results ranged from minimum values 

o f 2.6, <1, and 8.0 Bq kg ' to maximum values o f 193, 73, and 2255 Bq kg ' for ^^^Ra,
23 "  ̂ 40 137"Th, and K respectively. Cs activity was also detected in some samples. Results 

obtained were compared with relevant national, E.U. and international legislation and 

guidance, and with the results o f  similar studies undertaken in other countries. These 

activities would suggest that the use o f such building materials in the construction o f 

domestic dwellings or workplaces in Ireland is unlikely to give rise to any significant 

radiation exposure to the occupants. In general, these activities were comparable to the 

results o f  similar studies undertaken in other countries.

Some by-products incorporated into building materials have enhanced levels o f 

radioactivity. The by-products o f interest in the Republic o f Ireland are coal tly-ash, blast 

furnace slag and peat tly-ash. These 'technically enhanced naturally occurring radioactive 

materials’ (TENORM) are studied further in this thesis, and the radiological health 

implications o f  their incorporation into building materials is outlined. With regard to 

radioactivity in coal fly-ash, particular attention is given to two issues, which the National 

Radiological Protection Board in the U.K. recently recommended required further 

investigation;

I ) The radiological significance o f  coal fly-ash incorporated into Irish building materials, 

and, 2) The possible occurrence o f  ̂ '̂ ’Pb enrichments in boiler scales arising from coal 

combustion in low NOx boilers.

Samples o f  coal, coal ash and boiler scales were collected from Ireland’s only coal tired 

power plant and analysed by gamma spectrometry. Samples o f building materials

3



incorporating coal fly-ash were also analysed and compared with similar types o f material 

without coal fly-ash. Results were compared with similar studies undertaken in other 

countries and with relevant legislation and guidance. The results indicate that the 

incorporation o f coal fly-ash into cement or concrete will not significantly increase the 

radioactivity concentrations o f  ̂ ^^Ra, ^^^Th or in these building materials. ^'‘̂ Pb 

enrichment in boiler scale was not evident in the scale deposits sampled from the Irish coal 

fired power plant boilers, and there should therefore not be any radiological health hazard to 

boiler maintenance workers at this plant.

Ground granulated blast furnace slag is imported into Ireland and used in the manufacture of 

a cement replacement product that is subsequently incorporated into Irish concrete. Samples 

o f raw slag and slag cement were analysed by gamma spectrometry. The results obtained 

indicate that the inclusion o f blast furnace slag cement into concrete is o f more radiological 

significance than the inclusion o f coal fly-ash in concrete. Occupants o f buildings 

constructed using blast furnace slag cement are likely to receive radiation doses in excess o f 

0.3mSv per annum, but unlikely to receive radiation doses exceeding the current regulatory 

limit for members o f  the public o f ImSv per annum.

Peat fly-ash may be incorporated into building materials in Ireland in the future, and as 

Ireland is one o f the few countries that produces peat, it was considered important that an in 

depth study be undertaken into the radioactivity in Irish peat, and peat fly-ash, the 

radiological implications o f the use o f peat fly-ash in building materials, and the 

occupational radiation exposure o f employees at Ireland's largest peat fired power plant. 

Samples o f raw peat, peat fly-ash, and ash pond effluent were analysed by gamma 

spectrometry. A radon survey, gamma dose measurements, and particulate monitoring were 

undertaken at the plant to assess occupational radiation exposure. Results indicate that 

radioactivity levels in Irish peat fly-ash are relatively low. The use o f Irish peat fly-ash in 

building materials is unlikely to give rise to any significant radiation doses to occupants o f 

buildings constructed with these materials. Occupational exposure to radioactivity at the 

plant was found to be insignificant.
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C H A T E R 1 INTRODUCTION

1.1 Exposure to natural radiation in the environment

1.2 Environmental radiation in building materials and by-products -  A preview

1.3 Aims and objectives of this study
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1.1 Exposure to natural radiation in the environment.

For many years, exposure to artificial sources o f ionising radiation has been strictly 

controlled by international guidance and codes o f  practice, developed mainly by the 

International Commission on Radiological Protection (the ICRP). The governments o f 

various countries throughout the world generally adopt ICRP recommendations through the 

implementation o f  national legislation. It is only in recent times however, as recently as 

May 2000 in the Republic o f  Ireland, that exposure to natural sources o f ionising radiation 

has been controlled by similar statutory legislation (Government Publications Office, S.I. 

125,2000).

However, the world is naturally radioactive, and the majority o f  our ‘radiation dose’

(Section 2.2.1) each year does not arise from exposure to the strictly regulated area o f 

artificially produced radiation. Almost 90% o f human radiation exposure arises from natural 

sources (Fig. 1.1) such as cosmic radiation, exposure to radon gas and terrestrial radiation. 

Only approximately 11% o f exposure arises from artificial radiation mainly fi-om medical 

exposure such as X-Rays and a mere 0.3% arises from artificial radiation arising from 

global fallout, and nuclear power plants.
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Average Annual Radiation Dose to the irish 
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Radon
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Cosmic Rays 
11.0% Thoron Decay 

3.0%

Global Fallout I  
Nuclear Power 

Plants
0.3%

Fig.1.1: Average Annual Radiation Dose to the Irish Population 

(RPII, 1994)

Radionuclides are found in air, water and in the ground. Every day, radionuclides are inhaled 

and ingested in the air we breathe, in the food we eat and the water we drink. This thesis is 

primarily concerned with determining radionuclide concentrations in the materials used to 

construct Irish buildings. As radioactivity is found in the rocks and soil that make up our 

planet, it follows that this radioactivity will be evident in building materials derived from the 

terrestrial environment. Consequently, radioactivity will also be found in materials such as 

coal derived from mining and peat derived from Irish boglands. Coal ash is commonly 

incorporated into Irish building materials. It is considered to be a form o f ‘TENORM ’, i.e. a 

technically enhanced naturally occurring radioactive material, and while many studies have 

been undertaken on its use in building materials in other countries, none has so far been 

undertaken in Ireland. The radioactivity o f Irish peat ash, and its potential use as a building 

material constituent has also not been studied in any detail to date.
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Other studies have been undertaken in the Republic o f  Ireland on exposure to many o f the 

forms o f natural radiation (McAulay and Moran 1988, McAulay and McLaughlin 1985, 

McLaughlin and Wasiolek 1988, O ’ Connor, P.J. 1981, RPII 2005), such as radon gas, 

cosmic radiation, and radioactivity in the ocean, however, no definitive and comprehensive 

study has yet been undertaken in this country on exposure to natural radiation arising from 

Irish building materials.

For these reasons, and also because o f  the advent o f new legislation in Ireland regulating the 

area o f  natural radiation, it was decided to undertake a study to detennine the types and 

activities o f radionuclides present in typical building materials currently in use in this 

country, and to compare the results obtained with similar studies in other countries and with 

national and international guidance and legislative requirements.

This study also investigates further the use o f technically enhanced naturally occurring 

radioactive materials in the Irish construction industry. The inclusion o f ‘TENORM ’ such as 

coal ash, peat ash, phospho-gypsum and blast furnace slag in Irish building materials is 

specifically investigated. The radioactivity levels in these radiologically enhanced by

products were determined, and the radiological health significance o f their incorporation 

into Irish building materials was ascertained.

1.2 Environm ental radiation in building m aterials and by-products -  A preview

The earth contains uranium, thorium and potassium. All isotopes o f uranium and thorium 

are radioactive, and the isotope o f potassium is also radioactive. The worldwide average 

'specific activifies’ (Section 2.2.1) o f uranium, thorium and potassium found in the earth's 

crust are 40 Bq kg'* ( ‘Bq’ definition - See Table 2.3), 40 Bq kg ' and 400 Bq kg'' 

respectively (European Commission, 1999b).
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As most building materials are derived from rock and soil, they will contain various 

amounts o f  natural radionuclides from the ‘uranium ( U), and thorium ( Th) series’

(Section 2.3), and potassium 40 These can be a source o f both ‘external’ and 

‘internal’ radiation exposure, which are now explained. The external exposure is caused by 

direct gamma radiation resulting from the natural radionuclides that may be present in 

various building materials, and the internal exposure is caused by the inhalation o f radon 

(^^^Rn) and thoron (̂ *̂’Rn) gases and their short-lived decay products emitted by certain 

building materials. Radon is part o f  the radioactive decay series o f  uranium, and thus, is 

present in building materials. Because radon is an inert gas, it can move rather freely 

through porous media such as building materials, although usually only a fraction o f that 

produced in the actual building material reaches the surface and enters the air. The exposure 

to radiation from indoor radon is usually greater than that from all other components of 

natural radiation, as can be seen from the pie chart above (Fig. 1.1).

The main cause o f high concentrations o f radon indoors is, however, the influx o f radon gas 

from the subjacent soil and bedrock, and not from the building materials themselves. 

Although the concrete and masonry materials used for construction o f buildings exhale 

radon and can be a source o f increased indoor radon concentrations, they are rarely the main 

cause o f  high indoor concentrations (European Commission, 1999a). Building materials 

may also contain artificially produced radionuclides such as '^^Cs resulting from fallout 

from weapons testing and the Chernobyl accident.

Certain by-products such as blast furnace slag, by-product gypsum (phospho-gypsum), coal 

ash and peat ash, if  used in the manufacture o f building materials such as concrete, can lead 

to enhanced radioactivity in the material.

Blast furnace slag originates from the metallurgical industry and may be used as an additive 

in concrete or cement. Radionuclide concentration in slag depends on the ore type, the 

origin o f the raw material and the metallurgical processes. Blast furnace slag has only very
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recently, (2004), been incorporated into Irish building materials, and an investigation into 

the radiological implications o f its use is outlined later in this study, (Section 5.3.4).

By-product gypsum or ‘phospho-gypsum’ as it is sometimes referred to, originates from 

fertiliser production and is typically used in the manufacture o f plasterboard, but may also 

be used as a ballast material in concrete production and in road building. Activity 

concentrations o f by-product gypsum depend on the origin and chemical treatment o f the 

raw material, phosphate rock. In studies where by-product gypsum was used as an additive 

in building materials such as cement, a significant increase in the radon exhalation rate from 

such building materials was noted (Ulbak, Jonassen & Baekmark, 1984). Phospho-gypsum 

has not been used in the manufacture o f building materials in Ireland since the mid 1980's 

(Spacey T., Personal Communication).

Peat and coal ash may contain enhanced levels o f radioactivity. This results from the 

combustion o f the raw material and removal o f  volatile components, leaving a smaller 

quantity o f material with a higher specific activity per mass o f such material.

Coal ash is incorporated into certain Irish building materials. In particular, it is used as an 

additive in cement manufacture. Ireland's only coal fired electricity generating power plant 

produces coal fly-ash and supplies it to Irish cement manufacturing plants. The radionuclide 

activity concentrations in coal fly-ash may be enhanced due to concentration in the 

combustion process, and may also be dependent on the country o f origin o f the coal. The 

effect o f coal fly-ash on radioactivity concentrations in building materials has been studied 

widely. Most studies show that when fly-ash constitutes only a relatively small proportion 

o f the building material it is not expected to result in increased indoor exposures. When tly- 

ash is used as the main component o f  a building material, however, this may result in 

enhanced exposure to gamma radiation.

Numerous worldwide studies have already been undertaken on the radioactivity o f  coal ash. 

As all coal is imported into Ireland from other countries, one can expect that coal burned at
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the Irish coal fired power plant will have similar radioactivity levels to those reported 

elsewhere, and therefore a detailed investigation in to this matter is not warranted. This 

study does, however, investigate further the extent o f  the use o f coal ash in the manufacture 

o f  building materials in Ireland. It examines the differences between the radionuclide 

concentrations in Irish building materials containing coal ash and those without coal ash, 

and determines whether the addition o f coal ash to Irish building materials is o f any 

radiological significance.

Peat ash is not incorporated into Irish building materials at present. However, an in-depth 

study on the radioactivity o f Irish peat and peat ash was warranted for the following reasons:

1. A comprehensive study had not yet been undertaken on the radiological implications o f 

peat fly ash use in building materials.

2. Ireland is one o f  the relatively few countries in the world that produces peat as a fossil 

fuel.

3. There are plans to incorporate Irish peat ash into construction materials in Ireland in 

the future (Lyons J., Personal Communication).

In this study the types and specific activities o f radionuclides in Irish peat and peat ash are 

determined, occupational exposure to natural radioactivity at Ireland’s largest peat fired 

electricity generation station is quantified, and the radiological implications o f incorporating 

Irish peat ash into construction materials are investigated.

1.3 Aims and objectives of this study

1. To collect and analyse samples o f  some o f the most common building materials in 

Ireland, and to detennine the amount and type o f  radionuclides present in such materials.

2. To determine from the results obtained if  the use o f  such building materials in the 

construction o f domesfic dwellings or workplaces in Ireland is likely to give rise to 

significant radiation exposure to the general population.
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3. To com pare results o f  analysis with relevant national and international legislation and 

guidance, and to assess compliance with such guidance.

4. To com pare results o f analysis with results o f  similar studies undertaken in other 

countries.

5. To investigate the extent o f the use o f  coal ash in the manufacture o f building materials 

in Ireland.

6. To collect and analyse building material samples containing coal ash and determine if  

the radionuclide concentration varies significantly compared to similar building 

materials without coal ash.

7. To determine if  the use o f  coal ash in the manufacture o f Irish building materials is o f 

any radiological health significance.

8. To investigate if any other ‘TENORM ’ products such as blast furnace slag are 

incorporated into Irish building materials and determine if  the incorporation o f such 

products is radiologically significant.

9. To collect and analyse samples o f raw peat, peat bottom ash, peat fiy-ash, and effluent 

from peat ash ponds, at the largest peat fired electricity generating station in Ireland, and 

detennine the amount and type o f radionuclides present in such materials.

10. To compare results o f analysis with results o f similar studies undertaken in other 

countries.

11. To determine whether or not the potential use o f Irish peat ash in building materials 

would give rise to significant radiation exposure to occupants o f  buildings constructed 

from such materials.

12. To determine the occupational exposure to workers handling peat ash at the electricity 

generating station, and assess the radiological health implications to such workers.

13. To make any necessary conclusions or recommendations for fijrther investigative work.
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CHAPTER 2 RADIOACTIVITY IN THE TERRESTRIAL  

ENVIRONMENT

2.1 Introduction

2.2 Radioactivity -  types of radiation and general principles of radioactive decay

2.2.1 Radiation -  quantities, units and temiinology

2.3 Natural terrestrial radionuclides

2.4 Artificial terrestrial radionuclides

2.5 Exposure pathways
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2.1: Introduction

This chapter firstly explains the basic concepts o f radioactive decay and the characteristics 

o f the various types o f  radioactivity. It then outlines the terrestrial radionuclides, both 

natural and artificial, that are present in Irish rocks and soil. It explains the radioactive decay 

series o f the radionuclides o f  relevance to this study, and details the exposure pathways to 

such radionuclides in the human body.

2.2: Radioactivity -  Types of Radiation and General Principles o f Radioactive Decay

Radiation is a process o f energy emission in the forms o f  waves or particles. Sunshine is one 

o f the most familiar forms o f  radiation. It delivers light, heat and ultra violet 

electromagnetic waves o f radiation. Microwaves and radio waves are other examples o f low 

frequency electromagnetic radiation. Beyond ultra violet in the energy spectrum (Table 2.1), 

however, are higher frequency waves o f electromagnetic radiation which are used in 

medicine and which we all receive in low doses from space and from the earth. Collectively 

we can refer to these types o f radiation as 'ionising radiation’. Ionising radiation can have a 

damaging effect on biological tissue, as it is capable o f producing electrically charged 

particles in the material it strikes. Tonisation' is the liberation by radiation o f free electric 

charges, i.e. negative electrons and positive ions, in the medium through which the radiation 

passes (Delaney & Finch, 1992). This ‘ionisation' o f cells can change their structure, 

potentially leading to chromosome changes, cell mutations or cancers. This study is 

concerned only with ionising radiation.
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The Electromagnetic Spectrum

1 0 ’*ciT* JO’ cm 10* cm »0 * cm 1 '  cm l cm » km

Mkrowave
Gamma ray Ultraviolet Visirfe f  Radio

X-ray Infrared

Energy Range Type o f  Radiation Wavelength (m) Energy(eV)

Low Radio w aves

oob

0 .001 to 1 X 10

Low Infra red IQ-'’ to 10 '̂ 1 to 1 X lO'-"'

High V isib le  Light 4 X 10 ’ to 10 '’ 3 lo 1

High Ultra V iolet lO'** to 4 X 10 ’ 12 to 3

High X and Gamma Rays

(50 keV  energy) 2.5 X 10'" 50 X 10’

(1 M eV  energy) 1,2 X lO’’’ 10 X 10^

Table 2.1: The Electromagnetic Spectrum (NASA, 2005)

Like visible light, X and Gamma radiations are fonns o f electromagnetic radiation, but they 

are both much higher in energy (shorter in wavelength). All radiations in the
o

electromagnetic spectrum travel through space with the same velocity, about 3x10 m/s. 

Electromagnetic radiation energy is carried in packets known as photons. Their energy is 

inversely proportional to their wavelength, i.e. long wavelength / low energy, short 

wavelength / high energy. As previously noted, this study is concerned only with radiation 

which has the potential to cause ionisation. Electromagnetic radiation o f very low energy
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(less than a few eV, where leV  = 1.6xlO‘'^J) is non-ionising, e.g. visible light, infra red, 

UV, and microwave radiations.

Atoms consist o f  a central nucleus with a net positive electrical charge, around which are 

small lightweight negatively charged particles called electrons (See Fig 2.1).

The nucleus consists o f protons and neutrons tightly bound together, the protons having a 

positive electrical charge, and the neutrons, no net charge.

NUCLEUS

Fig.2.1 The Atomic Structure 

(U.S. Nuclear Regulatory Commission, 2005)

Atoms themselves are divided into different elemental groups, the number o f protons in the 

nucleus determining the element o f  the atom. There are over 100 known elements, most o f 

which are naturally occurring. Elements o f  interest in this thesis include uranium, thorium, 

potassium and caesium. For a nucleus to be stable, it must contain a certain number o f 

neutrons. If the number o f  neutrons is either greater or less than this value (which varies for 

different elements), the nucleus is unstable and decays by emitting energy in the fonn o f 

radiation.

These nuclei are said to be ‘unstable’ or ‘radioactive’. An unstable nucleus has excess 

internal energy, with the result that it can undergo a spontaneous change towards a more 

stable form. This is called ‘radioactive decay’ (Fig 2.2). ‘Radioactivity’ can be defined as 

the process in which unstable nuclei stabilise by emitting radiation.
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Energy

Radiation

Particle

Fig 2.2 Radioactive Decay, (U.S. Nuclear Regulatory Commission, 2005)

A nuclide is an atom described by its atomic number (Z) and its mass number (A). The Z 

number is equal to the charge (number o f  protons) in the nucleus, which is a characteristic 

o f  the element. The A number is equal to the total number o f protons and neutrons in the 

nucleus. Nuclides with the same number o f  protons but with different numbers o f neutrons
2 3are called isotopes. For example, deuterium ( H) and tritium ( H) are isotopes o f hydrogen 

with mass numbers two and three, respectively. There are in the order o f 200 stable nuclides 

and over 1100 unstable (radioactive) nuclides.

Isotopes are atoms o f an element that have the same number o f protons but different 

numbers o f neutrons. Unstable isotopes (which are thus radioactive) are called 

radioisotopes. When the nucleus o f a radioisotope decays, it gives o ff some o f its excess 

energy as radiation. This radiation energy can be either in the form o f waves (electro

magnetic radiation), such as gamma rays or in the form o f streams o f particles (particulate

Radioactive
Atom
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radiation), such as alpha (a )  or beta (P) particles, i.e. electrons or positrons (Fig 2.3, Fig. 2.4 

& Fig. 2.5). As it decays, the nucleus is progressing in one or more steps towards a stable 

state where it is no longer radioactive.

P
%

Fig 2.3 Alpha Particles (Alpha Sciences, 2001)

Alpha Particles:

Alpha (a )  particles consist o f two protons and two neutrons. They thus have a positive 

electrical charge. Alpha particles interact readily with matter, and lose their energy quickly.

Alpha particles thus have little penetrating power and are easily stopped by a thin sheet o f 

paper or the dead layer o f  human skin, the epidermis, and therefore are not an ‘external 

hazard’. (Section 2.5) If they do enter the human body through ingestion or inhalation for 

example, they are a significant ‘internal hazard’ (Section 2.5) however, as they deposit all o f 

their energy in a small area, they cause more severe biological damage than other fonns o f 

radiation.
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Beta Decay
®‘ •

P

Before After

Fig 2.4 Beta Particles (University of Hawaii, 1998)

Beta particles:

Beta (P) particles are fast moving electrons ejected from the nuclei o f atoms. These particles 

are much smaller than alpha particles and can penetrate up to 1 to 2 cm o f water or human 

flesh. Beta particles, therefore, can be an external hazard, as they can enter the human body 

through external exposure. They are also an internal hazard if  ingested or inhaled. A few 

centimetres o f  perspex is usually required to provide adequate shielding against beta 

particles.
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Gamma-Ray Radiation

Gamma Rays

Paren t Nucleus 
Cobalt-60

Daughter Nucleus 
Ni-60

Fig 2.5 Gamma Ray Radiation (Washington State Department of Health, 

2006)

Gamma Rays:

Gamma (y) Rays are electromagnetic waves of energy emitted from the nucleus of the atom, 

often in association with alpha and beta particles. Gamma rays are uncharged, have no mass 

and travel at the speed of light. Gammas and X-rays are both forms of electromagnetic 

radiation that have different wavelengths. They are photons of electromagnetic energy that 

travel with the speed of light, and interact electrically with atoms even though they have no 

net electrical charge.

While a  and P particles have a finite maximum range and can therefore be completely 

stopped with a sufficient thickness o f absorber, photons interact in a probabilistic manner. 

This means that an individual photon has no definite maximum range. However, the total 

fraction o f photons passing through an absorber decreases exponentially with the thickness 

of the absorber. There are three mechanisms by which gamma and X-rays lose energy.
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1. The photoelectric effect is one in which the photon imparts all its energy to an orbital 

electron. The photon simply vanishes, and the absorbing atom becomes ionised as an 

electron (photoelectron) is ejected. This effect has the highest probability with low 

energy photons (< 50 keV) and high Z absorbers.

2. Compton scattering provides a means for partial absorption o f photon energy by 

interaction with a Tree' (or loosely bound) electron. The electron is ejected, and a lower 

energy photon continues on to lose more energy in other interactions. In this mechanism 

o f interaction, the photons in a beam are scattered, so that radiation may appear around 

comers and in front o f shields.

3. Pair production occurs only when the photon energy exceeds 1.02 MeV. In pair 

production the photon simply disappears in the electric field o f a nucleus, and in its 

place an electron and a positron, are produced from the energy o f the photon. The 

positron will eventually encounter a free electron in the absorbing medium. The two 

particles annihilate each other and their mass is converted into energy. Two photons are 

produced each o f 0.511 MeV. The ultimate fate o f these two photons is energy loss by 

Compton scattering or the photoelectric effect.

Gamma rays have great penetrating power and will pass right through the human body, 

causing ionisation o f body cells, en route, and therefore can be a significant external hazard. 

Thick barriers o f concrete or lead are generally used to provide adequate shielding against 

high energy gamma rays.

In this study, gamma rays, emitted from building materials or from radiologically enhanced 

building by-products, are the type o f radiation o f most concern. The reason they are o f  more 

concern than alpha or beta particles is that they are far more penetrating than other types o f 

radiation, and can be a significant external hazard depending on the energy o f  the gamma 

ray. This is not the case for alpha or low energy beta particles that may be relevant to
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environmental samples. It is also relatively easy to measure the energy and identify the 

radionuclide responsible for the emission o f  gamm.a rays from building materials by gamma 

ray spectrometry.

2.2.1: Radiation Quantities, Units and Terminology

There are m any quantities, units and radiological terms that specifically relate to the fields 

o f  environmental radiation and radiological protection. Those commonly referred to in this 

thesis are explained below.

Radiation Quantities:

Activity':

This is a measure o f  the amount o f a radioactive material, in terms o f the number o f nuclear 

disintegrations per second (i.e. the number o f atomic nuclei that decay in one second). It 

may also be defined as the rate o f  decay (disintegrations/time) o f  a given amount o f 

radioactive material.

Specific Activity:

This is a measure o f the activity concentration within a material, i.e. the total quanfity o f 

radioactivity o f  a given radionuclide per unit mass or volume o f material analysed.

Radiation Dose:

Two quantities o f radiafion dose are in use:

(a) Absorbed dose -  This is a measure o f  the energy that is deposited in a material per

unit mass from any interaction with radiation.

(b) Equivalent dose -  This is the absorbed dose modified by a radiation weighting 

factor, to take into account the different biological effects that arise irom irradiation 

o f  tissue with different types o f  radiation (as some radiations are more damaging 

than others, even if  the amount o f  energy actually deposited in tissue is the same).
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An absorbed dose from a radiation type with a relatively high radiation weighting factor is 

more damaging to tissue than if  the same amount o f absorbed dose was received from a 

radiation type with a lower radiation weighting factor. As can be seen from Table 2.2 below, 

the radiation weighting factor for X -  rays, gamma rays and beta radiation is 1, whereas the

weighting factor for alpha particles is 20, i.e. alpha particles are considered 20 times more

biologically harmful if  internally absorbed or ingested into the human body than beta 

particles or X, or gamma rays.

Table 2.2: Radiation Weighting Factors (ICRP, 1990)

Type of Radiation W eighting Factor

X-Rays 1

Camma Rays 1

Beta Particles 1

Alpha Particles 20

Radiation Dose Rate:

This is a measure o f energy deposited by radiation in a material per unit time. 

Radiation Units:

The units o f  radiation measurement are defined by the International System o f Units (SI)

Table 2.3: Radiation Quantities and Units

Quantity SI Unit

Activity Becquerel (Bq), (1 Bq = 1 disintegration per second)

Specific Activity Becquerel / Mass or Volume, eg. 1 Bq kg '

Absorbed Dose Gray (Gy), (1 Gy = 1 Joule kg ')

Equivalent Dose Sievert (Sv) (1 Sv = 1 Gy x Radiation Weighting Factor)

Dose Rate I^Sv hr'', mSv h r ' or Sv h r '
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Note: For X, gamma and beta radiations, the gray and the sievert are numerically equal. 

This is because Sv = Gy x Weighting Factor = Gy x 1 in this case.

Radiation Terminology:

Radionuclides:

Radioactive nuclides (or radionuclides) can generally be described as those which have an 

excess or deficiency o f  neutrons in the nucleus, and are therefore unstable or radioactive 

nuclides (See also Section 2.2)

Radioactive Decay

Radioactive nuclides (also called radionuclides) can regain stability by radioactive decay, 

emitting radiation in the process. The radiation emitted can be in particulate or 

electromagnetic wave fonn or both, as was described in section 2.2 above.

In addition to the type o f  radiation emitted, the decay o f a radionuclide can be described by 

the following characteristics.

Half-Life

The half-life o f a radionuclide is the time required for one-half o f a collection o f nuclei o f 

that nuclide to decay. Decay is a random process which follows an exponential curve.

Quantities subject to exponential decay are commonly denoted by the symbol N. If the 

quantity is denoted by the symbol N, the value o f  at a time / is given by the fonnula:

_V(M =

where

• Â o is the initial value o f  N  (at t=0)

• I  is a positive constant (the decay constant).
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W hen t=0, the exponential is equal to 1, and N(t) is equal to Nq. A s t approaches infinity, the 

exponential approaches zero.

The num ber o f  radioactive nuclei rem aining after tim e (/) is given by:

N(/) = N (0 )exp(-0 .693 //r), where,

N(0) = original num ber o f  atoms 

N(/) = num ber rem aining at tim e t 

t = decay tim e 

T = half-life

Energy

The basic unit used to describe the energy o f  a radiation particle or photon is the electron 

volt (eV). An electron volt is equal to the am ount o f  energy gained by an electron passing 

through a potential difference o f  one volt.
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2.3: Natural Terrestrial Radionuclides

Ionising radiation can be both natural in origin or artificially produced (man made). Natural 

radiation appeared soon after the formation o f the universe 12 to 15 billion years ago. Many 

radionuclides that existed at the time o f the fonnation o f the universe have long since 

disappeared. Those with relatively short half-lives have decayed out o f  existence. The main 

natural radionuclides remaining that require consideration now are those with very long half 

lives, and are known as primordial radionuclides. Primordial radionuclides are left over 

from the fonnation o f the universe. They are long-lived (half-lives often in the order o f 

thousands o f  millions o f years or more). These, together with cosmic radiation, effectively 

constitute natural radiation.

Primordial radionuclides are present in the human, aquatic and terrestrial environment. As 

building materials are derived from the terrestrial environment, i.e. from rocks and soil, it is 

these primordial radionuclides present naturally in the terrestrial environment that are the 

major concern o f  this study.

The primordial terrestrial radionuclides which now exist are those that have half lives at 

least comparable to the age o f  the universe. Radionuclides with half lives o f less than about
O I

10 years have become undetectable, whereas radionuclides with half lives greater than 10 

years have decayed comparatively little up to the present time.
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Naturally occurring terrestrial radionuclides can occur singly, or be a component o f  i chain 

o f  radioactive elements. The main primordial natural radionuclides that are sources of
238  23 ^human exposure to radiation are uranium -  238 ( U), thorium -  232 ( “Th) and paassium

- 40 Unlike the heavy nuclides and ^̂ “Th decay through long decay-;hains 

including several radioactive elements and end in a stable isotope o f lead. Uranium - 235
235  238  235( U) is also present in the earth’s crust but, compared to U, the half-life o f U s  short 

(7.1 X 10* years) and thus the amounts o f  ̂ ^^U and its decay products in the environnent are 

insignificant from a radiological protection point o f view (European Commission, 1 )99a).

In this study ^^^U and its decay products are not dealt with because o f their minor 

importance to human exposure.

238u, 232j j  ̂ significant natural radionuclides in terms o f radiati)n

exposure that still exist in the earth 's crust. Activity concentrations o f these three si{,nificant 

radionuclides were determined for all samples collected in this study.

U R ANI UM - 2 3 8  (̂ *̂*U)

^38 9‘ U has a half life ot 4.5 x 10 years and its concentration in natural uranium is 99.1745%.

It has a number o f  decay products, (Fig. 2.6) the stable isotope o f lead, “*’̂ Pb, being he last 

one. For the purposes o f  this study, the most important part o f  the uranium decay chain 

starts with ^^^Ra as it emits gamma rays and is responsible for the production o f  rad>n gas. 

Almost all o f  the external radiation from the uranium chain originates in radium an( its 

progeny, (Marsh, 1991). ^^^Ra is present in all rocks and soils in various amounts. Ihe 

average activity concentration o f  ̂ ^^Ra in Irish soil is 46 Bq kg ' (Marsh, 1991).

The U decay chain is shown below.
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p decay
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\ ,214BI ^  
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214pb ^
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0.22 MeV
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214po
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J t l  MeV
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3 MeV

1 4 MeV

MOpb
22.3 yrs 
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stable

Giiiniiui Kiy emission at 93 keV  ̂ .^Section 3.4. II
^  Gamma lay emission at 186 keV

Fig 2.6 Radioactive Decay Chain of
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Referring to the above decay chain it can be seen that is an alpha emitter that decays 

with a half hfe o f 1622 years to ^^^Rn (radon gas), with a half life o f  3.8 days. The decay o f  

radon is followed by the successive disintegration o f  a number o f  short lived alpha and beta 

emitting progeny. After a number o f decay steps, in which isotopes are produced that range

in half lives from 1.6 x 10'"* seconds to 26.8 minutes, ^'°Pb is produced which has a half life
210 210o f 22 years. This nuclide decays through Bi to produce Po (half life 238 days), which 

decays by alpha emission to stable ^°^Pb.

In the uranium series the decay chain segment starting from radium (^^^Ra) is radiologieally 

the most important. Ra is a beta, alpha and gamma emitter, and decays to produce Rn 

'radon ', a radioactive gas commonly found in indoor workplaces or homes. Reference is 

therefore often made to radium instead o f uranium.

^^^Ra activities can be ascertained by looking for and quantifying the energy o f gamma rays 

emitted at 93 keV and 186 keV. These gamma rays can be detected by gamma ray 

spectrometry. The 93 and 186 keV gamma ray emissions are considered to be the most 

reliable indicators o f  ‘ U activity. The 93keV gamma ray emission occurs from the decay 

o f  234Tb, which has a half-life o f  24 days, and the 186 keV gamma ray emission occurs from 

the decay o f “^^Ra which has a half life o f  1622 years. Both have sufficiently long half-lives

to be detectable and both occur above ^^^Rn in the uranium decay chain. Radionuclides
222emitting gamma rays below Rn in the uranium decay chain would not be chosen as

238  ^22reliable indicators o f  U activity, due to the fact that Rn is a gas, and this may give rise 

to disequilibrium (further explained below) between ^^^Ra and series members below it.

To ensure that the daughter radionuclides chosen are reliable indicators o f  the activity o f  the 

parent radionuclide, it is important that they are in ‘secular equilibrium’ with the parent. 

Secular equilibrium is a condition reached when the half-life o f  the parent radionuclide in a 

decay chain is many times greater than the half-life o f  the daughter e.g. 100 -  1000 times 

greater, and when a sufficiently long period o f time has elapsed (e.g. 10 half-lives o f  the
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decay product with the longest half life), to allow for in-growth o f the decay product. When 

radionuclides are in a state o f  secular equilibrium, the activity o f  all the radionuclides in 

secular equilibrium are equal. W here all o f  the elements in the chain are in secular 

equilibrium, each o f  the descendants has built up to an equilibrium amount and all decay at 

the rate set by the original parent. The only exception is the final stable element on the end 

o f  the chain. Its number o f atoms is constantly increasing.

T H O R I U M - 2 3 2  (^^^Th)

^^'Th has a half life o f  1.4 x lO''* years. It also has a number o f  decay products (Fig. 2.7), the
208 232last one being the stable Pb isotope. The average activity concentration o f  Th in Irish 

soil is 25 Bq kg ' (Marsh, 1991). The ^^^Th decay chain is shown below.
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Fig 2.7 Radioactive Decay Chain of
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Referring to the above decay chain it can be seen that “ Th decays by alpha decay to Ra.

This is a beta emitter with a half-life o f  5.8 years, that decays to alpha emitting
228  228Th which has a half-life o f  1.9 years. Th in turn decays through a series o f alpha

220emitters including the inert gas Rn (thoron), which has a half-life o f  only 55 seconds
222(compared to 3.8 days for Rn). Because o f its short half-life, thoron has less opportunity 

than radon to diffuse from the soils, rock or building materials in which it is found, and 

therefore is not generally considered o f radiological health significance.

232  ^  10In the Th chain , there is no long lived ‘stopping’ nuclide comparable to “ Pb (half-life: 

22 years) in the chain. The longest lived nuclide beyond ^^^Th is ^'^Pb, with a half-life

o f 10.6 hours. This nuclide decays through ^'^Bi and ^'^Po to produce stable ”̂*Pb. ^'^Bi can
208  208 also decay by alpha decay to Tl, which decays by beta decay to also form stable Pb.

The ^^^Th activities were generally detennined from the gamma ray emissions at 911 and
^28 23”̂338 keV from “ Ac. Secular equilibrium is more likely among members o f the “Th decay 

series. The very short half-life o f  ̂ “^Rn (55 seconds), is generally not adequate to cause 

noticeable disequilibrium in most situations.

238  23”^It can be seen from the radioactive decay chains o f U and "Th above that the primary 

mode o f decay is by alpha emission, often with accompanying betas and gammas. 

Considering building materials, the subject o f this study, as the source o f  these 

radionuclides, under nonnal conditions alpha decay will not cause an external radiation 

hazard to man, as the alpha particles will not be capable o f passing into the human body 

through external exposure. Internal exposure o f alpha particles is possible through the 

inhalation o f  radon gas and this aspect is discussed later in this thesis.
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POTASSIUM -  40 ( "̂K)

The half-life of'^'^K is 1.3 x 10*̂  years.

The average specific activity of'^^K in Irish soil is 418 Bq kg"' (Marsh D, 1991).

occurs to an extent o f 0.01% in natural potassium, thereby imparting a specific activity 

o f approximately 29.6Bq/g potassium. It is also interesting to note that a person who weighs 

70kg contains about 140g o f potassium, most o f which is located in muscle. From the 

specific activity o f potassium it follows that the "’’’K content o f the human body is in the 

order o f 4.1kBq.

emits a gamma ray at 1461 keV which can be detected by gamma ray spectrometry, and 

in this way the amount o f present in a material can be detennined.

2.4: A rtificial Terrestrial R adionuclides

^38 23^Apart from the naturally occum ng radionuclides found in the earth, such as “ U, “Th and 

some artificial or man made radionuclides can also be found, and these require some 

consideration. Humans have been producing and using artificial radionuclides for almost 

one hundred years in a range o f medical, commercial and industrial activities. There are 

three main sources o f man-made ionising radiation.

