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Radiation Units
Radioactivity is measured in units called becquerels (Bq). One becquerel corresponds to one radioactive disintegration  

per second.

When measuring radioactive discharges to the environment or referring to the content of radioactive sources used  

in medicine, industry and education, it is more usual to talk in terms of kilobecquerels (kBq), megabecquerels (MBq), 

gigabecquerels (GBq) or terabecquerels (TBq).

1 kBq = 1000 Bq 

1 MBq = 1,000,000 Bq 

1 GBq = 1,000,000,000 Bq 

1 TBq = 1,000,000,000,000 Bq

Much lower concentrations of radioactivity are normally found in the environment and so the measurement is often 

reported in units of millibecquerels (mBq). There are one thousand millibecquerels in a becquerel.

1 Bq = 1000 mBq

Radiation Dose: When radiation interacts with body tissues and organs, the radiation dose received is a function of  

factors such as the type of radiation, the part of the body affected, the exposure pathway, etc. This means that one 

becquerel of radioactivity will not always deliver the same radiation dose. A unit called ‘effective dose’ has been developed  

to take account of the differences between different types of radiation so that their biological impact can be compared 

directly. Effective dose is measured in units called sieverts (Sv).

The sievert is a large unit, and in practice it is more usual to measure radiation doses received by individuals in terms  

of fractions of a sievert.

1 sievert = 1000 millisievert (mSv) 

 = 1,000,000 microsievert (µSv) 

 = 1,000,000,000 nanosievert (nSv)

In RPII reports the term ‘effective dose’ is often referred to as ‘radiation dose’ or simply ‘dose’.

Collective dose is the sum of the radiation doses received by each individual in the population. This allows comparison  

of the total radiation dose received from different sources. Collective dose is reported in units of man sieverts (man Sv)  

or man millisieverts (man mSv).

Per caput dose is the collective dose divided by the total population. Per caput dose is reported in units of sieverts,  

or fractions of a sievert.
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Executive Summary

Introduction
Some chemical elements present in the environment since the Earth was formed are naturally radioactive and exposure to these sources  

of radiation cannot be avoided. There have also been additions to this natural inventory from artificial sources of radiation that did not  

exist before the 1940s. Other sources of radiation exposure include cosmic radiation from outer space and the use of radiation in medical 

diagnosis and treatment.

There can be large variability in the dose received by individual members of the population from any given source. Some sources of radiation 

expose every member of the population while, in other cases, only selected individuals may be exposed. For example, natural radioactivity  

is found in all soils and therefore everybody receives some radiation dose from this radioactivity. On the other hand, in the case of medical 

exposures, only those who undergo a medical procedure using radiation will receive a radiation dose.

The Radiological Protection Institute of Ireland (RPII) has undertaken a comprehensive review of the relevant data on radiation exposure  

in Ireland. Where no national data have been identified, the RPII has either undertaken its own research or has referred to the international 

literature to provide a best estimate of what the exposure in Ireland might be. This has allowed the relative contribution of each source to  

be quantified. This new evaluation is the most up-to-date assessment of radiation exposure and updates the assessment previously reported 

in 2004.

The dose quoted for each source is the annual ‘per caput’ dose calculated on the basis of the most recently available data. This is an average 

value calculated by adding the doses received by each individual exposed to a given radiation source and dividing the total by the current 

population of 4.24 million. All figures have been rounded, consistent with the accuracy of the data.

In line with accepted international practice, where exposure takes place both indoors and outdoors, a typical indoor occupancy rate of 80% 

has been used. Individuals whose habits are very different need to take this into account when considering the importance for them of each 

source of radiation.

Sources of Radiation Exposure
The review has considered the following sources of radiation exposure

n Cosmic radiation at sea level and from airline travel;

n Natural and artificial radioactivity in soils;

n Radon in homes;

n Thoron in homes;

n Natural and artificial radioactivity in the diet;

n Exposure to natural and artificial radioactivity at work; and

n Medical exposure of patients.

Cosmic Radiation

The earth is continuously bombarded by high energy particles originating from both the sun and from outside the solar system. Collectively 

these particles are referred to as cosmic radiation. Cosmic radiation is absorbed by the Earth’s atmosphere and its intensity diminishes rapidly 

with decreasing altitude, but some of it still reaches the earth’s surface.

The intensity of cosmic radiation at the surface of the earth is dependent on location. Ireland is centred at latitude of approximately 54ºN  

and longitude of 8ºW. On the basis of theoretical calculations, the annual dose is of the order of 300 microsievert (µSv). Measurements made 

in Ireland are consistent with this value.

Cosmic radiation increases with altitude. Because Ireland is so low-lying, the increased dose to those living in mountainous areas is very small. 

However, airline passengers and crew will receive an additional cosmic radiation dose while flying. In calculating these doses, the factors that 

need to be considered are the routes flown and the frequency, duration and altitude of flights.
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Between 2001 and 2005 there has been a 49% increase in flights to Europe and a 51% increase in long-haul flights to all other destinations 

out of Ireland. The most popular routes in terms of frequency are to the UK and Spain, but long haul routes result in higher radiation doses. 

Over half of the total dose received by the public from airline travel is on European routes and one third is received on routes to the United 

States. The annual per caput dose is 45 µSv.

Natural and Artificial Radioactivity in Soils

Potassium-40, thorium-232 and uranium-238 have been present in the Earth’s crust in various amounts since it was formed. These  

are naturally radioactive and therefore emit radiation. These three radioactive elements are also present to some extent in most building 

materials. Measurements on materials used in the Irish construction industry have found relatively low levels of natural radioactivity that  

are well within international standards.

The radiation released from the radioactivity naturally present in the soil will be partially absorbed as it passes through the walls of a building. 

However, there will be an additional, larger contribution indoors from the radioactivity present in the construction materials of the building  

itself. The combination of these two processes results in radiation levels being, typically, 38% higher indoors than outdoors in Ireland.  

This is based on experimental data from two areas in Ireland and the value is consistent with published international estimates.

Regional and national surveys have previously been undertaken to measure the radiation levels outdoors in Ireland. This data, taken  

together with the 38% higher dose indoors, give rise to an estimated annual per caput dose from natural terrestrial radiation of 300 µSv.

There is also radioactivity of artificial origin present in Irish soils. Most of this radioactivity comes from caesium-137 deposited as a result  

of nuclear weapons testing in the 1950s and 1960s and following the Chernobyl accident in 1986.

Average national values of deposition of caesium-137 have been measured as 3717±1191 Bq/m2 from nuclear weapons testing and 

4126±2354 Bq/m2 from the Chernobyl accident. The corresponding annual per caput dose is 10 µSv with approximately equal contributions 

from both sources.

Caesium-137 has been identified in extremely low concentrations of less than 5 Bq/kg in some samples of wood used as construction 

materials in Irish buildings. This would result in a very small additional dose indoors, typically less than 0.5 µSv per annum. This is well  

within the estimate made for external doses from caesium-137 and therefore the dose rates indoors are similar to those outdoors.

Indoor Radon in Homes and Workplaces

Radon is produced in the ground from the radioactive decay of uranium-238. Being a gas, it can move through the soil and is constantly 

released into outdoor air. Because of the natural pressure differential that exists between indoor and outdoor air, radon from the soil is 

preferentially ‘sucked’ into buildings through any gaps or imperfections that may exist in the foundations. Radon can be hazardous in  

the indoor environment as in some homes and workplaces it may build up to high concentrations.

Uranium-238 is also present in small amounts in building materials. This also produces radon, some of which will be released indoors. 

However, when high indoor radon concentrations are present, the soil beneath the building rather than the construction materials is nearly 

always the principal source. Finally, radon can also be present in ground water and if it is used as a domestic supply, radon can be released  

into the indoor air when either the tap or the shower is turned on.

The public are exposed to indoor radon at home and at work. International practice is to assume an indoor occupancy rate of 80% or 

approximately 7000 hours per year. Radon in the home is the largest component of the public’s exposure to indoor radon because people 

generally spend more time at home than in work.

The principal source of data on radon in Irish homes is the National Radon Survey (NRS). This survey took place between 1992 and 1997. 

Radon measurements were completed in 11,319 homes throughout Ireland and the national average radon concentration found was 89 Bq/m3.

Taking account of the numbers of people who work and the different occupancy rates of homes and workplaces, the estimated annual  

per caput dose from radon in the home is 2050 µSv. There is an additional contribution of 180 µSv due to radon exposure in the workplace 

(see Exposure to Natural and Artificial Radioactivity at Work). The total annual per caput dose in Ireland from radon is therefore 2230 µSv.
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Since 2000, the number of housing units has increased from 1.3 million to 1.75 million. These are unlikely to be distributed throughout  

the country in the same way as the housing stock surveyed as part of the National Radon Survey. Additionally, new building regulations  

came into operation in July 1998. These regulations required all new homes located in High Radon Areas to be fitted with “radon barriers” 

at the time of construction as a means of preventing ingress of radon. Further work is required to assess the extent to which these factors 

may change the annual per caput dose.

Thoron in Homes

Thoron is produced from thorium-232, one of the radioactive elements found throughout the Earth’s crust. Like radon, thoron is a gas  

that can move freely through the soil. Thoron is also released from the thorium-232 present in building materials but, unlike radon, is  

not normally found in ground water supplies.

Where thoron differs from radon is that thoron has a very short half-life (~56 seconds) and decays very quickly into polonium-216 which  

is a solid. This means that only extremely small amounts of the thoron produced in soil enters buildings from the ground. Thoron released 

from thorium-232 present in construction materials is therefore the principal source of thoron in indoor air.

Thoron measurements have been made in 40 homes in Ireland, representing a range of ages and construction types. The annual per caput 

dose has been calculated as 280 µSv.

Natural and Artificial Radioactivity in the Diet

There are many naturally radioactive elements that are found in foodstuffs. These include carbon-14, potassium-40, rubidium-87,  

polonium-210 (from uranium-238) and radium-228 (from thorium-232). Carbon-14 is naturally produced by the interaction of cosmic 

radiation with nitrogen in the upper atmosphere. Carbon-14 is also produced artificially and is routinely released to the environment as  

part of the operation of nuclear facilities such as reactors and reprocessing plants and was a component of the nuclear weapons tests  

in the 1950s and 1960s. There are other artificially produced radioactive elements that are present in the environment as a result of nuclear 

weapons testing, the Chernobyl accident and the operation of nuclear facilities. All these radioactive elements can be transferred from soil  

to crops and grazing animals, thereby resulting in a radiation dose when these are eaten by man.

Potassium is a key element in regulating many body functions such as digestion, heart rate and the water content of cells. Natural potassium 

contains 0.012% by weight of potassium-40, which is naturally radioactive. Because the potassium content of the body is regulated by 

metabolic processes, the potassium-40 content is also similarly controlled. While there is some variability between individuals, the dose  

each of us receives from potassium-40 is very similar. The annual per caput dose is 175 µSv.

Polonium-210 is the main contributor to the dose resulting from the radioactive decay of uranium-238. It is found in all foods in highly 

variable amounts, with fish and shellfish in particular often showing the highest concentrations. Previous work by the RPII calculated a value 

of 2.1 µSv per year per kg of seafood consumed. National values for other foods have not been derived and therefore typical concentrations 

have been taken from international reviews. When these are used in conjunction with published data on national consumption rates, the 

corresponding annual per caput dose is 45 µSv. This is within the range of values quoted for other European countries but considerably  

less than for countries such as China and Japan with much higher seafood consumption rates.

There are no measured data on either rubidium-87 or radium-228 in the Irish diet. In both cases their contribution to dose is likely to be 

small. Annual per caput doses of 2 µSv and 7 µSv respectively have been quoted for what is a broadly similar diet in the UK.