1. It is used in medicine for treating cancer and for the diagnosis o f  many diseases.

2. Radioactive materials are also used in industry, primarily for measurement purposes 

and for producing electricity. Both medical and industrial uses o f  radiation produce 

radioactive waste, which if not carefully managed can cause environmental 

contamination.

3. Radioactivity is also present as fallout from previous nuclear weapons explosions and 

other accidents / incidents worldwide.
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Ireland does not have a nuclear industry and has no national radioactive waste repository. 

The disposal o f  radioactive waste to landfill in Ireland is also not permitted. For these 

reasons the only likely sources o f artificial radionuclides that may be found in Irish soils are 

from the Chernobyl disaster in 1986, and to a lesser degree, fallout from the detonation in 

the past o f  nuclear weapons in the atmosphere. A reactor at the Chernobyl power station, 

located in the U.S.S.R. was destroyed by an accident that occurred in the early morning o f 

April 26, 1986. Most o f  the radioactive cloud from Chernobyl first drifted towards 

Scandinavia, and its lower portion headed in a south-eastern direction towards Poland and 

other Eastern European countries. Many European countries soon detected the cloud, and it 

was eventually detected in the U.S. and Japan. The fallout in parts o f Europe was relatively 

heavy in areas over which the cloud passage coincided with rainfall (Eisenbud, 1987).

On the morning o f  the 3'̂ * o f  May 1986 increased airborne radioactivity was detected in 

Dublin. Maximum levels o f radioactivity attributable to the Chernobyl disaster were 

detected during the following 24 hours. To determine radionuclide deposition in Irish soil as 

a result o f the Chernobyl accident, an extensive survey was undertaken in Ireland in August 

1986 (M cAulay and Moran, 1989) (Fig 2.8). Although many radionuclides were released
137from the fire in the Chernobyl reactor, the radionuclide o f most significance is Cs, due to 

its relatively long half life (30.2 years), the fact that it emits gamma as well as beta radiation 

and thus can be an external hazard, and the fact that it was emitted in significant quantities 

when compared with the amounts o f  other radionuclides released from the reactor.

The survey undertaken by McAulay and Moran showed a mean deposition level o f
2 137 23.2kBq/m o f Cs due to Chernobyl. The range o f deposition was from 0.3 to 14.2kBq/m . 

The mean was roughly comparable with average levels in eastern France, Luxembourg and 

Scotland at the time, and lower by an order o f  magnitude than levels in southern Germany,
1 -j

northern Italy and northern Greece. The total Cs over Ireland represented 0.4 to 0.5% o f 

the estimated worldwide deposition at the time.

49



Fig 2.8 '^^Cs deposition in Ireland due to Chernobyl (McAulay

and Moran, 1989)

As '^^Cs has a half life o f over 30 years, it is likely that '^^Cs from Chernobyl will still be 

detectable in Irish soil, and therefore may be found in porous materials like peat which is 

investigated later in this study. It is unlikely however that '^^Cs from Chernobyl would be 

found in building materials such as brick or concrete which are not derived from porous 

soils or peat at the surface o f the ground, where deposition from Chernobyl might be found.

50



The other main source o f artificial terrestrial radionuclides arises from fallout from nuclear 

weapons testing which took place between 1945 and 1980. The peace time testing o f  nuclear 

weapons in the atmosphere is capable o f  producing worldwide contamination, and it was the 

subject o f  intense worldwide concern in the 1950s until a test ban agreement was signed in 

1963. The first atomic bomb was detonated on a New Mexico desert in July 1945, and since 

then hundreds o f explosions have been conducted by the United States, the U.S.S.R., the 

United Kingdom, India, France and China.

Table 2.4: Worldwide Atmospheric Nuclear Weapons Tests 

(Eisenbud, 1987)

Countr> Period No. of Tests

United States 1945-1962 193

U.S.S.R. 1949-1962 142

United Kingdom 1952-1953 21

France 1960-1974 45

China 1964-1980 22

Total 1945-1980 423

Worldwide pressure caused the United States, the U.S.S.R. and the United Kingdom to sign 

the nuclear weapons atmospheric test ban agreement early in 1963, and these three countries 

did not undertake any further testing o f nuclear weapons in the open atmosphere. France and 

China, however, did not sign this agreement, and conducted further testing up until 1980.
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The main radionuclides produced in the explosion o f  a nuclear bomb that are significant in 

terms o f human health, include'^'l, '̂ '’Sr, '^^Cs, and O f these ^°Sr and '^^Cs

which have half lives o f  28 and 30 years respectively are the most abundant radionuclides in 

the global terrestrial environment which remain from the atmospheric weapons testing era. 

UNSCEAR (UNSCEAR 1969) and others (Volchok, 1971; Leifer, 1984; Eisenbud 1987; 

Beck, 2000) have produced data and global distribution patters o f  ̂ ”Sr and other radioactive 

debris. The external exposures arising from this fallout today are essentially all from '^^Cs 

which was produced 60% more abundantly than ^^Sr.

For this reason, the activity concentrations o f '^^Cs are also investigated in building 

materials analysed in this study, and in particular in peat samples which are most likely to 

contain the Cs radionuclide through deposition o f  fallout from both the Chernobyl 

disaster and atmospheric weapons testing undertaken in the past.

2.5: Exposure pathways

This study is primarily concerned with the exposure o f humans to radioactivity arising from 

building materials, and therefore the materials analysed are mainly those that are used in the 

construction o f most Irish houses and workplaces. All building materials originating from 

the earth’s crust - concrete, bricks etc. - contain naturally occurring radionuclides, U,

^̂ “Th, and and may contain artificial radionuclides in particular '^’Cs. These 

radionuclides may be present in ‘norm al’ quantities and concentrations, as would be 

expected in the terrestrial environment from which they are derived, or they may be 

enhanced through the processing o f  building materials or building material by-products.
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Examples o f technically enhanced naturally occurring radioactive materials (TENORM) 

incorporated into buildings may include coal / peat ash, blast furnace slag and in some 

countries phospho-gypsum. Further detail on how these by-products become radiologically 

enhanced has been previously provided in Section 1.2 o f this thesis, and is further discussed 

in Chapters 4, 5 and 6.

The purpose o f  determining the types and activity concentrations o f these various 

radionuclides is to ultimately quantify the radiation dose to a person occupying a room 

constructed from a particular building material. Exposure to radiation from building 

materials will generally be through external exposure to the gamma rays emitted. However, 

internal exposure is also possible through the inhalation o f radon gas exhaled by the 

material (Fig 2.9). Inhalation o f  thoron gas is also possible but o f  little radiological health 

significance (section 2.3).

Cosmic
Raysinhaled 

(Radon) \  #

Ingested

Building |  f. 
M aterials// 1

Earth's
Crust

Fig 2.9 Human Exposure to Radiation (University of Colorado, 2006)
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Occupational radiation exposure to the persons who manufacture, produce or process 

building materials may also be o f  concern, and while an in-depth study on this matter is 

outside the scope o f this thesis, some consideration is given to occupational exposure where 

it was considered o f  particular importance, i.e. workers handling peat fly-ash (as this matter 

had not yet been investigated in Ireland). Occupational radiation exposure may occur 

through the inhalation o f fine particulate, through the ingestion o f materials as a result o f 

poor occupational hygiene practices or through the more typical routes o f external gamma 

radiation and inhalation o f radon gas.
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CHAPTER 3: GAMMA SPECTROMETRY METHODOLOGY

3.1 Introduction

3.2 The hyper-pure germanium detector -  Operating principles

Set up and calibration of detector

3.3.1 Energy calibration

3.3.2 Peak resolution

3.3.3 Efficiency calibration

3.3.4 Corrections for background radioactivity

3.3.5 Inter-calibration with RPll detector

3.4 Determining activity concentrations

3.4.1 Method for calculating "^^Ra activity

3.4.2 Errors

3.4.3 Correcting for the self-absorption o f  gamma rays within samples
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3.1: Introduction

All samples collected were analysed by gamma ray spectrometry to determine the ty^e and 

quantity o f  radionuclides present.

This chapter explains the operating principles o f  the gamma ray spectrometer used, t  also 

outlines the methodology used to set up and calibrate the detector, and explains how 

radionuclide activities and concentrations were calculated.

Other methodologies e.g. occupational dust exposure, specific only to certain sample types 

are detailed in the chapter relevant to that sample type.

3.2: The hyper-pure germanium detector -  Operating principles

All samples were analysed using an EG & G Ortec low background HPGe (Hyper-pjre 

Germanium) 'GMX' gamma ray detector. Building materials produce gamma rays alboth 

very low and high energy values. It is therefore important when undertaking such 

environmental sampling and analysis work to use a detector that is efficient for the cetection 

o f gamma rays over a wide range o f  energies. The detector used is capable o f detect ng 

gamma rays with energies ranging from as low as lOkeV up to lOMeV (EG & G OLTEC, 

2000).

Included in this HPGe spectrometry system are the detector bias supply, a high voltage 

filter, the detector, a preamplifier and a main amplifier, all linked to a computer sysl3m 

programmed for multi-channel analysis (Fig 3.1).
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Fig 3.1 Schematic drawing of HPGe Spectrometry System

Hyper-pure germanium detectors were first developed in the 1970s. The starting material is 

bulk gennanium which is purified using techniques o f  zone refming. The impurity levels are 

progressively reduced by locally heating the material and slowly passing a melted zone from 

one end o f the material to the other. Since impurities tend to be more soluble in the molten 

gennanium  than in the solid, impurities are preferentially transferred to the molten zone and 

are swept from the sample. After many repetitions o f this process, impurity levels as low as 

lO*̂  atoms / cm^ can be achieved. Large single crystals o f gennanium are then slowly grown 

from this purified feedstock (www.ortec-online.com). If the remaining low-level impurities 

are acceptors (such as aluminium) the electrical properties o f the semi-conductor crystal 

grown from the material is mildly /?-type. Alternatively, if  donor impurities remain, high 

purity «-type is the result. The detector used in this study is an «-type detector.

The HPGe detector produces electrical signals as a result o f the interactions o f  the gamma 

rays emitted by the sample under investigation. The charge produced is proportional to the 

energy deposited by the detected gamma rays.
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The energy spectrum o f the gamma rays is characterised by sharp peaks. The number o f 

these peaks and their energies vary between radionuclides. This is used for nuclide 

identification. Furthermore, the intensity o f these peaks can be used to determine the 

activity o f  the source radionuclide. Under identical conditions o f measurement, a 

comparison o f the peak intensities from a known (standard) and unknown radioactive source 

allows one to determine the activity o f the radionuclide(s).

The observation and analysis o f  the spectrum are performed on-line by a computer 

programmed for multi-channel analysis.

3.3: Set up and calibration of detector.

Before the installation o f  the HPGe spectrometer in the laboratory, a survey o f  background 

radiation was undertaken to ensure that environmental radiation within the laboratory was 

not excessive. This survey was undertaken using a Mini Instruments integrating Geiger 

Miiller-Background M onitor-Type 6-80 (GM6-80). The GM6-80 meter was fixed to a tripod 

in the laboratory for 1000 seconds. The readings were then converted to an ambient gamma 

dose rate (|^Sv hr ') using a calibration conversion table relevant to the instrument. Readings 

were taken in the laboratory in which the HPGe spectrometer was installed and also in 

another laboratory in the TCD School o f Physics where an older gamma ray spectrometer 

had previously been located. Results (Table 3.1) show that the background radiation level in 

the laboratory was relatively low, and only 65% o f the background radiation level in the 

laboratory that had been previously used for gamma spectrometry research work.
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Table 3.1: Background Radiation Survey

Location

Background Radiation 

(Counts per 1000 

seconds)

Background 

Radiation 

(^  S v h r ')

HPGe

Laboratory

1,450 ± 38 0.09

Other

Laboratory

2,250 ± 110 0.14

A liquid nitrogen dewar attached to the detector system was filled on a weekly basis to 

maintain an adequately cool temperature, essential for the effective operation o f  the 

spectrometer. Room temperature operation o f  gemianium detectors is impossible because 

o f  the large thermally induced leakage current that would result. Germanium detectors must 

therefore be cooled to reduce leakage current to the point that the associated noise does not 

spoil their excellent energy resolution. This can be achieved by reducing the temperature to 

77 K through the use o f an insulated dewar in which a reservoir o f liquid nitrogen is kept in 

thermal equilibrium with the detector (Fig. 3.2).

Fig. 3.2 HPGe detector with liquid nitrogen dewar below
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Certain conditions were entered into the software when the detector was being set up for use 

for the first time, such as the length o f time for which the samples should be run, and these 

preset conditions were checked each time before running a new sample in the detector. 

Samples were generally run for a 24 hour period ie. 86,400 seconds. This time period of 

86,400 seconds was pre-set into the detector software as a ‘live tim e’ limit, as opposed to a 

’real tim e’ limit. Real time means the elapsed time or clock time. Live time refers to the 

amount o f time that the detector is available to accept another pulse (i.e. is not busy), and is 

equal to the real time minus the dead time (the time the detector is not available).

There are several libraries o f  various radionuclides contained in the computer software. 

When setting up the software for using the detector for this research work, it was possible to 

develop a specific library o f  radionuclides that are especially relevant to environmental 

radiation work. Such a library was created before any samples were analysed. This ensured 

that reports and spectra could be interpreted more easily and would not be complicated by 

additional information, which was o f no particular relevance to this work. The library 

created contains all the radionuclides that result from the decay o f the uranium and thorium 

series, together with the "''’K and '^^Cs lines.

Energy and efficiency calibrations were then undertaken for the detector. For these 

calibrations, a standard solution with known radionuclides o f known activity concentrations 

was obtained from the Radiological Protection Institute o f Ireland (RPII, i.e. the regulatory 

body with responsibility for the control o f ionizing radiation in the Republic o f Ireland).

This solution, which was traceable to and certified by the National Physical Laboratory, 

Teddington, Middlesex, U.K., was diluted with 1 Molar HCl to fill a 500ml flask. This 

solution, which was o f a known volume with known radionuclides present o f known activity 

concentrations, was necessary to calibrate the detector in terms o f  energy and efficiency.
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This standard source solution was then placed in the detector and counted for a 24-hour 

period. After the standard solution was counted and results were obtained, energy and 

efficiency calibrations were undertaken, as was a check on the resolution quality o f the 

detector. Such checks were undertaken before any building material samples were counted 

to ensure that the results produced by the detector were accurate.

3.3.1 Energy Calibration

The detector was firstly calibrated for energy. This calibration was undertaken to ensure that 

the actual energy o f the known radionuclides in the aforementioned standard solution 

corresponded with the energy values for these radionuclides as given by the detector. The 

energy calibration was perfonned by selecting each major peak in the spectrum and 

assigning the accepted value o f the energy o f the peak.

The radionuclides known to be present in the calibration sample and the recommended 

energy values assigned to these radionuclides are given in Table 3.2.
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Table 3.2: Radionuclides in Calibration Sample

Radionuclide Recommended Energy 

Value 

(keV)

59.54

88.03

Ou

122.06

'■'Co 136.47

' 'V e 165.86

■“̂ 'Cr 320.08

"^Sn 391.70

514.01

'^'Cs 661.66
88y 898.04

'’"Co 1173.24

""Co 1332.50
S S y 1836.06
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A graph was then plotted comparing the energy values o f the various radionuclides with the 

channel numbers in the detector (See Fig 3.3). It can be seen from this graph that the 

channel number on the detector increases in a linear way with a corresponding increase in 

the energy o f  the radionuclide. This is what one would expect to find.
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Fig.3.3 Linearity between Radionuclide Energy and Detector 

Channel Numbers
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3.3.2 Peak Resolution

It is important that there is good resolution between the energy peaks shown in the spectra 

so that individual peaks (produced by the energy from the gamma rays originating in the 

building materials) can be easily identified and clearly distinguished from other adjacent 

peaks and from background radiation below these peaks. A graph was plotted (Fig.3.4) to 

check the detector resolution, by plotting the Full Width at Half Maximum (FWHM) value 

given by the detector for each peak produced for the various radionuclides in the standard 

solution, against the energy values (in keV) for these radionuclides. It can be seen that at 

1333keV, the corresponding value for the Full Width H alf Maximum o f the peak produced 

is found to be 2.0keV (Fig. 3.4).
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Fig.3.4 Peak Resolution
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3.3.3 Efficiency Calibration

The detector was then caHbrated for efficiency. The ‘efficiency’ o f the detector is a measure 

o f  how efficient the detector is at detecting the total number o f  gamma rays being emitted 

by the material being analysed. Because gamma rays are a penetrating form o f radiation, 

some gamma rays being emitted from the material being analysed will pass through the 

detector without being stopped and converted into an electrical signal by the detector. In 

addition, because o f  the detection geometry (Section 3.4), not all the radiation emitted from 

the sample will even strike the detector crystal. Using the aforementioned standard solution 

with known radionuclides o f  known activity, we know the number o f radioactive 

disintegrations (counts per second) that are being produced by a particular radionuclide.

To determine the efficiency o f the detector, this known number o f counts was compared 

with the actual number o f  counts given by the detector for each radionuclide at various 

energy values, i.e.

Efficiency o f  Detector = Actual Number o f Counts

Expected Number o f Counts

where the comparison is made for the same geometry o f  standard and sample with respect to 

the detector. The efficiency calibration was performed by firstly selecting each major peak 

in the spectrum and entering the date and time o f assay. The activity values for the 

radionuclides in the standard source were then obtained from the data sheet that was 

provided from the suppliers o f  this source. After the information for each peak was entered 

into the calibration file, an efficiency table was produced.
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The graph below (Fig. 3.5) shows the efficiency o f the detector at various energy values.

Efficiency Graph
0.07

0.06

0.05

o 0.04
C
0)

£  0.03

0.02

0.01

0 500 1000 1500 2000
Energy (keV)

Fig.3.5 Detector Efficiency

Once the detector is calibrated for efficiency, it automatically takes the efficiency 

calibration results into account in producing results for materials being analysed and 

accounts for this accordingly.
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3.3.4 Corrections for Background Radioactivity

A sample o f  de-ionised water was analysed in the detector approximately twice a month, 

and the results were inputted into the computer to provide a background sample, which the 

com puter then subtracts or 'strips' from the results obtained for the building material 

samples. W ater was used to provide background sample information, in preference to just 

using, for example, an empty container. It was decided to use water, as the density o f water 

is closer to the density o f  many o f the samples o f  building materials analysed, than the 

density o f  air. A material which has a similar density but minimal radionuclide activity is 

required so that effects o f  self-absorption o f radioactivity within the material are similar, 

and an assessment o f  background radiation can be made and subtracted from the activity in 

the sample being analysed. It is important that background radiation is assessed and 

subtracted from the results for the material being analysed so that the results provided are 

indicative only o f the radioactivity being produced by the material being analysed.

Further investigations were undertaken with regard to the amount o f self-absorption o f 

gamma rays within building materials o f various densities. These investigations, and the 

correction factors applied, are outlined in section 3.5 below.

3.3.5 Inter-calibration with RPII detector

A sample o f peat bottom ash was sent to the Radiological Protection Institute o f Ireland for 

analysis by gamma spectrometry in their laboratory as an inter-calibration check on the 

accuracy o f  the gamma spectrometry system in operation at the Environmental Radiation 

Laboratory at Trinity College Dublin.
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The results of this cross-check are outlined in Table 3.3 below.

Table 3.3: Inter-comparison of TCD gamma spectrometry results with 

RPII gamma spectrometry results for the same sample of peat bottom ash

Radionuclide R.P.I.I. Laboratory Results 

(± 1 S.D.)

T.C.D. Laboratory 

Results (± 1 S.D.)

^^^Ra 19.0 Bq k g ' ± 6.1 11 .9B qkg ' ±1.0
2J2Th 1.9 Bq kg ' ± 1.1 3.5 Bq kg ' ±1.1
4..^ 129.0 Bq k g ' ± 28.0 125.1 Bq k g ' ± 6 . 3

'^'Cs 103.0 Bq kg ' ±10.0 99.6 Bq k g ' ± 5.2

It can be noted from Table 3.3 that in general there is good agreement between the RPII 

spectrometry results and those obtained in this study. Results for "^"Th, and '^^Cs were 

all within a similar range. Although the RPII result reported for “"̂ ’Ra was higher than that 

noted in this study (TCD Results), if  the errors are taken into account, the TCD result falls 

within the range of the RPII calculations.

3.4 Determining Activity Concentrations

After the detector was calibrated for energy and efficiency, it was possible to start analysing 

samples using the detector. The sample of interest, which was contained in a ‘Marinelli’ 

beaker, (Fig. 3.6, 3.7, 3.8), o f approximate volume 0.5 litres, was placed in the sample 

holding chamber of the detector. A Marinelli beaker was used for containing samples. Its 

shape fits directly over and around the detector head. This geometry presents a solid angle 

to the detector as near to 4n as practicable, and limits the intrinsic absorption within the 

sample.
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Fig. 3.6 Marinelli beaker and HPGe detector with lead shield

Fig 3.7 Marinelli beaker containing coal fly ash



Fig. 3.8 The underside o f a Marinelli beaker

Over 100 samples o f  building materials and TENORM products used in construction such 

as coal ash, peat ash and blast furnace slag were counted and analysed by the HPGe gamma 

ray spectrometry system. As previously noted (Section 3.3), each sample was allowed to run 

for a 24 hr. period i.e. 86,400 seconds. After this time elapsed, results o f analysis were 

printed in a report and spectrum format.

This report provides infomiation on unidentified peaks, identified peaks, and a summary 

report o f radionuclides in the samples. The results given in this thesis are derived mainly 

from the summary reports, i.e. the radionuclides present, the energy, the number o f counts, 

and the activity in Bq kg '.

An example o f a report is provided in appendix 1.
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An example o f  a t>pical spectrum for a building material is given below (Fig.3.9). In this 

case, the material is a clay-fired brick.

In this spectrum, the Y axis shows, on a log scale, the number o f counts per channel (or 

radioactive disintegrations being emitted by the material being analysed per channel), and 

the X axis shows the channel number, which relates in a linear way (Fig. 3.3) to the energy 

(in keV) at which these counts are produced.
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1
iJ  I n f o  I
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Mart'.er 7.420 85010 keV 69 Crts

Fig.3.9 Example of a Spectrum produced by the Detector
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Each spectrum was saved and the computer software then generated a report.

These spectra and accompanying reports were then examined in more detail. The various 

peaks noted in the spectra were marked as 'regions o f interest'. The computer then gave 

information on each peak marked regarding the energy o f the peak, the number o f  counts, 

and the radionuclide that it was likely to be indicative of, taking the latter information from 

the aforementioned library. The location, energy, shape and size o f the peaks on each 

spectrum were examined and compared with the information provided in the report relating 

to each o f these peaks to determine if  they were true peaks and to determine if  any peaks 

noted might be regarded as spurious.

Peaks o f interest in this study were those representative o f gamma rays emitted by the 

following radionuclides likely to be found in building materials;

23 ”̂  228• "Th - Gamma rays emitted by its daughter radionuclide, Ac, at 338 and 

911keV are indicative o f  ̂ ^^Th activity.

• -  Gamma rays emitted at 1461keV are indicative o f a c t i v i t y .

• -  Gamma rays emitted at 662keV are indicative o f '^’Cs activity.

• U -  Gamma rays emitted at 93 and 186keV are indicative o f  U activity.

As all o f the above energies were included in the radionuclide library which was developed 

prior to the analysis o f  samples, information on each o f these identified peaks was produced 

by the detector software in the form o f a computer generated report. This report detailed the 

likely identity o f  the radionuclides found in each sample, based on the energy o f  gamma ray 

emission, and the number o f counts noted at this energy. The mass o f  each sample was also 

entered into the detector software, and this enabled the specific activity o f  each radionuclide 

present to be determined in Bq kg '.
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For most radionuclides o f  interest e.g. '^^Cs, and the results in Bq/kg could be 

derived directly from the reports. For ^^^Ra, however, the number o f  counts at 92.4keV, 

92.8keV and 186keV was taken from the reports or read directly from the spectra and 

entered into an Excel spreadsheet which determined the true ^^^Ra activity using the method 

outlined in 3.4.1 below.

3.4.1 Calculations

226 238Ra is the nuclide o f  most radiological significance in the U decay chain, and, as
238outlined above, its activity can be determined using two o f the gamma ray lines in the U 

series, those at 93keV and 186keV.

The 93keV line is due to two un-resolvable lines at 92.4keV (abundance 2.72%) and 92.8 

keV (abundance 2.69%) from the decay o f “ “̂̂Th (the percentage abundance is the 

percentage o f  Thorium decays in which one sees decays at 92.4keV or 92.8keV). The 

effective abundance o f  the observed line at 93keV is therefore 5.41 %. "^"'Th has a half life o f

24.1 days and may therefore be assumed to be in secular equilibrium with its parent

The 186keV line occurs in the decay o f  ̂ ^ '̂Ra with an abundance o f  3.28%, but there is an 

interference at this energy due to a line in the gamma ray spectrum o f at 185.7keV,

which has an abundance o f  57.5%. There are no other major interferences from gamma rays 

in the spectra due to long-lived natural radioactive substances. The may therefore be
9 ̂  ^calculated using the 93keV line, and the U then calculated from the known fraction o f

^350.0072 for '  U in natural uranium. The observed peak at 186keV can then be corrected by

subtracting the contribution calculated as being due to This remainder is then solely
226due to gamma radiation from Ra. The following associated calculations were undertaken 

to determine ^^^Ra activity in all sample materials using a method developed by McAulay 

(McAulay l.R. Personal Communication, 2001).
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Let S\ = number o f measured counts per second at 93keV after subtraction o f background 

and correction for any other interferences.

Let S2 = number o f measured counts per second at 186keV after subtraction o f background.

-j o

L e tX =  U total activity in Bq in sample container.

Let Y=  ^^^Ra total activity in Bq in sample container.

Detection efficiency at 93keV = p%

Detection efficiency at 186keV = q%

The true number o f gamma rays per second at 93keV = l OO.Vi
P

Therefore A'= lOO.S'i Bq 
pa

where a = 0.0541 is the effective abundance o f the 93keV line.

The specific activity o f in Bq kg ' in a sample o f mass m\ kg will therefore be:

100 .Si 
apm I

74



Let A] be the decay constant for IJ and A2 be the decay constant for U. Since dN/dt = - 

/.N, we can say that the number of atoms of per kg of sample is:

jOM i
apm\A\

and since the fraction ,/ say, o f atoms in natural uranium is 0.0072, we can write the 

number of atoms of ' U per kg of sample as:

JOO î
apm\A\

-j c

The specific activity o f the U sample must therefore be:

lOOfSa^
apm\X\

3̂5Since the abundance, h, say, o f the 185.7 keV line from " U is 0.575, the number of these 

gamma rays emitted per second by the mass, /W|, of sample must be:

apA\

Therefore the number of counts recorded per second at 185.7keV and which have originated
235from the disintegration o f U nuclei is:

kfS\_ha
apA]

because q is the detection efficiency of the detector at 185.7keV.
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Because S2 is the actual number o f  counts per second recorded in total at an energy o f  

186keV, the number o f  recorded counts per second which are due to ^̂ ^Ra must be:

.̂ 2 -  bfSika
apA\

Therefore the number o f  gamma rays emitted per second by ^̂ ^Ra in the sample must be:

IOO.S7 -  \00hfS Â-,a 
q apA]

and because the abundance o f  the “̂ '’Ra gamma ray, c, say, is 0.0328, the actual number o f

^^^Ra disintegrations which occur in the sample per second must be:

100.V. - lOQhfSÛ  
c q capA\

which is equal to V, i.e. the ‘̂^Ra total activity in Bq in the sample container.

3.4.2 Errors

Included in the information provided in the report, produced by the software, was 

information regarding the uncertainty o f  counting. The uncertainties or errors provided in 

such reports, and listed in the results section o f  this thesis are counting uncertainties at one 

standard deviation from the mean count, expressed as a percentage o f  the total. The total 

uncertainty includes all random and systematic errors in all o f  the factors involved in 

producing the final radionuclide concentration.
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Random uncertainties include the counting uncertainties as given by the detector software, 

random summing and self-absorption corrections (Section 3.4.3). Random summing is 

negligible in this instance due to the very low count rates involved in environmental 

radiation detection work. Uncertainties due to self-absorption corrections are considered in 

further detail in Sections 3.4.3, 4.3 and 4.4.4 for all o f the building materials analysed. Some 

o f  the materials analysed have a similar density to the standard solution used for calibration, 

but for many high density building materials such as concrete, brick and tiles, it is necessary 

to apply a self-absorption correction factor to ensure that results are accurate. Systematic 

uncertainties include uncertainties related to geometry correction, however, as the same 

Marinelli container was used for each sample being analysed, geometry correction factors 

did not need to be applied in this study.

3.4.3 Corrections for self-absorption of gamma rays within samples

It is understood that absorption o f y rays may occur within the sample itself (self

absorption). This is particularly relevant for low energy y rays, and occurs more noticeably 

in samples with a relatively high density. To take account o f  this, self-absorption corrections 

were undertaken for all samples analysed.

The density o f all samples collected was detemiined, by dividing the mass o f the sample 

within the Marinelli by the volume o f the Marinelli (0.51 litres).

15 samples o f various types and with a wide range o f  densities, were chosen to undertake 

the self-absorption correction calculations. These samples included building materials with 

relatively low, medium and high densities, such as ‘aeroboard’ insulation material, 

plasterboard and concrete blocks, and also included other samples o f  particular interest to 

this study such as raw peat, peat bottom ash, peat fly-ash, coal and coal fly-ash.
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A source o f known radionuclide content and activity (previously referred to in Section 3.3) 

was placed on top o f an empty Marinelli beaker and counted in the detector for a 24 hour 

period. There were four obvious gamma ray photopeaks evident in this source, i.e. at 59keV, 

662keV, 1173keV, and 1332keV emitted by ^ ‘̂Th, ' ” Cs and ^Vo.

The number o f counts at each o f  these energies provided results for gamma rays emitted by 

the known radionuclide source with no interference due to the sample self-absorption effects 

(measurement 1, / ,  say).

Each o f  the 15 samples o f various densities was then, in turn, placed in the detector with the 

known radionuclide source located on top o f the Marinelli containing the sample o f  interest. 

These measurements provided results for gamma rays emitted by the known radionuclide 

source, but reduced by a factor, F, related to the self-absorption o f  gammas within the 

sample contained in the Marinelli (measurement 2, T, say).

%Transmission o f Gamma Rays F  = 1007' (1)
I

These percentage transmission factors were then plotted against the various densities o f 

each material analysed for each o f  the aforementioned energy values, i.e. 59keV, 662keV, 

1173keV and 1332keV, as can be seen in Fig 3.10 below.
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Fig.3.10 Percentage transmission of gamma rays at various 

densities and energies

Exponential trendlines were fitted to the points plotted, as shown above. Exponential 

functions were chosen simply because, in general, they fitted reasonably well within the 

error bars. Linear fits, in comparison, covered fewer points.

The exponential parameters for the four curves from Fig 3.10 were used to derive a best fit 

equation for transmission factor versus energy. This equation was then used to determine 

the percentage transmission o f  gamma rays (o f various energies) through any sample o f  a 

given density. An example is shown in Fig 3.11. To interpolate different energies along this
rdcurve, a 3 order polynomial fit was used.
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Fig. 3.11 Percentage Transmission o f Gamma Rays at Various Energies, 

for a given Density (In this example, the density o f  the material is 1.16 g cm'^)

It was then possible to determine the likely percentage transmission factor for gamma rays 

in any sample for a specific radionuclide energy o f interest. Fig 3.11 relates to the 

percentage transmission o f  gamma rays at various energies for a tile sample with a density 

o f 1.16 g/cm . This figure shows that, for example, with regard to this tile sample, only 81% 

of gamma rays emitted at 911 keV (from “Th) are transmitted through the sample to the 

detector. This means that the original results for this tile, as reported by the detector 

software are underestimating the true activity o f the material and must be adjusted.

All results were adjusted using these transmission factor values following a method from 

Cutshall (Cutshall et al, 1983). The principle behind the method o f  correcting for self

absorption o f  gamma rays outlined by Cutshall is as follows;
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For a transmitted beam o f y rays the attenuation follows the familiar equation;

T = (2 )

Here T and I  are the attenuated and unattenuated beam intensities, //  is the total attenuation 

coefficient (cm^ g"'), p  is the material density (g cm"'^) and x is the path length (cm).

The self-absorption equation is:

where O is the attenuated sample output and A is the sample photon emission rate. To obtain 

a self-absorption factor, S,, we measure T and I  and compute AK)  from:

A = \ n i T I  I) (4)
o  T n - \

The factor S, equal to OIA^ is therefore given by:

.S -  F -  1 (5)
InF

where F  is the transmission factor T i l  defined previously.
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For each radionuclide energy o f  interest, all sample results were adjusted accordingly to 

take account o f the amount o f self-absorption o f gamma rays from the sample material.

The original errors related to the original results provided by the detector before adjustments 

were made for self-absorption were also adjusted to take account o f these additional 

calculations as follows:

The percentage error in each corrected sample specific activity included an addition (made 

in quadrature) o f  an estimate o f the scatter in the percentage transmission factors from the 

best-fit trendline in Fig.3.10. The estimate o f scatter was 10% for ^^^Ra, and 5% for ^^^Th 

and
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4.1 Introduction

Numerous studies have been undertaken worldwide on the radioactivity o f building 

materials in their countries o f origin; however, to date, no such comprehensive study has 

been undertaken in the Republic o f Ireland. This chapter explains how the most common 

materials used in Irish construction were collected and analysed to detennine and quantify 

the types o f  radionuclides present.

This chapter also details the calculations and investigations undertaken to determine if  the 

use o f  such building materials in the construction o f domestic dwellings or workplaces in 

Ireland is likely to give rise to significant radiation exposure to the general population. 

Results outlined in this chapter are compared with relevant national and international 

legislation and guidance, and compliance with such guidance is assessed. The significance 

o f the self attenuation o f gamma rays within building material samples is also investigated 

and reported on in this chapter.

4.2 Methods

As this study is concerned with potential exposure to radiation from materials used within a 

building, the materials analysed were those primarily used in the construction o f  internal 

walls, floors and ceilings. Concrete, bricks, plasterboard and wood constitute the raw 

materials that are primarily used in large quantities in the construction o f  Irish buildings, 

and a brief description o f these materials is given below.

Concrete:

Concrete is very commonly used in the construction o f buildings throughout the EU, 

including Ireland. The radioactivity o f concrete depends on the ballast materials used and on 

the inclusion o f  certain additives. Commonly used ballast materials such as sand and gravel 

may not enhance the radionuclide content o f concrete; however, additives that may be 

radiologically enhanced such as coal ash, peat ash, and blast furnace slag, can significantly 

increase the radionuclide concentrations. In Ireland coal ash and blast furnace slag are both
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used in concrete and cement manufacture. Peat ash is not used as an additive in Irish 

concrete at present, but may be used at a future date. The radiological significance o f  the 

incorporation o f  peat / coal ash and blast furnace slag into Irish building materials is further 

investigated later in this thesis.

Bricks:

Bricks m ay be made o f  lime and clay (called red bricks or clay bricks) or sand-lime (called 

white bricks). Leading manufacturers o f bricks in this country have advised that only clay- 

fired bricks are used in the construcfion o f buildings in the Republic o f Ireland (Power E., 

Personal Communication, 2001). Radionuclide concentrations in natural raw materials 

incorporated into clay bricks should generally be low, although some variation may exist 

depending on the geology o f  the source area. Additives such as fiy-ash may be used in brick 

manufacture in some countries; however, this is not the case in the Republic o f  Ireland.

Natural Gypsum / Plasterboard:

Natural gypsum, which generally has a low radionuclide content, is typically used in the 

manufacture o f  plasterboard. By-product gypsum (phosphogypsum), which originates from 

fertiliser production, may also be used. This may have enhanced levels o f  radioacdvity, but 

has not been used in this country for more than 20 years (Spacey T., Personal 

Communication, 2002), and is therefore not reported here. With regard to the historical use 

o f phosphogypsum in Ireland, O ’ Grady investigated the radiological impact o f fertiliser 

use in Ireland in 1992 (O ’ Grady, 1992). In this publication. O ’ Grady reported that 

phosphogypsum may sometimes be used as a substitute for natural gypsum in the 

manufacture o f  cement, wallboard and plaster. Concern had been expressed at the time O’ 

Grady undertook his report that the relatively high radium levels in phosphogypsum could 

give rise to elevated indoor radon concentrations and thus additional radiation exposure in 

dwellings incorporating this material. He reported that Arklow Gypsum was set up in the 

mid-1970s to exploit the availability o f by-product phosphogypsum but that it had barely 

commenced operations when Goulding Chemicals Ltd. and NET (subsequently named IFI -  

Irish Fertiliser Industries), the two major Irish fertiliser production firnis, closed their
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phosphoric acid plants. Goulding closed its phosphoric acid plants in Dublin and Cork in the 

late 1970s and in 1981 phosphoric acid production at the NET plant in Arklow also ceased. 

As a consequence Arklow Gypsum also closed at this time, and therefore very little by

product phospho-gypsum would ever have been used in construction in the Republic o f 

Ireland. O ’ Grady also noted that the gypsum industry in Ireland produces natural gypsum 

with negligible radioactivity content.

Wood:

Wood is used in the construction o f  Irish buildings, in floors, timber-panelled ceilings, 

windows and doors etc. Larger amounts o f wood are being used in the construction o f Irish 

homes in recent years with a greater demand for timber-framed homes. Up to 25% o f Irish 

homes are now built with timber-frame technology (www.century.ie). There is no reason 

why wood, being a product o f nature, should have high levels o f  natural radioactivity, and 

technically enhanced naturally occurring radioactive materials are not incorporated into 

wood products for use in construction.

4.2.1 Collection and Preparation o f Samples

Seventeen leading manufacturers and suppliers o f building materials in the Republic 

o f Ireland were contacted and asked to provide one sample o f  each o f the various types o f 

building materials produced by that company. In total, 70 samples o f building materials 

were collected from eight o f  these manufacturers / suppliers, and were analysed by gamma 

spectrometry. These samples included aggregates (9 in number), sand (3), stone (2), bricks 

(14), cement (3), concrete (8), gypsum-based materials such as plasterboard (10), insulation 

materials (2), wall and floor tiles (9), and wood (10).

The list o f building materials collected for analysis in this study is similar to those 

materials analysed in comparable studies undertaken in other developed countries. Most 

other similar studies undertaken obtained results for concrete, aggregates, sand, cement,
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bricks, gypsum, and natural stone, for example, Beretka and Mathew 1985; Popovic, Djuric 

and Todorovic 1996. Only a few studies have obtained results for tiles, insulation materials 

and wood (European Commission, 1999a; Zikovsky and Kennedy 1992). Although wood 

and insulation materials are commonly used building products, they are unlikely to have a 

high radionuclide content. Tiles, on the other hand, may have a significant radionuclide 

content, due to the inclusion o f  zircon sand in the tile glaze (Higgy et al 2000; Yahong et al 

2002). Zircon sand is often used in the fine ceramics industry, where it acts as an opacifier 

in glazes and enamels, and it is also used as an additive in the glazing on ceramic tiles.

All large samples, such as concrete blocks, clay fired bricks, certain aggregates, and 

plasterboard samples, were firstly ground to a coarse powder and poured into a Marinelli 

beaker o f  approximate volume 0.5 litres. The grinder was thoroughly cleaned and dried 

between samples to ensure that cross contamination o f  samples did not occur. Samples o f 

wood were sawn and the sawdust from each individual wood sample was collected for 

analysis. Samples o f fine materials such as cement and sand were simply poured into a 

clean, dry marinelli for analysis.

Before a sample was placed into a Marinelli beaker, the beaker was weighed and the 

mass o f the empty beaker was noted. The full Marinelli, containing the sample for analysis 

was also weighed, and subtracting one from the other gave the mass o f the sample. It was 

necessary to know the mass so that results for specific activity (in Bq kg ') could be 

obtained. Knowledge o f  the mass was also required to detennine the density o f the material 

allowing corrections to be made regarding self-absorption o f  gamma rays within the sample.

4.2.2 Analysis by Gamma Spectrometry

All samples were analysed using an EG & G Ortec low background HPGe (hyperpure 

Germanium) 'GMX' gamma ray detector following the methodology outlined in Chapter 3 

above. Each sample was counted in the detector for a 24 hour period, i.e. 86,400 seconds. It
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should be noted that in this study containers were not sealed, as has been the case in some 

other similar studies where radon exhalation rates were measured (Beretka and Mathew 

1985; Mustonen 1984; Mollah et al 1986). When gamma doses from building materials are 

limited to levels below 1 mSv per annum (as is the case with the results reported in this 

thesis) the concentrations in these materials are limited in practice to insignificant 

levels (European Commission, 1999b). Radon exhalation rates from these building 

materials have therefore not been measured in this study.

4.2.3 Determination of Specific Radioactivity of Building Materials

226 232 40 226Activity concentrations o f  Ra, Th and K and were detemiined. Ra activities 

were ascertained using the two gamma-ray lines at 93 keV and 186 keV and corrected for 

the interference o f at 186 keV as outlined in Section 3.4.1. ^^^Th was determined from 

the gamma-ray emissions at 911 and 338 keV from ^̂ **Ac. activity was determined from 

the gamma ray emission at 1461 keV.

4.2.4 Determination of Activit> Concentration Indices

The purpose o f  setting controls on the radioactivity o f building materials is to limit the 

radiation exposure due to materials with enhanced or elevated levels o f radionuclides. The 

doses to members o f  the public should be kept as low as reasonably achievable. However 

since small exposures from building materials are ubiquitous, the European Commission 

advises that controls should be based on exposure levels which are above typical levels o f 

exposures and their normal variations.

A European Commission official publication, (European Commission, 1999b) outlines the 

radiological protection principles concerning the natural radioactivity o f building materials, 

and advises on calculations that may be applied to determine if  control measures are 

necessary for building materials based on dose criteria.
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In this document, controls on the radioactivity o f  building materials are based on the 

following radiological criteria and principles;

(a) Dose criterion for controls.

Controls should be based on a dose criterion that is established considering overall national 

circumstances. Within the EU, and also taking into account legislative standards 

implemented in Ireland, doses exceeding ImSv per annum should be taken into account 

from a radiation viewpoint. The European Commission also advises that higher doses 

should only be accepted in some very exceptional cases, for example where materials have 

been traditionally used locally for a number o f  years, and in this case financial and social 

costs should be considered. The European Commission also advises that controls can be 

based on lower dose criteria if  it is judged that this is desirable and will not lead to 

impractical controls. It is therefore recommended that controls should be based on a dose in 

the range 0.3 - ImSv per annum. This is the gamma dose in excess to that received 

outdoors.

(b) Exemption level.

Building materials should be exempted from all restrictions concerning their radioactivity if  

the excess gamma radiation originating from them increases the annual effective dose o f  the 

member o f the public by ().3mSv at the most. This is the excess gamma dose to that received 

outdoors.

The aforementioned European Commission document advises on the detennination o f 

‘Activity Concentration Indices' to decide whether or not controls need to be implemented 

to reduce radiation doses to the general population. It is necessary to determine such 

Activity Concentration Indices to assess the likely radiation dose to an individual in contact 

with the building materials in question. The results obtained from the analysis o f building 

material samples by gamma ray spectrometry are given in Bq kg '. These results relate only 

to the specific activity o f  the building material in question, and give no indication o f what 

radiation dose an individual might receive from occupying a building built from such 

materials. It is obvious that the potential radiation dose that may be received by an 

individual is one o f  the most important factors that requires consideration, and therefore the
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following method has been derived (using Activity Concentration Indices) to convert the 

specific activity of a building material (in Bq kg ' )  into a measure o f radiation dose (in mSv) 

that may be received by an individual occupying a 'model room' constructed from a 

building material with this specific radioactivity.

The following activity concentration index (/) is derived for identifying whether a dose 

criterion is met:

I  =  O rq +  L  'lii  +  Q k_____ (See Appendix 2)
300 Bq k g ' 200 Bq k g ' 3000 Bq k g '

where Crs, CVh, and C’k are the radium, thorium, and potassium activity concentrations (Bq

kg ') in the building material.

The activity concentration index should not exceed the following values depending on the 

dose criterion chosen and the way and the fashion in which the material is used in a 

building.

Table 4.1: Dose Criteria and corresponding Activity Concentration  

Indices

Dose Criterion 0.3 mSv per annum 1 mSv per annum

Materials used in bulk amounts /  < 0.5 /  < 1.0

e.g. concrete.

Superficial and other materials

with restricted use e.g. tiles, boards etc. /  < 2.0 I  < 6.0
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For materials used in bulk amounts, e.g. concrete, /  should be less than 1.0 to ensure that a 

radiation dose o f  greater than 1 mSv per annum is not received, and less than 0.5 to ensure a 

dose o f  less than 0.3 mSv per annum. For superficial materials, e.g. tiles, the /  values giving 

1 mSv and 0.3 mSv per annum are 6.0 and 2.0 respectively. Regulatory control should be 

considered for materials that give rise to doses o f between 0.3 mSv and 1 mSv per annum. 

M aterials giving doses below 0.3 mSv should be exempt from all restrictions and those 

above 1 mSv must be regulated.

W hen these calculations and dose criteria were applied to the results o f  the 70 building 

materials analysed, (i.e. by inserting the activity concentration values noted in Bq kg'* into 

the above equation for each o f the building materials analysed), the values o f /  (Activity 

Concentration Index) outlined in Table 4.2 and displayed in Figure 4.4 were obtained for 

each sample.

4.3 Results and Discussion

4.3.1 Specific activities o f '^^Ra, '^^Th and in Irish building

materials and Activity Concentration Indices

Table 4.2. below outlines the activity concentrations in Bq kg ' o f  ^̂ “Th and in 70 

samples o f  building materials collected from various manufacturers and suppliers o f such 

materials throughout the Republic o f Ireland. Individual building materials have been 

grouped together by material type, such as ‘aggregate’, ‘brick ', ‘cem ent’ etc. to allow for 

ease o f  comparison. The Activity Concentration Index or ‘7 ’ value calculated for each 

building material sample is also noted in this Table.
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Table 4.2: Specific activities (Bq kg ') of ^^^Ra, and in Building 

Materials in the Republic of Ireland.

I is the A c tiv ity  Concentration Index, BD L = Below detection lim it o f detector.

Sample

Number

Building

Material ^^̂ Ra 232th 40k /

1 Aggregate 26.7 ± 2.7 10.9 ± 0.6 117.0 ± 6.3 0.15 ±0.01

2 Aggregate 47.2 ± 4.7 4.9 ± 0.4 215.0 ± 10.9 0.20 ±0.01

3 Aggregate 50.3 ± 5.0 5.5 ± 0.4 130.0 ± 7.3 0.20 ±0.01

4 Aggregate 44.8 ± 4.5 39.6 ± 2.0 793.2 ± 40.0 0.51 ± 0.01

5 Aggregate 22.4 + 2.2 0.5 ± 0.1 11.1 ± 1.0 0 .10± 0.01

6 Aggregate 30.0 ± 3.0 13.7 ± 0.8 132.3 ± 6.9 0.20 ± 0.01

7 Aggregate 164.1 ± 16.4 72.9 ± 3.7 2254.5± 113.0 1.40 ± 0.04

8 Aggregate 111.0 + 11.1 26.2 ± 1.5 1598.7 ± 80.2 0.90 ± 0.03

9 Aggregate 35.2 ± 3.5 2.0 ± 0.2 59.7 ±3.3 0.11 ± 0.01

10 Brick 50.9 ± 5.1 9.1 ± 0.5 480.6 ± 24.1 0.30 ± 0.01

11 Brick 62.4 ± 6.2 11.5 ± 0.6 530.3 ± 27.0 0.35 ± 0.02

12 Brick 143.1 ± 14.3 42.1 ± 2.2 329.0 ± 17.0 0.64 ± 0.04

13 Brick 106.0 ± 10.6 53.1 ± 2.7 1056.6 ±53.0 0.81 ± 0.03

14 Brick 45.8 ± 4.6 9.4 ± 0.6 287.4 ± 15.0 0.24 ± 0.01

15 Brick 101.8 ± 10.2 44.9 ± 2.4 1194.0 ± 60.0 0.80 ± 0.03

16 Brick 106.0 ± 10.6 50.9 ± 2.6 921.0 ± 46.1 0.80 ± 0.03

17 Brick 64.3 ± 6.4 12.8 ± 1.8 545.3 ± 27.3 0.40 ± 0.02

18 Brick 96.6 ± 9.7 49.2 ± 2.5 334.5 ± 17.2 0.60 ± 0.03

19 Brick 52.6 ± 5.3 9.3 ± 0.6 607.0 ± 31.0 0.34 ± 0.01
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Sample

Number

Building

Material 232Th 40k /

20 Brick 122.3 ± 12.2 54.3 ±2.8 567.2 ±29.0 0.70 ± 0.03

21 Brick 104.5 ± 10.4 52.3 ±2.6 1050.4 ±53.0 0.80 ±0.03

22 Brick 109.5 ± 11.0 55.1 ±2.8 366.5 ± 19.0 0.62 ± 0.03

23 Brick 115.3 ± 11.5 52.2 ±2.6 320.6 ± 16.2 0.60 ± 0.03

24 Cement 79.3 ± 7.9 12.5 ±0.7 223.2 ±11.4 0.32 ± 0.02

25 Cement 60.8 ± 6.1 14.7 ±0.8 81.0±4.5 0.25 ±0.02

26 Cement 117.7± 11.8 11.8 ±0.7 71.6±4.0 0.40 ± 0.03

27 Concrete 43.0 ± 4.3 7.9 ±0.5 188.4± 10.0 0.20 ±0.01

28 Concrete 54.6 ± 5.5 8.6 ±0.5 206.0 ±11.0 0.23 ±0.01

29 Concrete 50.0 ± 5.0 5.7 ±0.4 134.0 ± 7.0 0.20 ±0.01

30 Concrete 66.5 ± 6.7 18.7 ± 1.1 1248.2 ±63.0 0.60 ± 0.02

31 Concrete 63.1 ± 6.3 26.3 ± 1.3 561.1 ±28.1 0.45 ± 0.02

32 Concrete 64.5 ± 6.4 4.5 ±0.3 108.5 ±6.0 0.20 ± 0.02

33 Concrete 54.5 ± 5.4 4.0 ±0.2 22.0 ±1.3 0.15 ±0.01

34 Concrete 56.7 ± 5.7 2.6 ±0.2 18.6± 1.1 0.14±0.01

35 Gypsum 47.9 ± 4.8 3.4 ± 0.5 128.0 ± 7 .0 0.20 ±0.01

36 Gypsum 46.1 ± 4.6 5.5 ± 0.5 139.0 ± 7.5 0.20 ±0.01

37 Gypsum 52.8 ± 5.3 9.6 ±0.7 186.0±10.0 0.30 ±0.02

38 Gypsum 5.1 ± 0.5 0.4 ±0.1 17.0± 1.0 0.02 ± 0.00

39 Gypsum 22.9 ± 2.3 1.3 ±0.5 265.3 ± 14.0 0.20 ±0.01

40 Gypsum 53.5 ± 5.3 6.8 ±0.6 273.5 ± 14.1 0.30 ±0.02

41 Gypsum 46.6 ± 4.7 5.6 ±0.7 154.0 ± 8.3 0.22 ± 0.02

42 Gypsum 16.6 ± 1.7 2.7 ±0.3 64.4 ± 4.0 0.10±0.01

43 Gypsum 22.6 ± 2.3 1.9 ±0.2 45.0 ±2.4 0.10 ±0.01

44 Gypsum 17.4± 1.7 2.5 ±0.2 59.3 ±3.2 0.10±0.01

45 Insulation 67.1 ± 6.7 BDL 144.4 ±28.4 0.30 ±0.03
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Sam ple

N um ber

Building

M aterial ^^^Ra 232jh 4«k /

46 Insulation 3.3 ± 0.3 BDL 21.0 ± 2 .4 0.02 ± 0.00

47 Sand 23.6 ± 2.4 10.3 ± 0 .7 489.1 ± 25 .0 0.30 ±0.01

48 Sand 35.0 ± 3.5 27.0 ± 1.5 602.7 ± 30.4 0.40 ±0.01

49 Sand 22.4 ± 2.2 0.8 ± 0.2 16.1 ± 1.1 0 .10±0.01

50 Stone 24.7 ± 2.5 9.1 ± 0 .6 684.5 ± 34.4 0.30 ±0.01

51 Stone 20.3 ± 2.0 7.0 ± 0 .4 585.0 ± 29.3 0.25 ±0.01

52 Tile 174.3 ± 17.4 65.5 ± 3.3 875.4 ± 44.0 1.00 ± 0 .04

53 Tile 143.0 ± 14.3 31.6 ±2.0 289.4 ± 15.0 0.51 ±0.03

54 Tile 147.6 ± 14.8 55.8 ±2.9 973.8 ± 49.0 0.90 ± 0.04

55 Tile 148.0 ± 14.8 48.0 ± 2 .5 880.9 ±44.3 0.84 ± 0.05

56 Tile 168.6 ± 16.9 52.0 ± 2 .6 420.3 ± 21 .4 0.80 ±0.05

57 Tile 192.71 19.3 51.0 ±2.6 776.1 ±39.1 1.00 ±0.05

58 Tile 166.5+ 16.7 55.3 ± 2 .6 548.6 ± 28.0 0.84 ± 0.05

59 Tile 186.3 ± 18.6 71 .0±  3.7 1380.8 ± 70.0 1.30 ±0 .06

60 Tile 79.8 ± 8.0 35.0±1.8 242.0 ± 12.2 0.50 ±0.03

61 Wood 3.3 ± 0.3 BDL 60.3 ± 5.0 0.03 ± 0.00

62 Wood 16.0 ± 1.6 BDL 65.0 ± 4 .0 0 .10±0 .01

63 Wood 21.5 ± 2.1 BDL 38.1 ± 3 .4 0.10 ±0.01

64 Wood 3.7 ± 0.4 BDL 8.0 ± 0 .8 0.01 ± 0 .00

65 Wood 5.4 ± 0.5 BDL 38.0 ±3.1 0.03 ± 0.00

66 Wood 2.7 ± 0.3 BDL 56.0 ± 3 .4 0.03 ± 0.00

67 Wood 5.9 ± 0.6 BDL 100.2 ± 6 .0 0.10 ± 0 .00

68 Wood 3.9 ± 0.4 BDL 38.3 ± 2.3 0.02 ± 0.00

69 Wood 5.1 ± 0.5 BDL 48.0 ± 3 .0 0.03 ± 0.00

70 Wood 2.6 ± 0.3 BDL 115.2 ± 6 .0 0.04 ± 0.00



Figures 4.1, 4.2 and 4.3 below provide details o f  ̂ ^^Ra, and activity concentrations

(Bq kg '')  in each o f the 70 building materials analysed.

Figure 4.1 activity in Building Materials
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Figure 4.2 activity in Building Materials
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Figure 4.3 activity in Building Materials
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Figure 4.4 below illustrates the Activity Concentration Indices that have been calculated for 

all o f the 70 building materials analysed. These T  values are tabulated in Table 4.2 above, 

and Fig. 4.4 allows for ease o f visual interpretation and inter-comparison o f  these results.
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Figure 4.4 Activity Concentration Indices in 
Building Materials
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4.3.2 Comparison of results with European Commission guidance

It is clear from these results that 70%  o f  all building m aterials analysed (49 sam ples) 

com ply with all ACI lim its, and that only 30%  o f  all samples (21 sam ples) have an ACI 

value o f  greater than the m ost stringent lim it o f  0.5.

97%  o f  sam ples (68 sam ples) have an ACI value o f  less than or equal to the lim it o f  1.0, and 

only 3%  o f  sam ples (2 sam ples) have an ACI value greater than the lim it o f  1.0.

None o f  the sam ples had an ACI value o f  greater than or equal to the h igher lim its o f  2.0 

and 6.0.

The ACI value lim its for m aterials used in bulk quantities are 1.0 and 0.5. The m ain 

building m aterial that will be used in bulk quantities in the construction o f  build ing
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materials in Ireland is concrete. All o f  the samples o f concrete analysed had an ACl value o f 

less than 1.0. This implies that all samples o f concrete analysed here could be used in bulk 

quantities in the manufacture o f Irish buildings, and persons occupying such buildings will 

not receive a dose o f  greater than 1 mSv per annum. Only one o f  the eight samples o f 

concrete analysed had an ACl o f  greater than 0.5, implying that a dose o f  greater than 

0.3mSv m ay result from the use o f  such concrete, however, any radiation dose will still be 

less than the current legal limit o f  ImSv.

Bricks are another building material that are sometimes used in bulk in the construction o f a 

building, and it can be noted from the table above that all o f the 14 bricks analysed had an 

ACl value o f  less than 1.0. Nine out o f fourteen (64%) however exceeded the more stringent 

limit o f 0.5. This again implies that doses o f greater than 0.3mSv per annum may result 

from the use o f  such bricks in construction, but that any attributable radiation dose will be 

less than Im Sv per annum. In Ireland bricks are generally used only on the external facing 

surface o f  buildings and not on internal walls where concrete or plasterboard is generally 

used. It is therefore unlikely that radiation doses within the interior o f  buildings would be 

significant in any case.

It is o f note that 8 out o f the 9 tiles analysed had an Activity Concentration Value o f greater 

than 0.5 and one had an ACl value greater than 1.0. As these are not used in bulk in the 

construction o f  Irish buildings, doses are again unlikely to be significant, as the ACl limits 

giving rise to doses o f  0.3mSv/annum and ImSv per annum for superficial materials are 2.0 

and 6.0 respectively.

It is also noteworthy, although not surprising, that wood appears to be the least radioactive 

o f all building materials surveyed, with ^^^Th undetectable in all samples and very low 

levels o f  ̂ *̂’Ra and in evidence. The use o f  wood in Irish construction has increased 

greatly in the last decade in Ireland with increased use o f timber Irame buildings, holiday
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homes constructed with wood, and the use o f sohd wooden flooring extensively throughout 

floor areas o f modem Irish houses in recent years.

It must be remembered that in Irish houses, typical construction involves the use o f  concrete 

floors in ground floor areas, timber floors in upper floors, concrete walls rendered with a 

plaster finish for structural load bearing walls, and the use o f gypsum plasterboard for non 

load bearing partition or stud walls. Ceilings are also constructed from plasterboard. These 

are therefore the building materials o f  most concern in tenns o f use in bulk quantities and 

the potential to give rise to a significant radiation dose to the occupants o f buildings. From 

the results outlined above, it is apparent that all samples o f concrete, timber and gypsum 

plasterboard have Activity Concentration Indices o f less than 1.0, implying that building 

occupants are unlikely to receive a radiation dose o f  greater than ImSv per annum. Indeed, 

69 o f the 70 samples o f concrete, timber and plasterboard had Activity Concentration 

Indices below the most stringent limit o f  0.5, implying that they should be exempt from all 

regulatory control.

The building material with the highest Activity Concentration index noted above was a 

limestone based aggregate material which had an ACI value o f 1.4. This aggregate would be 

considered a superficial building material. It would not be used in bulk quantities in the 

construction o f houses, like other materials such as concrete. The ACI limits for building 

materials used in superficial quantifies are 2.0 and 6.0, and the ACI value o f 1.4 is below 

both o f these limits indicating that its use in construction should not be o f any radiological 

health significance.

Significantly, when the above parameters are taken into account, it can be concluded 

that none of the building materials analysed is a cause for concern from an external 

radiation dose perspective.
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Building materials should be exempted from all restrictions concerning their radioactivity if  

the excess gamma radiation originating from them increases the annual effective dose o f a 

member o f  the public by not more than the limit o f  0.3mSv. Exempted materials should be 

allowed to enter the market (including import and export within the EU), and to be used for 

building purposes without any restrictions related to its radioactivity. It is apparent from the 

results outlined here that, although most materials would comply with this standard, some 

materials such as one sample o f  concrete (out o f  the eight samples o f  concrete analysed), 

and nine bricks (out o f  the fourteen samples o f bricks analysed) would not. It therefore 

follows that should EU member states decide to introduce legislation enforcing such 

restrictions by applying this standard, this may lead to significant difficulties arising in the 

import, export and use o f  such materials.

The European Commission cautions that restricting the use o f certain building materials 

might have significant economical, environmental or social consequences locally and 

nationally, and advises that such consequences together with the national levels o f 

radioactivity in building materials should be assessed and considered in establishing binding 

regulations.

Internal exposure must also be considered, e.g. exposure to radon gas. A European 

Commission official publication advises that, when gamma doses are limited to levels below 

ImSv per annum, the ^^^Ra concentrations in the materials are limited in practice to levels 

which are unlikely to cause indoor Radon concentrations exceeding the European 

Commission guidance level for indoor Radon o f 200Bq m'^ (European Commission,

199%).

It can also be concluded therefore from the results outlined above that the use of the 

building materials analysed in this study would be unlikely to give rise to concern from  

an internal radiation exposure point of view.

101



4.3.3 Comparison of Irish results with results in other countries

Table 4.3 summarises the specific activities o f  ̂ ^^Ra, ^^^Th and in each Irish building 

material type o f  interest, and compares these with results from similar studies in other 

countries. The results o f  studies undertaken in other countries as outlined below for 

comparison purposes included results for Austria, Belgium, Bulgaria, Denmark, Finland, 

Germany, Greece, Hungary, Italy, the Netherlands, Norway, Poland, Romania, Slovakia, the 

Soviet Union, Spain, Sweden, Switzerland, the United Kingdom and Yugoslavia (European 

Commission, 1999a).

Table 4.3: . Specific activities (Bq kg'*) of ^^^Ra, and in Building 

Materials in the Republic of Ireland compared with results for similar 

studies in other countries

Aggregates:

Ireland

Other

countries

^^^Ra 

min max mean 

22 164 59

1 190 29

232Th 

min max mean 

<1 73 20

1 283 36

4,)ĵ

min max mean

11 2255 590

3 1856 440

Bricks:

Ireland

Other

countries

^^^Ra 

min max mean 

46 143 92

<1 200 50

232Th 

min max mean 

9 54 36

<1 200 50

40^

min max mean 

287 1194 614

60 2000 745
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Cement:

2 2 6 R a  232^^ 40 j^

min max mean min max mean min max mean

Ireland 61 118 86 12 15 13 72 223 125

Other 4 330 38 <1 153 27 <1 774 222

countries

Concrete:

2 2 6 R a  232-^^ 40 j^

min max mean min max mean min max mean 

Ireland 43 67 57 3 26 10 19 1248 311

Other 1 249 40 1 190 30 5 1568 420

countries

Natural Gypsum:

2 2 6 R a  232^J^ 40 j^

min max mean min max mean min max mean 

Ireland 5 54 33 <1 10 4 17 274 133

Other <1 70 10 <1 100 8 7 279 50

countries
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Insulation:

2 2 6R a 2 3 2 j ^  4C

min max mean min max mean min max 

Ireland 3 67 35 0 0 0 21 144

Other 4 37 30 2 81 42 89 275

countries

Sand:

22f

min max 

Ireland 22 35

Other <1 113

countries

Ra ^^^Th

mean min max 

27 <1 27

12 0 88

mean mm max

13 16 603

19 1 1362

Stone:

^^^Ra 

min max mean 

Ireland 20 25 23

Other <1 500 46

countries

2 3 2 j h  4(

min max mean min max

7 9 8 585 684

<1 370 41 <1 4000

K

mean

9

239

K

mean

370

230

K

mean

635

591
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Tiles:

2 2 6 R a  2 3 2 j ^  40J^

mill max mean min max mean min max mean 

Ireland 80 193 156 32 71 52 242 1381 709

Other 36 99 88 26 80 53 251 759 332

countries

Wood:

2 2 6 R a  232^J^ 40 j^

min max mean min max mean min max mean 

Ireland 3 22 7 0 0 0 8 115 57

Other <1 11 5 <1 1.5 0.7 8 12 10

countries

Figures 4.5, 4.6 and 4.7 below compare the mean values obtained for the specific activity o f 

^^^Ra, ^̂ ‘Th and in various categories o f Irish building materials with the mean values for 

these radionuclides noted from studies undertaken in other countries.
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The Commission o f the European Communities contracted a study with the Finnish Centre 

for Radiation and Nuclear Safety in 1997. The aim o f the study was to provide the 

Commission with information about natural radioactivity in building materials and in 

industrial by-products used as raw materials in the building material industry within Europe. 

This study has produced results for radioactivity in different types o f building materials used 

in various European countries. The results o f  this study were published by the European 

Commission in 1999 (European Commission, 1999a). Information was gathered for this 

study by a wide literature survey and by sending a detailed questionnaire to radiation 

protection authorities in all European countries, including the RPll in the Republic o f 

Ireland. As no information was available relating to the radioactivity o f building materials in 

use in Ireland at that time, no results for the Republic o f Ireland were included in the study.

The Irish results for mean specific activities o f  ̂ “^Ra, ‘ “̂Th and in various types o f 

building materials are compared in Table 4.3, and in Figures 4.5, 4.6 and 4.7 above, with 

results obtained from similar studies in other countries, obtained from the aforementioned 

European Commission publication. The mean results shown for other countries were 

compiled by taking the mean specific activities for the radionuclides in question for each 

building material type, country by country, and calculating the average o f  these means.

In general, the specific activities o f  building materials used in Ireland were comparable with 

those from other countries, with the following exceptions:

The mean values for ^^^Ra in particular were higher for most Irish building materials

than the mean results shown for other countries; however, it can also be seen from Table 4.3
226that the maximum values for Ra for the same Irish building materials were lower than 

those reported for other countries in the majority o f  cases.

The mean value for in aggregates is marginally higher than that obtained in other 

studies also but is still very low and o f  no radiological health concern.
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• The results for the activity concentrations for ^^^Ra, and in wood were also higher

than in other studies but again were o f  no radiological health significance.

• The Irish values for ^^^Ra and in tiles were notably higher than those reported by 

the only countries providing results (Bulgaria, Germany, Greece and the Netherlands). It 

should be noted however that all o f the so called ‘Irish’ tiles analysed were imported from 

either Spain or Italy.

• The Irish activity concentrations for ^^^Th were lower in general, than the average 

values but within the range o f  results found in other countries.

4.3.4 Comparison o f results with regulatory controls and legislative requirements.

The International Commission on Radiological Protection (ICRP) is an independent body 

that was founded in 1928 by the International Society o f Radiology (as the professional 

society o f  radiologist physicians was then named). It was established to advance for the 

public benefit the science o f  radiological protection, in particular by providing 

recommendations and guidance on all aspects o f protection against ionising radiation. In 

preparing its recommendations, ICRP considers the fundamental principles and quantitative 

bases upon which appropriate radiation protection measures can be established, while 

leaving to the various national protection bodies the responsibility o f formulating the 

specific advice, codes o f practice, or regulations that are best suited to the needs o f  their 

individual countries.

ICRP offers its recommendations to regulatory and advisory agencies and, while it has no 

fonnal power to impose its proposals on anyone, in fact legislation in most countries 

adheres closely to ICRP recommendations.

The ICRP periodically puts forward radiation protection standards based on the best 

available scientific data. The most recent publication from ICRP is ICRP 60 o f  1990. The 

recommendations o f ICRP 60 o f 1990 were implemented into European law through the
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introduction o f  an EU Council Directive (Council o f  the European Union, 1996). This 

directive sets out the basic safety standards for the health protection o f the general public 

and workers against the dangers o f  ionising radiation and is known as the The European 

Basic Safety Standards Directive. It follows the basic principles and recommendations o f 

ICRP (ICRP, 1990) and the International Basic Safety Standards for Protection against 

Ionising Radiation and for the Safety o f Radiation Sources (IAEA, 1996).

The 1996 directive differs from earlier versions in that special provisions have been laid 

down concerning exposure to natural radiation sources. This EU directive was implemented 

by national legislation in Ireland in May 2000, by the introduction o f a statutory instrument 

entitled S.I. N o .125 o f 2000 ‘Radiological Protection Act, 1991 (Ionising Radiation) Order, 

2000' (Govt. Publications Office, 2000).

Parts 6 & 7 o f this Order deal with natural sources o f  radiation. It is therefore only relatively 

recently in this country that naturally occurring radiation has been taken into account, with 

regard to ensuring that adequate controls are implemented to limit radiation doses to 

members o f  the public or workers.

Part 6 deals with work activities involving natural sources o f radiation, and introduces 

controls on work activities involving significant exposure to radon. It also calls for controls 

on the protection o f air crew against exposure to cosmic radiation, and the identification o f 

work activities involving significant exposure to natural radiation sources other than radon.

With regard to work activities involving significant exposure to radon, a limit o f 400Bq m'^ 

is set. The results for the building materials studied here suggest that the ^ ‘̂̂’Ra 

concentrations in the materials are limited in practice to levels which are unlikely to cause 

indoor radon concentrations exceeding 200Bq/m'^. It is therefore unlikely that exposure to 

radon concentrations in excess o f  the limits for occupational exposure as set out in Irish 

legislation would be exceeded through the use o f  the building materials analysed in this 

study.
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As previously noted, the legislation also calls for the identification o f work activities 

involving significant exposure to natural radiation sources other than radon. Section 32(1) o f 

the Order states that an employer or self-employed person who is responsible for a 

workplace where elevated levels o f naturally occurring radionuclides may be present shall 

investigate the extent o f any exposure o f workers or members o f the public on being 

directed to do so by the RPII. A list o f  probable workplaces and materials that may give rise 

to exposure to elevated levels o f naturally occurring radionuclides is outlined in a European 

Commission official publication (European Commission, 1999). While the handling and use 

o f  building materials is not identified as an industry where NORM (Naturally Occurring 

Radioactive Materials) is likely to cause increased exposure o f workers, the report does 

advise however that the list is not comprehensive and other industries such as the handling 

and reuse o f  fly-ash (as occurs in the manufacture o f some building materials in this 

country) may also give rise to radiological risk under some circumstances. This matter is 

investigated further in Chapters 5 and 6.

The RPll have not yet directed manufacturers or suppliers o f  building materials to carry out 

such an investigation, but they have contacted other industries which handle materials that 

may be used as by-products in the manufacture o f building materials, such as coal ash and 

peat ash, and requested that these industries undertake such an investigation as required by 

SI 125 o f 2000. The radiological implications o f  the use o f coal or peat fly-ash in building 

materials is documented later in this thesis.

Part 7 o f  SI 125 o f  2000 outlines controls for radiation protection o f the general population 

for certain practices that can increase the exposure o f individuals to radiation. The 

manufacture, supply, sale, and use o f  building materials containing natural radionuclides, 

does not fall within the scope o f these controls. However, part 1 o f  SI 125 o f 2000 which 

defines the scope o f the Order advises that the Order also applies to work activities which
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involve natural radiation sources, other than Radon, which result in an effective dose to 

workers or members o f  the public in excess o f Im Sv in a period o f  12 months.

The legislation therefore does set down a framework for controlling exposures to natural 

radiation sources arising from work activities, and the manufacture and use o f building 

materials would be one such work activity that would be covered by this legislation. It is 

also apparent from the above that 1 mSv would appear to be the exposure limit which must 

be complied with in the handling or use o f materials containing natural radionuclides such 

as building materials. If such work activities are likely to lead to exposures to workers or 

members o f the public in excess o f this limit, then additional controls, including RPII 

licensing o f the activity, must be implemented to limit such exposures.

From the results obtained in this study, the Activity Concentration Indices (ACls) would 

indicate that none o f  the building materials analysed is likely to give rise to exposures to 

members o f the public in excess o f ImSv per annum if  used in usual quantities in the 

construction o f  buildings and dwellings.

It is possible, though unlikely, however, that occupational exposure to doses o f greater than 

1 mSv may arise during the manufacture or processing o f such materials. Further 

investigation would be required in each individual type o f workplace where such building 

materials are manufactured in order to determine if  such building materials might give rise 

to exposures to workers in excess o f  ImSv per annum. Such a detailed investigation o f  all 

aspects o f the manufacture and processing o f  all types o f building m aterials analysed here 

would be outside the scope o f  this thesis.

With regard to compliance with future legislative requirements, the ICRP have recently 

issued new draft recommendations (ICRP, 2005). The recommended radiation dose 

constraints in these new recommendations remain unchanged from the current Irish 

regulations (S.l. 125 o f 2000), i.e. a non radiation worker or member o f  the public should 

not be exposed to radiation doses in excess o f 1 mSv per annum in nornial situations. The
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conclusions outlined above with regard to compliance with the existing legislation are 

therefore unlikely to change in the future with the advent o f new regulations. With regard to 

radon, the ICRP draft recommendations advise on a minimum and maximum value o f 

radon for homes and workplaces. Government bodies can then set regulatory controls at a 

level somewhere within the range o f  these values. For dwellings this range is a radon
-3 -3concentration o f between 200 Bq m" and a maximum o f 600 Bq m ' . The corresponding 

range for workplaces is 500 Bq m'^ to a maximum value o f  1500 Bq m ‘̂ .

2^6As already noted, the results for the building materials studied here suggest that the “ Ra 

concentrations in the materials are limited in practice to levels which are unlikely to cause 

indoor radon concentrations exceeding 200 Bq m'^. The introduction o f new regulatory 

controls on radon levels based on the new draft ICRP recommendations is therefore unlikely 

to require the introduction o f any further controls on the use o f Irish building materials.

The new draft ICRP recommendations make specific reference to natural radioactive 

substances in environmental materials. The recommendations note that most natural 

materials are radioactive to a greater or lesser degree, and thus there are many situations 

where control is impracticable because o f  the ubiquity o f  the materials or exposures. Such 

situations may therefore be excluded from the scope o f regulations on the grounds that they 

are not amenable to control. With regard to the presence o f NORM in building materials, it 

is noted that the only conceivable protective action is extensive rebuilding, which would be 

disruptive and require considerable resources. The ICRP proposes a set o f  exclusion values 

for the activity concentrations o f natural radionuclides in substances such as building 

materials. It advises that exposures from environmental materials at these activity 

concentrations would lead to individual annual effective doses o f no more than about 0.2 

mSv, which in the opinion o f  the ICRP, does not imply an unacceptable level o f  exposure.