The RPII has measured the carbon-14 content of a small number of selected Irish food and mixed diet samples. The concentrations found  

are consistently in the range 30-40 Bq/kg fresh weight. The corresponding annual per caput dose is 10 µSv. While it is not possible to 

differentiate between the carbon-14 produced naturally by cosmic radiation and that from other sources, a review of the literature suggests 

that approximately 80% (8 µSv) comes from natural sources with the remaining 2 µSv produced by discharges from the nuclear industry  

and previous nuclear weapons tests.

The RPII has an extensive on-going monitoring programme to measure artificial radioactivity in the Irish diet. Several hundred samples are 

analysed every year and the results are published at regular intervals. There is a specific programme focused on the impact on Ireland of the 

Sellafield reprocessing plant. This involves the regular collection and analysis of several species of fish and shellfish, by far the most important 

means by which the Irish population receives a radiation dose from the routine operations at Sellafield.
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Analysis of caesium-137 in a range of foods, strontium-90 in milk and technetium-99, caesium-137, plutonium and americium-241 in fish 

and shellfish has shown that the typical annual per caput dose is around 3 µSv. Most of this radiation dose comes from caesium-137.

Individual consumers who eat large amounts of fish caught in the Irish Sea or shellfish cultivated along the north-east coast would receive  

a radiation dose from artificial radioactivity in seafood of around 1 µSv. When the total dose is converted to a per caput dose, the routine 

discharges from Sellafield currently represent less than one millionth of the per caput dose from artificial radioactivity in the diet.

Exposure to Natural and Artificial Radioactivity at Work

The RPII has carried out a study to assess exposure to radon in Irish workplaces. Five individual sets of measurement data from several 

Approved Radon Measurement Services have been included. In total, approximately 41,000 measurements in 4,000 schools and over 15,000 

measurements in 2250 above-ground workplaces were evaluated. The average radon concentrations found were 93 Bq/m3 and 81 Bq/m3 

respectively. Assuming annual occupancy rates of 1000 hours for schools and 2000 hours for other workplaces, the average annual doses  

are 400 and 600 µSv respectively. When all the data are merged and account is taken of the percentage of the population that works, the 

annual per caput dose is 180 µSv.

Air crew are occupationally exposed to cosmic radiation and all airlines holding an Air Operator’s Certificate issued by the Irish Aviation 

Authority are required to calculate the radiation doses received by their crew and report these annually to the RPII. The doses received by  

an individual will depend on the number of hours and the route(s) flown. Many of the 6,000 air crew receive doses less than 1 mSv each  

and the average annual radiation dose in recent years is nearly 2 mSv. The corresponding annual per caput dose is less than 3 µSv.

A small number of workers in mines and show caves are also regarded as being occupationally exposed to radon. This is the situation when 

annual individual doses may exceed 1 mSv and four such working environments are routinely monitored in Ireland. The number of exposed 

workers is less than 50 and therefore the annual per caput dose is less than 0.03 µSv.

For many years, workers in the medical, industrial and education/research sectors have been monitored for their exposure to radiation.  

Since 1996 there has been a steady increase in the number of workers monitored but over the subsequent ten-year period the total radiation 

dose has reduced by a factor of two, most noticeably in the medical sector. The highest individual doses are received by site industrial 

radiographers who routinely receive annual doses above 1000 to 2000 µSv. The annual per caput dose is less than 0.05 µSv.

Over 95% of the total occupational dose is due to exposure to radon in above-ground workplaces. There is an additional small contribution 

from the exposure of air crew to cosmic radiation and, by comparison, all other sources are negligible. The reason that radon makes such  

a large contribution to the total dose is that it is present in all workplaces and therefore all workers are exposed to it to some extent. For all 

other situations, only a subset of workers in a relatively small number of workplaces is exposed. However, some of these workers may receive 

higher radiation doses than they do from radon and therefore their exposure needs to be continually monitored.

Medical Exposure of Patients

The collective dose from medical exposures is increasing in many countries. This is because of the dual factors of an increase in the number 

of procedures as well as higher radiation doses associated with newer techniques such as CT scanning. While medical exposures are normally 

the largest component of the collective dose from artificial sources of radiation, doses from natural radiation are normally higher.

The major hospitals with large diagnostic X-ray and nuclear medicine departments provided data on the numbers of specified procedures and 

the associated doses. The specified procedures were those that are known, from studies in other countries, to account for a significant percentage 

of the collective dose. Where data were not available, certain assumptions were made about the workload in the hospital(s) in question.

The best estimate that can be made at present is that about 598,000 X-ray examinations are carried out in Ireland every year. The highest 

individual doses are associated with interventional radiology procedures such as percutaneous transluminal coronary angioplasty (PTCA) and 

angiocardiography as well as certain CT scans. These account for 43% of the procedures carried out but 74% of the collective dose. On the 

other hand, conventional radiology accounts for 57% of all procedures but only 26% of the collective dose. The per caput dose resulting 

from all X-ray examinations is approximately 500 µSv.
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In the case of diagnostic nuclear medicine, it is estimated that approximately 30,000 procedures are currently performed annually.  

The corresponding per caput dose is typically 40 μSv.

Distribution of Doses
The table below shows the estimated per caput dose in Ireland from all pathways considered. The largest dose is from radon – between radon 

exposure in the home and at work, the average dose is 2230 µSv. This is 56% of the total per caput dose of 3950 µSv. Natural radioactivity 

accounts for just under 86% of the total exposure while medical procedures account for a further 13.7%. Artificial radioactivity, which 

includes the impact form nuclear weapons testing, the Chernobyl accident and nuclear discharges, accounts for 0.4% of collective dose.

Annual per caput radiation doses in Ireland

Exposure Pathway Natural Dose (µSv) Artificial Dose (µSv)

Cosmic Radiation 345

at sea level (300)

airline travel (45)

Gamma Radiation from Soils 300 10

Radon in Homes 2050

Thoron in Homes 280

Radioactivity in Food 235 5

carbon-14 (8) (2)

potassium-40 (175)

rubidium-87 (2)

radium-228 (from thorium-232) (7)

polonium-210 (from uranium-238) (45)

strontium-90 in milk (0.5)

caesium-137 in foods (2.5)

discharges from Sellafield (<5 x 10-9)

Occupational Exposures 185 0.05

aircrew cosmic radiation (2.8)

radon in schools (2.7)

radon in above-ground workplaces (180)

radon in below-ground workplaces (<0.03)

NORM industries (0.1)

artificial radioactivity (<0.05)

Patient Exposures 540

Diagnostic X-ray examinations 500

Nuclear medicine 40

TOTAL (3950) 3395 555
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Distribution of Collective Dose in Ireland

Natural 85.9%

Artificial 0.4%

Medical 13.7%

Radon 56.3%

Gamma
Radiation 7.6%

Medical 13.7%

Cosmic
Radiation 8.8%

Food 6.1%

Thoron  7.1%

Artificial 0.4%

Conclusions
The estimated average dose in Ireland from all sources of radiation is 3950 µSv. This is an increase of approximately 9% on the value of  

3620 µSv published in 2004. This difference is due to the fact that, because of the absence of national data, previous estimates of the doses 

from medical procedures and from thoron were based on international average values. In addition, the contribution from cosmic radiation  

to the total dose is now better understood. Previously this was estimated as 300 µSv but has now increased to 345 µSv as a result of the 

recent growth in air travel.

As is the case in the majority of other countries, radon continues to be the principal source of radiation exposure in Ireland, representing  

over 56% of the dose received by the Irish population. Most of this dose is received in the home. Radon is also the most variable source  

of radiation exposure and the radon concentrations measured in Irish homes cover a range from around 10 Bq/m3 up to 49,000 Bq/m3.

It is difficult to be definitive about whether or not radiation doses in medicine are increasing or not. This is because no national baseline  

data exist against which to compare the estimated doses now reported. However, what is clear is that medical exposure of patients 

represents by far the largest man-made contributor to collective dose. Other sources such as fallout from nuclear weapons tests and 

following the Chernobyl accident as well as the impact of routine discharges from Sellafield on Ireland are much smaller by comparison.  

The occupational exposure of staff working with radiation in hospitals, industry and education/research is also low.

In terms of reducing radiation exposure in future years, the pathway where the greatest impact is possible is radon. This is not just because 

radon makes the largest contribution to dose, but also because techniques exist that are already being successfully used in Ireland to reduce 

indoor radon concentrations at reasonable cost. The recent concerns expressed in the UK with regard to unnecessary radiation exposure  

of patients showing no symptoms of disease suggest that medical exposures need to be closely monitored to ensure that no unjustified 

practices are taking place. Most other pathways either make a small contribution to collective dose or are not amenable to control.
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1  Introduction

Man is constantly exposed to radiation from a variety of sources, both natural and artificial. Natural sources of radiation include external 

(cosmic) radiation from outer space; external radiation from radioactivity in the earth’s crust; the radioactive gases radon and thoron released 

from radioactivity in the earth’s crust and which can accumulate in buildings; and radioactivity transferred to foodstuffs that are then eaten 

by humans.

There are also several sources of artificial radioactivity in the environment. The testing of nuclear weapons, nuclear accidents such as 

Chernobyl and authorised releases from nuclear facilities abroad have all resulted in radioactivity reaching Ireland. Radioactivity is also 

released in small amounts into the Irish marine environment from hospitals and research facilities located along the Irish coastline. As with 

sources of natural radioactivity, artificial radioactivity can give an external radiation dose and also be transferred through the food chain to 

give an internal radiation dose to man.

Radioactivity and radiation sources are used extensively in medicine, industry and education. This can result in radiation doses being received 

by some workers in all these sectors. In the medical field, patients undergoing certain diagnostic procedures will also receive measurable 

radiation doses.

This report evaluates all of the principal radiation pathways and summarises the available Irish data for each. The collective dose (i.e. the  

sum of all doses received by individual members of the Irish population) is calculated for each pathway and average (per caput) doses are  

also estimated based on the most recent published data of 4.24 million as the population of Ireland [CSO, 2006a].

Some exposure pathways involve exposure to radiation both out-of-doors and inside buildings. All estimates of radiation dose due to  

radon in the home have traditionally been based on an occupancy rate of 80% recommended by international organisations [ICRP, 1993; 

UNSCEAR, 2000]. For the sake of consistency, where appropriate, this 80% value is applied to other exposure pathways considered in  

this report.

There are no available national data on doses from the use of consumer products such as ionisation chamber smoke detectors containing 

radioactivity in the form of americium-241. Published data from other countries [Watson et al., 2005; EC, 2007] suggest that the doses 

received by workers and the public are low and of no radiological concern.

The report deals only with ionising radiation and exposure to other sources of radiation such as microwaves, mobile telephones and overhead 

power lines is not considered.
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2  Radiation Exposure Pathways

2.1 Cosmic Radiation

2.1.1 Cosmic Radiation at Sea Level

The earth is continuously bombarded by high energy particles originating from either the sun or from outside the solar system. Collectively 

these particles are referred to as cosmic radiation. Cosmic radiation is absorbed by the earth’s atmosphere and its intensity diminishes rapidly 

with decreasing altitude. The intensity of cosmic radiation is also influenced by the earth’s magnetic field, which can deflect the particles. Deflection 

is greatest at the equator whereas at the poles there is little deflection and the cosmic radiation can penetrate deeper into the atmosphere.

Cosmic radiation consists of two components: a neutron component and a directly ionising component. Ireland is centred at a latitude  

of approximately 54ºN and 8ºW. According to the United Nations Scientific Committee on the Effects of Atomic Radiation [UNSCEAR,  

2000], at sea level between the latitudes of 50° and 60°, the directly ionising component of cosmic radiation corresponds to a dose rate  

of 32 nSv/h while that due to neutrons is 10 nSv/h. This gives a total of 42 nSv/h.

A small number of measurements of the directly ionising component of cosmic radiation have been made in Ireland using a high pressure 

ionisation chamber. The values obtained ranged from 27 to 49 nSv/h, with a mean value of 35 nSv/h [Colgan, 1980]. Thus, while 

considerable variability exists, the results obtained are not inconsistent with the more general values quoted in international reviews.

Using the UNSCEAR value of 42 nSv/h, the individual annual dose outdoors due to cosmic radiation is 370 µSv. However, this figure must be 

adjusted to take account of the effect of building materials, which absorb cosmic radiation and results in lower exposures indoors compared 

with outdoors. UNSCEAR [2000] recommends the use of an average building shielding factor of 0.8 along with an indoor occupancy factor 

of 0.8. Applying these correction factors, the individual annual dose due to exposure to cosmic radiation at sea level in Ireland is typically  

310 µSv. This has been rounded to 300 µSv.

2.1.2 Cosmic Radiation due to Air Travel

Because cosmic radiation increases with altitude, air travel results in an additional radiation dose. The highest individual doses are normally 

associated with trans-polar and supersonic flights [Beck et al., 2006].

Deregulation of the Irish airline industry in 1986 and the sustained economic growth experienced by Ireland over the past 10 to 15 years  

has resulted in greater accessibility to air travel. This increase in the number of flights taken for both business and pleasure has resulted in 

additional exposure of the Irish population to cosmic radiation.

The Central Statistics Office has published detailed information on the frequency of trips abroad by Irish residents to various destinations [CSO, 

2006b]. Data on flights by Irish residents for the years 2001 to 2005 have been reviewed by Colgan et al. [2007a] and are summarised in Table 1.

The 2005 travel statistics in Table 1 have been used to calculate the collective dose on each route. As a first step, a ‘typical’ routing was chosen for 

each country or region. This was normally the capital city or, if this was considered unrepresentative, either a large city close to the centre of the 

country or region, or a well-known holiday destination, was chosen. In the case of Spain, calculations were made both for Madrid, as a location typical 

of the mainland, and for Tenerife, because of the large number of holiday flights from Ireland to the Canary Islands. Dublin was used as the departure 

point for all calculations. In the case of routes that are not served by a direct flight, doses were calculated for travel via either London or Amsterdam.

A number of computer programmes have been developed to estimate the doses from cosmic radiation received by air crew. The same 

programmes can be used to calculate doses received by passengers. Two of these, EPCARD (European Package for the Calculation of Aviation 

Route Doses) and CARI-6 have been approved by the European Commission for use in estimating occupational radiation exposure of air crew 

[EC, 2004]. For this study, all calculations were made using CARI-6, which has been developed by the Civil Aerospace Medical Institute in the 

United States and can be downloaded from their website www.cami.jccbi.gov.

The distribution of collective doses worldwide, for Europe and for the United States as a result of passenger airline travel by Irish residents is summarised 

in Table 2 and shown in Figures 1A, 1B and 1C respectively. While Europe accounts for approximately 85% of all routes flown in 2005, it accounts 

for only 51% of the collective dose. In contrast, the United States accounts for only 10% of all flights but 34% of the collective dose.

Flights from Ireland to Spain, including the Canary Islands, account for over 40% of the dose on European routes. This is followed by the 

United Kingdom (11%) and the popular holiday destinations of Italy (9%), France (9%) and Portugal (5%). The collective dose on North 

American routes is dominated by flights to cities along the north-east coast, which account for 67% of the collective dose.
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Flights to other parts of the world are increasing in importance. For example, in 2005 flights to Asia and to Australasia both resulted in a collective 

dose similar to that received on all flights to the United Kingdom. The dose per return flight on these long-haul routes can be up to 20 times higher 

than on a return flight to/from London and may represent an ever-increasing component of radiation dose from airline travel in future years. 

However, recent concerns about the CO2 costs of airline travel may place some limit on the future expansion of the airline industry [West, 2005].

The total collective dose from airline travel by Irish residents during 2005 is estimated to be approximately 189 man Sv. When this figure is 

divided by the total population of 4.24 million, the corresponding per caput dose is 45 µSv. Those who never fly would receive no dose while 

those who fly regularly would receive a dose higher than the per caput dose.

Cosmic radiation exposure of air crew is discussed in section 2.6.1.1.

Table 1. International air travel by Irish residents – return trips (x 10�) by country/region visited (2001-200�)

2001 2002 2003 2004 2005

Austria 31 35 50 47 84

Belgium/Luxembourg/Netherlands 139 171 170 184 182

Cyprus/Malta na* na* na* 33 48

Denmark/Finland/Sweden 52 36 49 45 70

Estonia/Latvia/Lithuania na* na* na* 8 8

France 375 458 443 509 571

Germany 81 99 100 119 170

Greece 69 84 90 69 71

Italy 161 201 193 241 303

Other EU** na* na* na* 118 119

Portugal 142 160 191 200 234

Spain 976 997 1182 1280 1300

United Kingdom*** 921 1043 1105 1177 1296

Total EU (25) 2947 3284 3573 4030 4456

Other Europe 197 229 260 167 238

All European 3144 3513 3833 4197 4694

North America Northeast 259 244 276 323 411

North America Southeast 43 41 46 54 69

North America Midwest 40 37 42 49 63

North America West 18 17 19 22 29

All North America**** 360 339 384 449 571

Central, South & Other Americas 23 21 30 28 41

Asia & Middle East 62 65 64 89 95

Africa 71 86 76 69 77

Australia, New Zealand & Oceania 49 56 42 50 68

All Other 205 228 212 236 281

* na means ‘not available’. Data from the 10 Accession States were included in ‘other Europe’ prior to 2004. 

** Other EU includes Czech Republic, Hungary, Poland, Slovakia and Slovenia. 

*** Flights between Ireland and Northern Ireland are less than 6,000 annually and have not been included. 

**** Sum of regional figures is different from total due to rounding.
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Table 2. Route and collective doses from air travel by Irish residents (200�)

Country/Region Destination Return Trip Dose 
(µSv)

Collective Dose 
(man Sv)

Austria Salzburg 18 1.5

Belgium/Luxembourg/Netherlands Amsterdam 13 2.4

Cyprus/Malta Larnaca/Valetta* 45/23 1.6

Denmark/Finland/Sweden Stockholm 30 2.1

Estonia/Latvia/Lithuania Riga 35 0.3

France Paris 14 8.0

Germany Berlin 20 3.4

Greece Rhodes 34 2.4

Italy Rome 27 8.2

Other EU Warsaw 30 3.6

Portugal Faro 22 5.2

Spain Madrid/Tenerife* 20/40 39.0

United Kingdom London 8 10.4

Other Europe Dubrovnik 28 6.7

All Europe 94.8

North America Northeast New York 106 43.6

North America Southeast Atlanta 127 8.8

North America Midwest Chicago 120 7.6

North America West Los Angeles 165 4.8

All North America 64.8

Central, South & Other Americas Buenos Aires 90 3.7

Asia & Middle East Bangkok 109 10.4

Africa Nairobi 58 4.5

Australia, New Zealand & Oceania Sydney 155 10.5

All Other 29.1

* Calculation based on assumed 50% travel to each destination.
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Figure 1. Distribution of collective doses received by Irish residents from airline travel (200�)
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Cosmic Radiation and Altitude
Bouville and Lowder [1988] have derived an equation that allows calculation of the increase in cosmic radiation with altitude.

Ez = E0 [0.21 exp(-1.649 z) + 0.79 exp(0.4528 z)]

where

Ez is the dose rate at height z above sea level; 

E0 is the dose rate at sea level; and 

z is the height above sea level (in km).

In Ireland, the highest occupied town is Rathdrum in county Wicklow at a height above sea level of 270 metres. Applying the 

equation above, the value for Ez is 1.03 E0, i.e. the dose due to cosmic radiation in Rathdrum is 3% higher than along the Irish 

coastline.

At the top of Carrauntuohill in county Kerry, the highest mountain in Ireland at an altitude of 1,039 metres, the dose from cosmic 

radiation is increased by 24%. On the other hand, if you lived in Quito in Ecuador, located at an altitude of 2,850 metres, you would 

receive a dose from cosmic radiation approximately three times higher than if you lived at sea level.
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Frequent Flyers
Data on airline travel by frequent flyers are normally unavailable as this information can be subject to data protection legislation  

and may also be considered commercially sensitive. However those who fly frequently obviously receive a higher dose from cosmic 

radiation than those who fly infrequently, or not at all.

The table below shows estimated annual doses from cosmic radiation for a combination of hypothetical but plausible routes  

and frequencies.

Typical annual cosmic radiation doses for selected routes and frequencies

Route Frequency (return trips) Annual Radiation Dose (mSv)

Dublin – London Twice weekly 0.8

Dublin – Brussels Twice weekly 1.4

Dublin – Berlin Weekly 1.1

Dublin – New York Weekly 5.5

Dublin – Chicago Fortnightly 3.1

Dublin – Los Angeles Fortnightly 4.3

Dublin – Bangkok Monthly 1.4

Dublin – Sydney Monthly 2.0

2.2 Radioactivity in the Environment

2.2.1 Natural Radioactivity in Soils

Naturally occurring radioactive materials have been present in the earth’s crust since it was formed approximately 4.5 billion years ago.  

These include radioactive decay ‘chains’ headed by uranium-238, uranium-235 and thorium-232, as well as potassium-40, rubidium-87  

and other radioactive isotopes. Uranium-235 is present in such small amounts (0.7%) compared to uranium-238 (99.3%) that it contributes  

a relatively very minor radiation dose and therefore is not considered further.

Marsh [1991] carried out a survey of outdoor gamma radiation levels based on the 10 x 10 km2 Irish national grid. A total of 651 

measurements were made, one close to the centre of each accessible grid square, throughout the country. The contributions from cosmic 

radiation and from instrument electronic noise were subtracted from each measurement to provide a national map of radiation levels due 

solely to radioactivity of both natural and artificial origin in the underlying soil. The average outdoor absorbed dose rate in air for the whole 

country was found to be 31 nGy/h.

Surveys have also been undertaken by Colgan [1980], who completed measurements at 264 locations around Ireland, giving an average 

value for gamma radiation from the soil of 51 nGy/h. While the measurement points were not randomly selected and the sample size is 

considerably less than that of Marsh [1991], the data are relatively uniformly distributed across the country.

When both surveys are weighted in accordance with the number of measurements in each, the best estimate of external gamma dose rate  

is 37 nGy/h. UNSCEAR [2000] recommends that a factor of 0.7 be used to convert absorbed dose rate in air (in nGy/h) to units of radiation 

dose (in nSv/h). Thus 37 nGy/h corresponds to 26 nSv/h.

Account also has to be taken of the fact that gamma radiation levels indoors are normally higher than those outdoors. The materials from 

which the building is constructed will absorb gamma radiation from radioactive materials in the soil and thus reduce the dose indoors. 

However, there will also be an additional contribution from radioactivity present in the building materials themselves.
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McAulay and Colgan [1984] assessed the effect of building materials on gamma dose rate by performing measurements inside and outside 

119 homes in Ireland. Measurements were made in the open air outside the house and in three inside rooms. Surveys were carried out in 

two separate regions – one of known low background gamma radiation and the other with relatively high natural radioactivity. In each  

area the houses selected covered a range of different ages and construction materials. The results of these measurements are summarised  

in Table 3.