The activity concentrations noted below are recommended by the ICRP as the levels below 

which materials do not enter the scope o f  its recommendations.
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Table 4.4: ICRP recommended levels for exclusion from control (ICRP, 

2005)

Nuclides: Exclusion Activity Concentration:

Artificial Alpha Emitters 0.01 Bq g ''

Artificial Beta / Gamma Emitters 0.10 Bq g '

Head o f Chain Activity Level ^^^Th 1 Bq g '

10 B q g '

As can be seen from Table 4.2 above, the highest radioactivity concentration result for the
2 '} o  I 22^)

U chain in the building materials analysed in this study was 0.19 Bq g' for Ra. The 

highest result noted for ^^^Th was 0.07 Bq g '' and the highest result for was 2.25 Bq g '. 

All o f these results are considerably lower than the ICRP recommended levels for exclusion 

from control.

It is therefore unlikely that Irish building m aterials w ill require any additional 

regulatory control under new legislation that may be enacted at a future date.

4.3.5 Self-absorption o f gam m a rays w ithin building m aterials

Appendix 5 shows the results o f  analysis o f all 70 samples o f building materials by gamma 

spectrometry without undertaking any corrective calculations with regard to the density o f 

the material being analysed and accounting for the self-absorption o f  gamma rays within the 

building material itse lf
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Table 4.2 above outlines the same results but includes corrections that take account of self

absorption of gamma rays within the material. These are therefore the correct results for the 

true radioactivity concentration of the building material in question.

The I  values shown in Appendix 5 are the same as those in Table 4.2. This is because the 

calculations undertaken to obtain the ’ values already include a correction for self

absorption, (European Commission, 1999a) and therefore the original results o f analysis 

without self absorption corrections were used to determine the I  values.

When the uncorrected results in Appendix 5 are compared with the correct results in Table 

4.2, the significance o f self absorption of gamma rays within the building materials can be 

observed.

The minimum value for ^^^Ra in Appendix 5 where no self-absorption corrections are 

undertaken is 2.3 Bq kg''. The corresponding minimum value for “^^Ra in Table 4.2 where 

corrections for self-absorption have been made is 2.6 Bq kg ' ,  i.e. 1.13 times higher.

The minimum value for ^̂ ‘Th in Appendix 5 is 0.0 Bq kg ' and the corresponding minimum 

value for ^^^Th in Table 4.2 is also, o f course, 0.0 Bq kg' .

The minimum value for in Appendix 5 is 7.1 Bq kg ' and the corresponding minimum 

value for in Table 4.2 is 8.0 Bq kg’', i.e. 1.13 times higher.

The maximum value for “̂ ^Ra in Appendix 5, where no self-absorption corrections are 

undertaken, is 152.3 Bq kg '. The corresponding maximum value for ^̂ '’Ra in Table 4.2 

where corrections for self-absorption have been made is 192.7 Bq kg'', i.e. 1.26 times 

higher.

232 -1The maximum value for Th in Table Appendix 5 is 66.2 Bq kg' and the corresponding
232 -1maximum value for Th in Table 4.2 is 72.9 Bq kg' , i.e. 1.10 times higher.
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The maximum value for in Appendix 5 is 1981.5 Bq kg'' and the corresponding 

maximum value for in Table 4.2 is 2254.5 Bq k g '', i.e. 1.13 times higher.

226The most significant differences are therefore noted for Ra, which emits gamma rays at 

relatively low energies, i.e. 93keV and 186keV.

Fig.3.11 also demonstrates that, as would be expected, the percentage transmission o f 

gamma rays is lowest for low energy gamma rays and is greatest for high energy gammas.

When one investigates fiirther the building material sample types and the effects o f  self

absorption o f gamma rays within them, it can be seen that the effects o f  self-absorption are 

more significant in the samples with the greatest densities.

The building material sample with the greatest density was sample no. 53, a tile. It had a 

density o f  1.948 g cm'^. The results obtained for “ ^Ra, “̂ “Th and in Appendix 5, where 

no self-absorption corrections are undertaken, are 89.8 Bq kg ', 26.4 Bq kg ' and 242.3 Bq 

kg"' respectively. When corrections are applied to allow for self-absorption o f  gamma rays 

within the tile, the coiresponding results for '̂ *’Ra, '^^Th and in Table 4.2 are 143.0 Bq 

kg ', 31.6 Bq kg ' and 289.4 Bq kg '. “^^Ra results were therefore 1.6 times higher than 

originally stated after self-absorption corrections were applied to the sample with the 

greatest density, ^^'Th results were 1.2 times higher and results were 1.2 times higher.

Comparafively, the building material sample with the lowest density was sample no. 45,
3 2"̂ 6 23250mm floor insulation. It had a density o f  0.007 g cm' . The results obtained for ‘ Ra, Th 

and in Appendix 5, where no self-absorption corrections are undertaken, are 66.9 Bq kg' 

', 0.0 Bq kg ' and 144.3 Bq kg ' respectively. When corrections are applied to allow for self

absorption o f gamma rays within this insulation material, the coiTesponding results for 

^^^Ra, ^^^Th and in Table 4.2 are 67.1 Bq k g ', 0.0 Bq k g '  and 144.4 Bq k g ' .  These 

results indicate that there is little or no self-absorption o f gamma rays in building material 

samples with very low densities, however, most samples o f commonly used building
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materials such as bricks, concrete, aggregates, tiles etc. will have high densities and it is 

clear, that when self-absorption corrections are applied to these materials, the true 

radioactivity concentrations o f  ̂ ^^Ra can be more than one and a half times the amount 

assumed when the attenuation o f gamma rays within the material is not accounted for. This 

highlights the importance o f accounting for the self absorption o f  gamma rays in samples o f 

building materials when undertaking radionuclide analysis by gamma spectrometry. This is 

particularly significant when looking at lower energy radionuclides in building material 

samples with high densities. If the self-attenuation o f gamma rays within samples o f 

building materials is not taken into account in the gamma spectrometry methodology, it is 

clear that one m ay greatly underestimate the true specific radioactivities o f  the radionuclides 

found within the building material under investigation. Most more recent studies o f 

radioactivity in building materials do take the self-attenuation o f  gamma rays in the material 

into account (Alfassi and L av i, 2005), (Ademola and Farai, 2005), (Hizem, Ben Fredj and 

Ghedira, 2005), (Salinas, Conti and Lopes, 2005).

Some recent studies however do not (Roy, Alam, and Begum 2005), and many older 

studies undertaken in the 1980s and early 1990s also do not account for the self-absorption 

o f gamma rays in their results. Results from these studies are therefore likely to under

estimate the true radioactivity concentrations o f  low energy radionuclides in building 

material samples o f high density.

4.4 Conclusions and Summary

226  23 ”  ̂ 40Activity concentrations for the radionuclides Ra, “Th, and K in the Irish building 

materials studied, range from minimum values o f 2.6, <1, and 8.0 Bq kg ' to maximum 

values o f 192.7, 72.9 and 2254.5 Bq k g ' for ^^^Ra, ^^^Th, and respectively.

The activity concentrations o f  ̂ ^^Ra, ^̂ “Th, and noted in the Irish building materials 

analysed would suggest that the use o f  such building materials in the construction o f
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domestic dwellings or workplaces in Ireland is unlikely to give rise to any significant 

radiation exposure to the occupants o f  such buildings.

The results for the building materials studied here suggest that the concentrations in 

the materials are limited in practice to levels which are unlikely to cause indoor radon 

concentrations exceeding 200Bq m" .̂

The results obtained also indicate that the activity concentrations o f  ̂ ‘^Ra, ^̂ ‘Th, and in 

Irish building materials are unlikely to give rise to radiation doses o f greater than ImSv per 

annum to occupants o f buildings constructed from such materials. This dose limit is in 

compliance with that outlined in relevant national and international legislation and 

guidance.

With regard to this general conclusion however the following points should be noted;

• Although dose limits to building occupants may be below ImSv per annum, 

occupational doses to workers working with these building materials may be greater than 

this, particularly for employees who may work with building materials or by-products used 

in the manufacture o f building materials with enhanced / concentrated levels o f 

radioactivity. This can only be determined by undertaking employee-specific dose 

assessments in the workplace.

• Although the building materials studied are unlikely to give rise to radiation doses o f 

greater than ImSv per annum to occupants o f  buildings constructed from such materials, 

some o f  the building materials analysed may give rise to doses o f  greater than the lower 

dose criterion o f  0.3 mSv per annum, as referred to in the European Commission official 

publication regarding the natural radioactivity o f building materials (European Commission, 

1999b). If EU member states introduce legislation restricting the use o f building materials 

based on this lower dose criterion, then this could adversely affect the import /export o f  

building materials throughout the EU. In 1997, when the aforementioned study was
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undertaken by the Finnish Centre for Radiation and Nuclear Safety, only 5 out o f 15 

countries surveyed had implemented regulations on natural radioactivity in building 

materials, and the higher dose criterion o f ImSv was referred to in all such legislation. The 

EU Council Directive (96/29 Euratom o f 13 May 1996), which regulates exposure to natural 

radiation also refers only to the higher dose criterion o f ImSv. The new ICRP draft 

recommendations continue to advocate the future use o f Im Sv as an appropriate dose 

constraint. It appears therefore that any EU countries introducing legislation to implement 

the provisions o f  the 1996 directive or the final provisions o f the 2005 ICRP 

recommendations are likely to refer to the dose criterion o f  1 mSv.

in general, the radionuclide activity concentrations noted in the Irish building materials 

studied are comparable with the results o f similar studies undertaken in other countries.
226 232 40Where Irish mean values for Ra, Th and K were either higher or lower than mean 

values for similar building materials in other countries, results were always within the 

general range o f  values found in these countries.

This study has demonstrated the importance o f  accounting for the self absorption o f gamma 

rays in samples o f building materials when undertaking radionuclide analysis by gamma 

spectrometry. This is particularly significant when looking at lower energy radionuclides in 

building material samples with high densities. If the self-attenuation o f  gamma rays within 

samples o f building materials is not taken into account in the gamma spectrometry 

methodology, it is clear that one may greatly underestimate the true specific activities o f the 

radionuclides found within the building material under investigation

Further investigative work is required regarding the radiological health significance o f using 

particular building material by-products which may contain concentrated levels o f 

radioactivity. The byproducts o f interest in the Republic o f Ireland are coal fly-ash, blast 

furnace slag and peat fly-ash. These technically enhanced naturally occurring radioactive 

materials are studied further in this thesis, and the radiological health implications o f their 

incorporation into building materials is detailed in Chapters 5 and 6.
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5.1 Introduction

Certain by-products such as coal fly-ash or peat fly-ash, if  used in the manufacture o f 

building materials, may lead to enhanced radioactivity in the material. All types o f  coal and 

peat contain small levels o f natural radionuclides, principally and the radionuclides in 

the U and “̂ Th decay chains. Combustion o f  coal and peat in coal or peat fired energy 

production stations results in the release o f  small quantities o f  gaseous radionuclides, and, 

more significantly, an increased concentration in the non-gaseous radionuclides in the ash. 

This results from having a smaller quantity o f ash left after a larger quantity o f  peat or coal 

is burned. This ash therefore has a higher specific activity than that o f  the raw material.

In Ireland, coal fly-ash is incorporated into building materials such as cement and concrete. 

Peat tly-ash is not currently incorporated into Irish building materials, but investigations are 

underway to determine possibilities for the future recycling o f peat fly-ash, including its use 

in the construction industry.

This chapter investigates further the radioactivity concentrations present in coal ash 

obtained from Ireland’s only coal - fired power plant, and in particular looks at the 

radiological health significance o f  the incorporation o f such fly-ash into Irish building 

materials. It also compares the specific radioactivity o f  coal fly-ash with that o f  blast 

furnace slag, the only other waste NORM material that is included in the manufacture o f 

Irish cement, and determines the radiological implications o f the inclusion o f  blast furnace 

slag in Irish building materials.
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5.1.1 Irish coal-fired power generation

Coal is a readily available source o f  energy consisting o f mainly carbon (approx 80% in 

hard or bituminous coal, burned in power stations), and a mixture o f various minerals 

(shales, clays, sulphides and carbonates). It originated in the Carboniferous period, about 

345 to 280 million years ago, from vegetable matter (trees and ferns) which had been 

compacted and heated by geological processes. In some countries such as the U.K. coal was 

traditionally obtained from deep mines. However, such mining has declined largely due to 

the expense o f mining relative to open-cast mined coals. In many countries high quality coal 

exists near the surface and simply requires the removal and extraction o f the overburden. 

These coals are obtained from Australia, America, South Africa, South America and the east 

o f Europe at relatively low cost and widely exported throughout the world. Ireland does not 

have a coal mining industry and has only one coal fired electricity generation plant. This 

plant is owned and run by the ESB (Electricity Supply Board) and is located on the West 

Coast o f Ireland.

Ireland's coal tired power plant was built in 1979. It bums two million tonnes o f  coal a 

year. It is a comparatively large power station with a 915 MW Capacity (as compared to the 

largest peat fired power station which has a capacity o f 125 MW). It is capable o f meeting 

around 40% o f customer demand across the country ( www.esb.ie ) and is the second largest 

power plant in Ireland. Coal is imported to the power plant from South Africa, Australia, 

Indonesia, the U.S.A. and Columbia. The imported coal is milled and pulverised to less than 

100 |im  particle size. It is then fed into the furnace, where the temperature o f  combustion 

reaches around 1100°C.
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This temperature is above the melting point o f most o f the minerals present, which undergo 

various chemical and physical changes. In the combustion process, most o f the mineral 

m atter contained in the coal is fused into a vitrified ash. 85% o f the total amount o f ash 

produced (mostly lighter particles) is carried out o f the furnace by the exhaust hot gases 

where it is subsequently extracted at 99.5% by the electrostatic precipitators, the so-called 

fly-ash. The plant produces 170 kilo-tonnes o f  fly-ash each year. Volatilised mineral 

compounds and approximately 0.5% o f the fly-ash are released to the atmosphere and 

constitute what is commonly known as escaping fly-ash. The remaining 15% o f the total 

amount o f ash produced (heavier particles and unbumed organic matter) condenses on the 

boiler tubes and falls to the bottom o f the furnace where it sinters to form the furnace 

bottom ash. Approximately 30 kilo-tonnes o f bottom ash is produced annually.

The amount o f  natural radionuclides discharged into the atmosphere from a plant is a 

function o f  a) their respective concentration in the coal, b) the ash content, c) the 

combustion temperature, d) the partitioning between bottom and fly-ash and e) the 

efficiency o f  the emission control systems (UNSCEAR, 1993). Because o f the elimination 

o f the organic content o f  the coal through combustion, there is approximately an order o f 

magnitude enhancement' o f  the radionuclide concentrations between the coal and the ash. 

However, coal combustion can result in a larger than expected enhancement o f some 

radionuclides because some o f the volatile radionuclides that have been vaporised may 

condense onto tly-ash particles through the condensation process (Smith et. al 2001). After 

it is removed from the tlue gases, approximately 100 kilo-tonnes o f  the total fly-ash 

produced annually are pneumatically transfeiTcd into storage silos as a dry powder to be 

subsequently transported in sealed tankers to a large cement production plant which uses it 

as a shale substitute. Almost half o f all Normal Portland Cement produced in Ireland 

contains coal fly-ash, where 5% o f total cement mix constitutes this ash.

The average ash content betw een all the different types o f  coal burned at the studied plant is 10%, m eaning that the activity 
concentrations o f  radionuclides in the tly-ash com pared with those in the raw coal can be expected to be m ultiplied by a factor 
o f  10.
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This fly-ash may then be used in concrete with or without being classified to comply with 

various European and British Standards such as EN450 fly-ash, BS3892 Part 2 Pulverised 

Fuel Ash or BS3892 Part 1 Pulverised Fuel Ash (Classification o f ash involves the removal 

o f the coarser fraction and selection o f the finer ash only, thereby reducing water demand in 

a concrete mix leading to increased strength in the concrete produced). It should be noted 

that Ireland’s coal fired power plant does not classify the ash sold to Irish Cement at present. 

All the ash being sent to Irish Cement Ltd. is used as a shale substitute and therefore does 

not have to comply with any standard. There are plans to supply Irish Cement Ltd. with ash 

which will comply with EN 450 and this will be used as cement replacement.

The remaining 70 kilo-tonnes o f fly-ash, as well as ail o f the bottom ash produced are 

conditioned with water (to produce a dampened material which can be handled and 

transported without dust problems), and land-filled on site.

5.1.2 Radioactivity o f  coal ash -  issues requiring investigation

Many studies have been undertaken worldwide on the radiological significance o f coal fired 

power generation. In particular, an assessment o f the radiological impact on the U.K. 

population o f the coal-fired electricity generation within the U.K. was carried out by the 

NRPB in 2001 (Smith et al, 2001). This comprehensive study determined the individual 

doses from the release o f ash to the atmosphere, the risks to members o f the public, the 

doses to landfill workers arising from the disposal o f ash into landfill as well as the doses to 

power station workers and workers involved in the manufacture and use o f building 

materials containing ash. This report concluded that the radiological impact o f the industry 

was low and did not warrant the application o f  radiological controls. However, there were 

two notable exceptions to this conclusion.

124



The principal exception was the use o f  ash in building materials, where E.U. guidance 

indicates that future restrictions may be required (European Commission, 1999b). The other 

exception related to the possible occurrence o f  ̂ '°Pb-enriched scales on the outside o f boiler 

tubes lining the interior o f  low NOx boilers, as identified by Huijbregts in the Netherlands 

(Huijbregts et al, 2000).

On the basis o f  these results and due to the lack o f many studies on these issues in the 

Republic o f Ireland it was decided to investigate further the radiological impact o f  coal fly- 

ash management at Ireland’s only coal fired electricity generation station, and, in particular, 

to determine the radiological significance o f  coal fly-ash incorporation into Irish building 

materials and the potential occurrence o f  ̂ '‘̂ Pb-enriched boiler scales in low NOx boilers at 

the plant.

It was decided not to investigate any other occupational or environmental radiological 

exposure possibilities for the following reasons;

• The relatively recent NRPB study (Smith et al, 2001), suggests that, in general, coal 

fired power generation in the U.K. is o f little radiological health significance, apart 

from the issues mentioned previously that require further investigation. There is 

every reason to believe that these conclusions are also applicable in the Republic o f 

Ireland, as the processing and burning o f imported coal at the ESB power station 

does not vary significantly from procedures employed at the U.K. coal fired power 

plants.

• Radon surveys, atmospheric emission studies and high volume particulate sampling 

have been undertaken at the Irish coal fired power station in the past. The results o f 

these surveys were studied, and in summary, the radon survey (1988) showed that 

all readings were below 50Bq m'^. This is well below the current regulatory limit for 

workplaces o f  400 Bq m"  ̂ (Ireland, Govt. Publications Office, 2000). The results 

from the atmospheric emission (1986-1990) and high volume particulate sampling
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(1990-2002) undertaken by the ESB conclude that there is no significant d)se 

exposure to public or workers arising out o f  the atmospheric emissions froTi the 

power plant

5.1.3 Radioactivity of blast furnace slag and its use in Irish building material!

Blast furnace slag is a waste material arising from the steel production industry. Tie raw 

materials used in steel production are iron ore, coal and limestone. They each coniain low 

levels o f  naturally occurring radionuclides such as the uranium and thorium seriesof 

radioisotopes and The steel production process results in releases to the envi’onment of 

materials with naturally occurring radionuclides that are enhanced with respect to the raw 

materials used. Because these naturally occurring radionuclides concentrate in thewaste 

streams and by-products, the steel produced contains very low levels o f radioactivity, and 

thus its use should have an insignificant radiological impact (Crockett et al, 2003)

The waste slag produced, however, will have increased levels o f  radionuclides, aid this 

slag from the blast furnace and steel making process is often used in road construction and 

maintenance and in the manufacture o f  building materials.

The Republic o f  Ireland no longer has an indigenous steel industry and therefore coes not 

now produce blast furnace slag. However, since 2004, one company in Ireland ha; begun 

importing blast furnace slag into the country and producing a cement replacement product 

with this slag for incorporation into Irish building materials.

As this is a recent development, the radiological impact o f the use o f this cement n the Irish 

construction industry has not yet been studied, and it was therefore considered important to 

investigate this aspect o f  radioactivity in Irish building materials further.
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5.2 Methods

5.2.1 Collection and Preparation o f Samples

Samples o f  coal, coal ash, and boiler residue were collected from the Irish coal fired power 

plant and analysed by gamma spectrometry. Samples o f  building materials incorporating 

coal ash were also analysed and compared with similar types o f  materials containing no fly- 

ash. Irish results were compared with similar studies undertaken in other countries and with 

relevant legislation and guidance.

Ground granulated blast furnace slag (GGBS) is also used as a partial cement replacement 

in Irish building materials. Samples o f  raw blast furnace slag and blast fiarnace slag cement 

were also collected from the only Irish importer o f  such slag. These samples were analysed 

by gamma spectrometry, and radioactivity concentrations were compared with those for 

coal fly-ash.

5.2.2 Analysis by Gamma Spectrometr>'

All o f the samples were counted in 0.5 litre Marinelli beakers for a 24-hour period using the 

low background n-type HPGe GMX gamma ray detector, following the methodology 

outlined in Chapter 3.

Activity concentrations o f  ‘̂^Ra, ^^^Th, and were determined as detailed previously in 

Section 4.2.2. To account for self-absorption o f  gamma rays within the samples 

transmission factor corrections were applied to the results. The methodology for 

undertaking these self-absorption corrections is explained in detail in Section 3.4.3 above. In 

summary, several materials with a wide range o f  densities (including coal ash) were counted 

in the detector with a source o f mixed known radionuclide activity concentrations placed on 

the top o f the sample container.
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Transm ission factors related to the density o f  the m aterial being analysed were calcuUted 

and transm ission factor corrections were then applied to the results for the raw  coal, o a l  

fly-ash, concrete, cem ent and blast furnace slag. T ransm ission factors are dependent (n the 

density  o f  the sam ple m aterial and the energy o f  the gam m a ray concerned. They were 

found to vary from  only 38.8%  at 92.4 keV gam m a rays in the concrete with coal fly-ish 

(the m ost dense o f  the sam ple types analysed) to 88.6%  at 1461 keV gam m a rays in tie raw 

blast furnace slag (the least dense o f  the sam ple types analysed).

5.2.3 Activity Concentration Indices

To determ ine the radiological health significance o f  the potential use o f  coal tly-ash aid 

blast furnace slag in build ing m aterials, an A ctivity Concentration Index (/) was calcilated 

converting the specific activity  o f  a building m aterial (in Bq k g ' )  into a m easure o f  efective 

radiation dose (in m Sv) that m ay be received by an individual occupying a 'model rocm’ 

constructed from a building m aterial with a certain specific radioactivity, as further 

explained in Section 4.2.4 above. The form ula used for /  calculations is:

I  =   C g a _ _  + C jh  +  C.K_______ (See A ppendix 2)
300 Bq kg ' 200 Bq kg ' 3000 Bq kg '

2 2 6  2 3 ”̂  4 0  1w here C ro. C jh, and C k  are the Ra, “Th and K activity concentrations (B qkg‘ ) ii the 

building m aterial, respectively, /  was calculated for all relevant samples.

5.3 Results and Discussion 

5.3.1 Type and specific activity of radionuclides present in coal fly ash, blast funace  

slag and other relevant building materials

Table 5.1 below  outlines the activity concentrations o f  various radionuclides o f  interest in 

coal fly-ash sam ples taken from  the Irish coal fired pow er plant, and these are com pa'ed 

w ith Irish building m aterials that contain coal fly-ash and sim ilar building m aterials v ith  no
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coal fly-ash present. Details o f  radionuclide activity in blast furnace slag samples are also 

provided in this Table. For ease o f  comparison, these results are further illustrated in Fig. 

5.1.

Table 5.1 Specific activities (Bq kg ’) of ^^^Ra, and in coal, coal 

fly-ash, blast furnace slag and relevant building materials in the Republic 

of Ireland.

I  is the Activity Concentration Index.

No. Sam ple Type 232t |, /

1 'Irish’ Coal Ash (USA) 247 ± 25 31 ± 2 588 ± 3 4 1.72 ±0 .14

2 ‘Irish’ Coal Ash (Columbia) 132 ± 13 3.0±0 .1 261 ± 15 0.90 ± 0.07

3 ‘Irish’ Coal Ash (Australia) 200 ± 20 84 ± 4 180± 11 1.31 ±0.11

4 ‘Irish' Coal Ash (Indonesia) 229 ± 23 55 ± 3 31 4 ±  18 1.60±0.12

5 Concrete with Coal Fly-ash 50 ± 5 45 ± 3 133 ± 9 0.32± 0.03

6 Concrete without Coal Fly-ash 43 ± 4 2 ±0.1 188 ± 12 0.32 ±0.03

7 Cement with Coal Fly-ash 90 ± 9 4 ±0 .2 254 ± 15 0.63 ± 0.05

8 Cement without Coal Fly-ash 1 74 ± 7 4 ±0.3 243 ± 15 0.51 ± 0 .04

9 Cement without Coal Fly-ash 2 94 ± 9 51 ± 3 195 ± 12 0.60 ± 0.05

10 Cement without Coal Fly-ash 3 63 ± 6 35 ± 2 206 ± 13 0.45 ± 0.04

Raw Coal Fly-ash for use in

11 Cement 239 ± 24 8 ±0 .4 436 ± 2 5 1.62 ±0.13

12 Blast Furnace Slag Cement 333 ± 33 10 ±0 .5 134± 8 2 .3 0 ± 0 .1 9

13 Raw Slag (Supplier: France) 360 ± 36 8 ±0 .4 127 ± 8 1.84 ±0 .17

14 Raw Slag (Supplier:Belgium) 438 ± 44 29 ± 1.5 94 ± 6 2.13 ± 0 .20
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Fig. 5.1 Specific activities (Bq kg ') o f ^^^Ra, and in coal, coal fly- 

ash, blast furnace slag and relevant building materials in the Republic of  

Ireland.

Samples o f coal fly-ash were taken from the Irish coal fired power plant for analysis by 

gamma spectrometry. These ash samples originated from the burning o f  coal at the plant
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that had been imported from the USA, Columbia, Australia and Indonesia. It can be seen 

from Table 5.1 above that ^̂ ’̂Ra activities ranged from 132 Bq kg ' to 247 Bq kg ', ^̂ “Th 

activities ranged from 3 Bq kg’' to 84 Bq kg ', and activities ranged from 180 Bq kg'' 

to 588 Bq kg '. The fly-ash from the imported American coal had the highest activity 

concentrations o f  ̂ ^^Ra and The fly-ash from the imported Australian coal had the 

highest activity concentrations o f  ̂ ^^Th.

Samples o f  concrete and cement containing coal fly-ash from the Irish plant were also 

analysed and compared with similar concrete and cement samples from the same suppliers 

but with no coal fly-ash incorporated into them. It can be seen from Table 5.1 and Fig 5.1 

above that results for activity concentrations o f Ra, Th and K in the building materials 

incorporating coal fly-ash are, in general, much lower than in the raw coal fly-ash, as one 

would expect. Sample 11 is a sample o f raw coal fly-ash from the Irish plant that was 

incorporated into the final cement product that is sample 7. ^^^Ra levels are 2.6 times higher 

in the raw' fly-ash compared with the final cement product, ^^^Th levels are 2 times higher in 

the fly-ash, and levels are 1.7 times higher in the fly-ash than they are in the cement.

When sample 7 is compared with sample 5 in Table 5.1, it can be noted that, in general 

radioactivity concentrations in cement containing coal fly-ash are higher than in concrete 

contain.ng coal fly-ash. This would be expected, as greater quantities o f  coal fly-ash are 

incorporated into cement than are incorporated into concrete by virtue o f  the fact that the 

concrete will generally contain tly-ash only as a result o f the inclusion o f  cement with tly- 

ash in tie  concrete mix.

W hen samples 5 and 6 are compared, one can see that there is very little difference in the 

radioacivity levels o f concrete containing coal fly-ash and a similar sample o f concrete 

from the same supplier but with no fly-ash incorporated into it; indeed, the levels are 

higher in the sample that does not contain any fly-ash.
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When sample 7 is compared with samples 8, 9 and 10, it can be seen that there is also very 

little difference in the radioactivity levels o f cement containing coal fly-ash and cement 

without coal fly-ash.

These results indicate that, while raw coal fly-ash does have higher radioactivity levels than 

building materials such as concrete and cement, because it is incorporated in such little 

quantities into cement and even lower quantities into concrete, the overall increase in the 

radioactivity levels o f the final cement or concrete product containing the tly-ash is not 

significant. These results also indicate that the other raw materials incorporated into 

concrete such as aggregates, gravel and sand also must contribute substantially to the overall 

radioactivity level in the final concrete product.

Fig. 5.1 also demonstrates that ^̂ '’Ra levels in blast furnace slag, which is also incorporated 

as a by-product in the manufacture o f  cement in Ireland (instead o f coal fiy-ash), are 

significantly higher in raw slag than in raw coal fly-ash. When samples 13 and 14 (raw slag) 

are compared with sample 11 (raw coal fly-ash), it can be seen that " Ra levels in samples
"̂ 3213 and 14 are up to 1.8 times higher than in sample 11.“ Th levels however are 3.6 times 

higher in one sample o f coal tly ash than they are in the blast furnace slag and levels are 

almost four times higher in the coal fly-ash than in the slag.

The blast furnace slag cement product had comparable levels o f  ^^^Ra, ^^'Th and "'’’K to the 

raw slag (sample 12, compared with samples 13 and 14 in Table 5.1). One would not expect 

radioactivity concentrations to vary much as the raw blast furnace slag is merely ground and 

milled to a very fine cement powder, and there is no particular processing activity involved 

that would lead to an enhancement o f the radioactivity concentration.

5.3.2 Activity Concentration Indices

Figure 5.2 below illustrates the Activity Concentration Index values for all samples o f  coal 

fly-ash, building materials containing coal fly-ash, similar materials with no coal fly-ash.
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and blast furnace slag samples analysed. The Activity Concentration Index is a measure o f 

the radiological dose implications resulting from the incorporation o f these materials into a 

building, as previously explained in section 4.2.4.

Activity Concentration Indices

o<

2.5 

2

1.5 

1

0.5

0

1 - 1

.....

□  I v a lu e s

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Sample Number

Fig.5.2 Activity Concentration Indices of coal, coal fly-ash, blast furnace 

slag and relevant building materials in the Republic of Ireland.

5.3.3 Coal fly-ash use in Irish building materials

Coal fly-ash will have increased levels o f radioactivity over those in the raw material 

resulting from the enhancement o f  natural minerals within the coal, e.g. the carbon faction is 

removed when fired.

As previously noted, Ireland’s coal fired electricity generation station, produces 

approximately 200 kilo-tonnes o f coal ash per annum. O f this 200 kilo-tonnes o f ash, 170 

kilo-tonnes (85% o f total ash produced) is pulverised fly-ash, and the remaining 30 kilo-
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tonnes (15%) is furnace bottom ash. Over 100 kilo-tonnes o f pulverised coal fly-ash 

produced by the Irish coal fired power plant are sold to the construction industry in Ireland 

every year for incorporation into cement and in the manufacture o f concrete products. The 

remaining fly-ash not sold to the construction industry is stored at an ash landfill storage 

area on site. Most o f  this 100 kilo-tonnes o f coal fly-ash is purchased by the leading 

producer o f  cement in the Republic o f Ireland, ‘Irish Cement’.

Irish Cement has two production plants, each producing approximately 1.1 million tonnes o f 

cement per year. Only one o f these plants incorporates coal fly-ash into most o f its cement 

products.

Nonnal Portland cement (NPC) is a high quality general purpose cement and is by far the 

most widely used cement type in Ireland. NPC is made by fusing together a precisely 

controlled blend o f  very finely ground limestone and shale at high temperatures to form 

cement clinker. A small quantity o f gypsum is added to this clinker before grinding to 

produce the final tine powder - Nomial Portland Cement. NPC is suitable for a wide range 

o f applications including use in general ready-mixed and site-mixed concrete, masonry 

mortars, renders and grouts.

Rapid Hardening Portland Cement (RHPC) is a special purpose cement used in concrete to 

ensure a higher rate o f early age strength development than that typically achieved using 

Normal Portland cement (NPC). Typical applications o f RHPC include pre-cast concrete 

production, the manufacture o f concrete masonry, urgent repair work and cold weather 

concreting.

Approximately half o f  all Normal Portland Cement and Rapid Hardening Portland Cement 

produced in Ireland contains coal fly-ash.

The quality o f all Normal Portland Cement and Rapid Hardening Portland Cement produced 

by Irish Cement is guaranteed to meet in full the requirements o f I.S. EN 197-1 : 2001, 

'Cement- Part 1: Composition, specifications and conformity criteria for common cements'.
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Both aforem entioned products are independently  certified to l.S. EN 197-1 by the National 

S tandards A uthority  o f  Ireland and bear the CE m ark in accordance w ith the requirem ents o f  

the EU C onstruction Products Directive. This fact is significant with regard to the inclusion 

o f  coal fly-ash in these cem ent products, as in order to com ply w ith l.S EN 197-1. only up to 

5%  o f  m inor additional constituents m ay be added to the cem ent m ix. A t one o f  the two 

Irish C em ent m anufacturing plants, 5% o f  the Portland cem ent clinker is replaced with coal 

fly-ash from  the Irish coal fired pow er plant.

T he m ain advantage o f  using coal fly-ash in the m anufacture o f  cem ent is the associated 

reduction in production cost. It is m ore econom ical to use up to 5% fly-ash as a shale 

replacem ent than using a 100% lim estone shale m ix, for the follow ing reasons:

•  Coal fly-ash, being a w aste m aterial, is generally cheaper to obtain (provided it is 

readily  available w ithin a reasonable distance) than the extraction o f  shale through 

quarrying.

•  It has a high calorific value and bum s m ore readily than shale in the furnace.

•  U nlike shale it does not require grinding before it is added to the raw  mix.

All o f  these factors assist in enabling the final cem ent product to be m anufactured m ore 

econom ically, and this is the principal reason for using fly-ash in the m anufacture o f  

cem ent. A dding coal fly-ash to Portland Cem ent also has som e environm ental benefits, 

reducing C O 2 em issions, reducing energy consum ption and reducing the use o f  natural 

aggregates.

Coal fly-ash is subsequently  incorporated into concrete through the inclusion o f  cem ent 

containing fly-ash in the concrete m ix. W ith regard to the use o f  fly-ash in concrete, again 

reduced cost is an advantage. A tonne o f  cem ent is alm ost three tim es the price o f  a tonne o f  

ash. A part from  econom ical considerations however, there are m any m ore advantages in 

producing a m ore satisfactory concrete product through the inclusion o f  fly-ash in its 

m anufacture. Coal fly-ash im proves sulphate resistance, im proves chloride resistance.
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improves long term strengths, improves chemical resistance, improves protection o f 

reinforcing from corrosion, improves concrete finish, improves abrasion resistance, reduces 

temperature effects, reduces environmental impact and reduces concrete penneability (Sear, 

L., 2001).

Classified coal fly-ash can also be used as an aggregate in the manufacture o f  concrete. 

There are no restrictions on the amount o f ash that can be used to replace a natural 

aggregate, however in order to use fly-ash in this manner, it must be classified to comply 

with British Standards such as BS3892 Part 2 or B SEN 12620.

As the Irish coal fired power plant does not classify the fly-ash it produces at present there is 

limited use o f  coal fly-ash as an aggregate material in concrete manufacture in Ireland. It is 

expected that this situation will change in the future as it is intended to classify the fly-ash 

for sale in the future, and this is likely to lead to increased use o f coal tly-ash in Irish 

building materials.

5.3.4 I  he radiological impact o f  blast furnace slag use in Irish building materials

Samples o f  blast furnace slag cement were analysed by gamma spectrometry. Ground 

granulated blast-furnace slag (GGBS) is a by-product o f the steel industry that has valuable 

cementitous properties and is increasingly being used in the Republic o f Ireland as a partial 

replacement o f Normal Portland Cement in concrete.

Blast furnace slag originates from waste products o f  the steel industry. Iron Ore, Limestone 

and Coke are burned in a blast fiamace at a temperature o f  approximately 1,700°C to 

produce the GGBS product. Currently, one company imports waste slag into Ireland, and 

sources this slag from Ghent in Belgium and Dunkirk in France. This company has a 

capacity to process 300 kilo-tonnes o f waste slag per year. As their operation is relatively 

new, they have not yet reached their full capacity, and are currently processing 

approximately 100 kilo-tonnes o f  waste slag per annum.
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T he slag is ground and m illed  on site into a fine cem entitious powder to be used as a 

replacem ent / partial replacem ent for Norm al Portland Cem ent. 70% o f  their product is sold  

to manufacturers o f  ready-m ixed concrete, 25%  is sold  to the m ining industry, and 5% is 

used in pre-cast concrete. In som e countries slag  can be used as a ballast in concrete (as a 

crushed aggregate) as w ell as an additive in cem ent. In the R epublic o f  Ireland it is used  

on ly  as a partial replacem ent for cem ent. The radioactivity concentrations that can be found  

in blast furnace slag w ill depend on the type o f  ore used, the origin o f  the raw material and 

the m etallurgical process. Results are therefore likely  to be variable, and re-assessm ent o f  

radioactivity concentrations w ould be justified  over tim e or with a change in suppliers o f  

w aste slag.