Table �. Indoor and outdoor gamma radiation measurements in Irish houses

Measurement Area No. of 
Measurements

Mean Indoor  
(nGy/h)

Mean Outdoor 
(nGy/h)

Ratio  
(In/Out)

High background 79 74 56 1.32

Low background 40 15 10 1.50

All 119 55 40 1.38

After correction for the cosmic radiation component, the mean dose rates measured were 55 nGy/h indoors compared with 40 nGy/h 

outdoors. Therefore the dose rates indoors in Ireland due to radioactivity in the soil are, on average and on the basis of this study, 38% 

higher than those outdoors. The worldwide average gamma dose rate indoors is 1.4 times higher than outdoors, with regional values  

from 0.8 to 2.0 [UNSCEAR, 1993].

Using an occupancy factor of 0.8 and assuming a 38% higher dose rate indoors compared with outdoors, the average annual individual 

dose, D, in Ireland due to gamma radiation is

D = 26 x 24 x 365 x [(0.8 x 1.38) + 0.2] x 10-3 µSv

This gives a value of 297 µSv.

The work reported by both Colgan [1980] and McAulay and Colgan [1984] was carried out in the early 1980s. Radioactivity deposited in 

Ireland following the Chernobyl accident in 1986 therefore makes no contribution to the doses quoted above. However, artificial radioactivity 

deposited as a result of nuclear weapons testing, primarily in the years 1954-1963, will contribute to the measured gamma dose rates. This is 

estimated to be less than 5 µSv annually, as discussed below. As this is well within the accuracy of the calculation, 300 µSv has been taken as 

representative of the annual per caput dose due to natural radioactivity present in soils. The range is typically 50-1200 µSv.

2.2.2 Artificial Radioactivity in Soils

In addition to the dose from natural radioactivity, there is an additional dose from artificial radioactivity present in Irish soils. This artificial 

radioactivity was deposited as a result of nuclear weapons testing in the 1950s and 1960s and following the Chernobyl accident in 1986.1

Ryan [1991] studied the distribution of several artificially produced radioactive materials in Irish soils. The major long term contributor to 

external radiation is caesium-137. The deposition data for caesium-137 from both nuclear weapons testing and from the Chernobyl accident 

are summarised in Table 4 below.

Table �. Caesium-1�� deposition in Irish soils

Source Mean deposition (Bq/m2) Range (Bq/m2)

Nuclear weapons 3717±1191 1509-6592

Chernobyl 4126±2354 949-9212

1 The impact of the Chernobyl accident on Ireland is discussed at the end of section 2.5 dealing with radioactivity in food.
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Because rainfall is the most important mechanism by which airborne radioactivity is deposited on soils, there is a strong relationship between 

mean annual rainfall and deposition from nuclear weapons testing. On the other hand, deposition following the Chernobyl accident was 

confined to a period of a few weeks and therefore the relationship with rainfall is much weaker.

UNSCEAR [2000] has quoted a value of 1.6 nSv per Bq/m2 and 1.0 nSv per Bq/m2 to convert from caesium-137 deposition to dose for  

the years 11-20 and 21-50 respectively after initial deposition. These values reduce each year as caesium-137 moves down the soil profile, 

thereby resulting in a lower radiation dose due to the shielding effect of the soil. The amount of caesium-137 present will also be reduced 

every year due to radioactive decay.

Applying the conversion factor of 1.0 nSv per Bq/m2 to the deposition data for nuclear weapons testing, the current average annual external 

dose in Ireland is 4 µSv. In the case of caesium-137 deposited following the Chernobyl accident, using the same conversion factor gives an 

estimated current annual average external dose in Ireland of just over 4 µSv, while the higher conversion factor results in an annual average 

value of 7 µSv. Shielding by building materials will result in a slightly lower dose indoors than outdoors but this may be offset by any artificial 

radioactivity present in the building materials themselves. The total annual dose has been rounded to 10 µSv.

2.2.� Artificial Radioactivity in Air

Krypton-85 is a radioactive gas released to the environment in significant amounts as a result of the reprocessing of spent nuclear fuel.  

There are two main sources of krypton-85 in the air over Ireland. These are emissions from the Sellafield reprocessing plant in the UK  

and from the Cap de la Hague reprocessing plant in France. Smith et al. [2005] identified the Cap de la Hague rather than the Sellafield 

reprocessing plant as the principal source of krypton-85 in air over Ireland.

The RPII has measured the concentration of krypton-85 in the air at its monitoring station in Dublin since 1993. The data, taken from Ryan  

et al. [2007], are presented in Figure 2. Over the period of observation, there has been a gradual but constant increase in the concentrations 

of krypton-85 in the air over Ireland. During this time, the annual average concentration of krypton-85 ranged from 1.1 to 2.0 Bq/m3. The 

corresponding average individual annual dose has been estimated as 0.01 µSv and the collective dose as 42 man mSv [Ryan et al., 2007]. The 

value for average individual dose is some ten times less than the maximum worldwide average value of 0.1 µSv quoted by UNSCEAR [2000].

Caesium-137 is routinely found in trace amounts in air. Like krypton-85, this radionuclide is released from reprocessing facilities abroad  

and an additional source is resuspension of soil particles containing caesium-137. For 2005, the average annual dose from inhalation of 

caesium-137 has been estimated as 7.5 x 10-5 µSv [Ryan et al., 2007], corresponding to a collective dose of 0.3 man mSv.

Figure 2. Krypton-8� activity concentrations (Bq/m�) in air at Clonskeagh (1���-200�)
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Radioactivity in Building Materials
A preliminary evaluation of the concentrations of radium-226, thorium-232 and potassium-40 in a range of building materials 

commonly used in Ireland has been carried out by Lee et al. [2004]. The final results of the study Doorly [2006] are summarised in 

the table below.

Natural radioactivity in Irish building materials

Average Concentration (range) Bq/kg

Material N Radium-226 Thorium-232 Potassium-40

Aggregate 9 59 (22-164) 20 (<1-73) 590 (11-2254)

Brick 14 92 (46-143) 33 (9-55) 614 (287-1194)

Cement 3 86 (61-118) 13 (12-15) 125 (72-223)

Concrete 8 57 (43-67) 10 (3-26) 311 (19-1248)

Gypsum 10 33 (5-54) 4 (<1-10) 133 (17-274)

Insulation 2 35 (3-67) <1 83 (21-144)

Sand 3 27 (22-35) 13 (<1-27) 369 (16-603)

Stone 2 22 (20-25) 8 (7-9) 635 (585-685)

Tile 9 156 (80-193) 52 (32-71) 710 (242-1381)

Wood 10 7 (3-22) <1 57 (8-115)

The authors concluded that the normal use of these materials would not result in radiation doses in excess of 1 mSv, and in the 

majority of cases the doses would be less than 0.3 mSv to house occupants. The contribution of natural radioactivity in building 

materials to gamma dose rate is included in the calculations in the main text.

This work also identified very small amounts of caesium-137 in wood, but not in any of the other sample types analysed. The 

average concentration of caesium-137 in the 10 samples analysed was 3.2 Bq/kg. This would not result in a significant additional 

radiation dose to house occupants.

However, high concentrations of caesium-137 have been reported in wood from forests in Scandinavia and in eastern Europe that 

were significantly contaminated following the Chernobyl accident. The IAEA [2004] has recommended a limit of 1,000 Bq/kg for 

materials entering international trade, but recognises that lower values might need to be set for construction materials. In a separate 

document, the IAEA [2003] has calculated that, if wood contaminated with caesium-137 was used as the construction material for  

a house, the resulting annual radiation dose to occupants would be 20 nSv per Bq/kg based on an annual occupancy of 4,000 hours. 

Using the 80% (7,000 hours) occupancy rate assumed throughout this report and a caesium-137 contamination of 1,000 Bq/kg,  

the annual dose to an occupant from caesium-137 in the wood would be less than 50 µSv.

This dose is an upper limit as it is derived from a scenario where a house is constructed entirely of wood contaminated at the 

maximum concentration of 1,000 Bq/kg of caesium-137. In practice, much lower doses are likely to be received and there is no 

evidence that wood contaminated to these concentrations is being used in the Irish construction industry. It can therefore be 

concluded that natural radioactivity is the principal source of exposure from building materials.
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Variability in Radiation Released from Soils
The radiation dose we receive from the radioactivity contained in the soil is not constant and can vary by 20% or more from hour  

to hour. For example, when the soil is waterlogged, some of the radiation that would normally be released can be absorbed by the 

water. This will reduce the amount of radiation released.

The naturally occurring radioactive gas radon (see section 2.3) decays to form tiny radioactive particles, some of which remain 

suspended in the air. As rain falls through the atmosphere it collects these particles and subsequently deposits them on the ground. 

This phenomenon is called ‘radon washout’ and results in an increase in dose rate that may persist for a period of a few hours.

The figure below shows typical variability at one of the RPII’s 15 online gamma dose rate monitoring stations. Increases due to radon 

washout are highlighted.
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2.� Radon in Indoor Air

2.�.1 Introduction

Radon-222, commonly referred to as radon, is a naturally occurring radioactive gas formed by the radioactive decay of radium-226, a 

component of the uranium-238 decay series. Radon is constantly being produced in soil and, because of the pressure differential between 

outdoor air and indoor air, it can be ‘sucked’ into buildings. The concentration of radon in outdoor air in Ireland is typically 6 Bq/m3 [Fennell 

et al., 2002]. The concentration of radon in indoor air is normally higher and more variable than that found outdoors and depends on several 

factors such as the concentration present in the soil, the existence of entry routes through the foundations and sub-structure of the building 

and prevailing climatic conditions.

Radium-226 is also present in most building materials (see section 2.2). This is an additional source of radon in indoor air. However, in 

situations where high indoor radon concentrations are present, it is normally the soil rather than the building materials that are the primary 

source [ICRP, 1993]. There can also be an additional contribution from domestic water supplies, and relatively high radon concentrations have 

previously been identified in a small number of Irish ground water supplies [Ryan et al., 2003]. Public water supplies normally contain little or 

no radon because agitation of the water releases any radon present into the air.
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In 1990 the Government set a national reference level of 200 Bq/m3 for radon exposure in the home. Based on an assumed 80% (7,000 hours 

per year) occupancy, this corresponds to an annual radiation dose of 5 mSv [Madden et al., 1994]. A reference level is not a rigid boundary 

between safety and danger but rather represents a level of risk at which householders should consider taking action to reduce their exposure 

to radon.

Indoor radon contains a mixture of radon gas and its decay products (see Figure 3). When inhaled, radon may decay within the body, thereby 

giving rise to a radiation dose. Of much more significance from the point-of-view of dose are the radon decay products, in particular those 

that emit alpha radiation. These can attach themselves to microscopic particles in the air and, when inhaled, can be deposited in the lung 

and deliver high radiation doses to a small volume of lung tissue. Peterman and Perkins [1988] have estimated that only 2% of the dose  

from radon is due to radon gas, with the remainder attributable to the inhalation of its decay products.

Figure �. Uranium-2�8 decay series
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2.�.2 The National Radon Survey

Between 1992 and 1999 the RPII carried out a comprehensive survey of radon concentrations in Irish houses, the National Radon Survey 

(NRS). The NRS measured radon in houses on a geographical basis using the Irish 10 km x 10 km National Grid as the basic geographical 

unit. The principal objective of the survey was to quantify the scale of the radon problem in Ireland and to identify areas where there was  

a higher risk of finding high indoor radon concentrations.

Radon measurements were completed in 11,319 houses, representing a sampling frequency of 1 in 116 of the national housing stock at  

the time [CSO, 1997]. All measurements were made for a continuous 12-month period in two rooms, normally the main living area and a 

bedroom. The two measurement results from each house were averaged. Radon concentrations in the measured houses ranged from 10  

to 1924 Bq/m3. The average indoor radon concentration was 89 Bq/m3, with a population-weighted average of 91 Bq/m3. On the basis  

of an occupancy rate of 7000 hours each year, this corresponds to a collective dose of 9430 man Sv.