There are m any advantages o f  using G G BS in the manufacture o f  concrete. G G BS concrete 

has higher strength and low er perm eability, and is m ore chem ically  stable than concrete 

m ade with N onnal Portland Cement. It is substantially more resistant to sulphate and 

chloride attack and, being lighter in colour with a sm oother surface fin ish, it has a better 

appearance than N onnal Portland Cem ent. G G BS production involves no quarrying, results 

in virtually no CO 2 em issions and significantly extends the life cy c le  o f  concrete structures 

(w w w .E co cem .ie).

G G BS is added to concrete in the concrete m ixer along with Norm al Portland Cement, 

aggregates and water. The nonnal ratios and proportions o f  aggregates and water to 

cem entitous material in the m ix remain unchanged. G G BS is used as a direct replacement 

for ordinary cem ent in the manufacture o f  concrete, and replaces ordinary cem ent on a 

w eight for w eight basis. It is added at the cem ent m ixer at a substitution rate o f  typically  

betw een 30 to 50%.

/  values for raw blast furnace slag o f  1.8 and 2.1 (Table 5.1) w ere sign ificantly  higher than 

those for coal ash, indicating that a greater radiation dose w ill result from the manufacture
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o f concrete incorporating GGBS than that incorporating coal ash. The blast furnace slag 

cement product had an /  value o f  2.3 (Table 5.1).

This implies that, even if GGBS can be considered a superficial building material, it is 

likely to give rise to dose rates of greater than 0.3 mSv per year and therefore its use 

may warrant some restriction. Further investigation into the radioactivity of concrete 

manufactured using GGBS is warranted in this regard.

On the positive side with regard to radioactivity, GGBS cement is primarily used in ready 

mixed concrete for form work on large construction projects, such as in the construction o f 

tunnels and bridges. For example, GGBS cement has been used in the construction o f the 

‘Boyne Bridge' in Drogheda, the ‘Luas Bridge’ in Dundrum, and the ‘Jack Lynch Tunnel’ 

in Cork. It is also presently being used in the manufacture o f the ‘Dublin Port Tunnel’. 

Durability, strength and chemical resistance are the main advantages o f  using GGBS, and as 

such it is often used in tunnels and bridges, in aggressive environments or where there might 

be ground contamination. As it is slow to set, it is rarely used in pre-cast concrete products 

or the manufacture o f  concrete blocks that are traditionally used in the manufacture o f the 

walls o f  houses or office buildings, for example, where personal or occupational exposure to 

radioactivity is more likely.

Ready-mixed concrete that is poured into floors o f buildings may, however, include GGBS. 

To try to quantify possible radioactivity concentrations in concrete that includes GGBS it is 

necessary to know the quantities o f GGBS that are likely to be included in a typical concrete 

mix.

Cement represents between 5 and 20% o f the materials used in a typical concrete mix. Up to 

80% o f the mix will be made up o f  ballast materials (approx 1 / 3 sand and 2/3' ‘̂̂  ̂

coarse materials or aggregate such as gravel), and a smaller percentage will be made up o f 

water, say 5 to 7%.
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Most manufacturers of concrete incorporating GGBS, will use a 35% to 40% replacement 

rate, i.e. 35% GGBS and 65% Normal Portland Cement, or 40% GGBS and 60% Normal 

Portland Cement.

If 20% of the concrete mix is made up of cement and say 40% of this cement is made up of 

GGBS, then GGBS cement represents only 8% of the total concrete product or mix. 8% of 

the ACl value o f 2.3 = 0.18, and if this value is looked at in terms o f materials used in bulk 

quantities in building works, it is less than the most stringent limit of 0.5, which implies that 

no restrictions need be applied (See section 4.2.4).

Another method o f determining if the inclusion of GGBS cement into concrete in Ireland is 

likely to be of any radiological significance is to take the highest values for radioactivity 

concentration for ^^^Ra, ^^^Th and for GGBS cement, nonnal portland cement, sand and 

aggregate, and using typical ratios of each material in a typical concrete mix, add these 

values together, and use them to determine the ACI value of the concrete that might be 

produced.

We can assume that up to 20% of the concrete mix will be made up o f cement, and of this 

20%, up to 40% may be GGBS and 60% may be Normal Portland Cement, i.e. GGBS will 

make up 8% of the total concrete mix and Normal Portland Cement will make up 12% of 

the total concrete mix.

O f the other 80%, 35% will be sand, and 65% will be aggregate, i.e. sand will make up 28% 

o f the total concrete mix and aggregate will make up 52% of the total mix.

If one takes the highest values for radium, thorium and potassium for samples of sand, 

cement and aggregate from 70 samples of Irish building materials analysed (Lee et al, 2004) 

and incorporates the values for blast furnace slag cement in the above ratios, an I  value of 

0.99 is obtained. (See appendix 4 for calculations), implying that doses o f greater than 

0.3mSv per annum are likely but that doses should not be greater than ImSv. It should be 

noted that although the /  value is close to the upper limit of 1.0, where regulation is

139



imperative, it must be remembered that the highest values for samples o f sand, cement and 

aggregate analysed were used, and this is unlikely to directly imitate a real life scenario.

This /  value o f 0.99 is also notably higher than the I  values for all other samples o f concrete 

obtained for analysis (Lee et al, 2004) which ranged from 0.09 to 0.54.

One can also say that, as only 8% o f a concrete mix will be made up o f GGBS cement, such 

cement is a superficial building material. The /  value o f 2.3 is higher than the lowest limit o f 

2.0, implying that doses in excess o f 0.3mSv are probable and that some restrictions may be 

warranted, although the material will not require regulation.

In summary, one can surmise that, based on the activity concentrations noted in the 

GGBS samples taken for analysis, the use of GGBS cement in the manufacture of 

concrete for the construction of buildings may give rise to doses in excess of 0.3mSv 

per annum to building occupants, but is unlikely to give rise to doses in excess of the 

current dose limit for members of the public of ImSv per annum. Further analysis of 

GGBS at future points in time would be recommended, given the likely variability of 

radioactivity' concentrations depending on the source of the waste slag and variations 

in the ore used in the production of such slag.

5.3.5 Radioactivity of coal fly-ash from an Irish power plant, compared with coal fly- 

ash in other countries.

The tables and figures in this section provide details o f minimum, maximum and mean 

radioactivity concentrations o f  ̂ ^^Ra, ^^^Th and in coal tly-ash samples analysed in 

numerous other countries. The figures, in particular, allow for a comparison to be made 

between the radioactivity levels in ‘Irish’ coal fly-ash, and results found in studies in other 

countries (European Commission, 1999a)
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Table 5.2. Minimum, maximum and mean Uranium and Thorium series 

radioactivity concentrations (Bq kg ') from coal fly-ash sourced from 

various countries

Coal Ash 

Origin

U

Series

Min

U

Series

Max

U

Series

Mean

Th

Series

Min

Th

Series

Max

Th

Series

Mean

Germany 93 137 119 96 155 121

U.K. 72 105 89 3 94 68

Australia 7 160 90 7 290 150

Poland No

Value

No

Value

350 No

Value

No

Value

150

Italy 130 210 170 100 190 140

Denmark 120 210 160 66 190 140

Sweden No

Value

150 200 No

Value

150 200

Belgium 112 316 181 88 277 150

Spain 80 106 91 77 104 89

Germany No

Value

No

Value

189 No

Value

No

Value

118

Czech Rep. 35 190 129 62 142 90
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Table 5.3 Minimum, maximum and mean radioactivity concentrations (Bq 

kg ') of ̂ ^̂ Ra, ^̂ T̂h and for coal ash originating in European Union 

member states, other countries and the coal fired power plant in the 

Republic of Ireland.

Coal Ash 

Origin

“ ‘>Ra

Min

“ ‘’Ra

Max

'̂ ‘>Ra

Mean

23iTh

Min

231t h

Max

232xh

Mean

40k

Min

40k

Max

40k

Mean

E.U.

Countries 26 1100 230 14 300 100 170 1450 570

Other

Countries 4 329 140 6 215 100 58 1180 510

Rep. of 

Ireland 132 247 202 3 84 43 180 588 83
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Fig 5.3 Minimum, maximum and mean radioactivity concentrations

(Bq kg ’) of ̂ ^̂ Ra for coal ash originating in European Union member states,

other countries and the coal fired power plant in the Republic of Ireland.
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kg ') o f  for coal ash originating in European Union member states, 
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5.3.6 T he radiological im pact o f coal fly ash use in Irish building m aterials

As described previously, (section 4.2.4) the radiation dose that an individual may receive 

from occupying a building is indicated by the activity concentration index I  rather than the 

activities of the materials themselves. According to EC guidance (European Commission, 

1999a) for materials used in bulk amounts, /  should be less than 1 to ensure that an external 

radiation dose of greater than 1 mSv per annum is not received, and less than 0.5 to ensure a 

dose o f less than 0.3 mSv per annum. For superficial materials the /  values corresponding to 

1 mSv and 0.3 mSv per annum are 6.0 and 2.0, respectively. As already noted, regulatory
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control should be considered for materials that give rise to external doses o f  between 0.3 

mSv and 1 mSv per annum. Materials giving external doses below 0.3 mSv should be 

exempt from all restrictions while those above 1 mSv must be regulated. Calculated values 

o f  / fo r  the coal fly-ash are displayed in Table 5.3 and Fig 5.2 above.

These /  values indicate that all o f the 5 coal fly-ash samples were below the limits o f 6.0 and 

2.0 for superficial materials, but in general were greater than the limits for building 

materials used in bulk amounts. As coal fly-ash is not a building material in itself, and only 

constitutes up to 5% o f a cement mix, and the cement only constitutes between 5 and 20% 

o f a concrete mix, this implies that the final concrete product will only contain between 

0.25% and 1% ash. Coal fly-ash can be considered a superficial material, and it follows that 

the ash samples analysed can all be considered o f  no radiological health significance if 

incorporated into Irish building materials.

It is also obvious from Table 5.3 that the concrete sample containing coal fly-ash and the 

same type o f  concrete sample from the same manufacturer without coal fly-ash have the 

same /  value, and both values o f 0.3 are below the lower dose criterion o f 0.5, which implies 

that should either type o f concrete be used in bulk quantities in the construction o f a 

building, radiation doses o f below 0.3mSv per annum could be expected. Such materials can 

therefore be used in construction without any restrictions.

It should be noted also that the 1 values o f  0.3 for the concrete samples with and without 

coa’ fly-ash are similar to the average I value o f 0.2 for 8 other samples o f Irish concrete, 

and to the average /  value o f 0.3 for 70 samples o f  various other Irish building materials 

(Lee et. al, 2004)

/  values for the cement samples with and without coal fly-ash were very similar. All were 

bekw  the limits o f 6.0 and 2.0 for superficial materials and also below the limit o f 1.0 for 

building materials used in bulk quantities. Three samples were either equal to or above the 

mojt stringent limit o f  0.5, which implies that a dose o f 0.3mSv may result fi’om the use o f
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these materials in bulk quantities in construction. As cement normally constitutes only up to 

20% o f a concrete mix, it should not be classed as a material that is used in bulk quantities.

As there are many standards governing the manufacture o f  cement and concrete, the 

maximum quantities o f coal fly-ash that could be incorporated into cement or concrete are 

known. In summary, these are as follows:

In cement up to 5% ash can be used without it being declared. As the cement represents 

between 5% and 20% o f a concrete mix normally, this means that concrete may contain 

between 0.25% and 1% ash without one knowing it. In concrete when cement or mixer 

‘combinations’ o f cement plus ash are used, up to 55% of the total cementitious content can 

be ash. When the above typical figures for cement are used, the concrete may contain 

between 2.75% and 11% o f this cementitious material (that is 55% o f 5%o and 55% o f 20%)) 

as ash. The typical and maximum likely quantities o f coal fly-ash that may be incorporated 

into cement and concrete mixes were provided by the United Kingdom Quality Ash 

Association (Sear. L., Personal Communication, 2005)

One method that may be used to detennining if  the inclusion o f coal fly-ash into cement and 

concrete in Ireland is likely to be o f  any radiological significance is as follows;

Typical ratios o f  ingredients used in a standard concrete mix are well known. If one 

includes the highest values for radioactivity concentration for ^^^Ra, '̂^^Th and for the 

coal fly-ash sampled, and the average values for Normal Portland Cement, sand and 

aggregate, in a calculation using typical ratios o f each material in a usual concrete mix, the 

ACI value o f the concrete that might be produced can be detennined.

We can assume that up to 20% o f the concrete mix will be made up o f  cement, and o f  this 

20%, at most 55% may be coal fly-ash (more likely to be 25%i-35%) and 45% may be 

Normal Portland Cement, i.e. coal fly-ash will make up 11% o f the total concrete mix and 

Normal Portland Cement will make up 9% o f the total concrete mix.
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O f the other 80%, approximately 35% will be sand, and 65% will be aggregate, i.e. sand 

will make up 28% o f the total concrete mix and aggregate will make up 52% o f the total 

mix. Taking the average values for Radium, Thorium and Potassium for samples o f sand, 

cement and aggregate from 70 samples o f  Irish building materials analysed (Lee et. al, 

2004) and incorporating the highest values for coal fly-ash in the above ratios, an /  value o f  

0.4 is obtained, see appendix 3 for calculations, implying that doses o f  greater than 0.3mSv 

per annum are unlikely and that no regulation or restrictions are required.

This I  value o f 0.4 is similar to the /  value for concrete that contained coal fly-ash which had 

an /  value o f  0.3 and is comparable to /  values for all other samples o f concrete obtained for 

analysis (Lee et al) which ranged from 0.09 to 0.54.

Although coal fly-ash may have higher radioactivity concentrations than other concrete 

ingredients, because it is used in such small quantities in the manufacture o f cement and 

concrete, its radioactivity does not impact significantly on the Activity Concentration Index 

o f the tlnal concrcte produced. It can be noted that, if  the highest values for radium, thorium 

and potassium for other ingredients are incorporated into the above calculation, an /  value o f 

0.99 is noted, which is marginally below the level requiring regulation o f  building materials, 

indicating how much more significant the radioactivity o f  the aggregate and sand materials 

are because they are used in greater quantities.

As previously noted, classified coal fly-ash may also be used in the future in Ireland as an 

aggregate material, and there are no restrictions on the amount o f  ash that can be used to 

replace a natural aggregate. The use o f ash as an aggregate is governed by BS3892 and 

BSEN 12620. Therefore, in principle a concrete mix could contain approximately 80% ash, 

the remainder being Normal Portland Cement and water. In extreme cases, the cement may 

also contain ash, thereby exceeding this 80% figure. Aerated and lightweight blocks can use 

such quantities o f  ash, but they would only incorporate such quantities o f  ash into pre-cast 

materials such as kerbs, fence posts, paving slabs etc.
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These quantities o f ash would never be used in concrete requiring strength for structural 

purposes in buildings such as houses or workplaces. Ash is a very fine material, and in 

general, when large quantities o f fine material are used in concrete, more water is required 

to make a workable mix. The more water that is incorporated, the lower the strength o f the 

concrete. Difficulties with regard to strength become an issue when quantities o f greater 

than 4% ash are included in a concrete mix.

Irish Cement use by far the greatest quantity o f  coal tly-ash in the manufacture o f cement 

(almost 100 kilo-tonnes o f PFA per annum) in Ireland. Another company called "PFA 

Ireland’ also take a far smaller amount (between 5 and 10 kilo-tonnes) o f coal fly-ash from 

the Irish coal fired power plant each year. At present they supply 10 different concrete 

producers with this coal fly-ash for use in pre-cast concrete (O ' Driscoll J, Personal 

Communication, 2004). Some o f the newer European standards such as EN206 that have 

been introduced since the year 2000, allow for greater variability in the classification o f coal 

tly-ash, enabling greater quantities o f fly-ash to be classified for use in the manufacture of 

concrete. It is expected that, once the Irish coal fired power plant can provide classified fly- 

ash to comply with the various Irish, British and EU standards, the quantities o f fly-ash that 

will be used in construction in Ireland will gieatly increase.

Using the same calculations outlined above, and including the use o f  up to 4% coal fly-ash 

as an aggregate replacement as well as the use o f  up to 55% fly-ash in the cement mix, an 

ACI value o f 0.5 is noted. This implies that, even if  coal fly-ash is used in the greatest 

possible quantities in both the cement added to the concrete mix and as an aggregate 

replacement in the concrete, doses o f greater than 0.3 mSv per annum may be received, but 

any radiation dose to persons occupying buildings constructed using coal fly-ash should be 

well below the current annual limit for members o f  the public o f 1 mSv.

In summary, therefore, it can be concluded that the incorporation of coal fly-ash into 

cement in Ireland and the subsequent incorporation of this cement into concrete 

should not give rise to any significant radiation dose, and therefore does not warrant
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restriction or regulation. The use o f coal fly-ash as both a partial replacement for 

cem ent and as an aggregate replacement in concrete is also unlikely to give rise to any 

significant radiation dose, however if maximum possible quantities are used, and 

particularly if radioactivity concentrations in the other constituents of the concrete 

mix are significant, then doses are likely to exceed 0.3 mSv. If doses exceed 1 mSv, it is 

likely to be a result of high radioactivity concentrations in the aggregate and sand 

materials rather than in the coal fly-ash.

These conclusions concur in general with those from other studies.

In 1986 the Central Electricity Generating Board (CEGB) in the U.K. commissioned a 

comprehensive study o f  the emissions from UK fly-ashes as reported by Green (Green, 

1986). The project included fly-ash, building materials made using fly-ash and field studies 

o f  radiation from buildings and ash disposal sites.

Green concluded that:

• The incorporation o f  tly-ash in building materials does not result in increased 

radiation exposure compared with the use o f  traditional clay bricks.

• Aerated concrete blocks reduce the annual collective dose by about 2%.

• There was no significant radiological hazard to workers or members o f the public from 

restored or working ash disposal sites.

• There was a potential risk o f increased radon exposure from buildings built on ash 

disposal sites. This risk could be removed by simple preventative measures at the design 

stage.

More recently, the International Union o f  Producers and Distributors o f  Electrical Energy 

(UNIPEDE) produced an expert group report (UNIPEDE, 1997) that reviewed the various 

features o f fly-ash, including the radiological properties. Their summary o f  the radioactivity 

from fly-ashes around Europe is outlined in Table 5.2 above.
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As the Republic o f Ireland does not produce its own coal, it is not possible to strictly 

compare ‘Irish coal’ with the results above. However it can be noted that ash produced from 

the imported coals burned at the Irish coal fired power station in general have relatively high 

U-series radioactivity values when compared with those outlined above, (Table 5.1 

compared with Table 5.2), i.e. for the U-series in fly-ash, a minimum o f 132 Bq kg ', a 

maximum o f  247 Bq kg’' and average o f  202 Bq kg '. Thorium series radioactivity 

concentrations compare more favourably, i.e. Th - series in fly-ash, a minimum o f 3 Bq kg ', 

a maximum o f 84 Bq kg'' and an average o f 43 Bq kg ' .

Puch (Puch et. al 1996), reviewed the radioactivity o f fly-ash from German power stations. 

As in the U.K., they conclude that there is only an insignificant increase in the exposure o f 

workers, the public or within buildings resulting from the use o f fly-ash. Similarly, a 

European Commission report (European Commission, 1999b) concluded that most building 

materials, including those containing fly-ash, would not present a significant risk.

Smith et al also recently produced a comprehensive report on various aspects o f  the 

radiological impact o f  coal fired electricity generation in the U.K. (Smith et al, 2001). With 

regard to the use o f coal fly-ash in building materials, this study concluded that the total 

additional dose to the occupant o f  a building incorporating fly-ash is estimated to be about 

0.2mSv per year, which is not incompatible with estimates made in this section.

'y'yf. 0  7 ’̂

The values obtained for Ra and "Th radioactivity concentrations in this thesis were 

comparable those found in fly-ash from U.K. coal fired power stations, which ranged from 

44.3 to < 400 Bq k g ' for ^̂ '’Ra and from 19.1 to 39.6 Bq kg ' for ^^^Th.

A European Commission report (European Commission, 1999a) provides details o f  the 

minimum, maximum and mean values o f  Ra, “Th and K activity concentrations in coal 

fly-ash in EU member and non-member states. Table 5.3 above summarises these results
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and compares these values with the radioactivity concentrations noted in coal ash produced 

at the Irish coal fired power plant.

This EU study surveyed 15 EU member states and 11 Non Member States by way o f a 

questionnaire sent to the regulatory body governing the use o f  ionising radiation in each o f 

these countries. O f these 26 countries, 15 (58%) stated that coal fly-ash was used in building 

materials in their country, 3 (12%) stated that coal fly-ash was not used in building 

materials, and the other 8 countries (30%), including the Republic o f  Ireland at that time 

stated that they had no information as to whether or not coal fly-ash was incorporated in 

building materials in their country.

The results for radioactivity concentrations for radium, thorium and potassium from the fly- 

ash taken from the Irish power plant are not unusual when compared with the results given 

for other countries as shown above, and further demonstrated in Fig. 5.3.

Although the minimum values for Radium from Trish’ tly-ash are higher than other 

countries, the mean and maximum values are lower.

The results o f the literature review in the 1999 European Commission study also conclude 

that when coal fly-ash constitutes only a relatively small proportion o f a building material it 

is not expected to result in increased indoor exposures to radiation. When coal fly-ash is 

used as the main component o f  a building material however, this may result in enhanced 

exposures to gamma radiation.

In conclusion, it appears that radiation from coal fly-ash would not normally present 

any significant risk to workers or the public from the coals in use in Ireland and most 

of Europe. However some coals, from the east of Europe, have a level o f natural 

radiation that could give cause for concern in some fly-ash intensive applications, and 

it is notable that the activity concentrations o f  ̂ ^̂ Ra in coal ash from the Irish plant 

w ere relatively high when compared with coal ash from many other countries. Given
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the wide geographical range of possible sources of coal, future surveillance is therefore 

recommended.

5.3.7 Radioactivity concentrations o f  ̂ '**Pb in Boiler Residue.

Table 5.4 below provides details o f the levels o f  ̂ '*^Pb in boiler residue deposits and furnace 

wash samples that were taken from the inside o f  one o f the low NOx boilers at the Irish coal 

fired power plant, and analysed by gamma spectrometry.

Table 5.4 Specific Activity for '̂”Pb (Bq kg ') in boiler residue and furnace 

wash samples taken from the inside of a boiler at the Irish coal fired 

power plant.

Sample Specific Activit> for ' Pb (Bq kg ')

Boiler Residue 55 ± 7

Furnace Wash Start 366 ± 4

Furnace Wash Middle 115 ± 10

Furnace Wash End 103 ± 18

In a study published by Huijbregts (Huijbregts et al. 2001), the authors reported the 

occurrence o f  scale deposits on the outside o f  pipes within the boilers o f coal-fired power
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210stations in the Netherlands. These scale deposits were found to contain Pb at levels 

exceeding their national regulatory lim it o f  100 kBq kg '. The sam e study indicated that 

both the rate o f  accum ulation and the com position o f  the scale w ere very dependent upon

the chem ical environm ent and the tem perature inside the boilers. It was therefore not certain
210that such Pb enriched scales w ould also exist at the Irish coal fired pow er plant, and 

although the issue o f  enhanced radioactivity  in boiler scale is not directly related to 

radioactivity  in building m aterials, it was considered im portant to investigate this m atter 

further for the follow ing reasons;

210• The activity concentrations o f  Pb in boiler scale at the Irish pow er plant had not yet 

been determ ined.

•  The recent NRPB report (Sm ith et al. 2001) suggested that '̂*’Pb enrichm ent o f  boiler 

scale was an issue o f  radiological health concern that required further investigation.

•  The recent Dutch report (H uijbregts et al. 2001) advised that ^'°Pb enrichm ent o f  boiler 

scale was probable in the boilers o f  coal fired pow er stations, w ith reducing atm ospheres 

such as low NOx boilers.

•  The Irish pow er plant had only recently  been equipped with new low NOx boilers.

•  If  the boiler scale at the Irish plant did contain elevated levels o f "  Pb, then there could 

be a potential radiation hazard to m aintenance w orkers or w orkers involved in rem oving 

the scale or other deposits.

The Dutch study found that enhanced levels o f  ^'®Pb were noted in the deposits on the 

w aterw all tubes on the fire side o f  the coal fired boilers. In reducing atm ospheres, as is the 

case with m odem  low NOx boilers, lead is present as PbS or P bC ^, both in gaseous fonn  

and with low condensation points (in oxidising conditions, lead w ould be present in PbS0 4  

fonn  which has a high condensation point). Because the tubes are cooled by the water, 

condensation o f  the gaseous Pb occurs, and because o f  the large am ount o f  gas flow ing 

along the w aterw all and the continuous condensation o f  the Pb products, the radioactivity 

increases steadily with time. The rest o f  the lead condenses in the flue gas when the 

tem perature o f  the gas passes below  the condensation point and absorbs on the fly-ash.

153



210There is enrichment in Pb in the fly-ash as well, but to a far lesser extent because o f the 

greater dilution afforded by the large quantities o f tly-ash.

Management at the Irish coal fired power plant were made aware o f the findings o f this 

study and were queried about the possibility o f  ^’°Pb enhancement in boiler scale. They 

advised that, in their opinion, '̂*^Pb enhancement in boiler scale was unlikely at the Irish 

plant because condensation o f lead (and thus ‘ '”Pb) should not happen on the waterwall 

tubes inside the boilers at this plant. The reasons given for this opinion were as follows:

• The coal burned at the Irish coal fired power plant has a lower chlorine content than the 

coal in the Dutch study. High chlorine content favours reducing conditions in the boiler, 

which in turn lowers the condensation temperature o f Pb (instead o f 880°C in oxidising 

conditions, it becomes 660°C in reducing conditions). Therefore, because o f the low 

chlorine content in coal burned at the Irish plant, the condensation temperature o f Pb (Pb 

dewpoint) should be 880°C.

• The furnaces at the Irish plant were supplied from the U.S.A., and are fitted with first 

generation low NOx burners, which operate at a different stoichiometry (mixture o f fuel 

and air in the furnace) than the Dutch furnaces (second generation boilers supplied from 

the E.U.). The boilers at the Irish coal fired power plant operate at a stoichiometry which 

characterises oxidising conditions, not reducing condifions. The second generation 

boilers used in the Netherlands operate at a stoichiometry that creates 'forced’ reducing 

conditions.

• The volumes o f  the boilers currently used at the Irish plant are smaller than that o f  the 

boilers used in the Netherlands. Because the boilers are smaller, the residence time o f 

particles and / or chemical element (and therefore the time available for interaction 

between each other) is less, but more importantly, higher combustion temperatures 

prevail in the Irish furnaces, which increases the possibility o f  exceeding the Pb
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condensation temperature o f 880°C, and therefore decreases the possibiHty o f Pb 

condensation occurring on the waterwall tubes inside the boilers.

Samples o f scale deposits were taken from the inside o f one o f the low Nox boilers at the 

Irish coal fired power plant and analysed by gamma spectrometry in the usual manner. The 

presence o f  ̂ '°Pb in the sample was identified through the detection o f  gamma rays emitted 

by this radionuclide at 46.5keV.

It can be seen from the results outlined in Table 5.4 above that the activity concentration o f
2 10Pb in the boiler scale sample analysed was found to be 55 ± 7 Bq/kg. This sample was 

taken during a cleaning and maintenance operation that was being undertaken on one o f the 

furnaces at the time. The wash water that was being fed through the furnace for cleaning

was also sampled and analysed for levels o f '̂*^Pb. It was noted that the highest level o f
^  10“ Pb was in the early samples o f furnace wash taken at the start o f  the cleaning procedure, 

i.e. 366 ± 4 Bq k g ' .  The values for '̂*’Pb taken in the middle o f the cleaning procedure and 

at the end o f this procedure were 115+ 10 Bq kg ' and 103 ± 18 Bq kg ', respectively.

These values are all well below the regulatory limit o f concern outlined in the Netherlands 

o f 100 kBq kg '. They are also much lower than the Irish occupational regulatory limit for 

“'*’Pb o f 10 kBq kg ' (Ireland, Govt. Publications Office 2000), the highest result obtained 

being only 0.3kBq kg '.

Smith et al. (2001) estimated that if  boiler scale with a '̂̂ ’Pb concentration o f  100 kBq kg ' 

was present on the outside o f boiler tubes, then doses in the region o f 100 fiSv per year 

could be received by workers involved in boiler maintenance. Based on this estimation, one 

can conclude from the results o f gamma spectrometry analysis o f  the boiler scale taken from 

the Irish power plant, that there is no significant radiological health hazard to boiler 

maintenance workers at this plant.

(Note that the boiler residue / furnace wash results were not corrected for the self-absorption 

o f gamma rays within samples. It was decided that it would be unnecessary to do so due to
-I

the very low density o f  these materials, e.g. 0.03g cm’ , compared with, for example, 1,94g

155



cm’̂  for some building materials, and in any case results noted were insignificant from a 

radiological protection point o f  view.)

5.3.8 Radioactivity o f blast furnace slag used in Irish construction, compared

with blast furnace slag in use in other countries.

Table 5.5 below provides details o f the specific radioactivity o f  ̂ ^^Ra, ^^^Th and found 

in blast furnace slag that is imported into Ireland for use in Irish building materials, and 

compares these results with similar results compiled for nine other countries that use blast 

furnace slag in construction. These results are further illustrated through the use o f 

histograms to allow for ease o f comparison.

Table 5,5 Minimum, maximum and mean radioactivity concentrations (Bq 

kg ') o f  ^^^Ra, and for blast furnace slag used in Irish building 

materials compared with the average results for blast furnace slag from 

nine other countries.

Blast

Furnace

Slag

Origin

^̂ ’̂Ra

Min

^̂ ’̂Ra

Max

^̂ ‘’Ra

Mean

232rh

Min

232xh

Max

232jh

Mean

4..̂
Min

4«k

Max

4«k

Mean

Irish

Supplier 333 438 377 8 29 16 94 134 127

Other

Countries 8 2100 210 1 340 60 20 1000 200
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Fig. 5.6 Minimum, maximum and mean radioactivity concentrations (Bq
I 226 •kg' ) o f Ra for blast furnace slag used in Irish building materials 
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Fig. 5.7 Minimum, maximum and mean radioactivity concentrations (Bq
1 232k g ' ) o f Th for blast furnace slag used in Irish building materials 

compared with blast furnace slag from other countries.

1600

1400 

1200 

m 1000 

■| 800
< 600

400

200

0

□  EU Countries
□  Non EU Countries
□  Rep of Ireland

40K Min 40K Max 40k Mean

Fig. 5.8 Minimum, maximum and mean radioactivity concentrations (Bq 

kg ') of for blast furnace slag used in Irish building materials 

compared with blast furnace slag from other countries.

Ground granulated blast furnace slag has been incorporated into Irish building materials 

only in very recent times (since 2004). However, other countries in the European Union 

have been using blast furnace slag as a cement replacement for a number o f years.

The European Commission report (European Commission, 1999a) queried the number o f 

countries using blast furnace slag in building materials in 1999. Nine out o f the 26 (35%) 

countries surveyed used furnace slag. These were Austria, Finland, Germany, Luxembourg, 

Netherlands, Sweden, Poland, and the former Soviet Union and Yugoslavia.
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Table 5.5 above summarises the minimum, maximum and mean values o f  Ra, Th and 

activity concentrations in blast furnace slag used in the previously mentioned countries, 

and compares these values with the radioactivity concentrations noted in the blast furnace 

slag samples taken from the only Irish company importing blast furnace slag for use in Irish 

building materials. It can be seen from this table that mean results for radium from blast 

furnace slag used in Ireland were approximately twice as high as the mean result for all 

other countries, but the maximum was approximately one fifth o f  the maximum value found 

in other countries studied.

232Average values for Th from blast furnace slag used in Ireland were significantly less than 

results for other countries, and the maximum value for Th from blast furnace slag used in 

Ireland almost one sixth o f  the maximum value found in other countries studied.

Both the average and maximum values o f were lower in ‘Irish’ slag than in other 

countries, the Irish maximum being one seventh o f the maximum value found in other 

countries studied.

In conclusion, the results outlined in this thesis indicate that blast furnace slag in use in Irish 

building materials has significantly higher radioactivity concentrations than coal tly-ash 

incorporated into Irish cement and concrete. It is also evident from the results, that the use 

o f  imported ground granulated blast furnace slag in Irish building materials may result in 

radiation doses o f  greater than 0.3mSv per year to occupants o f buildings, but is unlikely to 

give rise to radiation doses exceeding the current Irish regulatory limit for members o f the 

public o f ImSv per annum (Ireland, Govt. Publications Office, 2000). Its use is therefore 

unlikely to warrant regulation from a radiological protection point o f view. However, future 

monitoring is recommended given the variability o f the raw material, and the likely increase 

in the use o f by-products such as blast furnace slag in Irish building materials in the future.
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5.4 Conclusions and Summary

226  23 "  ̂ 40Activity concentrations for the radionuclides Ra, “Th, and K in the coal fly-ash 

samples from the Irish coal fired power plant ranged from minimum values o f  132, 3 and 

180 Bq kg ' to maximum values o f  247, 84, and 588 Bq kg’’ for ^^^Ra, ^^^Th, and 

respectively.

Radioactivity levels in the raw coal fly-ash were significantly higher than in cement or 

concrete products containing coal fly-ash.

There is evidence to suggest that the other raw materials incorporated into concrete such as 

sand, gravel and ballast materials contribute just as significantly as the coal fly-ash to the 

overall radioactivity levels in the final concrete product. This is because, although coal fly- 

ash contains higher levels o f  radium, thorium and potassium than other raw materials, it is 

used in relatively small quantities in comparison to the other ingredients in the concrete mix.

There is very little difference in the radioactivity o f cement or concrete containing coal fly- 

ash and that with no coal tly-ash. The incorporation o f coal fly-ash into cement in Ireland 

and the subsequent incorporation o f this cement into concrete should not give rise to any 

significant radiation dose, and therefore does not warrant restriction or regulation.

The use o f  coal fly-ash as both a partial replacement for cement and as an aggregate 

replacement in concrete is also unlikely to give rise to any significant radiation dose. 

However, if  maximum possible quantities are used, and particularly if  radioactivity 

concentrations in the other constituents o f the concrete mix are significant, then doses are 

likely to exceed 0.3mSv. If doses exceed ImSv, it is likely to be a result o f  high 

radioactivity concentrations in the aggregate and sand materials rather than in the coal fly- 

ash.
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Radiation from coal fly-ash would not normally present any significant risk to workers or 

the public from the coals in use in Ireland and most o f  Europe. The activity concentrations 

o f  ̂ ^^Ra in coal ash from the Irish plant were relatively high when compared with coal ash 

from many other countries, and, given the wide geographical range o f possible sources o f 

coal, future surveillance is recommended.

210Pb enrichment in boiler scale was not evident in the scale deposits sampled from the Irish 

coal fired power plant boilers, and there should therefore not be any radiological health 

hazard to boiler maintenance workers at this plant.

Ra levels in blast fiimace slag were significantly higher than those found in coal fly-ash, 

however, ^^"Th and levels were lower in slag than in coal ash. The radioactivity levels in 

the raw slag were comparable to that in the final blast furnace slag cement product.

The use o f  blast furnace slag cement in the manufacture o f concrete for the construction o f 

buildings may give rise to doses in excess o f  0.3mSv per annum to building occupants, but 

is unlikely to give rise to doses in excess o f  the current dose limit for members o f the public 

o f  ImSv per annum. Further analysis o f GGBS at future points in time would be 

recommended given the likely variability o f  radioactivity concentrations depending on the 

source o f the waste slag and variations in the ore used in the production o f  such slag.
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6.1 Introduction

It is probable that peat fly-ash will be recycled for use in the manufacture o f building 

materials, road fill and embankments in the coming years (ESBl, 1999).

The incorporation o f peat fly-ash into building materials may, however, lead to increased 

radioactivity in these materials due to the enhancement o f the radionuclides present in the 

ash.

Annually, approximately 15% o f Ireland’s electricity requirement is provided through the 

combustion o f 3 x 10^ tonnes o f peat. While international literature on coal-fired power 

generation is quite abundant, studies on the peat-fired power generation industry from a 

radiological point o f view are scarce.

As previously noted, since May 2000, regulatory control has been implemented in Ireland

for naturally occurring radioactive materials in the workplace if  they are liable to give rise to

a radiation dose o f greater than 1 mSv in a year. In 2001, the Radiological Protection 

Institute o f  Ireland (RPIl) initiated a programme to identify industries currently active in 

Ireland, which were considered liable to involve work acfivities resulting in exposure to 

diffuse NORM sources. One such industry identified was the peat fired power generation 

sector, and the RPII expressed an interest in undertaking a collaborative study with Trinity 

College with the following aims:

• to determine the radioactivity levels in Irish peat and peat ash,

• to compare the results with similar studies in other countries and with national and

international legislation and guidance,

• to investigate the extent o f  any occupational radiation exposure arising from the handling, 

burning and storage o f  peat ash and

• to look at the radiological implications o f  the potential use o f  Irish peat ash in construction 

materials.
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A study o f  the largest Irish peat-fired power plant was initiated to review the potential 

occupational radiation exposures arising from the occurrence o f NORM at different stages 

o f the industrial process, and in particular to investigate any potential radiological health 

consequences that may arise should peat fly-ash be used as a component o f  building 

materials. This chapter describes in detail, the findings o f  this study.