Using published national statistics it was estimated that approximately 91,000 houses, or 7% of the total, had radon concentrations above 

200 Bq/m3 with around 700 of these exceeding 1000 Bq/m3. This estimate is based on housing statistics at the time but Ireland’s economic 

boom in recent years has resulted in a significant increase in building activity. Since 2000, the total housing stock has increased from 1.3  

to 1.75 million units [CSO, 2006c]. This would suggest that the number of houses potentially with radon concentrations above 200 Bq/m3 

could be as high 120,000. However, this is likely to be an overestimate for two principal reasons:

The introduction in 1997 of building regulations aimed at reducing the ingress of radon into new buildings, and the subsequent 

strengthening of these regulations in 2004 [DOE, 1997); and

High radon concentrations are seldom found above the first floor in high-rise buildings [Ulbak et al., 1988; Strand et al., 1992] and the 

increased construction of apartment buildings in Ireland in recent years will reduce somewhat both the average radon concentration in  

Irish houses but also the number above the reference level.

However, at present a more accurate estimate of the total number of Irish houses with radon concentrations above the reference level  

is not available.

Apart from the measurements made as part of the NRS, the RPII has completed radon measurements in approximately 22,000 additional 

homes. Many of these measurements were for a period of three months and therefore are not directly comparable with those of the NRS, 

which were made for a continuous period of one year. In addition, for the majority of these measurements there is no specific information on 

the associated national grid square and the measurements are not uniformly distributed throughout Ireland. For these reasons, the additional 

measurements have not been included in the calculation of average radon concentration in Irish homes. However, a summary of all radon 

measurement data available to the RPII is given in Appendix 2.

The concept of High Radon Areas, defined as any national grid square where 10% or more of the houses are predicted to have an annual 

average radon concentration above the national reference level of 200 Bq/m3, was developed. High Radon Areas are present in all counties 

but there is a significant concentration of such areas in the north-west and south-east of the country, as well as in the Tralee and Castleisland 

region of county Kerry (see Appendix 1).

The national grid comprises 837 grid squares2, of which 234 (28%) are designated High Radon Areas. On the basis of the 2000 housing 

statistics, in High Radon Areas 1 in 5 houses exceeds the national Reference Level while in other parts of the country the incidence is 1 in 30.

The data generated by the National Radon Survey can also be compiled on a county basis. These are summarised in Table 5. Radon 

concentrations above the reference level were found in all counties and in 13 counties they exceeded 1,000 Bq/m3. The highest average 

radon concentration and the highest percentage of houses above the reference level were both found in county Sligo.

2 This number is greater than the 651 grid squares included in the gamma dose rate survey of Marsh [1991], who excluded grid squares where it was not 
possible to measure close to the centre point. Thus many coastal grid squares included in the National Radon Survey were not included in the national 
gamma dose rate survey.
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Table �. Results of the national survey of radon in Irish houses

County Measured Number of Houses Number of Houses 
>200 Bq/m3

Radon Concentration (Bq/m3)

Average Maximum

Carlow 194 30 (15%) 123 1562

Cavan 180 5 (3%) 67 780

Clare 742 66 (9%) 88 1489

Cork 1211 71 (6%) 76 1502

Donegal 487 18 (4%) 69 512

Dublin 155 6 (4%) 73 260

Galway 1213 181 (15%) 112 1881

Kerry 932 52 (6%) 70 1924

Kildare 480 29 (6%) 90 1114

Kilkenny 181 16 (9%) 100 717

Laois 334 17 (5%) 83 565

Leitrim 145 6 (5%) 60 433

Limerick 524 41 (8%) 77 1102

Longford 132 8 (6%) 75 450

Louth 124 14 (11%) 112 751

Mayo 1184 152 (13%) 100 1214

Meath 233 18 (8%) 102 671

Monaghan 120 4 (3%) 68 365

Offaly 286 7 (2%) 68 495

Roscommon 235 17 (7%) 91 1387

Sligo 270 54 (20%) 145 969

Tipperary 852 63 (7%) 79 1318

Waterford 162 20 (12%) 119 1359

Westmeath 289 20 (7%) 91 699

Wexford 469 54 (12%) 99 1124

Wicklow 185 24 (13%) 131 1032

County maps showing High Radon Areas are published on the RPII website www.rpii.ie.

2.�.� High Radon Concentrations in a House in Castleisland, County Kerry

The National Radon Survey identified parts of county Kerry as High Radon Areas (Figure 4). In July 2003, the RPII found a house in the 

Castleisland area of county Kerry with an estimated average radon concentration of 49,000 Bq/m3 [Organo et al., 2004]. This corresponds  

to an annual radiation dose to the occupants of the order of 1.2 Sv and to a daily dose of about 3.4 mSv.

Subsequent radon measurements in over 400 houses in and around the town of Castleisland identified further houses with high radon 

concentrations. Five houses with radon concentrations above 1000 Bq/m3 and three of the ten highest radon concentrations ever measured 

in Ireland were all identified during this measurement programme [Organo and Murphy, 2007].
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The RPII database contains the results of radon measurements made in 1345 houses with a postal address of either Castleisland or Tralee.  

In many cases, the postal address encompasses an area that extends well beyond the immediate town or village. This is particularly the case 

in Tralee, where the postal district covers well over 1000 km2. This area contains parts of several grid squares classified as High Radon Areas 

and parts of several others that are not.

Figure �. Radon map of Kerry showing Castleisland and Tralee

Analysis of the available data shows that the average radon concentration in these 1345 homes is 266 Bq/m3, or three times the national 

average. When the single measurement result of 49,000 Bq/m3 is removed, the average falls to 229 Bq/m3, or two-and-a-half times the 

national average.

Table �. Summary of radon measurements in houses in Castleisland and Tralee

Number  
of Results

Average  
(Bq/m3)

No. above  
200 Bq/m3

No. above 
1000 Bq/m3

Highest  
(Bq/m3)

Castleisland 486 234 63 (13%) 8 (1.6%) 4310†

Tralee 859 284 237 (28%) 53 (6.2%) 8056

TOTAL 1345 266 300 (22%) 61 (4.5%)

† Excluding one result of 49,000 Bq/m3.

As summarised in Table 6, what the data clearly show is that, while much attention has been focused on Castleisland, there are generally 

higher radon concentrations in and around Tralee. Not only is the average radon concentration 20% higher, but of even greater concern is 

that Tralee has twice the percentage of homes with radon concentrations above the reference level and almost four times as many above 

1000 Bq/m3. If the one result of 49,000 Bq/m3 is disregarded, then the highest individual radon concentration is also in Tralee.
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Thus while the potential clearly exists for very high indoor radon concentrations in and around Castleisland, the phenomenon appears to be 

much more localised than in Tralee. Further work would be required to determine the specific geological factors influencing radon production 

and accumulation in these areas. This could assist in identifying other areas potentially similarly affected by high indoor radon concentrations.

2.� Thoron in Indoor Air

2.�.1 Introduction

Thoron (radon-220) is a naturally occurring radioactive gas produced by the radioactive decay of radium-224, a component of the thorium 

decay series. Thoron has a half-life of 56 seconds and can only migrate a short distance before it decays. For this reason, building materials 

rather than the soil beneath the house are usually the principal source of thoron in indoor air. The concentration of thoron indoors varies 

significantly with distance from walls and floors while thoron decay products are uniformly distributed within the room. Figure 5 shows  

the decay scheme of the thorium-232 radioactive series.

Figure �. Thorium-2�2 decay series
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As is the case with radon, it is the decay products rather than the gas itself that are the principal source of radiation dose. Maintaining the 

similarity with radon, these can be inhaled and deposited in the respiratory tract where they give rise to a radiation dose. No direct studies  

of the health effects on man of exposure to thoron have been carried out.

Except in extreme circumstances, the concentrations of thoron in indoor air are much lower than those of radon. Examples of extreme 

circumstances are the use of building materials with high concentrations of thorium or, as is the case in some countries, living in houses 

where the floors and/or walls are made of earth.

Thoron may decay almost completely in indoor air while significant concentrations of its decay products remain. Unlike the situation with 

radon, direct measurements of thoron gas are not a reliable indicator of the presence of its decay products, and therefore do not provide an 

estimate of dose. Thoron daughters are difficult to measure and therefore very few countries have carried out surveys to assess the radiation 

dose from thoron and its decay products.

2.�.2 Thoron in Ireland

In Ireland, a limited number of measurements of thoron and thoron decay products have been made by Ni Choncubhair [2007]. 

Measurements were completed in 40 houses covering a range of building types and ages. The average concentration of thoron decay 

products (reported in units of equilibrium equivalent thoron concentrations) was 1 Bq/m3 with a range of 0.03 to 7.65 Bq/m3. Using a  

dose conversion factor of 40 nSv per (Bq/m3.h) [UNSCEAR, 2000] and an 80% occupancy rate, this corresponds to an annual average  

dose of 280 µSv. The observed range of estimated annual doses is from 10 µSv to 2.1 mSv.

UNSCEAR [2000] has reviewed the published scientific data and reports a worldwide annual average per caput dose from thoron decay 

products of 90 µSv. Similar values have been reported for the United Kingdom [Wrixon et al., 1988; Cliff et al., 1992; Proctor, 2006].  

While these are considerably lower than the estimate for Ireland, it is important to realise that there are no standard protocols for measuring 

thoron and thoron decay products. In addition, national data are often based on a small number of short term measurements that may not 

be representative of long term average concentrations. Both these factors make direct comparison of data sets and dose estimates difficult. 

Worldwide there is an increasing focus on standardising measurement protocols for thoron and improving the estimates of dose that have 

been made.

2.� Radioactivity in Food

2.�.1 Natural Radioactivity in Food

2.�.1.1 Carbon-1�

Cosmic radiation (see section 2.1) produces neutrons which interact with nitrogen in the upper atmosphere to produce carbon-14. 

Approximately 9 kg of carbon-14 are produced in this way every year. This carbon-14 is distributed throughout the environment worldwide 

and, because carbon is a key component of living material, carbon-14 is present in trees and plants and therefore also in the foodchain.

Foods high in fatty acids are normally high in carbon, and therefore also carbon-14. These include milk and milk products, oils, almonds, 

walnuts, avocados and fish such as mackerel, trout and salmon. Cereals also tend to have high carbon-14 concentrations.

Analysis of selected food and mixed diet samples in Ireland has found carbon-14 concentrations that are typically in the range 30-40 Bq/kg 

fresh weight [Smith et al., 2007]. The typical Irish diet consists of 440 kg of foodstuffs and 560 kg of water annually [IUNA, 2001]. Assuming 

a zero carbon-14 content of drinking water and applying a dose conversion factor of 5.8 x 10-10 Sv/Bq to the food component of the diet 

[ICRP, 1996], the individual annual dose due to carbon-14 in the Irish diet is in the range of 8 to 12 µSv. A value of 10 µSv has therefore been 

chosen for comparison with other exposure pathways.

Carbon-14 is also present in the environment as a result of above-ground nuclear weapons tests that took place in the 1950s and 1960s. 

UNSCEAR [2000] has estimated that the worldwide average per caput dose from carbon-14 in the diet from nuclear weapons testing is  

1.7 µSv. While this value is now somewhat dated, the long half-life of carbon-14 along with its behaviour in the environment mean that  

this is a reasonably accurate estimate of current exposure levels.
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Carbon-14 is also continually produced from nuclear fuel cycle activities. This includes routine operation of nuclear power plants, nuclear 

reprocessing and the decommissioning of nuclear facilities. UNSCEAR [2000] quotes the worldwide annual collective dose from carbon-14 

released as part of nuclear fuel cycle activities as being of the order of 200 man Sv. Using a world population of 6 x 109 persons, it follows 

that the individual dose from this pathway is of the order of 0.03 µSv.