6.1.1 The Irish peat-fired power generation process and associated radiological issues

Until recently, up to nine peat-fired power stations were in operation in Ireland. Since the 

end o f 2004, the exisfing generation o f plants built between 1950 and the early 1980s have 

been decommissioned and only two power plants remain operative. They process just over 2 

X 10^ tonnes o f peat per annum and produce a combined capacity o f 250 MW o f electricity. 

This study was undertaken at the larger o f these two plants, which is located in the midlands 

region o f  Ireland, and has been operating since 1965. The current plant consumes 

approximately 1.1-1.2 x 10^ tonnes o f  peat per annum and produces 125 MW o f electricity. 

On average it produces 20-25 x 10  ̂ tonnes o f peat ash every year (1/3 o f the ash produced 

by all peat-fired plants). Five million tonnes o f ash are currently land filled on site at the 

plant.

The Irish Peat Board (Bord na Mona) supplies the milled peat to the power plant from a 

local bog spread over 3 different counties (W estmeath, Offaly and Galway). It is 

mechanically harvested by scraping the top o f the bog to a depth o f up to 30 cm, milled (72 

mesh, equivalent to 210 jinn size particles), solar dried (up to 15% moisture content) and 

finally transported to the power stafion by light rail. Each convoy carries 75 tonnes o f peat. 

On arrival at the plant a '‘tippler” unloads the 15 wagons o f  each convoy sequentially into a 

hopper. Fig. 6.1 below is a schemafic diagram o f the plant showing the processing o f  peat 

through the plant.
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Fig 6.1. Schematic sketch of the peat-fired power plant with locations of 

the measurements undertaken and samples analysed.

(the scale o f  the objects are not respected, GDR = gamma dose rate measurement, Rn 

radon measurement)

I. Wet ash pond: 1 GDR

3. Bunker: 2 peat samples, 2 Rn and 2 GDR

5. Offices and workshop: 2 Rn

7. Fly-ash: 2 samples

9. Incoming peat from bog: 2 samples

I I .  Flue

2. Effluent from ash pond: 2 samples

4. Boilers: 2 GDR and 2 Rn

6. Dry ash pile: 2 GDR and 4 bottom ash 
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In the power plant, the peat is milled further into a fine dust and blown into the boilers for 

combustion. The peat bums in suspension at about 1,000-1,100°C. Approximately 5-10% 

of the total ash produced falls below the furnace as 'bottom ash' while the remaining 90- 

95% passes into the flue gas stream as 'fly-ash'. This gaseous-particulate mixture leaves 

the boiler and is drawn through a series o f  grit arresters. These remove about 90% o f the 

fly-ash and any unbumed carbon. At furnace temperatures, some elements originally 

contained in the peat are partly or completely evaporated. Between the furnace and the grit 

arrestors, the gas and fly-ash stream passes over banks o f tubes containing water or air to 

give a more efficient removal o f  the heat from the gas prior to its emission to atmosphere. 

As the flue gases cool down from 1,000 to 200°C, the volatilised elements condense onto 

the fly-ash particles, giving rise to an enrichment o f  their concentrations in the fly-ash 

trapped by the grit arrestors. Flue gases containing small quantities o f radionuclides in 

gaseous form pass through the grit arrestors, to be then discharged through the stack to the 

atmosphere. Sampling o f  fly-ash is possible only when the boilers are not in operation. 

The number o f samples that could be obtained was therefore limited.

At the power plant, the bottom ash is disposed o f in both 'wet' or 'dry' conditions. ‘Dry’ 

bottom ash is produced by two o f the three boilers in operation. It is transported in a trailer 

attached to a tractor, to a dry ash pile situated a couple o f hundred metres outside the 

building. ‘W et' bottom ash from the remaining boiler is hydraulically piped out by 

flexible tubing to two nearby wet ash ponds together with all o f  the fly-ash trapped in the 

grit arrestors. In the ponds, the ash resides in a 50% minimum aqueous environment to 

minimise the production o f airborne particles.

In the future, this waste peat ash may potentially be recycled as an additive in construction 

materials (Lyons, J., Personal Communication, 2001). If the activity concentrations o f 

radionuclides present in the ash are significant there could be a potential for an increased 

radiation exposure to persons occupying buildings constructed with such material. There 

could also be a potential for occupational radiation exposure to workers handling and 

working with the ash, and these aspects are investigated further below.

This chapter provides details o f the amounts and types o f  radionuclides found in Irish peat, 

peat ash, and ash pond effluent. It examines the occupational radiation exposure to 

workers at the largest peat fired electricity generating plant in Ireland, and, in particular.
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determines the significance o f the potential use o f  peat fly-ash as a by-product in the 

building industry.

6.2 Methods

To determine the t>pes and amounts o f radionuclides present in Irish peat, samples o f raw 

peat, peat bottom ash, peat fly-ash and peat ash pond effluent were collected and analysed 

by gamma spectrometry. Results o f  such gamma spectrometry provided information on 

radionuclide content, and enabled one to evaluate the radiological significance o f  the 

incorporation o f  peat ash into building materials.

Few in-depth studies have been undertaken on exposure to gamma radiation from Irish 

peat. Studies o f  some relevance that have been undertaken ( Mitchell et. al, 1990), (Schell 

et. al, 1993), and (Gallagher et. al, 2002), are concerned with environmental radionuclide 

concentrations in peat for radionuclides such as ''*C, ^'°Pb , '^^Cs and ‘""Am. These 

studies do not investigate potential external or occupational exposure to gamma radiation 

from radionuclides such as ‘^^Ra, ^̂ “Th and For this reason, it was also considered 

important to evaluate all potential radiological exposure possibilities arising from the 

storage, handling, processing and re-use o f peat and peat ash, and to this end other 

methodologies were also employed.

These methods included ambient gamma dose rate monitoring in selected areas, radon 

measurements throughout the plant, and sampling and analysis o f  airborne peat dust to 

provide an assessment o f occupational radiation exposure at Ireland's largest peat fired 

power plant.

Details o f each o f  these separate methods and the results obtained are outlined in 

individual sub-sections below.
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6.2.1 Collection and preparation o f samples

The peat fired power plant was visited on three occasions, and 13 samples were taken 

from the plant, including 5 samples o f  raw peat, 2 samples o f fly-ash, 4 samples o f  bottom 

ash and 2 samples o f  ash pond effluent.

The samples o f raw peat included 2 samples taken from the wagons at the entrance to the 

plant (i.e. directly from the bog supplying the plant), 1 sample from the tippler area (again 

raw peat directly from the bog), 1 sample from the bunker which holds the very fine 

milled peat, and 1 sample o f  airbome peat dust that had settled and accumulated on 

surfaces in the bunker area.

The samples o f  fly-ash were obtained by the station chemist and posted to the 

environmental radiation lab at TCD. These samples can be obtained only when the boilers 

are not in operation, and as the plant operates on a 24 hour basis, the boilers are inoperable 

only when they are defective or require maintenance.

The 4 samples o f bottom ash were obtained from the dry bottom ash pile stored on site, 

and the 2 samples o f ash pond effluent were obtained from the outfall arising from the wet 

ash pond before it is discharged to the nearby River Shannon.

All samples were weighed in the lab and poured into a Marinelli beaker o f 0.5 litre 

capacity.

6.2.2 Analysis by gamma spectrometry

Samples for gamma spectrometry analysis were analysed using the E G & G Ortec 

low background HPGe (hyperpure Germanium) 'GMX' gamma ray detector following the 

methodology outlined in Chapter 3.

238  226Each sample was counted for a 24-hour period. Activity concentrations o f U, Ra,
210  23 ^  40  137 226Pb, ‘Th, K and Cs were determined. Ra activities were ascertained using the 

two gamma-ray lines at 93 keV and 186 keV and corrected for the interference o f  at
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186 keV  as outlined in Section 3.4.1. w as determined from the gam m a-ray  

em issions at 911 and 338 keV  from ^^*Ac. and ' ’̂Cs activities were determ ined from  

their respective lines at 1461 keV  and 662 keV.

To account for self-absorption o f  gam m a rays w ithin the peat itse lf  transm ission factor 

corrections w ere applied to the results for raw peat, peat bottom  ash, peat fly-ash  and 

effluent from peat ash ponds. The m ethodology for undertaking these self-absorption  

corrections is explained in detail in Section  3 .4 .3 . In summary, several materials w ith a 

w ide range o f  densities (including peat and peat ash) w ere counted in the detector with a 

source o f  m ixed known radionuclide activity concentrations placed on the top o f  the 

sam ple container.

Transm ission factors related to the density o f  the material being analysed w ere calculated  

and self-absorption corrections were then applied to the results for the raw peat, bottom  

ash, fly-ash and effluent from the peat ash pond. Transm ission factors are dependent on  

the density o f  the sam ple material and the energy o f  the gam m a ray concerned. T hey w ere  

found to vary from 63.2%  for 47  keV  gam m a rays in the peat fly-ash (the m ost dense peat 

sam ple type) to 98.5%  for 1461 keV  gam m a rays in the raw peat (the least dense peat 

sam ple type).

6.2.3 Calculation of Activity Concentration Indices

An A ctivity  Concentration Index (/) was calculated for all relevant sam ples o f  peat ash to 

detennine the radiological impact o f  peat ash use in building materials. The derivation o f  

A ctiv ity  Concentration Indices has been previously explained in Section 4 .2 .4 . As 

previously noted the formula used for I  calculations is:

I  =  C g a _ _  + C_Th + Ok   (S ee A ppendix 2)
300 Bq k g '  200 Bq k g ‘ 3000  Bq k g '

where Cr3 , CVh, and Ck are the radium, thorium, and potassium  activity concentrations 

(Bq kg ') in the sam ple material, respectively.
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6.2.4 Occupational dust monitoring

Airborne peat dust concentration was measured to assess the potential radiation dose 

through inhalation o f  airborne particles using a filtration sampling method (AEA 

Technology filter holder, Casella London Ltd. See Fig 6.2 below) where a known volume 

o f air is drawn through a pre-weighed glass fibre filter paper (25 mm diameter, pore size 

80 microns) by means o f an air pump. Because the weight o f filter papers can vary with 

the humidity o f  the air, filter papers were pre-conditioned by placing each one in a petri 

slide to stand overnight in the room in which they were to be weighed. The filters were 

handled with forceps and weighed on a micro-balance to 0.01 mg. More filters than were 

required for sampling were weighed in order to have a set o f filter papers that could be 

used as controls or spares in case o f  accidental damage or contamination. The weighed 

filter papers were transported to the peat fired electricity generating plant in separately 

labelled petri-slides.

Fig 6.2 Sampling Pump and Filter Holder for the Measurement of Total 

Airborne Dust
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The front o f  the filter holder was unscrewed and using forceps, one pre-weighed filter 

paper was placed on the grid. The front was then replaced. The sampling train was made 

up by connecting the filter holder to the pump by means o f plastic tubing, and placed in 

the sampling position on site. The filter holder was placed at a height o f  approximately 

1.60 m (approximate breathing zone height) in a static position. The flow rate o f the pump 

was set at 2 litres per minute. The pump was switched on and allowed to run for a standard 

work shift, from 9.30 am unfil 5.15 pm (465 minutes).

At the end o f  the sampling period, the pump was stopped and the time was noted. After 

exposure the filter was carefully removed using forceps and returned to its pre-labelled 

petri-slide. It was pre-conditioned again by allowing it to stand overnight in a petri-slide in 

the room in which it was to be re-weighed. The control filter was also pre-conditioned and 

re-weighed. Results o f  re-weighing were recorded.

The total volume o f  air in m", that had passed through the filter was calculated as 

follows;

y=  Rl 
1000

where R = flow rate o f the pump in 1 min '' 

and / = duration in min

The true mass (in mg) o f  the filter (i.e. corrected for humidity) was calculated as follows;

mass o f filter before exposure =  X\

mass o f filter after exposure = X2

mass o f control filter before =  Z\

mass o f control filter after = Z2

mass o f dust on filter ( m ) = (X2

Concentrafion o f  dust in air (mg/m^) = m
V
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6.2.5 Radon detection

Passive long-term radon measurements were carried out on the premises to determine if 

the concentrations exceeded the national Reference Level for workplaces, namely 400 

Bq m'^ averaged over a minimum period of 3-months. Passive alpha track detectors 

consisting o f a two-part polypropylene holder and a CR-39 (poly allyl diglycol carbonate) 

detection plastic were used. Upon completion of the measurements, the tracks recorded on 

the plastics were analysed and counted by the RPII using a Leitz Ergolux AMC 

microscope coupled to a Leica Quantimet Q520 image analysis system. A track density 

was determined for each plastic and converted into radon concentration C (Bq m'^) after 

subtraction of a fixed background value and taking into account a pre-detennined 

calibration factor as well as the exposure duration. A seasonal correction was applied to C 

because the detectors were exposed for less than twelve months (Madden, 1994).

6.2.6 Dose rate monitoring

Gamma dose rate measurements were carried out using a Mini Instruments Environmental 

Radiation Meter -  Type GM6-80 with a compensated Geiger Muller MC70 tube.

The Mini Instruments GM6-80 meter is a portable highly sensitive monitor designed to 

measure low intensity radiation. It contains a rate-meter and a liquid crystal scale display. 

The rate-meter displays radiation dose rate intensity directly and is logarithmically scaled 

from 0.05 |o.Sv hr'' to 75 |^Sv hr ' .  The scaler display enables a more accurate value of 

radiation intensity to be calculated using a selected time interval along with a calibration 

curve. This GM6-80 meter was fixed to a tripod at a standard 1 m height at each location 

for 1000 seconds. Measurements were taken in counts per thousand seconds (counts /

1000 secs), and were then converted to dose rate units of micro sieverts per hour (|aSv hr'') 

with the use of a calibration curve supplied with the instrument.
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6.3 Results and Discussion

This section outhnes the resuUs obtained for gamma spectrometry analysis, airborne peat 

dust sampling, radon measurement, and gamma dose rate measurement at the plant. It also 

details the amount of enrichment of radionuclides in ash samples when compared with raw 

peat and quantifies the amount of self absorption of gamma rays within peat, ash and 

effluent samples.

6.3.1 Type and specific activity of radionuclides present in raw peat, peat ash and 

effiuent samples.

Table 6.1 below outlines the results o f the analysis of the raw peat, peat bottom ash, peat 

tly-ash and peat ash pond effluent samples by gamma spectrometry. The radionuclides of 

interest that were identified by the spectrometer were ^^^Ra, ^’‘’Pb, ^̂ “Th, and 

'^^Cs. The specific radioactivity concentrations of each of these radionuclides in all o f the 

samples analysed is given in Bq kg ' in Table 6.1.

Enrichment factors noted in the Table indicate the enhancement o f radionuclide 

concentration in both the fly-ash and bottom ash samples as a result of the combustion 

process.

The I  values displayed represent the Activity Concentration Indices (as explained in 

Section 6.2.3 above) for samples of peat fly-ash and peat bottom ash. I  values were not 

calculated for raw peat or for effluent samples, as these would not be incorporated into 

building materials, and therefore the Activity Concentration Index parameter is of no 

relevance to these samples.
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Table 6.1. Specific activity concentrations of U-series radionuclides, *^'Th, and '^^Cs (in Bq*kg'') measured in peat, peat ash and ash 

pond effluent samples (EF is the Enrichment Factor -  See Section 6.4.1 for explanation. /  is the Activity Concentration Index. Errors quoted are 

the counting uncertainties at one standard deviation from the mean count. BDL = Below Detection Limit.)

Sam ple Type 238^ EF 210pb EF 232t ^ EF 4«k EF EF I

Min Detectable Limit
Bq kg ' 0.29 0.41 0.05 0.90 0.008 0.001

PEA T
entering plant 3.1±0.7 BDL 21.6±2.8 BDL 4.2±5.8 4.4±0.2
entering plant 8.4±0.7 6.0±0.5 5.8±0.9 BDL BDL 2.3±0.2

In tippler 12.3±2.9 3.6±0.6 31.4±3.6 BDL 6.6±3.0 12.8±0.7
In bunker 8.5±1.8 1.6±0.3 43.5±5.3 BDL BDL 12.0±0.7

Dust in bunker 7.1±1.6 3.2±0.5 27.4±3.3 BDL BDL BDL
Average Peat 7.9 3.6 25.9 BDL 6.4 7.9

FLY-ASH
36.7±4.1 3.8 4.4±0.6 357.4±39.3 11.3 ii.I3 ± 1 .3 9.1 70.2±3.5 9.0 77.1±3.9 8 0.09

166.6±I0.2 1.6 46.6±3.7 469.9±52.6 1.4 BDL BDL BDL 0.15
Average Fly-ash 101.6 25.5 413.6 11.1 70.2 77.1

B O T TO M  ASH
342.0±17.1 1.9 81.0±4.4 17.8±2.0 0.03 BDL 7.9±0.9 0.05 5.2±0.3 0.03 0.03

78.7±1.1 2.0 I7 .5±i.4 270.3±29.4 2.1 5.3±1.7 1.1 191.3±9.6 6.1 112.5±5.9 2.9 0.15
50.4±3.9 1.9 ll.9±1 .0 214.2±22.8 2.5 3.5±1.1 1.1 125.1±6.3 5.9 99.6±5.2 3.8 0.10
1 4 .2 ± |.0 1.0 6.2±0.6 10.5±].7 0.2 BDL BDL BDL 0.02

Average Bottom Ash 121.3 29.1 128.2 4.4 108.1 72.4

EFFL U E N T
0.31±0.3

BDL
BDL

0.7±0.4
7.4±1.0

0.66±0.49
BDL
BDL

BDL
BDL

0.8±0.0
BDL



Table 6.2. Comparison of results from this study and other references in the literature (activity concentrations in Bq’kg ') 

Sample Type -̂"Ra '̂"Pb ^̂ T̂h '̂ ’Cs References

RAW MATERIAL
Irish peat average 8 4 26 BDL 6 8 This study

Peat (Finland) 16 11 30 5.3 28 27 M ustonen & Jantunen, 1985
Coal (Irish Power Plant) 19(5-45) 30 (6-67) 14 (4-27) 8 (2-13) 61 (20-100) M cAulay, 1986-1990

Coal (UK) 15 15 15 7.5 144 Smith et al, 2001
Coal (world average) 24 22 100 UNSCEAR 2000

FLY-ASH
Peat (this study) 180 55 330 10 70 70 This study

Peat (same power plant) 133 71 7 32 130 Finch, 1998
Peat (other Irish power plant) 290 121 11 112 20 Finch, 1998
Peat (other Irish power plant) 74 68 14 263 79 Finch, 1998
Peat (other Irish power plant) 121 127 8 57 127 Finch, 1998
Peat (other Irish power plant) 38 31 10 153 47 Finch, 1998

Peat (Finland) 120 46 390 M ustonen, 1992
Coal (Irish Power Plant) 110 156 79 68 445 M cAulay, 1986-1990

Coal (UK) 100 100 100-200 50 900 Smith et al 2001
BOTTOM ASH
Peat (this study) 360 90 230 6 210 110 This study

Coal (Irish power plant) 73 84 23 43 307 McAulay, 1986-1990
Coal (W orld average) 85 61 510 Smith et al, 2001

OTHER NORM
Bauxite 78 110 Von Philipsbom  & Kuhnast, 1992
Bauxite 250 200 IAEA, 1996

Red mud 260-540 340-500 European Commission, 2001
Red mud 250 300 Hoffman et al, 2000

Phosphogypsum 1000 0 ’ Grady, 1992
Phosphate ore 44-4800 30-4800 7-110 10-230 IAEA, 1996
Zircon sands <500 <500 IAEA, 1996

Average Irish soils 46 25 418 M arsh, 1991
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The results from the gamma analysis o f peat, bottom ash and fly-ash samples (Table 6.1)
238show a great variability o f  activity concentrations. In the peat samples, the U decay

9 1Dseries is not in radioactive equilibrium, and Pb for example is clearly in excess o f its 

parent ^^^Ra. This is a common feature o f this type o f material (Mustonen and Jantunen, 

1985). Peat bogs are subject to an intense weathering process and re-distribution o f 

soluble radionuclides (radium and uranium isotopes) in the soil profile occurs frequently.
2 i 0 210In particular, as Mustonen and Jantunen have reported, Pb and Po usually show 

higher activity concentrations than pre-Rn radionuclides and a large proportion o f  ̂ '°Pb 

originates from radon exhalation from the ground into the air.

Atmospheric fallout o f  ̂ '*^Pb could also be a contributor to the excess measured. The large 

variations between different samples o f  fly-ash or bottom ash are equally not a surprising 

feature. Indeed, Table 6.2 shows that there is a wide range o f  activity concentrations 

between fly-ash produced at different peat-fired power stations in Ireland. In general, 

compared with other types o f NORM or average Irish soils, it is clear that the peat and the 

peat ash produced in the studied peat pow er plant contain lower levels o f  naturally 

occurring radionuclides.
137Cs is still detectable in Irish peat at low levels. Raw peat sampled at the peat fired 

power plant was found to have between 2.3 and 4.4 Bq kg ', and milled peat had slightly 

higher levels o f 12.0 and 12.8 Bq/kg. These activity concentrations are insignificant from 

a radiological health point o f view and are lower than the value o f 27 Bq kg ' noted in 

Finland. It is notable that activity concentrations o f '^^Cs are greatly enhanced in the fly- 

ash and bottom ash however (77.1 Bq kg '' in fly-ash and 112.5 Bq kg ' in bottom ash).

With regard to radioactivity enhancements in the fly-ash and bottom ash arising from the

combustion process, enhancement factors o f  up to 20-25 have been reported in the
210literature for some radionuclides (European Commission, 1999a). It is usually Pb which 

shows the largest enrichment onto small fly-ash particles (<1.3 |im) according to 

Mustonen and Jantunen (Mustonen and Jantunen, 1985), indicating a volatile behaviour at 

furnace temperature. Enrichment factors (EFs) for different radionuclides in this study 

have been calculated using the formula:
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p  r ] peat

where [Cr] and [^^^Ra\ are the activity concentrations o f  a potentially enriched (or 

depleted) radionuclide r  and o f  ̂ ^^Ra, respectively.

^^^Ra is used as a reference nuclide because o f its non-volatile nature at furnace 

temperature (Mustonen and Jantunen, 1985). For the calculations, an average activity 

concentration for each radionuclide f[Cr]peat and [^^^Rajpeatj based on the analysis o f  all 

the peat samples was detennined. These values as well as results o f enrichment factor 

calculations are displayed in Table 6.1 as "Average P e a t ' and ‘EF’, respectively.

Enrichment factors (EFs) calculated in this study are not significantly different from other 

published values and are o f the same order o f  magnitude (European Commission, 1999a).

It is recognised that the levels o f  enhancement o f radionuclide concentrations in ashes are 

very variable. This is mostly due to differences in the raw peat activity concentrations, the 

type o f furnace, the combustion temperature and the operational characteristics o f the 

plant (Smith et. al, 2001). For example, the temperature in the furnace at the studied power 

plant is 1000-1100°C, which is lower than the combustion temperature o f 1250-1350”C 

quoted in Mustonen and Jantunen (M ustonen and Jantunen, 1985).

6.3.2 The radiological im plications o f  the incorporation o f  Irish peat ash into 

building m aterials

As described previously (section 4.2.4), the radiation dose that an individual may receive 

from occupying a building is indicated by the activity concentration index /  rather than the 

activities o f  the materials themselves. Calculated values o f  I  for the peat ash are displayed 

in Table 6.1. Results indicate that the /  values for all o f  the fly-ash samples are below 1. 

When the lower index ( /=  0.5) is considered, it is also noted that all o f  the fly-ash samples 

are below this parameter. This implies that if  fly-ash were to be re-used in bulk in building 

works, occupiers o f  such buildings would be unlikely to receive an external radiation dose 

in excess o f 0.3 mSv per annum. Taking the above results into account, it can be
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concluded that peat ash with activity concentrations such as those measured in this study 

and currently produced by this peat power plant can be exempted from restrictions or 

regulatory control. Moreover, according to the EC recommendations, if  the external 

exposure to gamma radiation is limited to levels below 1 mSv per annum, the ^^^Ra 

concentrations in the materials are also unlikely to cause indoor radon concentration to 

exceed the European Commission guidance level o f 200 Bq m .

6.3.3 Comparison of Irish peat results with other studies

Table 6.2 above compares the results obtained by gamma spectrometry analysis for Irish 

peat, peat fly-ash and peat bottom ash with results for other relevant studies undertaken by 

various research groups in other countries. Irish raw peat results are compared with results 

for raw peat in Finland (the only other country for which published results for 

radioactivity concentrations o f  ̂ "^Ra, ^̂ ‘Th and in peat could be found). Samples o f

raw peat are also compared with unbumed coal. Peat fly-ash samples analysed in this 

study (taken from the largest Irish peat fired power plant) are compared with peat tly-ash 

results reported elsewhere for all o f the Irish peat tired pow'cr plants. Most o f these other 

plants no longer exist. Irish peat fly-ash is also compared with results for Finnish peat tly- 

ash and with results for coal tly-ash. Peat bottom ash is compared with results for coal 

bottom ash as results for peat bottom ash were not reported on in any o f the literature 

reviewed. The radioactivity concentrations o f some other types o f naturally occurring 

radioactive materials are also given for comparison purposes.

It can be seen from Table 6.2 that the radioactivity concentrations for all radionuclides o f 

interest were lower in Irish raw peat than in raw peat sampled in Finland (the only other 

country for which results appear to be available).

226 232 40Raw peat in Ireland also has lower radioactivity concentrations o f Ra, Th and K 

than those evident in coal taken from an Irish coal fired power plant. Average '̂̂ ’Pb levels 

were, however, higher in raw peat than in coal, but were within the range o f values noted 

for '̂*^Pb in coal.
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Results for specific activity o f  ̂ ^^Ra, and in Irish peat fly-ash were considerably 

lower than those noted in peat fly-ash analysed in Finland. Radium 226 activity in Irish 

peat fly-ash was less than half the value noted for Finland; likewise, ^^^Th was less than a 

quarter o f the Finnish value and was less than a fifth o f the value noted for peat fly-ash 

in the Finnish study.

It can also be noted that radioactivity levels in Irish peat fly-ash, were in general lower 

than in coal fly-ash taken from an Irish coal fired power station.

Irish peat bottom ash also had lower radioactivity concentrations o f  ̂ ^^Th and than 

Irish coal fly-ash but higher concentrations o f "^^Ra.

Thorium 232 and levels found in Irish peat fly-ash were lower than the average levels 

o f these radionuclides in Irish soils. Radium 226 levels in Irish peat fly-ash were however 

marginally higher than the average level in Irish soil.

6.3.4 Radon measurements taken in the peat-fired power plant and associated 

effective dose.

Table 6.3 below displays the results o f two radon surveys undertaken at the peat fired 

power plant studied. The first survey was undertaken by the RPII between 1995 and 1996 

and the second survey was undertaken during the course o f the investigations related to this 

thesis. The assumed exposure durations were determined through discussions with power 

station management regarding work practices undertaken by various employees and the 

maximum amounts o f time that could be assumed to be spent in any particular work area.
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Table 6.3. Results of passive radon measurements carried out in the Irish peat-fired 

power plant and associated effective dose (fiSv y ')

Location
Measurement

period

Radon

concentration

(Bq-m^)

Assumed

exposure

duration

( h - y ' ) " ’

Effective dose 

from 

radon 

inhalation  

(^Sv•y-')

Maintenance 02/'95 to

room 05/'96 17 2000 110

Conference 02/'95 to

room 05/'96 33 20 2

Tippler area 03/'03 

12/'02 to

11 100 3

Bunker 03/'03 12 100 4

Control room 12/'02 to

in bunker 03/'03 

12/'02 to

10 unoccupied 0

Boiler 1 03/'03 

12/'02 to

10
680 32

Boiler 2 03/'03 15

' Based on the characteristics o f  each work practice on site

 ̂ Employees in the maintenance room spend the whole working year at this location 

 ̂ ICRP 65 dose coefficients (ICRP, 1994) and F  factor o f 0.4 used for the calculations 

Calculated assuming a maximum radon concentration o f 15 Bq m"  ̂ in the boiler room
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Industries processing large volumes o f  material often have to store it, and consequently, an 

important potential radiation exposure to consider is the inhalation o f  radon and radon 

daughters. This is because these materials are often crushed or powdered before they are 

processed (allowing radon to escape more easily from the matrix) and may be stored in 

poorly ventilated spaces (allowing radon concentrations to build up). The associated 

radiation dose may vary substantially as it is strongly dependent on a wide range o f factors 

such as emanating fraction, dose equilibrium factor, dose conversion factor, ventilation 

rate, room size, surface to volume ratio and diffusion coefficients (Hoffmann et al., 2000).

In the peat fired power plant studied, it was thought that the enclosed peat and peat ash 

storage areas such as the ‘bunker’ area for raw peat storage, and the bottom ash indoor 

storage area at the boiler may contribute significantly to the total occupational radon 

exposure, and these areas were therefore included in the radon surv'cy. Another exposure 

situation which could arise from large quantities o f fiy-ash stored in an enclosed space 

would be the cleaning o f the grit arrestors or the freeing o f blockages in the hoppers. The 

radiological assessment o f  these work activities was not carried out as they did not occur 

at the time o f the site visits. This maintenance work would normally arise three times per 

year, would take up to tive days to be complete and would be undertaken under very strict 

conditions (obligation to wear respiratory equipment, over clothing, gloves) using water 

sprays for dust suppression.

Two radon surveys were carried out in the studied peat power plant over the last eight 

years. The results are displayed in Table 6.3 above. Not only are all the measurements 

below the national reference level for workplaces (Ireland, Govt. Publications Oft'ice, 

2000) but they are similar to typical outdoor radon concentrations (UNSCEAR, 2000). For 

comparison purposes, the Irish national radon survey (Fennell et. al, 2002) found that the 

average indoor radon concentration in dwellings located in the 10 kmxlO km grid square
 T

containing the studied power plant was 109 Bq m .The annual effective doses from 

inhalation o f  radon and radon daughters were also subsequently calculated for the radon 

levels measured across the plant taking into account the exposure duration at each location 

(Table 6.5).

The highest dose calculated, 0.1 ImSv yr"', would be received in the maintenance room. 

This is approximately 10% o f the Irish annual regulatory limit o f ImSv.
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6.3.5 Gamma dose rate measurements at the peat-fired power plant.

The ambient gamma dose rates measured using a compensated Geiger-M uller dose rate 

meter at various work locations throughout the peat fired power plant are noted in Table 

6.4 below. Natural background radiation fi-om cosmic rays and terrestrial sources was 

taken into account and subtracted from the readings noted by the dose rate meter. This 

ensured a more accurate and representative result for gamma dose from external radiation 

that may be attributable to peat or peat ash in particular. The likely exposure durations 

were detennined through discussions with power station management enabling the 

detcnnination o f an effective dose from external radiation reported in |iS v y  ' in Table 

6.4.
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T able 6.4. A m bient gam m a dose rate m easurem ents at the Irish peat fired pow er  

plant and associated background corrected effective dose (^ S v y  ') arising from  

external exposure to gam m a radiation

Locations A m bient 
y dose 

rate 
m easured  
(nGy h”')

Cosm ic  
contribution  

(nGy h ')

Terrestrial 
background  

(nGy h ')

A m bient y  
dose rate 

background  
corrected  
(nGy h ')

A ssum ed
exposure
duration
(h*yV ’

Effective  
dose  
from  

external 
radiation  
(jiS v y  ')

Tippler Area 60 33 8 19 100 1.9

Bunker Area 60 33 8 19 100 1.9

Boiler 1 -  
Bottom Ash 

Area
70 33 8 29 340 9.9

Boiler 2 - 
Bottom Ash 

Area
70 33 8 29 340 9.9

Bottom Ash 
Pile

(Inactive 
Disposal Area)

70 33 8 29 50 1.4

Bottom Ash 
Pile

(Active 
Disposal Area)

70 33 8 29 500 14.5

Wet Ash 
Pond

60 33 8 19 400 7.6

Control 
Measurement 

(outside plant 
perimeter)

70 33 8 29 50 & 
500

1.4 & 
14.5

Irish 
Average (for 

comparison) ( 1)
32

Reference, (Marsh, 1991)

Based on the characteristics o f  each work practice on site
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The locations o f the gamma dose rate measurements carried out at the studied peat power 

plant are displayed in Figure 6.2 and the results are shown in Table 6.4. The measured 

values (non-corrected for background) range from 60 to 70 nGy h which is not 

significantly different from the ambient gamma dose rate recorded outside the perimeter o f 

the plant and used as a control measurement (70 nGy h '). A value o f 33 nGy h~' 

corresponding to the average gamma dose rate o f  cosmic origin in Ireland (Colgan, 1980; 

McAulay and Colgan, 1980), and a background absorbed dose rate in air o f terrestrial 

origin in the local area o f  8 nGy h ' (Marsh, 1991) were both subtracted from the 

measurements. Using a conversion factor o f 1 Sv Gy ' (UNSCEAR, 2000) and the 

assumed exposure durations at each location quoted in Table 6.4 allowed annual effective 

doses from external gamma radiation to be calculated (Table 6.4).

6.3.6 Radiation dose from the inhalation of airborne peat dust.

Table 6.5 below shows the maximum likely radiation dose that may be received by an 

employee at the peat fired power plant studied, through the inhalation o f  airborne peat 

dust. A figure o f  0 .34 |iS vy ‘' was determined taking into consideration the results o f air 

sampling for total dust content, the radionuclide activity concentrations in the peat dust, 

the duration o f exposure to the dusty atmosphere and the breathing rate o f  the employee in 

the exposed area.
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T ab le 6.5. M axim um  (with no respiratory protective equipm ent) com m itted effective  

dose from  inhalation o f airborne peat dust (total fraction) in the bunker area.

See below  in section 6.3.6 for definitions o f Cr and ^inh,r

Radionuclide r ^^^Ra 2I0pb ^'«Po ^^^Ra 228jh Units

Assumed activity 

concentrations in peat 

dust

3.2 11A 27.4 1 1 Bq-kg''

Dust concentration 25.6 mg-m'^

8.2x10"^ 7.0x10^ 7.0x10“^ 2.6x10“-' 2.6x10“' Bq-m'^

1.2x10'^ l . lx lO '^ 7.1x10"^ 1.7x10^'’ 2.3x10 ' S v B q '

^in li.r ^ t ’r 9.4x10"'" 7.7x10“"’ 5.0x10 4.4x10 " 6.0x10 Sv-m'^

I  ^^inh.r X Cr 2.8 X 10“*̂ Sv-m’̂

Exposure duration /exp 100 h-y'

Breathing rate V 1.18 m'-h-'

/exp y x Z g  i n h . r  C ,- 0.34 ^Sv•y■'

See Table 6.1. ‘ ‘"Pb and ^'°Po are assum ed to be in equilibrium. “^*Ra and “"*Th are assumed to be in

equilibrium with “'’"Th.
(2 )

Dust concentration is equal to A / v where A is the am ount o f  peat dust breathed in during an 8-hour shift 

(23.78 mg) and v is the flow rate o f  the pump (2 I min) m ultiplied by the duration o f  the experiment (465 min) 

and divided by 1000

Ambient air activity concentration for the radionuclide r (Bq m’’) is the product o f  the assum ed activity

concentration by the dust concentration 

(4) Inhalation dose factor for the nuclide r (AM AD 5 |im ), (Penfold et. al, 1999)
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The dustiest location o f  the plant is the bunker area, an indoor type o f  w arehouse w here a 

four hour supply o f  m illed peat is stored at any tim e before it is fed into the mills. In this 

area, em ployees carry out dry sw eeping duties o f  spilled peat dust, regularly generating 

large am ounts o f  fine airborne dust. A single air sam pling experim ent over an entire 

w orking shift (from  9.30 to 17.15) was carried out, during which the dust concentration 

(total fraction) m easured was found to be 25.6 m g m (Table 6.5). This is significant in 

term s o f  occupational dust exposure as the Irish occupational exposure lim it (OEL) for
_ T

nuisance dust is set at 10 m g m (N ational A uthority  for Occupational Safety & Health, 

2002). Em ployees w orking in this area are required to w ear personal protection equipm ent 

(PPE) including protective clo thing and a face dust m ask. They also work at this locafion 

only for very short periods o f  tim e, and would never undertake dry sw eeping duties for an 

entire 8 hour w orking day as was the case with regard to the location o f  the sam pling 

pum p in the sam pling survey undertaken. It is therefore unlikely that occupational 

exposure lim its for nuisance dusts will be exceeded in practice.