It can therefore be concluded that approximately 80% of the carbon-14 in the Irish diet is of natural origin. The corresponding dose is 8 µSv, 

with most of the remaining 2 µSv coming from the testing of nuclear weapons. Ongoing nuclear fuel cycle activities represent less than  

1% of the collective and individual dose.

2.�.1.2 Potassium-�0

Potassium is a key element in regulating many bodily functions such as digestion, heart rate and the water content of cells. For that reason, 

the potassium content of the body is held constant by metabolic processes, although some variability between men and women and with 

age has been observed. Natural potassium contains 0.012% by weight of potassium-40, which is naturally radioactive. The potassium-40 

content of the body is therefore also constant.

Typically, adults and children receive annual doses of 165 µSv and 185 µSv respectively from potassium-40 naturally present in their bodies. 

The higher dose received by children is due to a higher potassium concentration in the diet in relation to body mass [ICRP, 1975]. A representative 

average annual individual dose of 175 µSv has been assigned to this exposure pathway.

2.�.1.� Rubidium-8�

Rubidium is the 16th most abundant element in the earth’s crust at concentrations typically 100 parts per million. Rubidium consists of  

two isotopes: rubidium-85 and rubidium-87. Only rubidium-87 is radioactive and it represents just under 30% of the total abundance  

of the element.

Meats, dairy products and certain nuts tend to have the highest natural content of rubidium. The typical daily intake of rubidium by man  

is 4-5 milligrams and humans contain approximately 300 mg of rubidium distributed between various tissues.

There are no data presently available on rubidium in the Irish diet. Watson et al. [2005] quote an annual dose from the ingestion of  

rubidium-87 in the United Kingdom of 2 µSv. In the absence of national data on rubidium exposure in Ireland, the UK value is likely  

to approximate to the dose received in Ireland.

2.�.1.� Radium-228 (from thorium-2�2)

Thorium-232 is found in the earth’s crust at concentrations typically 1 to 100 parts per million. On average, thorium is three times more 

abundant than uranium and about as abundant as lead. The highest thorium concentrations are found in igneous rocks such as granites  

and the lowest in carbonate rocks such as limestones. Thorium decays through a series of steps to produce stable lead-208. Most of the  

dose from thorium is produced by one of the intermediate products in the decay series, radium-228.

There are no data presently available on thorium in the Irish diet. Watson et al. [2005] quote an annual dose from the ingestion of thorium  

in the United Kingdom of 7 µSv. In the absence of national data on thorium exposure in Ireland, the UK value is likely to approximate to  

the dose received in Ireland.

2.�.1.� Polonium-210 (from uranium-2�8)

Uranium-238 is also found in the earth’s crust in concentrations that vary from a few to several thousand parts per million. Uranium decays 

through a series of steps to produce stable lead-206. The radioactive decay of uranium-238 produces radon-222 which, in turn, produces 

polonium-210. The radiation dose from radon in buildings is discussed in section 2.3 of this report. Information on polonium-210 and dose 

estimates are presented below.

Most of the ingestion dose from the uranium series is due to the presence of polonium-210 in foodstuffs. UNSCEAR [2000] quotes a worldwide 

average annual intake of 58 Bq of polonium-210 in the diet. However, this value is influenced by the high polonium-210 concentrations in 

seafood and the high consumption rates of seafood in countries such as China and Japan. The value for annual polonium-210 intake in the 

typical European diet is 40 Bq. However, this is based on data from only five countries – Italy, Poland, Romania, Russia and the UK.
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Data on food consumption rates have been published by the Irish Universities Nutrition Alliance [IUNA, 2001]. The detailed consumption  

data in that report have been assigned to the eight principal categories of drinking water, milk and milk products, root vegetables, fruit,  

meat and meat products, cereals, leafy vegetables and seafood. This, together with ‘reference’ or typical polonium-210 concentrations in 

these food categories is summarised in Table 7. The calculated annual intake of polonium-210 in the Irish diet is 42.6 Bq, within the range  

of reported values of 28-55 Bq for other European countries [UNSCEAR, 2000].

These data are presented in Table 7 and Figure 6. It is clear that while the consumption of seafood is low, its normally high polonium-210 

content means that seafood contributes 45% of the total ingested radioactivity. Cereals are the next major contributor, followed by meat, 

root vegetables and leafy vegetables. Milk products and fruit each contribute, on average, only about 4% of the total.

Table �. Annual consumption rates of food and water in Ireland and associated polonium-210 concentrations

Product Annual Consumption  
(kg)

Typical Concentration  
(Bq/kg)†

Total Annual Activity 
Consumed (Bq)

Drinking water 557 0.005 2.8

Milk products 107 0.015 1.6

Root vegetables 90 0.04 3.6

Fruit 35 0.04 1.4

Meat products 72 0.06 4.3

Cereals 104 0.06 6.2

Leafy vegetables 36 0.1 3.6

Seafood 9.5 2.0 19.0

† Taken from UNSCEAR [2000].

Figure �. Calculated distribution of polonium-210 in the Irish diet�

Leafy Veg  8%

Root Veg  8%

Milk Products  4%

Water  7%

Fruit 3%

Cereals  15%

Seafood 45%

Meat Products  10%

3 Based on concentrations of polonium-210 in food and water from UNSCEAR [2000].
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Applying a dose conversion factor of 1.2 x 10-5 Sv/Bq [ICRP, 1996] to the annual intakes quoted above, the corresponding annual dose  

is typically 50 µSv. Previous experimental work [Pollard et al., 1998] has derived an individual dose of 2.1 µSv per year per kilogram from 

polonium-210 in seafood consumed in Ireland. Applying a consumption rate of 9.5 kg and taking account of the fact that 45% of the total 

intake of polonium-210 is in the form of seafood, leads to an estimated annual individual dose from polonium-210 in the Irish diet of 44 µSv. 

This is in very close agreement with the 50 µSv derived above from theoretical calculations. A typical dose of 45 µSv is used for comparison 

with other exposure pathways.

The average annual dose calculated for the population of the United Kingdom using experimental data is 42 µSv for adults, 47 µSv for 

children and 81 µSv for infants [Watson et al., 2005]. Apart from differences in diet, the different doses calculated for each of the three 

population groups arise because different dose conversion factors apply to each.

2.�.2 Artificial Radioactivity in Food

2.�.2.1 Sellafield discharges

The Sellafield reprocessing plant is located approximately 180 km east of Ireland in Cumbria on the west coast of the United Kingdom. 

Activities at the site have resulted in the discharge of radioactive material into the Irish Sea since the 1950s. These discharges peaked  

in the 1970s and early 1980s. Subsequently, modern abatement facilities were introduced that significantly reduced discharges of most 

radionuclides, in some cases by factors in excess of 100.

Since 1982 the RPII has assessed the impact of the Sellafield discharges on Ireland. The main dose pathway is the consumption of seafood 

and two hypothetical consumers have been considered: a ‘heavy’ consumer, who eats 200 g of fish and 20 g of shellfish daily and a ‘typical’ 

consumer, who eats 40 g of fish and 5 g of shellfish daily.

The individual doses received by these consumers from 1982 to 2005 are plotted in Figure 7. Over this time period the dose to a heavy 

consumer has reduced by a factor of 70 and that to a typical consumer by a factor of 55. Since 2003 there has been a small but measurable 

increase in dose due to increased radioactive discharges from the Sellafield site. Presently the contributors to the dose are, in order of 

importance, caesium-137, technetium-99, plutonium and americium-241.

Figure �. Individual doses from the consumption of seafood (1�82-200�)
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The collective and per caput doses for 2005 have been calculated by considering landings at Ireland’s north-east ports of Carlingford, 

Clogherhead, Skerries and Howth. Ryan et al. [2007] have reported that, by comparison, the radioactivity content of fish and shellfish landed 

at ports along the southern and western coasts are considerably lower and, in many cases, below the limit of detection. Table 8 shows the 

2005 landings at each of these ports as a percentage of national landings. Table 9 summarises the measured radioactivity concentrations in 

representative samples of fish, prawns and mussels as reported by Ryan et al. [2007].

It is assumed that the radioactivity content of prawns is typical of all crustaceans and that of mussels is typical of all molluscs. The fractions  

of the landed weight consumed for fish, crustaceans and molluscs were taken to be 0.5, 0.35 and 0.15 respectively [Pentreath et al., 1989]. 

Using the dose conversion factors quoted in Table 10 [ICRP, 1996], the estimated annual collective dose is 43 man mSv. The contributors  

to this collective dose are shown in Figure 8.

In 2005, exports accounted for 53% of Irish seafood sales [BIM, 2007]. If it is assumed that this corresponds to 53% of landings, then  

only 47% of the collective dose, or 20 man mSv, is delivered to the Irish population. The remaining 23 man mSv is delivered to consumers 

primarily in France, UK, Germany, Spain and Italy which between them represent 70% of Ireland’s seafood export market [BIM, 2007].

Caesium-137 in fish and technetium-99 in crustaceans between them represent close to two-thirds of the total dose from landings  

at north-east ports.

Table 8. Landings at north-east ports (200�)

Landings (percentage of national landings)

Port Fish (t) Crustaceans (t) Molluscs (t)

Carlingford – 10 150

Clogherhead 35 77 0.1

Howth 2450 1200 300

Skerries 65 300 100

TOTAL 2550 (1%) 1600 (6%) 550 (3%)

Table �. Mean activity concentrations of artificial radionuclides in fish and shellfish landed at north-east ports (200�)

Species Activity Concentration (Bq/kg, fresh weight)

Tc-99 Cs-137 Pu-238 Pu-239,240 Am-241†

Fish‡ 0.1 0.79 nd 0.002 0.002

Crustaceans (Prawns) 43 0.62 0.003 0.014 0.022

Molluscs (Mussels) 20 0.34 0.005 0.033 0.015

† Estimated using mean americium/plutonium ratios quoted in Ryan et al. [1999]. 
‡ Cod, whiting, plaice, ray and herring.
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Table 10. Dose conversion factors

Nuclide Dose Conversion Factor (Sv/Bq)

Caesium-137 1.3 × 10-8

Technetium-99 6.4 × 10-10

Plutonium-238 2.3 × 10-7

Plutonium-239,240 2.5 × 10-7

Americium-241 2.0 × 10-7

Figure 8. Distribution of collective doses from fish (F), crustaceans (C) and molluscs (M) landed at north-east ports in 200�
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The dose received from the consumption of fish and shellfish containing radioactivity discharged from the Sellafield reprocessing plant can be 

compared with the dose from polonium-210 in the same seafood. Using the typical polonium-210 concentration of 2 Bq/kg in seafood (Table 7) 

and the consumption rates for the ‘heavy’ and ‘typical’ consumer quoted above, members of these population groups would each receive 

annual doses of about 160 and 35 µSv respectively. These doses are over 100 times higher than the current doses from artificial radioactivity 

in the same dietary components.

2.�.2.2 Caesium-1�� in other foods

Between 2004 and 2005, a survey was carried out to measure radioactivity in a range of foods consumed in Ireland [Ryan et al., 2007]. 

Seven samples were of fish and shellfish and the remaining 98 were of other dietary components. The samples were of both national  

and foreign origin representing all the principal food categories.