Radiological assessm ents usually refer to the inhalation o f  contam inated dust as a m ajor 

pathw ay by which those w orking w ith NORM  are likely to be receiving the largest 

radiation dose. C alculations were undertaken to determ ine the m axim um  annual 

com m itted effective dose arising from  the inhalation o f  peat dust which m ay be received 

by an em ployee w orking in the bunker (the dusfiest location in the plant) without any PPE 

and in particular without any respiratory  protective equipm ent such as a face dust m ask. A 

sam ple o f  airborne peat dust that had settled on shelving adjacent to the personal sam pling 

pum p was collected and analysed by  gam m a spectrom etry. This enabled the am ounts and 

types o f  radionuclides in the airborne peat dust to be determ ined (Table 6.1, dust in 

bunker). The com m itted effective dose in sieverts from  the inhalation o f  peat dust was 

calculated using the form ula

D  inh =  /exp  ̂ inh,r ^  Cr

where t e x p  is the exposure duration (assum ed to be 100 h over the year in the bunker), V  is
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the breathing rate (1.18 h^' for Hght work),(Smith et. al 2001), g  inh.i is the inhalation

dose factor for the nuclide r (in Sv Bq '), (ICRP, 1994) and Cr is the ambient air activity 

concentration for the radionuclide r (Bq m )̂. Parameter values and results of the 

calculations are shown in Table 6.5. The maximum committed effective dose resulting 

from the inhalation o f peat dust in the bunker over the working year was found to be less 

than 1 |iSv fO.34 |j,Sv y~'j and therefore insignificant. It should be noted that this is the 

maximum dose a worker may potentially receive as it was calculated assuming no 

respiratory protective equipment.

6.3.7 Total annual occupational radiation dose

Table 6.6 below shows the maximum likely total annual occupational radiation dose that 

may be received by an employee at the peat-fired power station studied. An estimate of 

146 |iSv y"' was made through the summation o f radiation doses calculated for peat dust 

inhalation, radon inhalation and dose irom external gamma radiation. In determining this 

maximum likely radiation dose, the maximum periods of time that any employee may 

have to spend in each possible exposure location are taken into consideration.
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Table 6.6. Occupational radiation doses calculated for workers at the Irish peat fired 

power plant

Location / exposure 

duration

Dose from  

dust 

inhalation

(^Sv)

Dose from

radon

inhalation

(^Sv)

Dose from 

external 

gamma 

radiation 

(^Sv)

Total dose 

from all 

exposures 

(^iSv)

Tippler / 100 h-y"' Undetermined 3 1.9 In tippler: 4.9

Bunker area / 100 h-y'' 0.34 4 1.9 In bunker 

area: 6.2

Boiler area / 680 h y"' Undetermined 32 19.8 In boiler area: 

51.8 

Near inactive

Bottom ash pile (inactive) / 

50 h-y '

Undetennined 3 (1 ) 1.4 bottom ash 

pile: 4.4 

Near active

Bottom ash pile (active) / 500 

h-y-'

Undetennined 32(1) 14.5 bottom ash 

pile: 46.5

Wet ash pond / 400 h-y ' Undetermined 25(1 ) 7.6 Near wet ash 

pond: 32.6

Maintenance duties / 170 h-y'' Undetermined Undetermined Undetermined Undetermined

Total Annual Dose 146 ^.Sv y '

(1) calculated assuming outdoor radon concentration o f 10 Bq-m'^ (UNSCEAR. 2000) and an 

F factor (for outdoors) o f  0.8 (instead o f 0.4 indoors)
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Table 6.6 provides a summary o f all o f the doses calculated in the framework o f  this study. 

According to the measurements and calculations undertaken, the total annual effective 

dose received in the studied pow'er plant by a worker carrying out a combination o f  work 

activities involving peat processing and peat ash management is below 150 |aSv (146 

|iSv), i.e. less than one sixth o f the allowable radiation dose for members o f the public 

(Ireland, Govt. Publications Office, 2000). Therefore this NORM industry does not come 

under the scope o f the Irish regulations. The exposure pathways taken into account are the 

peat dust inhalation in the bunker area (with no respiratory protection), the inhalation o f 

radon and radon progeny and the external gamma irradiation at different locations in the 

plant. M ost of the exposure situations where workers would be involved on a regular basis 

are covered by the different scenarios envisaged in this study, with the exception o f 

maintenance duties like the cleaning o f the hoppers and the freeing o f blockages in the grit 

arrestors. These duties are the only ones where workers are directly in contact w'ith the 

peat fly-ash. One would not expect the annual effective dose associated with these duties 

to be significant, as this type o f work is always carried out with respiratory protective 

equipment, is undertaken in wet conditions, occurs non-routinely (three times in a year) 

and is usually completed within a week. Another exposure situation not covered in this 

study is the inhalation o f  peat ash dust on the landfill sites arising from the generation o f 

w indbome ash on the ash pond. However, the top layer o f  the pond, when dried out, 

usually forms a crust underneath which the ash is trapped. It is therefore unlikely to be 

wind-blown, but it may be worthwhile investigating these pathways further at a future 

date.

It should also be noted that no measurement o f external gamma dose rate o f  terrestrial 

origin was carried out during the course o f  this work at locations where peat is harvested. 

However, activity concentrations measured in the raw peat (Table 6.1) are on average 

much lower than those in average Irish soils (Table 6.2). An external dose exposure rate 

can be calculated at locations where the peat is harvested using both the dose coefficients 

from (UNSCEAR, 2000) and the results for activity concentrations measured in the peat 

samples. This calculation leads to a value o f  0.005 |nSv h~'. When the same calculation is 

applied to the average activity concentrations in Irish soils (Table 6.2), an external 

exposure rate o f 0.05 |aSv h”' is found. This latter figure can be compared with the 

average Irish natural background value o f 0.03 |iSv h ' or with the background value in
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the local area o f  0.008 ^iSv h” ' (Marsh D, 1991). Therefore, it can be concluded that the 

radiation dose arising from exposure to external gamma radiation o f terrestrial origin for 

workers involved in the harvesting o f the peat all year round is lower than the natural 

background. It should also be noted that peat harvesting is carried out in the open air by 

employees seated within enclosed machines which provide a shielding effect against 

radiation. Employees also wear personal protective equipment such as face dust masks 

when undertaking harvesting work providing additional protection from windbome peat 

dust. The radiation dose arising from inhalation o f peat dust outdoors is therefore 

minimised.

6.3.8 Comparison of Irish peat results with Finnish radiation safety guidance

In the Republic o f  Ireland there are no specific published guidelines with regard to 

radioactivity levels in peat ash or its use in building materials. In Finland however, such 

guidelines are in existence (Finnish Centre for Radiation and Nuclear Safety, 1993). The 

Finnish Centre for Radiation and Nuclear Safety periodically issues general instructions 

known as Radiation Safety Guides (ST Guides), concerning the use o f radiation and 

operations involving radiation. While the instructions given in these ST guides are not 

absolutely binding, responsible parties are obliged to ensure that the level o f safety 

specified in the ST guide is attained and maintained. If one intends to use a procedure or 

method differing from those presented in an ST Guide, one must be able to prove that the 

procedure or method chosen ensures the same level o f  safety as that specified in the ST 

Guide.

As Finland appears to be the only country that has published safety guidance specifically 

with regard to radioactivity in fuel peat and peat ash, it is obviously o f interest to compare 

the results for Irish raw peat and peat ash with the recommendations in the Finnish 

guidance and assess compliance with safety standards.

The purpose o f the Finnish guide on the radioactivity o f construction materials, fuel peat 

and peat ash is to limit the radiation exposure due to these materials. If it is discovered or 

there is reason to suspect that the radioactivity in these materials is liable to cause doses 

greater than those presented in ST 12.2, the responsible party must investigate the 

radiation exposure caused by the practice and provide the regulatory authority with the
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results o f  this investigation. The regulatory authority may then issue instructions on 

limiting the exposure to radiation.

The safety requirement for the construction materials used in buildings is, that the 

effective dose due to their gamma radiation shall not add to the dose from radioactive 

nuclides in the ground by more than 1 mSv per year.

The safety requirement for landfill materials used in landscaping and materials used in 

road, playground and related construction is, that the effective dose due to their gamma 

radiation shall not add to the dose from radioactive nuclides in the ground by more than 

0.1 mSv per year.

The effective dose to a worker handling fuel peat or peat ash shall not exceed 1 mSv per 

year.

When peat ash is mounded or used in landfill or landscaping the effective dose due to the 

gamma radiation shall not add to the dose from radionuclides in the ground by more than 

O.lmSv per year.

When peat ash is added to a material that will be used in building construction, the gamma 

radiation from the contained caesium ('^^Cs) shall not contribute more than O.lmSv per 

year to the total effective dose due to the material.

The Finnish guide uses the same Activity Concentration Index as outlined in section 6.2.3 

above with regard to assessing whether or not safety requirements are being met in 

relation to the use o f  peat fly-ash in building materials. This index is calculated on the 

basis o f the activity concentrations o f radium (^^^Ra) in the uranium series, thorium 

(^^“Th) in the thorium decay series and potassium ("*°K). It also takes other radionuclides,
137in particular caesium ( Cs) into consideration in special cases.
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There are 4 scenarios where different Activity Concentration Indices are used as follows:

1. Building Materials:

The activity  index is:

h =   C rs  +  C m ____  +  Ck
300 Bq k g ' 200 Bq k g ' 3000 Bq k g '

where CVa, CVh and Ck are the activity concentrations o f  ̂ ^^Ra, ^^^Th and in the final 

product expressed in Bq kg '. This activity index I\ is also applied for filling m aterials 

used under and near the building.

2. Materials used in road, playground and related construction:

The activity index is:

h  —  Cr3 +   +  C k +  Qcs
700 Bq kg ' 500 Bq kg ' 8000 Bq k g ''  2000 Bq kg '

where CVa, CVh, CVand Ccs are the activity concentrations o f^ “^Ra, ^̂ “T h / ”K and '^^Cs in 

the m aterial expressed in Bq k g ''.

3. Landfill Materials:

The acdvity  index is:

h  -   Cr3 + C tu____  +  Ck + C r^ _
2000 Bq kg ' I SOOBqkg ' 20000 Bq kg ' 5000 Bq k g ' '

where C rs, Cm, C k and Ccs are the activity concentrations o f  ̂ ^^Ra, ^^"Th,‘**̂ K and '^^Cs in 

the m aterial expressed in Bq kg '.
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4. Fuel Peat and Peat Ash:

The STUK guide notes that in practice the safety requirement for peat production is 

always achieved and there is no need to define an activity index for fuel peat. In peat ash 

handling however the activity index is:

h  =  ^Ra +   + C k + __C_Cs
4000 Bq k g ' 3000 Bq k g ' 50000 Bq kg ' 10000 Bq kg '

where CRa, t-’xii, tV  and Ccs are the activity concentrations o f  ̂ ^^Ra, and '^^Cs in

the dry ash expressed in Bq kg '.

With regard to all o f  the above Activity Indices, if  the value o f  the activity index exceeds

1.0, the responsible party is required to show specifically that the relevant safety 

requirements have been met. If the value o f  the activity index is 1.0 or less than 1.0, the 

material can be used, in so far as radioactivity is concerned, without restriction.

If the value o f  the activity index for a material described in section 2 (i.e. roads and 

playgrounds) exceeds 1.0, the material can be used in road and other construction, 

provided that it is covered with a thick layer o f material that absorbs gamma radiation.

If the value o f  the activity index for peat ash described in section 3 (for landfill) exceeds

1.0, the responsible party is required to make a specific investigation on the disposal o f the 

ash.

In the case o f  peat ash, if  the value o f the activity index described in section 4 is less than

1.0, the peat ash can, so far as its radioactivity is concerned, be disposed o f  in a guarded 

dump without the need for specific investigation.

The same calculation was undertaken for Irish peat ash as that outlined in the Finnish 

guide for assessing compliance for use in building materials, as shown in section 6.2.3.
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Tables 6.7 to 6.9 below show the h, h and U values for Irish peat fly-ash and bottom ash. 

The calculations undertaken to determine these values are outlined in Section 6.4.3.

Table 6.7. Irish Peat Ash I2 Values compared with Finnish limit of 1.0 (Finnish 

Centre for Radiation and Nuclear Safety 1993).

Peat Ash Type h  Value

Fly-ash 1 0.08

Fly-ash 2 0.07

Bottom Ash 1 0.12

Bottom Ash 2 0.12

Bottom Ash 3 0.09

Bottom Ash 4 0.01

Table 6.8. Irish Peat Ash h  Values compared with Finnish limit of 1.0

Peat Ash Type h  Value

Fly-ash 1 0.03

Fly-ash 2 0.02

Bottom Ash 1 0.04

Bottom Ash 2 0.04

Bottom Ash 3 0.03

Bottom Ash 4 0.00
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Table 6.9. Irish Peat Ash U Values compared with Finnish limit o f  1.0

Peat Ash Type /4  Value

Fly-ash 1 0.01

Fly-ash 2 0.01

Bottom Ash 1 0.02

Bottom Ash 2 0.02

Bottom Ash 3 0.02

Bottom Ash 4 0.00

As can be seen in Table 6.1, the highest /  value noted was only 0.15, almost 1/10"’ of the 

ACl limit o f 1.0, indicating that Irish peat ash may be used in building materials without 

any radiological safety concerns.

When the results for Irish peat ash are compared with the Finnish standard regarding the 

use of ash in roads, playgrounds and related construction, the highest h value noted is 0.12 

for bottom ash and 0.07 for fly-ash, (See Table 6.7 above), again much lower than the 

limit of 1.0. This indicates that Irish peat fly-ash or bottom ash could be used in the 

building of roads, playgrounds and related construction without any radiological safety 

concerns.

It can be seen from Table 6.8 that the highest h value for Irish peat is 0.04. This is less 

than the Finnish limit of 0.1 for disposal of ash to landfill and therefore indicates that Irish 

peat fly-ash or bottom ash from the power plant studied can be safely disposed of to 

landfill without any radiological safety concerns.

It should also be possible for peat plant employees or others to handle peat fly-ash or 

bottom ash from the power plant studied without any radiological safety concerns, as the 

highest U value is 0.21 (Table 6.9), which is again lower than the limit of 1.0.

The Finnish STUK Guide ST12.2, also makes the following recommendations with regard 

to controls on radioactivity in peat and peat ash;
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•  When there are plans to incorporate industrial by-products or wastes in building 

materials and it is discovered or there is reason to suspect that these contain 

radioactive nuclides in greater amounts than normal, the activity concentrations o f 

these radioactive nuclides in the final product shall be measured. Where necessary 

nuclides other than those listed in the relevant indices shall also be taken into 

consideration.

• If a by-product or wastes containing radioactive nuclides are incorporated into 

building materials, it must be confirmed that the final product satisfies the relevant 

safety requirement outlined above (i.e. the effective dose due to the product shall 

not exceed ImSv per year).

•  The radioactivity o f the fuel peat should be measured especially where the area o f 

the peat bog under production is larger than 50 hectares or where the production 

exceeds 20,000m^ per year. This is the case for the Irish peat fired power station 

where 5,500 hectares o f bog in the surrounding areas are under production.

• To ensure against the inhalation o f radioactive nuclides, peat ash mounds must 

always be covered by a material that prevents the dust from rising.

• When peat ash is added to concrete the safety requirement outlined above (i.e. the 

gamma radiation from the contained caesium ['^^Cs] shall not contribute more than 

0. ImSv per year) can be shown to be met if  the activity concentration o f  '^^Cs in 

the peat ash is less than 1000 Bq kg ' and the maximum amount o f peat ash 

incorporated in the concrete is 120 kg m'^. If the amount o f  peat ash incorporated 

in the concrete is less than 120 kg m'^, the activity concentration o f the peat ash 

may be correspondingly higher. It can be seen from the results outlined in Table
1376.1 above that the highest result for Cs in Irish peat fly-ash was only 77.1

I 1 3 7Bq kg' and the highest Cs activity concentration in Irish peat bottom ash was 

112.5 Bq kg '.

•  There is also an obligation in the Finnish STUK guide to nofify relevant persons if  

the amounts o f  radioactivity in peat or peat ash are a cause for concern. Depending 

on the circumstances, the peat producer, the user o f  the peat as a fuel, or the user o f
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the peat ash may have obhgations in this regard. The peat producer (for example 

Bord na Mona, in the case o f  the Republic o f  Ireland) is obliged to inform those 

burning the peat o f  the contained radioactivity and in turn, those burning the peat 

(for example the Electricity Supply Board peat fired power plants) must further 

inform users o f the peat (for example construction companies who may be 

incorporating peat ash into road embankment) as o f  the contained radioactivity.

6.4 Conclusions and Summary

The results from the gamma spectrometry analysis o f peat and peat ash show a great range
226 232 40and variability in radioactivity concentrations. Average values for Ra, Th and K in 

raw peat were 3.6 Bq kg '. Below Detection Limit, and 6.4 Bq kg '' respectively. Average 

values for ^^^Ra, ^^^Th and in peat fly-ash were 25.5 Bq kg ', 11.1 Bq kg ' and 70.2 Bq 

kg"', respectively.

226It can be noted that Ra levels in Irish peat fly-ash were comparable to the average value 

found in Irish soils, while ^̂ “Th and ""’K levels in Irish peat fly-ash were significantly 

lower than the average values found in Irish soils.

Enrichment factors varied from a minimum value o f 1.4 for ^''’Pb in peat fly-ash to a
210maximum enrichment factor o f 11.3 also for Pb in fly-ash. For bottom ash, enrichment 

factors varied from a minimum value o f 0.03 for “ '°Pb to a maximum enrichment factor o f 

6.1 for in fly-ash.

Activity Concentration Indices for peat fly-ash samples analysed were all below 0.5. The 

use o f  bulk quantities o f Irish peat fly-ash in building works is therefore unlikely to result 

in external radiation doses in excess o f  0.3 mSv per annum to occupiers o f  such buildings. 

Peat fly-ash currently produced by the Irish peat power plant studied can be exempted 

from restrictions or regulatory control.

The radioactivity concentrations for all radionuclides o f interest were lower in Irish raw 

peat and in peat fly-ash than in raw peat or peat fly-ash sampled in Finland (the only other 

country for which results appear to be available).
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Raw peat in Ireland also has lower radioactivity concentrations o f  ̂ ^^Ra, ^^^Th and
210than those evident in coal taken from an Irish coal fired power plant; however, Pb 

levels were higher in general in raw peat than in coal.

Radioactivity levels in Irish peat fly-ash, were in general, also lower than in coal fly-ash 

taken from an Irish coal t'lred power station.

Irish peat fly-ash or bottom ash may be used in building materials, the building o f  roads, 

playgrounds and related construction without any radiological safety concerns (Following 

a comparison o f the results o f  this study with STUK guidance (Finnish Centre for 

Radiation and Nuclear Safety, 1993).

Irish peat ash can also be safely disposed o f to landfill without causing any radiological 

hazard, and ash from the Irish peat fired power plant studied can be safely handled by peat 

plant employees or others without any radiological safety concerns.

All radon measurements were below the national regulatory level for workplaces, and 

were similar to typical outdoor radon concentrations.

External gamma dose rate measurements taken in the Irish peat fired power plant were 

similar to ambient background gamma dose rate measurements taken outside the plant.

The maximum committed effective radiation dose resulting from the inhalation o f  peat 

dust in the Irish peat fired power plant studied over a working year was found to be less 

than 1 |iSv (0.34 |iSv y '), and is therefore insignificant.

The total annual effective radiation dose likely to be received in the studied power plant 

by an employee carrying out a combination o f work activities is below 150 |iSv (146 

|iSv), i.e. less than one sixth o f the allowable radiation dose for members o f the public. 

The peat fired power generation industry is not required therefore to come under the 

control o f  the Irish regulations regarding control o f radiation safety at work (Ireland, Govt. 

Publications Office, 2000).

198



CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS

The specific conclusions with regard to radioactivity levels in Irish building materials, and 

the radiological implications o f the use o f  technically enhanced NORM such as coal fly- 

ash, peat fly-ash and blast furnace slag have been outlined at the end o f Chapters 4, 5 and 

6 above.

The overall conclusion that can be derived from this thesis is that the analysis of 

more than seventy o f the most commonly used building materials in the Republic of 

Ireland has shown that the use of these materials in the construction of buildings is 

unlikely to cause any significant radiation dose to the occupants of such buildings.

When measuring environmental radioactivity levels in building materials, it is essential to 

account for the self-attenuation o f  gamma rays within the building material itse lf This is 

particularly important when determining low energy gamma ray emissions in high density 

materials. Significant underestimations o f  radioactivity concentrations may result if  self

attenuation corrections are not applied to radioactivity concentration results.

Over 100 kilo tonnes o f coal fly-ash produced by Ireland’s only coal tired power plant are 

sold to the construction industry in Ireland every year for incorporation into cement and in 

the manufacture o f  concrete products, and approximately half o f  all Normal Portland 

Cement and Rapid Hardening Portland Cement produced in Ireland contains coal fly-ash. 

The incorporation o f  this coal fly-ash into cement or concrete will only marginally 

increase the radioactivity concentrations o f  ̂ ^^Ra, ^^"Th or in cement and will not 

significantly increase the levels o f these radionuclides in concrete. This is due to the fact 

that such small quantities o f fly-ash are incorporated into concrete in comparison to other 

raw materials used in the mix. A significant radiation dose will therefore not be received 

by the occupiers o f  buildings which are constructed with cement or concrete containing 

‘Irish’ coal fly-ash. However, as all coal is imported into Ireland, and the sources o f coal 

may change in time, future surveillance is recommended.
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Ground granulated blast furnace slag is now being imported into Ireland from France and 

Belgium and used in the manufacture o f a cement replacement product that is 

subsequently incorporated into Irish concrete. This is a relatively recent development 

(since 2004). This study has found that the inclusion o f  blast furnace slag cement into 

concrete is o f  more radiological significance than the inclusion o f coal fly-ash in concrete.

The incorporation o f  imported blast ftimace slag cement into concrete is likely to give rise 

to radiation doses in excess o f  0.3 mSv per annum to the occupants o f buildings 

constructed using this slag product. However, occupants o f such buildings are still 

unlikely to receive radiation doses exceeding the current regulatory limit for members o f 

the public o f  ImSv per annum. Given the likely variability o f radioactivity concentrations 

in blast furnace slag depending on the source o f the waste slag and variations in the ore 

used in the production o f  such slag, future surveillance o f the increasing use o f  blast 

furnace slag in Irish building materials is also recommended.

Peat fly-ash may be incorporated into building materials in Ireland in the future, and as 

Ireland is one o f the few countries that produces peat, it was important that an in-depth 

study be undertaken into the radioactivity in Irish peat, peat tly-ash, the radiological 

implications o f the use o f  peat fly-ash in building materials and the occupational radiation 

exposure o f employees at Ireland’s largest peat fired power plant.

The results outlined in this thesis indicate that radioactivity levels in Irish peat fly-ash are 

comparable to the average radioactivity levels in Irish soils. Radioactivity levels in Irish 

peat and peat fly-ash are lower than those noted in coal and coal fly-ash, and are also 

significantly lower than radioactivity levels in peat and peat fly-ash in Finland. The use o f  

Irish peat fly-ash in building materials is unlikely to give rise to any significant radiation 

doses to occupants o f buildings constructed with these materials. As radiation doses from 

building materials that may contain peat fly-ash are likely to be below 0.3mSv per annum 

no regulatory controls or restrictions need be imposed.

Occupational exposure to radioactivity through the inhalation o f  peat dust, through 

external exposure to gamma radiation from peat ash and from radon inhalation is likely to 

result in a dose o f  only approx 0.15 mSv per annum. This is less than one sixth o f  the 

allowable dose limit for members o f  the public, and is therefore insignificant.
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It can be concluded that the materials and TENORM products studied in this thesis are not 

a cause o f  concern from a radiation dose perspective when incorporated into the 

construction o f  buildings. Occupational exposure to radiation in the peat fired power 

production industry has been assessed in this study also and is not a cause for concern. 

Other studies have assessed occupational exposure to radiation in the coal fired power 

production industry ( Smith, 2001), and radiation doses noted were not significant. It is 

recommended that further investigations be undertaken with regard to occupational 

radiation exposure in the production and processing o f  blast furnace slag cement. As both 

coal and blast furnace slag are imported into Ireland, it is also recommended that future 

surveillance is undertaken on the radioactivity o f  these materials. This is particularly 

important as the countries that these materials are imported from m ay change over time, 

and there is likely to be increased use o f  these technically enhanced naturally occurring 

radioactive materials in Irish building materials in the future.

In summary, this thesis has demonstrated, that although both natural and artificial 

terrestrial radionuclides may be found in enhanced concentrations in building materials, 

commonly used Irish building materials are not a cause for concern from a radiological 

health point o f  view. W hile elevated radionuclide levels are apparent in TENORM  

products incorporated into Irish building materials, in particular in coal fly ash and blast 

furnace slag, these levels are not significant from a radiological dose perspective.

The conclusions derived from this study indicate that waste fly ash from coal and peat 

fired power plants and from the metallurgical industry can be recycled into Irish building 

materials without concern. In this current age o f  environmental awareness, these 

conclusions must be welcom ed. Approximately 1 tonne o f  CO2 is produced for every 

tonne o f  Portland Cement made (Sear, L., 2001) and therefore the replacement o f  som e o f  

this Portland Cement with ‘greener’ alternatives such as fly ash and slag will have a 

positive effect on the environment. The principle o f  recycling waste materials for a 

positive use in the manufacture o f  building materials is to be commended and encouraged, 

instead o f  landfilling such wastes, possibly leading to pollution o f  groundwater. It is 

therefore pleasing to conclude that it should be possible to continue to incorporate these 

waste products into Irish building materials without radiological concern.
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APPENDIX 1: EXAMPLE OF A REPORT

EG&G ORTEC G V - I ( 63) WAN32 I4W02.88 21-APR-2005 21:46:37 Page 1
ted Spectrum name: Irish cement drogheda no PFA

Spectrum Filename: C:\Documents and Settings\ELEE\Desktop\new spectra
\Building Materials\Cement\Irish cement drogheda n 
o P FA.An1

Acquisition information
Start time 18-Feb-2005 17:31:01
Live time 86400
Real time 86800
Dead time .46%
Detector/Geometry IDs 1 & 0

Detector system 
DSPE-439

Calibration
Filename: NEWSTD-l.CLB
Created: lO-Aug-2004 15:42:19 & 30-Jul-2D01 16:01:30 
new standard new energy range (inc HCl density calc)

Zero offset 
Quadratic

.081 keV; Gain 
•398E-08 keV/channel^2

.114 keV/channel

Library Files
Main analysis library: 
Library Match Width:

Tech Enhanced.Lib 
. 500

Analysis parameters
Start channel 10 for an energy of
Stop channel 16336 for an energy of
Peak rejection level 1000.000%
Peak search sensitivity: 3
Sample Size: .542
Activity scaling factor l.OOOOE+00/

1 ,

1870,

1.OOOOE+00*

Detection limit method:
MDA - EG&G ORTEC method 

Additional random error: 1.OOOOOOOE+00
Additional systematic error: 1.OOOOOOOE+00
Fraction Limit: .000%
Background width: best method (based on spectrum).

23keV 
68 keV

5.4236E-01)
1.8438E+00
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Corrections Status
Decay correct to date NO
Decay during acquisition NO
Decay during collection NO
Peaked background correction NO
Absorption (Internal) NO
Geometry correction NO
Random summing NO

Comments

Energy calibration normalized difference: ,2808

EG&G ORTEC G V 
ted

I ( 63) WAN32 I4W02.88 21-APR-2005 21:46:37 Page 2
Spectrum name: Irish cement drogheda no PFA.Anl

-k-k-k-k-k-k-k-k-k-k-k-k ^  ^  J D E N T I F I E D P E A K S U M M A R Y -k-k-k-k-k-k-k-k-k-k

PEAK CENTROID BACKGROUND NET AREA INTENSITY UNCERT FWHM SUSPECTED
CHANNEL ENERGY COUNTS COUNTS CTS/SEC 1 SIGMA % keV NUCLIDE
+ - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + + - + - + - + - + ■ - + - + - + ■ - + - + - + - + - + --

108 .71 12.52 19484. 26165. . 303 1. 61 1.613 PB-214 SM
338.32 38.80 5585. 852. . 010 32. 43 . 366 ND-147 SM
623.39 71.42 4813. 247 . .003 40.16 . 870 W-187 D
652.30 74 . 73 4449. 6231. . 072 1 . 97 .873 PB-214 D
760.21 87 . 08 4397 . 3922 . . 045 2.87 .883 PB-214 D
876.21 100.36 3258 . 168 . . 002 48 . 67 .893 TA-182 D

1125.53 128.89 4016. 736. . 009 12.72 . 916 AC-228 D
1703.26 195.02 2488 . 220. . 003 51. 14 . 158 RH-106M sM
1824.90 208.94 3177 . 1151. . 013 7 . 53 . 980 AC-228 D
2258.92 258.62 1908 . 582. . 007 21. 63 . 318 XE-138 sM
2358.37 270.00 3212 . 1887 . . 022 11. 34 1.417 AC-228 s
2597.88 297 .42 2215 . Ill. . 001 60. 61 1.051 SB-126 D
2862.37 327.69 1832 . 708 . . 008 23. 32 .598 AC-228 s
2951.83 337.93 1865 . 2797 . . 032 2.89 1.083 AC-228 D
3856.80 441.52 955 . 219. .003 35.74 . 280 - sM
3993.81 457.21 277 . 91. .001 44.06 . 337 - sM
4039.54 462.44 1159. 808. . 009 6. 92 1. 183 CS-138 D
4133.91 473.24 1114 . 257 . . 003 41. 05 .237 - sM
4371.69 500.46 545. 76. . 001 71. 61 . 170 - sM
8648.93 990.18 207 . 49. . 001 57 . 51 .160 - 5
9774.62 1119.13 693. 3090. . 036 4 . 38 1. 350 BI-214 s

11179.96 1280.04 433. 534 . . 006 18 . 67 .287 - S
12718.53 1456.27 4722 . 231. .003 42.55 1. 990 J-134 D
12747 . 07 1459.53 385. 10767. . 125 1. 00 1. 992 AC-228 D
13821.91 1582.66 104. 83.

s Peak fails shape tests.
D Peak area deconvoluted.
M Peak is close to a library peak.

. 001 45. 64 . 183 s
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************** i d e n t i f i e d  p e a k  s u m m a r y  *************
NUCLIDE PEAK CENTROID BACKGROUND NET AREA INTENSITY UNCERT FWHM

CHANNEL ENERGY COUNTS COUNTS CTS/SEC I SIGMA % keV
+-+-+-+ -+-+-+-- + - + -+ - + -+ - + - + 1 + 1 + 1 + 1 + 1 +-+-+-+-+-+ -+-+-+-+-+-+ - + - + -
CS-137 277 ..16 31 .80 6637. 0. .000 , 00 .200D
CS-I37 280., 65 32 .20 5469. 0. .000 , 00 .OOOD
CS-137 317 ..35 36 .40 1971. 0. . 000 , 00 • OGOD
CS-137 325.,21 37 .30 1255. 0. . 000 , 00 .OOOD
Pb-210 406., 20 46 . 57 4215. 1152 . . 013 18.,06 .716s
U-234 465.,40 53 . 34 2971. 430. . 005 32 ., 04 . 632s
Th-232 516., 80 59 .23 1603. 94 . . 001 71., 15 .223s
Th-234 551., 95 63 .25 3935. 2458 . . 028 7 ., 35 . 648s
Th-230 588 .,27 67 .41 2901. 466. . 005 27 ., 92 . 662s

EG&G ORTEC G V - 
ted

I ( 63) WAN32 I4W02.88 21-APR-2005 21:46:37 Page 
Spectrum name: Irish cement drogheda

3
no PFA

Nuclide Channel Energy Background Net area Cnts/sec Uncert FWHM
Tl-208 635.40 72.80 4333. 0. . 000 . 00 . 492D
T1-208 654.63 75.00 4756. 0. . 000 . 00 . 782D
Pb-212 672.97 77 . 10 4225. 10120. .117 1. 35 . 875D
Ra-224 707.92 81.10 3493. 744. . 009 11. 82 . 878D
Ra-226 707.92 81.10 1649. 0. . 000 97. 33 . 172D
Ra-224 731.52 83.80 4875. 1370. .016 7 . 70 . 880D
Ra-226 731.52 83.80 3430. 0. .000 97 . 04 . 167D
Th-228 736.76 84 .40 5 4 5 6. 623. . 007 17.25 . 880D
Tl-208 740.25 84 .80 1576. 0. . 000 . 00 . 219D
Tl-208 762.10 87.30 5007. 0. . 000 . 00 1. 016D
Pb-212 784.82 89. 90 3971. 2347. . 027 4 . 32 . 885D
Th-234 806.66 92. 40 6539. 4323. .050 3.05 .887D
Th-234 810.15 92.80 8481. 2508. . 029 5.56 . 887D
Ac-228 815.40 93.40 5592. 0. . 000 . 00 . 053D
Ra-226 825.88 94 . 60 4543. 745. .009 13. 31 . 889D
Pa-234 826.76 94 . 70 3473. 0. . 000 . 00 .214D
Pa-234 859.08 98 .40 3763. 594. . 007 15.17 . 892D
Pa-234 969.18 111.00 1912. 0. . 000 . 00 . 148D
Th-234 984.90 112 .80 3767. 405. .005 22. 03 . 903D
Pb-212 1005.87 115.20 3048. 335. . 004 23. 94 . 905D
U-234 1050.27 120.28 2372. 199. . 002 58.83 . 309s
Ac-228 1127.32 129.10 4576. 161. .002 60. 11 . 916D
Pa-234 1145.67 131.20 3934. 45. . 001 196.26 . 918D
Th-228 1149.17 131.60 3775. 57. . 001 153.58 . 918D
Th-230 1258.67 144.13 4764. 1043. . 012 21. 49 . 831s
Pa-234 1333.52 152.70 3498. 172. . 002 49. 35 . 935D
Ac-228 1346. 63 154 .20 4031. 689. . 008 13. 59 . 936D
Ra-226 1623.00 185.83 5371. 6536. .076 3.76 1.169s
Ac-228 1828.91 209.40 4043. 325. . 004 28 . 21 . 980D
Tl-208 1846.39 211.40 3187. 171. . 002 47.40 . 982D
Th-228 1884 .20 215.73 2748. 435. . 005 31.11 .400s
Pa-234 1977.44 226. 40 2275. 90. . 001 75.50 . 994D
Pa-234 1984 .43 227.20 2321. 59. . 001 115.48 . 994D
Tl-208 2039.79 233.54 1427. 141. .002 45. 48 . 318s
Pb-212 2084.03 238.60 3262. 13958. . 162 1. 03 1.003D

214



R a - 2 2 4 2 1 0 5 . 0 0 2 4 1 .  00 6 8 3 5 . 2 0 3 3 . . 024 6 . 1 6 1 . 005D
P b - 2 1 4 2 1 1 2 . 8 6 2 4 1 . 9 0 4 3 0 6 . 4 4 2 1 . . 051 2 . 5 8 1 .  006D
T l - 2 0 8 2 2 0 6 . 3 4 2 5 2 . 6 0 2 4 5 2 . 147  . . 002 4 8 . 2 9 1 . 015D
T h - 2 3 0 2 2 1 5 . 9 5 2 5 3 . 7 0 2 3 2 2 . 5 9 . . 001 1 1 5 . 8 0 1 . 016D
A c - 2 2 8 2 3 6 0 . 9 8 2 7 0 . 3 0 3 9 9 0  . 0 . . 0 0 0 . 0 0 1 .  0 2 9
T l - 2 0 8 2 4 2 5 . 2 1 2 7 7 . 6 5 2 4 1 7  . 942  . . O i l 17 . 88 . 9 6 7 s
B i - 2 1 2 2 5 1 4 . 6 5 2 8 7 . 8 9 2 0 9 7  . 8 5 . . 001 1 9 8 . 2 4 . 1 4 7 s
P b - 2 1 4 2 5 7 8 . 5 2 2 9 5 . 2 0 3 0 0 4  . 9 8 1 8  . . 1 1 4 1 . 2 8 1 .  049D
P b - 2 1 2 2 6 2 1 . 3 3 3 0 0 . 1 0 2 1 0 8  . 824  . . 0 1 0 8 . 62 1 .  053D
B i - 2 1 2 2 8 6 5 . 0 7 3 2 8 . 0 0 2 2 4 4  . 0 . . 0 0 0 . 0 0 1 .  075D
A c - 2 2 8 2 8 6 5 . 0 7 3 2 8 . 0 0 2 1 8 1 . 0 . . 0 0 0 1 3 0 6 6 . 9 2 . 082D
A c - 2 2 8 2 9 5 5 . 9 3 338  . 4 0 4 3 9 0 . 144 . . 0 0 2 6 5 . 4 0 1 . 0 8 3 D
P b - 2 1 4 3 0 7 0 . 7 4 3 5 1 . 5 4 2 3 0 0 . 1 8 9 7 6 . . 2 2 0 1 . 9 3 1 . 0 6 4

EG&G ORTEC G V -  
t e d

I  ( 63) WAN32 I 4 W 0 2 . 8 8  2 1 - A P R - 2 0 0 5  2 1 : 4 6 : 3 7  P a g e  
S p e c t r u m  n a m e :  I r i s h  c e m e n t  d r o g h e d a

4
n o  PFA

N u c l i d e C h a n n e l E n e r g y B a c k g r o u n d  N e t a r e a  C n t s / s e c U n c e r t  FWHM
B i - 2 1 2 3 9 5 5 . 0 2 4 5 2  . 77 3 8 6 . 57 . . 001 5 8 . 7 8 . 3 1 3 s
A c - 2 2 8 4 0 4 4  . 42 4 6 3 . 0 0 1 7 8 8  . 1 6 1 . . 0 0 2 37 . 87 1 . 183D
T l - 2 0 8 4 4 5 7 . 5 7 5 1 0 . 3 0 1 6 5 8  . 2 9 2 5 . . 034 5 . 5 3 1 . 5 3 6 s
A c - 2 2 8 4 9 0 5 . 8 2 5 6 1 . 6 1 6 8 5 . 3 1 0 . . 004 27 . 30 . 2 4 1 s
P a - 2 3 4 4 9 6 9 . 3 6 5 6 8 . 8 9 6 4 5 . 134  . . 002 5 0 . 8 6 . 3 2 1 s
T l - 2 0 8 5 0 9 2 . 4 7 5 8 2 . 9 8 2 4 4 0 . 0 . . 0 0 0 . 00 . 1 5 5 s
B i - 2 1 4 5 3 1 5 . 7 8 6 0 8 . 5 4 1 0 5 0 3 . 1 8 6 9 . . 022 1 7 . 2 0 . 8 1 1 s
C S - 1 3 7 5 7 6 9 . 9 4 6 6 0 . 5 4 5 3 9 . 122  . . 0 0 1 5 0 .  94 . Ills
T l - 2 0 8 6 3 0 4 . 7 0 7 2 1 . 7 7 4 5 5 . 92 . . 0 0 1 6 1 .  43 . 1 6 5 s
B i - 2 1 2 6 3 5 1 . 5 2 7 2 7 . 1 3 6 0 0 . 0 . . 0 0 0 . 00 . 1 7 1 s
P a - 2 3 4 6 4 0 1 . 0 0 7 3 2 . 7 9 6 6 . 5 . . 0 0 0 1 4 0 . 8 9 . 0 5 9 s
T l - 2 0 8 6 6 6 5 . 7 2 7 6 3 .  10 464  . 0 . . 0 0 0 . 00 . 435D
P a - 2 3 4 m 6 6 9 7 . 5 2 7 6 6 . 7 4 888  . 0 . . 0 0 0 . 00 . 1 7 8 s
B i - 2 1 4 6 7 1 2 . 0 1 7 6 8 . 4 0 494 . 0 . . 0 0 0 . 00 . 078D
B i - 2 1 2 6 8 5 7  . 82 7 8 5 . 0 9 8 4 9 . 2 9 8  . . 0 0 3 3 6 .  57 1 . 4 4 1
P b - 2 1 4 6 8 6 4 . 8 6 7 8 5 . 9 0 1 1 3 4  . 0 . . 0 0 0 . 00 1 . 4 4 4
A c - 2 2 8 6 9 3 7 . 4 3 7 9 4 . 2 1 6 7 0 . 6 3 5 . . 0 0 7 14 . 68 1 .  501
B i - 2 1 4 7 0 4 4 . 0 0 8 0 6 . 4 1 4 6 0 . 0 . . 0 0 0 . 00 . 0 0 0 s
P a - 2 3 4 7 2 6 2 . 8 1 8 3 1 . 4 7 744  . 1 5 3 . . 0 0 2 8 6 .  90 . 1 4 0 s
P o - 2 1 8 7 3 1 1 . 1 5 8 3 7 . 0 0 5 8 0 . 1 0 1 . . 0 0 1 3 5 . 0 2 1 .  485D
P b - 2 1 4 7 3 2 8 . 6 2 8 3 9 . 0 0 7 4 1 . 2 4 2 . . 0 0 3 17 . 18 1 .  487D
T l - 2 0 8 7 5 1 4 . 0 0 8 6 0 . 2 3 444 . 0 . . 0 0 0 . 00 . 0 5 8 s
P a - 2 3 4 7 6 9 1 . 0 5 8 8 0 . 5 0 5 6 3 . 1 1 2 . . 001 3 1 .  36 1 . 5 2 0 D
P a - 2 3 4 7 7 1 4 . 6 3 8 8 3 . 2 0 3 9 1 . 7 5 . . 001 3 8 . 8 6 1 . 522D
B i - 2 1 2 7 8 1 7 . 8 1 8 9 5 . 0 1 3 8 2 . 9 9 . . 001 5 6 .  08 . 1 8 2 s
A c - 2 2 8 7 9 5 7 . 5 5 9 1 1 . 0 2 1 0 9 0 . 0 . . 0 0 0 . 00 . 0 6 6 s
P a - 2 3 4 8 0 8 8  . 42 9 2 6 . 0 0 5 1 0 . 3 1 . . 0 0 0 1 0 4 . 7 9 1 .  557D
T l - 2 0 8 8 1 0 2 . 3 9 9 2 7 . 6 0 564  . 62 . . 0 0 1 5 5 . 3 3 1 .  558D
B i - 2 1 4 8 1 5 7 . 0 0 9 3 3 . 8 5 558  . 0 . . 0 0 0 . 00 . 0 5 4 s
P a - 2 3 4 8 2 5 0 . 4 4 9 4 4 . 5 5 3 1 0 . 55 . . 0 0 1 78 . 95 . 1 2 2 s
B i - 2 1 2 8 3 3 9 . 5 5 9 5 4 . 7 6 3 8 9 . 147  . . 0 0 2 47 . 97 . 2 3 6 s
A c - 2 2 8 8 4 2 5 . 5 1 9 6 4 . 6 0 2 5 5 . 0 . . 0 0 0 . 00 . OOOD
A c - 2 2 8 8 4 6 3 . 0 6 9 6 8 . 9 0 1 3 4 4  . 0 . . 0 0 0 . 00 . 127D
P a - 2 3 4 8 5 6 4 . 3 6 9 8 0 . 5 0 3 5 1 . 68 . . 0 0 1 4 0 . 7 8 1 . 601D
T l - 2 0 8 8 5 8 3 . 5 7 9 8 2 . 7 0 488  . 92 . . 0 0 1 3 5 .  63 1 . 603D
P a - 2 3 4 m 8 7 3 6 . 8 2 1 0 0 0 . 2 5 4 8 3 . 53 2  . . 0 0 6 1 5 . 1 1 1 . 1 0 6 s
B i - 2 1 2 9 4 1 0 . 2 7 1 0 7 7 . 3 7 388 . 47 . . 0 0 1 2 3 6 . 1 6 . 1 1 7 s
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Tl-208 9554.96 1093.94 327 . 217 . .003 30. 01 • 163s
Bi-214 9785.16 1120.30 1385. 0. . 000 oo . 070D
Bi-214 10089.55 1155.16 443. 0. .000 . 00 . 155s
Bi-214 10813.00 1238.01 891. 0. .000 . 00 . 000s
Bi-214 11188.33 1281.00 300. 0. . 000 oo . 337D
Bi-214 12032.67 1377.71 399. 0. . 000 .00 . 164s
Bi-214 12240.41 1401.50 73. 0. .000 . 00 . 346D
Bi-214 12297.15 1408.00 130. 0. .000 oo . 151D
K-40 12757.68 1460.75 10833. 0. . 000 . 00 1.994D
Bi-214 13180.66 1509.20 81. 0. . 000 oo . 103D
Bi-212 13212 . 09 1512.80 36. 0. . 000 oo . 107D

EG&G ORTEC G V - I ( 63) WAN32 I4W02.88 21-APR-2005 21:46:37 Page 5
ted Spectrum name: Irish cement drogheda no PFA

Nuclide Channel Energy Background Net area Cnts/sec Uncert FWHM
Ac-228 13867 . 69 1587 .90 88 . 0. . 000 ,00 . 321D
Bi-212 14152 . 57 1620. 53 22. 32. . 000 40,.70 . 339s
Bi-214 14508 . 00 1661. 25 226. 0. . 000 . 00 . 000s
Bi-214 15106 . 00 1729. 76 186. 0. .000 .00 . 000s
Bi-214 15420 . 00 1765. 73 134 . 0. .000 .00 . 000s
Bi-212 15769 . 65 1805. 79 17 . 23. . 000 51,,15 .271s
Bi-214 16134 .79 1847 .62 145. 0. . 000 ,00 . 092s

s Peak fails shape tests.
D Peak area <deconvoluted.

•jlr it llr ik" it S U M M A R Y 0 F L I B R A R Y P E A K U S A G E ★ -A- ★ ★
- NUCLIDE - AVERAGE   PEAK---------------
NAME CODE ACTIVITY ENERGY ACTIVITY CODE MDA VALUE

Becquerels keV Becquerels Becquerels COMMENTS
+ - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - + - 4

Pa-234m 6.2412E+01 1001. 00 6.241E+01 ( 3.657E-01 G
766. 60 0.OOOE+00 % 1 . 165E+00 G

Pb-214 1.4788E+01 351.90 1 . 479E+01 ( 5.289E-03 G
295.20 1.281E+01 - 2.090E-02 G
241.90 1.281E+01 - 3.830E-02 G
785.90 0.OOOE+00 - 2.489E-01 G
839.00 2.459E+01 + 4.517E-01

Po-218 5.5221E+03 837.00 5.522E+03 ( 1.857E+02 G

Ra-226 3.7189E+01 186.00 3.719E+01 ( 5.900E-02 G
83.80 0.OOOE+00 - 5.998E-01Energy duplication
81.10 0.OOOE+00 - 7.017E-01Energy duplication
94 . 60 1.371E+02 + 1.893E+00 X

Th-230 3.8155E+02 143. 90 3.815E+02 @ ( 3.571E+00 G
253.70 1.203E+02 - 1.403E+01 G
67 . 70 3.638E+01 - 6.415E-01 G

U-234 1.7385E+02 53.20 1.739E+02 ? ( 3.117E+00 G
120.90 8.670E+01 & 3.134E+00 G
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Th-232 2.5083E+01 59.00 2.508E+01 ?( 1.507E+00

Th-234 2.4389E+01 112.80 3.090E+01 ( 6.633E-01 G
63.30 2.172E+01 ?( 7.843E-02 G
92.40 3.275E+01 ( 8.666E-02 G
92.80 1.914E+01 ( 9.946E-02 G

EG&G ORTEC G V - 
ted

I ( 63) WAN32 I4W02.88 21-APR-2005 21:46:37 Page 6
Spectrum name: Irish cement drogheda no PFA.Anl

Nuclide Ave activity

Pa-234 4.2257E-01

CS-137 7.0993E-02

Tl-208 0.OOOOE+00

31-212 0.OOOOE+00

Energy Activity Code Peak MDA Comments

131.20 3.993E-02 ( 7.819E-03 G
98 .40 4.876E-01 $ ( 7.124E-03 G
94 .70 0 . OOOE+00 - 1.125E-02 G

946.00 3.055E-01 & ( 1.375E-02 G
880.50 5.388E-01 $ ( 1.614E-02 G
883.20 3.929E-01 $ ( 1.461E-02 G
926.00 1.829E-01 ( 1.891E-02 G
569.50 5.310E-01 7( 1.424E-02 G
111.00 0 .OOOE+00 & 1.255E-02 G
733.00 3.375E-02 - 7.480E-03 G
152 . 70 4.518E-01 ( 2.204E-02 G
226.40 3.167E-01 $ ( 2.369E-02 G
831.60 1.656E+00 9( 4.186E-02 G
227 . 20 2.240E-01 $ ( 2.572E-02 G
980.50 9.271E-01 ( 3.617E-02 G

661.66 7.099E-02 & ( 1.905E-03
32.20 0 .OOOE+00 - 5.278E-01
31. 80 0 .OOOE+00 - 1.133E+00
36.40 0.OOOE+00 - 6.782E-01
37 . 30 0.OOOE+OO - 2.123E+00

583.10 0.OOOE+OO Q,"O 4.151E-03 G
510.80 5.380E+00 * 1.762E-02 GA
860.40 0.OOOE+OO % 1.570E-02
277 . 40 3.305E+00 * 2.879E-02
75.00 0.OOOE+OO 1 7.222E-02
72.80 0.OOOE+OO 7 1.212E-01

763.10 0.OOOE+OO 1 1.034E-01
84 .80 0.OOOE+OO 7> 1.056E-01

252.60 4.098E+00 2.009E-01
1093.90 4.370E+01 7 6.648E-01

87.30 0.OOOE+OO 1 6.178E-01 G
233.40 9.63QE+00 7 3.817E-01
982.70 3.130E+01 1.164E+00
722.00 2.429E+01 7 8.786E-01
211.40 1.996E+01 9.589E-01 G
927.60 3.123E+01 1.775E+00

727 .20 0.OOOE+OO ao 3.054E-02 G
1620.60 2.218E+00 7 7.162E-02 G
785. 40 1.529E+01 7 2.457E-01 G
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EG&G ORTEC G 
ted

Nuclide Ave 

Pb-212

Pb-210

Bi-214

Ra-224

Th-228

Ac-228

V I ( 63)

1078.60 6.338E+00 & 4.023E-01 G
893.40 1.685E+01 & 5.304E-01
452 . 80 5.664E+00 7 2. 968E-01
288 .10 6. 143E+00 7 4.778E-01 G
1512.80 0.OOOE+00 7 2.686E-01 G

WAN 3 2 I4W02.88 21-APR-2005 21:46:37 Page

.. llOOE+01

.. 1464E+01

).0000E+00

Spectrum name: Irish cement drogheda no PFA

activity

3.8154E+00

..7936E+01 

L.8696E+00

Energy Activity Code Peak MDA Comments
952.10 5.414E+01 & 1.211E+00 ■ G
328.00 0 .OOOE+00 1.30 6E+00Energy duplication

1806.00 2.408E+01 7 9. 334E-01 G

300 .10 6.260E+00 ( 4.937E-02 G
89. 90 2.701E+01 + 1. 294E-01 X

238.60 6.858E+00 ( 3.971E-03 G
77 . 10 1.419E+01 + 2.376E-02 X

115.20 1.032E+01 + 2.537E-01 G

46.50 1.794E+01 0( 1.430E-01

609.30 1.870E+00 &( 1.450E-02 G
1765.50 0 .OOOE+00 Q,

O 1.208E-02 G
1120.30 0 .OOOE+00 - 2.666E-02 G
1238.10 0 .OOOE+00 % 6.410E-02 G
768.40 0.OOOE+OO - 3.605E-02 G

1377 . 70 0.OOOE+OO Q,0 7.214E-02 G
934.10 0.OOOE+OO % 7.391E-02 G

1729.60 0.OOOE+OO % 8.152E-02 G
1408.00 0.OOOE+OO - 5.983E-02 G
1847.44 0.OOOE+OO % 9.983E-02
1509.20 0.OOOE+OO - 5.687E-02 G
1155.20 0 .OOOE+OO Q,0 1.393E-01 G
1281.00 0 .OOOE+OO & 1 .414E-01 G
1401.50 0 .OOOE+OO - 7 .988E-02 G
806.20 0.OOOE+OO o■D 1.486E-01 G
1661.30 0.OOOE+OO OO 2.206E-01 G

241.00 1 .llOE+01 ( 6.386E-02 G
83.80 1.537E+02 + 1.254E+00Energy duplication
81.10 1.437E+02 + 1.780E+OOEnergy duplication

84 .40 1.146E+01 ( 1.925E-01
216.00 3.646E+01 + 6. 695E-01
131.60 8 .336E+00 - 1.286E+00

911.10 0.OOOE+OO Q.
O 1.180E-02 G

338 .40 3.368E-01 2.222E-02 G
968.90 0.OOOE+OO 7 2.059E-02 G
964.60 0 .OOOE+OO 7 2 .766E-02 G
463.00 1.282E+00 4 .961E-02 G
794.80 7 .594E+00 6.120E-02 G
209.40 1.429E+00 4.109E-02 G
270.30 0 .OOOE+OO 5.505E-02 G
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1587.90 O.OOOE+00 ? 3.658E-02 G
328.00 O.OOOE+00 % 5.30lE-02Energy duplication
93.40 O.OOOE+00 ? 1.351E-01 X

EG&G ORTEC G V 
ted

I ( 63) WAN32 I4W02.88 21-APR-2005 21:46:37 Page 8
Spectrum name: Irish cement drogheda no PFA.Anl

Nuclide Ave activity Energy Activity Code Peak MDA Comments 
129.10 9.778E-01 5.930E-02 G
562.30 1.336E+01 & 1.925E-01 G
154.20 1.217E+01 1.718E-01 G

K-40 O.OOOOE+00 1460.75 O.OOOE+00 !( 1.303E-01
( - This peak used in the nuclide activity average.

* - Peak is too wide, but only one peak in library.
! - Peak is part of a multiplet and this area went 

negative during deconvolution.
? - Peak is too narrow.
@ - Peak is too wide at FW25M, but ok at FWHM.
% - Peak fails sensitivity test.
$ - Peak identified, but first peak of this nuclide 

failed one or more qualification tests.
+ - Peak activity higher than counting uncertainty range. 
- - Peak activity lower than counting uncertainty range.
= - Peak outside analysis energy range.
& - Calculated peak centroid is not close enough to the 

library energy centroid for positive identification.
P - Peakbackground subtraction

Nuclide Codes:
T - Thermal Neutron Activation 
F - Fast Neutron Activation 
I - Fission Product 
N - Naturally Occurring Isotope 
P - Photon Reaction 
C - Charged Particle Reaction 
M - No MDA Calculation

Peak Codes:
G - Gamma Ray
X - X-Ray
P - Positron Decay
S - Single-Escape
D - Double-Escape
K - Key Line
A - Not in Average
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S U M M A R Y  O F  N U C L I  
TIME OF COUNT UNCERTAINTY

NUCLIDE ACTIVITY
Bq/Kg

COUNTING

D E S I N  
1 SIGMA 
TOTAL

S A M P L E

Pa-234m
Pb-214
Po-218
Ra-226
Th-230

1.1508E+02 
2.7266E+01 
1.0182E+04 
6.8568E+01 
7.0349E+02

1.511E+01% 
1.929E+00% 
3.502E+01% 
3.755E+00% 
2.149E+01%

1.518E+01% 
2.380E+00% 
3.505E+01% 
4.006E+00% 
2.153E+01%

EG&G ORTEC G V - I ( 63) WAN32 I4W02.8Si 21-APR-2005 21:46:37 Page
ted Spectrum name: Irish cement drogheda

U-234 # 3.2055E+02 3.204E+01% 3.207E+01%
Th-232 # 4.6247E+01 7.115E+01% 7.116E+01%
Th-234 4.4968E+01 3.051E+00% 3.355E+00%
Pa-234 7.7913E-01 1.517E+01% 1.523E+01%
CS-137 # 1.3090E-01 5.094E+01% 5.096E+01%
Tl-208 < 7.6543E-03 O.OOOE+00% 1. 394E+00%
Bi-212 < 5.6305E-02 0.OOOE+00% 1.394E+00%
Pb-212 1.2566E+01 1.025E+00% 1.731E+00%
Pb-210 # 3.3070E+01 1.806E+01% 1.812E+01%
Bi-214 < 2.6739E-02 1.720E+01% 1.726E+01%
Ra-224 2.0465E+01 6.164E+00% 6.320E+00%
Th-228 2.1137E+01 1.725E+01% 1.731E+01%
Ac-228 < 2.1754E-02 O.OOOE+00% 1.394E+00%
K-40 < 2.4016E-01 0.OOOE+00% 2.007E+00%

# All peaks for activity calculation had bad shape.
* Activity omitted from total
& Activity omitted from total and all peaks had bad shape.

----------------------------  S U M M A R Y  -----------
TOTAL ACTIVITY ( 1.2 to 1870.7 keV) 1.159592OE+04 Bq/Kg

The library has energies which are not separable.

Analyzed by: _____________________________________
Elaine Lee

Reviewed by: _____________________________________
Supervisor
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APPENDIX 2: DERIVATION OF ACTIVITY CONCENTRATION INDICES 

FOR BUILDING MATERIALS

The European Basic Safety Standards Directive (Council o f the European Union , 1996) is applied 

to work activities involving a risk o f  ionising radiation either from an artificial source or from a 

natural radiation source. In this directive special provisions have been laid down concerning 

exposure to natural radiation sources. Building materials are not usually a dominant source o f 

radiation. Nevertheless, it may be found that the use o f some materials containing high levels o f 

naturally occurring radionuclides should be avoided.

In Article 13 o f the British Safety Standards Directive it is presented that the limit o f effective dose 

for members o f  the public shall be ImSv in a year. An annual effective dose o f  ImSv can be 

regarded as a safety criterion also in connection with radioactivity o f  building materials, although it 

shall not be regarded as a dose limit, but as a reference level above which radiation safety should 

be considered and radiation exposure should be limited.

The European Commission contracted a study with the Finnish Radiation and Nuclear Safety 

Authority (European Commission, 1999a). The aim o f this study was to provide the Commission 

with information about natural radioactivity in building materials, and to make a proposal for a 

common approach for the possible inclusion o f  radioactivity o f  building materials in EU 

regulations. This study suggested that a safety criterion would be adopted to protect members o f 

the public from the hannful effects o f natural radioactivity in building materials. The proposal for 

this safety criterion was:

Gamma radiation originating from  radioactivity in construction materials of buildings should not 

add to the effective dose from  natural radionuclides in the undisturbed earth's crust by more than 

ImSv per year.
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For practical implementation o f  the safety criterion a special activity index for building mate
232 226 40was given. The activity index takes into account the concentrations o f Th, Ra and K  ir 

build ing material and the relative amount by which the material is used in house construction.

The activity index is used to assess whether or not the safety criterion is being met. The vak 

the activity index is calculated on the basis o f the activity concentrations o f ^^^Th, ^^^Ra and 

a finished build ing material.

The activity index that was proposed for building materials was 

I  = (CTh/200+CRa/300+CK/3000)w,

Where C-fh, and CV are the activity concentrations o f  ̂ ^"Th, ^^^Ra and in the main 

construction material o f a house, expressed in Bq/kg, and w  is a weighting factor to be applied 1 

materials used in minor amounts. For materials used in minor amounts the weighting factor is li 

than 1. As a rule o f  thumb the value o f the weighting factor is the thickness o f the material in 

question, expressed in cm, divided by 20cm. For concrete or masonry materials with a thicknes: 

20cm, and used as the main construction material, the weighting factor is 1.

I f  the value o f the activity exceeds 1, it is required to show specifically that the safety requiremi 

w ill be met. I f  the value o f the activity index is 1 or less than 1, the material can be used, so far 

radioactivity is concerned, without restriction.

The basic assumptions and parameter values used in deriving the activity index are as follows;

• Conversion factor from absorbed dose in air to effective dose o f an adult person: 0.7S\

•  Average dose rate outdoors due to natural radionuclides in the undisturbed earth’s crust:

70nGy/hr (i.e.average gamma dose rate received from background radiation outdoors in 

Europe)
232•  Specific gamma dose rate for Th is: 1.1 nGy/hr per Bq/kg
226•  Specific gamma dose rate for Ra is: 0.92 nGy/hr per Bq/kg
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• Specific gamma dose rate for is: 0.080 nGy/hr per Bq/kg

(These are the likely dose rates per specific activity o f  building material where all structures 

in the building, walls, floors and ceiling m ay cause the irradiation)

• Annual exposure / occupancy time is: 7000 hours (i.e. average amount o f time spent 

indoors annually)

The European average o f external dose rate outdoors is assumed to be 70nGy/hr. Using the above 

parameters we can estimate that, if  a house is made o f concrete or o f masonry materials with a 

structure thickness o f  20cm, the ^^^Ra concentration o f 300Bq/kg in the material will cause an 

individual effective dose o f about 1.4mSv/yr. Correspondingly, if  the Th concentration is 

200Bq/kg and concentration is 3000Bq/kg, individual doses would be about 1 .Im Sv/yr and 

1.2mSv/yr respectively. Individual effective dose outdoors from external radiation from the 

undisturbed earth’s crust, with the same exposure time o f  7000 hrs/yr, would be about 0.3mSv/yr.
226 232 40So we can estimate that Ra, Th and K with these activity concentrations would each add to 

the effective dose from the undisturbed earth’s crust by about ImSv per year.

Usually all three radionuclides are present in building materials, so the total dose caused by them 

should be taken account o f  as shown in the activity index.

The room geometry used in the calculation o f indoor gamma dose rate from building materials is 

presented by M ustonen (Mustonen, 1985). The standard dwelling used is 7x12 m^ in area and 2.5 

m in height. Walls, floor and ceiling are o f  20 cm thick concrete with a density o f  2300 kg/m^. 

However, the size o f  the room has only a small effect on the dose rate and the activity index can be 

applied to all dwellings o f  nonnal size.
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APPENDIX 3 : CALCULATION TO DETERMINE /  VALUES FOR 

CEMENT AND CONCRETE CONTAINING  

COAL FLY-ASH

Ratios o f  materials used in concrete mix if  coal fly-ash is substituted with Nornial Portland 

Cement at the greatest possible substitution rate o f  55%, and a high quantity o f  cem eit (20% 

used in the concrete mix.

Normal Portland Cement 9%

Aggregate 52%

Sand 28%

Coal Fly-ash 11%

Average specific activity values, in Bq/kg, from this thesis for;
2 2 6 R a  2 3 2 ^ h  4« k

Cement: 60.3 10.9 130.5

Aggregate: 23.7 15.8 481.5

Sand: 12.4 14.7 335.2

Coal fly-ash: 317 107 625

Applying the above percentages to these values;

2 2 f ,R a  2 3 2 ^ ^  4 0 ^

9% of Cement Value: 5.4 0.9 11.7

52% of Aggregate Value: 12.3 8.2 250.3

28% of Sand Value: 3.4 4.1 93.8

11% of Coal fly-ash Value: 34.8 11.7 68.7
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Adding these figures: 55.9 24.9 424.5

And dividing by relevant values to get /  values:

/  = ^Ra + ^Th
300 200 3000

5 5 .9 /3 0 0  = 0.18 

2 4 .9 /2 0 0  = 0.12 

4 2 4 .5 /3 0 0 0  = 0.14

Adding these together gives an ACI value of 0.4, which is marginally less than all limits for 

materials used in bulk amounts and for superficial materials.

Ratios o f  materials used in concrete mix if  coal fly-ash is substituted with Normal Portland 

Cement at the greatest possible substitution rate o f  55%, a high quantity o f  cement (20%) is used 

in the concrete mix, and up to 4% aggregate is also substituted with coal fly-ash.

Normal Portland Cement 9%

Aggregate 48%

Sand 28%

Coal Fiy-ash as cement replacement 11%

& Coal Fly-ash as aggregate substitute 4%

Average specific activity values, in Bq/kg, from this thesis for;

^̂ ORa 232rh 40k

Cement: 60.3 10.9 130.5

Aggregate: 23.7 15.8 481.5

Sand: 12.4 14.7 335.2

Coal fly-ash:317 107 625
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Applying the above percentages to these values;

2 3 2 x h 40r

9% of Cement Value: 5.4 0.9 11.7

48% of Aggregate Value: 11.3 7.5 231.1

28% of Sand Value: 3.4 4.1 93.8

1 1  "/o of Coal fly-ash Value: 34.8 11.7 68.7

4% of Coal fly-ash Value:: 12.6 4.2 25

Adding these figures: 67.5 28.4 430.3

And dividing by relevant values to get /  values:

/  =  ^ Ra +   ̂ Th ^  K 
300 200 3000

67.5 /3 0 0  = 0.22 

2 8 .4 /2 0 0  = 0.14 

430.3 /3 0 0 0  = 0.14

Adding these together gives an ACI value of 0.5, which implies that a dose of 0.3mSv pe 

year might be received through occupation o f a building that w as constructed using thi.« 

material in bulk quantities, but any radiation dose should be less than the legal limit of 

ImSv per annum.
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APPENDIX 4: CALCULATIONS TO DETERMINE /  VALUES FOR 

CONCRETE CONTAINING BLAST FURNCE SLAG

Ratios o f  materials used in concrete mix:

Normal Portland Cement 12%

Aggregate 52%

GGBS 8%

Sand 28%

Highest specific activity values, in Bq/kg, from this thesis for;

232th 40r

Cement: 106.9 15.1 251.8

Aggregate: 75.1 53.5 1976.9

GGBS: 424 167 142

Sand: 20.2 23.5 550.2

Applying the above percentages to these values;

232t h 40k

12% of Cement Value: 12.83 1.81 30.21

52% of Aggregate Value: 54 27.8 1027.98

8% of GGBS Value: 33.92 13.36 11.36

28% of Sand Value: 5.6 6.58 154.05

Adding these figures: 106.35 49.55 1223.
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And dividing by relevant values to get /  values;

/  = ^Ra <̂ Th ^
300 200  3000

106.3 5 /3 0 0  =  0.35 

49.55  /2 0 0  =  0.24 

1223 .6 /3 0 0 0  =  0.40

Adding these figures together gives an ACI value of 0.99. Although this ACI value is do 

to the upper limit of 1.0, where regulation is imperative, it must be remembered that th 

highest values for samples of sand, cement and aggregate analysed were used, and this i 

unlikely to directly imitate a real life scenario.
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APPENDIX 5: Specific activities (Bq kg ') o f ^^^Ra, and in Building 

Materials in the Republic o f Ireland, (without self-absorption corrections)

I  is the Activity Concentration Index, BDL = Below detection limit o f detector.

Sample

Number

Building

Material ^̂ ^Ra 232th 40^ /

1 Aggregate 19 ± 1.9 9.7 ±0.3 103.6 ± 2.1 0.15 ± 0.01

2 Aggregate 34 ± 3.4 4.4 ± 0.3 191.3 ± 1.9 0.20 ± 0.01

3 Aggregate 38 ± 3.8 5.0 ± 0.3 117.8 ± 2.9 0.20 ± 0.01

4 Aggregate 30.7 ± 3.1 34.5 ± 0.5 691.1 ± 3.5 0.51 ± 0.01

5 Aggregate 15.4 ± 1.5 0.4 ± 0.1 9.7 ± 0.7 0.10 ± 0.01

6 Aggregate 22.7 ± 2.3 12.5 ± 0.3 119.5 ± 1.9 0.20 ± 0.01

7 Aggregate 114.6 ± 11.5 64.1 ± 0.7 1981.5± 5.9 1.40 ± 0.04

8 Aggregate 83.9 ± 8.4 23.8 ± 0.6 1449.4 ± 5.8 0.90 ± 0.03

9 Aggregate 24.5 ± 2.4 1.8 ± 0.2 52.4 ± 1.2 0.11 ± 0.01

10 Brick 36.4 ± 3.6 8.1 ± 0.2 426.3 ± 6.8 0.30 ± 0.01

11 Brick 42.8 ± 4.3 10.0 ± 0.2 462.3 ± 1.8 0.35 ± 0.02

12 Brick 106.3 ± 10.6 38.0 ± 0.5 296.5 ± 2.4 0.64 ± 0.04

13 Brick 77.2 ± 7.7 47.5 ± 0.4 944.7 ± 23.6 0.81 ± 0.03

14 Brick 32.6 ± 3.3 8.4 ± 0.3 254.6 ± 2.8 0.24 ± 0.01

15 Brick 73.5 ± 7.4 40.1 ± 0.8 1064 ± 4.3 0.80 ± 0.03

16 Brick 78.6 ± 7.9 45.9 ± 0.4 829.7 ± 2.5 0.80 ± 0.03

17 Brick 46.1 ± 4.6 11.4 ± 1.5 484.9 ± 1.5 0.40 ± 0.02

18 Brick 73.3 ± 7.3 44.7 ± 0.6 304.3 ± 3.7 0.60 ± 0.03

19 Brick 36.3 ± 3.6 8.1 ± 0.3 530.9 ± 2.7 0.34 ± 0.01

20 Brick 86.5 ± 8.7 48.0 ± 0.6 501.6 ± 4.0 0.70 ± 0.03

21 Brick 74 ± 7.4 46.3 ± 0.3 928.9 ± 1.9 0.80 ± 0.03
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Sample

Number

Building

Material 232jh 4«k /

22 Brick 78.7 ± 7.9 49.0 ±0 .5 326.1± 4.2 0.62 ± 0.03

23 Brick 81.8 ± 8.2 46.2 ± 0.3 283.9 ± 2 .0 0.60 ±0.03

24 Cement 60 ± 6.0 11.3 ±0 .4 202.0 ± 2 .0 0.32 ± 0 .02

25 Cement 46.9 ± 4.7 13.4 ± 0 .4 74.2 ± 1.9 0.25 ±0 .02

26 Cement 91.4±9 .1 10.8 ±0 .3 65.7 ± 1.7 0.40 ± 0.03

27 Concrete 31.1 ± 3.1 7.1 ±0.3 168 ± 1.8 0.20 ±0.01

28 Concrete 39.1 ± 3.9 7.7 ±0 .3 183 ± 1.8 0.23 ±0.01

29 Concrete 35.7 ± 3.6 5.1 ±0 .3 118.5 ±  1.8 0.20 ±0.01

30 Concrete 46.7 ± 4.7 16.5 ±0 .5 1099.8 ± 4 .4 0.60 ± 0.02

31 Concrete 47.5 ± 4.7 23.9 ±0 .2 509.3± 7.6 0.45 ± 0.02

32 Concrete 45.7 ± 4.6 4.0 ±0 .2 96 ±1.9 0.20 ± 0.02

33 Concrete 37.1 ± 3.7 3.5 ±0.1 19 ± 0.6 0.15 ±0.01

34 Concrete 39.1 ± 3.9 2.3 ±0.1 16.2 ±0 .5 0 .14±0 .01

35 Gypsum 39.2 ± 3.9 3.2 ± 0 .4 119.7± 1.9 0.20 ±0.01

36 Gypsum 38.1 ± 3.8 5.2 ± 0.4 130.5 ± 2 .6 0.20 ±0.01

37 Gypsum 44.4 ± 4.4 9.1 ±0 .5 175.4 ± 2 .6 0.30 ± 0 .02

38 Gypsum 4.2 ± 0.4 0.4 ±0.1 15.9±0.1 0.02 ± 0.00

39 Gypsum 20.0 ± 2.0 1.2 ±0 .5 254.3 ± 3 .6 0.20 ±0.01

40 Gypsum 45.3 ± 4.5 6.4 ± 0.5 259.2 ±3.1 0.30 ± 0.02

41 Gypsum 41.6 ± 4.2 5.4 ±0 .6 148.4±3.1 0.22 ± 0.02

42 Gypsum 12.6± 1.3 2.4 ±0 .2 58.5 ±1.3 0 .1 0 ±  0.01

43 Gypsum 17.1 ± 1.7 1.7 ±0 .2 40.3 ± 0.9 0 .10±0 .01

44 Gypsum 13.2± 1.3 2.3 ±0 .2 53.8 ±  1.1 0 .10±  0.01

45 Insulation 66.9 ± 6.7 BDL 144.3 ± 2 7 .4 0.30 ±0 .03

46 Insulation 3.0 ± 0.3 BDL 20.2 ± 2 .0 0.02 ± 0.00

47 Sand 17.8± 1.8 9.3 ± 0 .4 443.4 ±3.1 0.30 ±0.01
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48

4̂

50

~5 \

52

53

~54

55

~56

”57

'58

~65

66

70

Building

Material

Sand

226 Ra

26.8 ± 2.7

232Th

24.6 ± 0.5

40 K

550.2 ± 3.3

Sand 16.9 ± 1.7 0.8 ± 0.2 14.6 ± 0.7

Stone 16.7 ± 1.7 7.9 ± 0.3 593.3 ± 3.0

Stone 14.2 ± 1.4 6.2 ± 0.2 514.4 ± 1.5

Tile 130.1 ± 13 59.2 ± 0.3 791.2 ± 1.6

Tile 89.8 ± 9.0 26.4 ± 0.4 242.3 ± 2.7

Tile 105.3 ± 10.5 49.5 ± 0.7 863.8 ± 4.3

Tile 108.9 ± 10.9 43.1 ± 0.6 791.4 ± 30.9

Tile 129.2 ± 12.9 47.2 ± 0.5 383.9 ± 3.5

Tile

Tile~

149.2 ± 14.9 46.6 ± 0.7 711.4 ± 4.3

126.7 ± 12.7 50.4 ± 0.6 499.6 ± 4.5

Tile 152.3 ± 15.2 66.2 ± 0.9 1291.9± 5.2

Tile 71.6 ± 7.2 33.6 ± 0.3 233.4 ± 1.6

Wood 3.1 ± 0.3 BDL 59.3 ± 3.6

Wood 15.1 ± 1.5 BDL 63.7 ± 2.4

Wood

Wood

Wood

Wood

Wood

Wood

Wood

Wood

20.0 ± 2.0

4.7 ± 0.0

5.0 ± 0.5

2.5 ± 0.2

5.4 ± 0.5

3.5 ± 0.4 

4.7 ± 0.5 

2.3 ± 0.2

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

37.3 ± 2.8 

7.1 ± 0

36.8 ± 2.4

53.9 ± 1.9 

97.5 ± 2.1 

37.2 ± 1.2

46.5 ± 1.9

111.3 ± 1.7
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