Trace amounts of caesium-137 were detected in individual samples of pork (0.2 Bq/kg), cheese (0.2 Bq/kg), chicken (0.3 Bq/kg), bacon  

(0.4 Bq/kg), offal (0.6 Bq/kg), lamb (0.8 Bq/kg) and fruit jam (0.8 Bq/kg). The caesium-137 content of the remaining samples was below  

the detection limit of 0.2 Bq/kg. Presently, throughout the European Community the maximum concentration of caesium-137 allowed in 

principal foods for human consumption imported from third countries is 600 Bq/kg. The corresponding value for milk and milk products  

is 370 Bq/kg [CEC, 1990].
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Assuming that the samples collected and analysed are representative of the Irish diet and using an annual consumption of 1000 kg  

[IUNA, 2001], the upper limit of ingestion of caesium-137 is currently 200 Bq in any given year. Applying a dose conversion factor of  

1.3 x 10-8 Sv/Bq (Table 10), the individual annual dose is 2.6 µSv. The corresponding collective dose is 11 man Sv. This dose is in addition  

to any dose from the marine pathway where the principal source of exposure can be assumed to be discharges from the Sellafield plant  

(see section 2.5.2.1).

2.�.2.� Strontium-�0 in milk

Strontium-90 was deposited in Ireland as a result of nuclear weapons tests and again following the Chernobyl accident. According to Ryan 

[1991], over 95% of the strontium-90 in Irish soils comes from nuclear weapons testing. Strontium-90 is also released from the Sellafield 

reprocessing plant in the UK but there are no published data on strontium-90 concentrations in fish and shellfish landed at Irish ports.

Strontium-90 is an important radionuclide because of its chemical similarity to calcium. Foods high in calcium can also accumulate strontium-

90 and when this food is eaten, the strontium will tend to concentrate in the bone. For this reason, as well as the fact that it is a key food for 

infants and children, milk is often routinely monitored to determine its strontium-90 content. Strontium-90 is normally found in equilibrium 

with another radionuclide, yttrium-90.

Since 1989 the RPII has been measuring the strontium-90 content of milk by regularly collecting and analysing samples from the main Irish 

dairies. Estimates for 2006 [Smith et al., 2007] are that strontium-90 and yttrium-90 in milk jointly result in an annual dose of 1.25 µSv to 

infants and 0.22 µSv to adults. This is similar to doses received in previous years. The higher dose received by infants is due to the greater 

percentage of their total diet that comes from milk and milk products as well as a threefold higher dose per unit intake.

Table 11 summarises the contribution of various nuclides to doses from the consumption of food. No data are available on the radioactivity 

that may be present in bottled waters, but limited data have been published on natural radioactivity in some private water supplies [Ryan  

et al., 2003].

Table 11. Per caput radiation doses from foodstuff consumption in Ireland

Exposure Pathway Natural Dose (µSv) Artificial Dose (µSv)

carbon-14 (8) (2)

potassium-40 (175)

rubidium-87 (2)

radium-228 (from thorium-232) (7)

polonium-210 (from uranium-238) (45)

strontium-90 in milk (0.5)

caesium-137 in foods (2.5)

discharges from Sellafield (<5 x 10-9)

TOTAL (240) 235 (98%) 5 (2%)



Radiation Doses Received by the Irish Population�2

Chernobyl – Its Impact on Ireland
The accident at reactor 4 of the Chernobyl nuclear power station in the Ukraine occurred on 26th April 1986. Over subsequent  

days radioactivity was dispersed throughout Europe and first reached Ireland on 2nd May. Heavy rainfall at the time resulted in 

radioactivity being deposited on the ground. While many different radioactive isotopes were detected at the time, for immediate  

and long term impact on the food chain, the most important of these was caesium-137. Maps were subsequently produced of  

the concentration of radioactive caesium-137 in soil in Ireland [Cunningham et al., 1987; McAulay and Moran, 1988; Ryan, 1991].

Caesium-137 is important for a number of reasons:

n it is produced in relatively large amounts in nuclear reactors;

n it is volatile and can therefore travel large distances if released into the atmosphere;

n it has a relatively long half-life of 30 years and therefore persists in the environment for a few hundred years; and

n because of its chemical similarity to potassium, it is readily absorbed into living material and into the food chain.

Although caesium-137 is chemically ‘fixed’ in most agricultural soils within a period of months, in poor quality soils it remains 

chemically available for many years. This has resulted in ongoing problems in countries where forest foods such as wild mushrooms 

and game are extensively eaten.

Another radioactive isotope of importance is iodine-131. Although it has a short half-life of eight days, it concentrates in the  

thyroid gland and can result in a high radiation dose. Iodine-131 tends to concentrate in milk and therefore infants and young 

children, whose thyroid glands are the most vulnerable, are particularly at risk. In the area around Chernobyl, consumption of foods 

contaminated with iodine-131 was responsible for over 90% of the total radiation dose received by the population in the first six  

to eight weeks after the accident.

Measurable concentrations of both iodine-131 and caesium-137 were present in many foodstuffs produced in Ireland from May 

1986 onwards. The foodstuffs most affected included milk and milk products, lamb, beef and leafy vegetables. Root vegetables 

showed very low levels of contamination.

Cunningham et al. [1987] estimated that, in the first six months after the accident, the doses from the consumption of contaminated 

foodstuffs were 99, 105 and 158 µSv for adults, ten year old children and infants respectively. No data have been published for 

subsequent years.

Iodine-131 contributed to dose for only a few weeks and caesium-137 was quickly reduced to trace amounts in most Irish-produced 

foods. The one exception was the case of sheep grazing upland pastures where the caesium-137 remained chemically available for 

uptake into pasture and even today some trace amounts of caesium-137 can be found in many of these animals, albeit at very low 

concentrations.

Overall, the long-term impact of the Chernobyl accident on Ireland has been low. Any increase in cancers caused by the additional 

radiation exposure will not be detectable above the normal ‘background’ incidence of cancers in Ireland.
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Potassium-�0 in Food
There is a wide range of potassium concentrations, and therefore also of potassium-40 concentrations, in foods. Some examples  

are given below:

Typical concentrations of potassium-�0 in food

Foodstuff Typical Concentration (Bq/kg)

Lettuce 20-40

Milk (low fat) 40-60

Yoghurt 40-60

Tomatoes (fresh) 60-80

Orange juice 60-80

Melon (fresh) 60-90

Bananas (fresh) 80-100

Chicken 80-100

Sardines 100-150

Spinach (cooked) 100-150

Muesli 100-150

Potatoes (raw) 140-180

Gammon 140-180

Cod 140-170

Beef 150-200

Raisins 200-250

Wheat germ 300-350

Seaweed (dried) 1000-1500

Potassium levels in the body are controlled by metabolic processes. This means that, regardless of the amount of potassium 

consumed in the diet, the dose an individual receives from potassium-40 will be relatively constant. There will also be little variability 

between individuals in terms of the dose received.
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Polonium-210
Polonium-210 is found in small amounts in the earth’s crust and is widely distributed throughout the environment. While polonium-

210 occurs naturally, it can also be produced artificially in a nuclear reactor by exposing the stable element bismuth-209 to neutrons.

Polonium-210 has a physical half-life of 138 days. Following ingestion, over 80% is excreted within two days and 90% within  

the first week via the faeces. The remainder enters the bloodstream and the highest concentrations are subsequently found in the 

spleen, liver, kidneys and bone marrow. Most of this is subsequently also excreted via the faeces with only small percentage released 

in urine and via the skin [ICRP, 1975; Leggett and Eckerman, 2001; ICRP, 2006].

Polonium-210 also accumulates in certain foods. For foods produced from the land, the concentrations of polonium-210 can vary 

widely depending on the concentrations of uranium in the soil. Certain fertilisers contain enhanced concentrations of uranium  

and its decay products and their use can result in increased concentrations of polonium-210 in the crop being produced. Relatively 

high polonium-210 concentrations also tend to be found in seafood, in particular molluscs such as mussels, scallops and oysters.

The radiation dose one receives from polonium-210 varies enormously, depending on diet and where the particular foods are 

produced. Diets high in seafood tend to give rise to the highest radiation doses. Whether the food is fresh or, say, canned, can  

also be important as the radioactive half-life of polonium-210 is relatively short and storage for even a few months can reduce  

the amount present in the food in question.

Polonium-210 also accumulates in tobacco leaves and those who smoke will receive a higher radiation dose than those who do not 

smoke. In the case of smokers, much of polonium-210 will concentrate in the lungs rather than in other body organs and will 

contribute to an increased risk of lung cancer.

To put these figures in perspective, one gram of polonium-210 contains about 2 x 1014 Bq. Conversely, one becquerel of  

polonium-210 weighs 5 x 10-15 grams. A fatal administration of polonium-210, delivering a dose of 4-5 Sv, is approximately 107 Bq 

(0.05 micrograms) if ingested or about five times less if inhaled. Concentrations of polonium-210 in most foods are less than 1 Bq/kg, 

i.e. up to ten million times lower.

More information on the biokinetics of polonium-210 can be found in Harrison et al. [2007].
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Calculating Doses from the Consumption of Foodstuffs
There are three key pieces of information required for assessing the doses received from the consumption of foodstuffs. These are 

the concentration of radioactivity in the food in question, the amount of the food consumed and the dose per unit intake of the 

radioactivity present in the food.

Different radionuclides are found in varying amounts in specific foods. This is due to several factors, one of which is the chemical 

characteristics of the radionuclide in question. For example, strontium-90 concentrates in milk because of its chemical similarity to 

calcium, an element that also concentrates in milk. Several radionuclides may be present in any given food and specialist analytical 

techniques may be necessary to isolate and measure the radionuclide one is interested in.

The type and amount of a foodstuff consumed is normally evaluated by carrying out a habit survey. This often involves speaking  

to individuals to identify the foods they consume, and in what amounts. Thus the consumption habits of the general population,  

or of a specific group of individuals who may be more at risk than the general population, can be identified.

The dose received following ingestion of radioactivity depends on the characteristics of the radionuclide such as its biological 

behaviour, its half-life and the type of radiation it emits. There can often be considerable variability between different age groups  

for the same intake, and this is another factor that must be taken into account in undertaking a dose assessment. Dose conversion 

factors (i.e. the dose received per unit intake of a given radionuclide) have been derived from a combination of theoretical 

calculations and experimental observations – these are published and regularly updated as more information becomes available.

Once all three input parameters are known, the dose (in Sv) received by an individual in any given year is calculated from the 

equation

D = ∑ (A x B x C)

A is the activity of a given radionuclide in the foodstuff in question (Bq/kg); 

B is the amount of food consumed (kg); and 

C is the dose conversion factor for the individual or population group being assessed (Sv/Bq).

∑ indicates that the calculation has to be carried out and summed for every radionuclide and, in the case of a mixed  

diet, for every food being considered.

Example: Representative samples of winkles collected from the seashore are found to contain technetium-99, caesium-137 and 

plutonium-239,240. The average concentrations present are 75, 1.9 and 1.7 Bq/kg (fresh weight) respectively and the corresponding 

dose conversion factors are 6.4 x 10-10, 1.3 x 10-8 and 2.5 x 10-7 Sv/Bq (Table 10). Habit surveys indicate that the annual average 

consumption by the local population is 12.4 kg. The annual dose per individual is therefore

D = 75 x 12.4 x 6.4 x 10-10 = 0.6 µSv (from technetium-99) 

D = 1.9 x 12.4 x 1.3 x 10-8 = 0.3 µSv (from caesium-137) 

D = 1.7 x 12.4 x 2.5 x 10-7 = 5.3 µSv (from plutonium-239,240).

The total annual individual dose from the consumption of these winkles is therefore 6.2 µSv.
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2.� Occupational Exposure

2.�.1 Occupational Exposure to Natural Radiation

2.�.1.1 Cosmic Radiation

Since 2000, Statutory Instrument No. 125 of 2000 [Stationery Office, 2000] requires all airlines holding an Air Operator’s Certificate issued by 

the Irish Aviation Authority to evaluate the extent of exposure of air crew to cosmic radiation. The Regulations apply only in situations where 

air crew are liable to receive doses greater than 1 mSv in any 12 month period. Current scientific evidence [Bartlett et al., 1997] suggests that 

air crew who fly exclusively below altitudes of 8,000 m are unlikely to receive doses in excess of 1 mSv in any 12 month period. Consequently 

such air crew do not fall within the scope of the Regulations.

Occupational exposure of air crew to cosmic radiation, based on data reported annually by the airlines to the RPII, has been summarised by 

Colgan et al. [2007a]. The key data are reproduced in Table 12. A more detailed analysis has also been carried out of the dose data for 2004 

and 2005; this includes data made available on a voluntary basis by the airlines on doses below 1 mSv. This analysis shows that the average 

doses received by air crew in Ireland in 2004 and 2005 were 1.8 and 2.0 mSv respectively and the collective dose in 2005 was approximately 

12 man Sv.

Table 12. Distribution of air crew doses 2002-200�

Year Number of  
Airlines

Number of 
Aircrew*

1-2 mSv 2-4 mSv 4-6 mSv

2002 3 2662 1528 (57.4%) 1129 (42.4%) 5 (0.2%)

2003 8 2809 1029 (36.6%) 1736 (61.8%) 44 (1.6%)

2004 7 3801 1907 (50.2%) 1868 (49.1%) 26 (0.7%)

2005 8 4655 2295 (49.3%) 2149 (46.2%) 211 (4.5%)

* Those receiving doses less than 1 mSv are excluded. In both 2004 and 2005, approximately 1,500 air crew received doses less than 1 mSv.

2.�.1.2 Radon in Above-Ground Workplaces

2.6.1.2.1 Radon in Schools

While primary and secondary schools are most often thought of as centres of education for the 790,000 children who attend them [DES, 

2007], they are also workplaces for teachers. Therefore under SI 125 [Stationery Office, 2000], the radon concentrations present must be 

measured. If the results of radon measurements, carried out over a continuous minimum period of three months, exceed the legally-binding 

reference level of 400 Bq/m3, the employer is required to take steps to reduce exposure.

Between September 1998 and June 2004 the RPII carried out a national survey of radon concentrations in schools. Three-month 

measurements were completed in 38,531 ground floor classrooms and offices in 3,824 schools. A further 2,565 measurements in schools 

not previously measured for radon were subsequently carried out from September 2004 onwards, giving a total sample size of 41,096. The 

average radon concentration observed was 93 Bq/m3. Details of the survey methodology and an analysis of the results have already been 

published [Synnott et al., 2004; Synnott et al., 2006].

The number of teachers registered with the Department of Education and Science is just over 43,000 [DES, 2007]. It is assumed that the 

results are representative of radon concentrations present during school hours. Also assuming that each teacher is exposed to an average 

radon concentration of 93 Bq/m3 for 1,000 h every year, the annual collective dose is 15.4 man Sv (14,200 man mSv). The average annual 

dose received by each teacher is 0.36 mSv.

An extensive remediation programme to reduce radon concentrations in all classrooms and offices with radon concentrations above  

200 Bq/m3 has been undertaken [Synnott et al., 2007]. For those classrooms with radon concentrations in the range 200 to 400 Bq/m3 

additional forced ventilation was installed at minimal cost and resulted in an average reduction in radon concentrations by a factor of 2.1.  

In the case of rooms with radon concentrations above 400 Bq/m3, a number of different active remedial options were considered and the 

most appropriate one applied. In the majority of cases, this involved the installation of a radon sump.
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Application of the observed reduction factors allows a more accurate estimate of the current annual collective dose to schoolteachers due  

to radon in schools to be made. It has been assumed that the percentage of teachers exposed at each concentration interval is the same as 

the observed distribution of radon measurements, i.e. 91.7% of the measurement results are below 200 Bq/m3 and therefore it is assumed 

that 91.7% of the teachers are exposed to 65 Bq/m3, the average radon concentration for those rooms with radon concentrations below  

200 Bq/m3. The overall effect of the remediation programme is to reduce the collective dose from 15.4 man Sv to 11.4 man Sv, i.e. a 

reduction of 26%. Table 13 summarises the data used in this calculation.

Table 1�. Summary of collective dose to Irish schoolteachers following remediation of schools with radon concentrations  

above 200 Bq/m�

Initial Radon Concentration (Bq/m3) <200 200-400 400-1000 >1000 Total

Number of Measurements 37,698 2461 791 146 41,096

Percentage of Measurements 91.7% 6.0% 1.9% 0.4% 100%

Average Radon Concentration (Bq/m3) 65 274 573 1606 93

Exposed Workforce† 39,587 2582 835 156 43,160

Collective Dose (man Sv)‡ 9.9 2.7 1.8 1.0 15.4

Reduction factor – 2.1 12 23 –

Final Collective Dose (man Sv) 9.9 1.3 0.2 0.04 11.4

† Dividing the total workforce of 43,160 in line with the distribution of radon concentrations. 
‡ Using a dose-exposure co-efficient of 1 mSv per 130 Bq/m3 exposure over 2000 h [ICRP, 1993; Stationary Office, 2000].

An important point is that the remediation programme in schools is only addressing 36% of the collective dose; 64% of the collective dose  

is accounted for by rooms with radon concentrations below 200 Bq/m3, none of which have been remediated. However, Synnott et al. [2007] 

have noted that the radon concentration in rooms adjacent to those which have been remediated using active systems such as radon sumps 

have radon concentrations that are, on average, 25% lower than they were prior to remediation. This has not been factored into the 

calculations made above but, given that only 2.3% of all rooms were remediated in this way, the overall reduction in collective dose would  

be expected to be small.

The benefits of the radon measurement and remediation programme in Irish schools have to be seen not just in the context of occupational 

exposure but also in the fact that the radon exposure of large numbers of children has also been reduced. A cost-benefit analysis to compare 

the dose savings with those of other radon remediation options is currently not available but would make a useful contribution to future 

policy in this area.

2.6.1.2.2 Radon in Other Above-Ground Workplaces

Radon is a significant source of radiation exposure in homes and large variability exists in radon concentrations between neighbouring  

houses and from region to region in Ireland (see section 2.3). One would anticipate that a similar range of concentrations might exist in 

above-ground workplaces, although differences in construction practices, ventilation rates, etc. might be expected to influence the actual 

concentrations observed.

With regard to radon measurements in other above-ground workplaces, the RPII has undertaken just under 12,000 such measurements in 

1,567 individual workplaces since 1999. Similar measurements have also been made by other radon measurement laboratories based in Ireland. 

In order to ensure the quality of radon workplace measurements, all companies offering such measurements are required to either be accredited 

to EN 45001 (or its equivalent) or to use measurement services accredited in other European Union countries [Stationery Office, 2000].
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In assessing measurement data of this nature, one is always concerned about the possibility that bias could have been introduced. For 

example, in highlighting the legal responsibilities of employers to have radon measurements carried out in workplaces, the RPII has always 

underlined that this is particularly important for those workplaces located in High Radon Areas to be measured. Therefore, in the RPII results 

database there is a strong possibility that workplaces in High Radon Areas are over-represented.

When compiling the available data, five specific national datasets were identified. These are listed in Table 14. Apart from the dataset of the 

RPII, the other four datasets were provided by approved radon measurement services.  The two datasets described in Table 14 as ‘Specific 

Workplaces’ were national surveys conducted by employers responsible for several workplaces distributed throughout the country.

Table 1�. Available data on radon concentrations in Irish above-ground workplaces (other than schools)

Description of Dataset Source Number of 
Measurements

Average Radon 
Concentration (Bq/m3)

General Workplaces RPII 11,636 (75.3%) 85

General Workplaces Commercial 1,049 (6.8%) 63

General Workplaces Commercial 963 (6.2%) 51

Specific Workplaces Commercial 968 (6.3%) 104

Specific Workplaces Commercial 830 (5.4%) 62

In order to allow the best estimate to be made of average radon concentrations and the corresponding dose in Irish above-ground workplaces, 

the data from all five datasets has been merged. This gives an average radon concentration of 81 Bq/m3. Using a typical working year of 

2000 h, this equates to an average individual dose of 0.6 mSv.

The working population in indoor above-ground workplaces has been calculated by omitting those involved in construction, fishing, forestry 

and other occupations that are clearly out-of-doors. Those involved in education have also been omitted as radon exposure in schools is 

considered separately. This results in an estimated workforce of 1.2 million, giving a collective dose from radon exposure in above-ground 

workplaces of 753 man Sv (see Table 15).

Table 1�. Collective dose to Irish workers from radon in above-ground workplaces

Initial Radon Concentration (Bq/m3) <200 200-400 400-1000 >1000 Total

Number of Measurements 14,233 769 371 73 15,446

Percentage of Measurements 92.1% 5.0% 2.4% 0.5% 100%

Average Radon Concentration (Bq/m3) 49 275 587 1722 81

Exposed Workforce† 1.1 x 106 6.0 x 104 2.9 x 104 6.0 x 103 1.2 x 106

Collective Dose (man Sv)‡ 417 127 130 79 753

† Dividing total workforce of 1.2 x 106 in accordance with the distribution of radon concentrations. 
‡ Using a dose-exposure co-efficient of 1 mSv per 130 Bq/m3 exposure over 2000 h [ICRP, 1993; Stationery Office, 2000].

Presently, there is very limited information on the extent or success rate of radon remediation in above-ground workplaces. However, 

assuming that the same level of reduction can be achieved as has been observed in the case of schools (Table 12) and that all workplaces 

with radon concentrations above 400 Bq/m3 are remediated, then the potential exists to reduce the collective dose from 753 to 551 man Sv, 

i.e. a reduction of 27%. However, given the time it would take to carry out radon measurements in all workplaces – presently only 2,252 Irish 

workplaces have been measured for radon – such a reduction cannot be achieved in the foreseeable future.
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It is also important to note that approximately 73% of the collective dose is accounted for by workplaces with radon concentrations below 

the 400 Bq/m3 reference level. Thus only 27% of the collective dose can potentially be addressed through the identification and remediation 

of existing workplaces with radon concentrations that exceed the reference level. Therefore while individual risk is being addressed, the 

overall effectiveness of the programme in reducing total exposure from radon is severely limited. This again underlines the importance of 

implementing effective building codes to reduce the average radon concentration in new buildings.

2.�.1.� Mines and Caves

Since 2001, occupational exposure to radon in three show caves has been systematically monitored by the RPII and data on radon exposure  

of workers in one underground mine in 2002, 2004 and 2005 are also available. Radiation doses due to radon were assessed by personal 

monitoring using passive alpha track detectors, identical to those used to measure radon exposure in buildings. The detector provides a 

measurement of the average radon concentration to which the detector was exposed and this is then converted to radon exposure and to 

dose using specific occupancy rates for each exposed worker. The background radon concentration in the area where detectors are stored 

when not being worn is subtracted.

Table 16 summarises the data on doses received by workers in three show caves and one underground mine in Ireland for the years 2001  

to 2005. In show caves, the number of exposed staff varies from year-to-year and many work only a limited number of hours because  

of the seasonal nature of the business.

The collective dose for exposed workers in show caves over all five years is 270 man mSv, corresponding to an average of 54 man mSv  

per annum. The corresponding average dose received by an exposed worker in any given year is approximately 3 mSv.

In the case of the one underground mine, the average annual collective dose is 18 man mSv and the corresponding individual dose is  

0.7 mSv. Previously, radon concentrations have been measured in other Irish mines and the dose received by the most exposed worker  

at each site was less than 1 mSv. Consequently, individual dose assessment was not required but it does mean that the annual collective  

dose referred to above is an underestimate.

Table 1�. Doses (mSv) received by show cave guides and underground miners In Ireland from radon exposure (2001-200�)

2001 2002 2003 2004 2005

Show Cave Guides

Exposed Workers 15 14 21 17 25

Mean (mSv) 4.8 3.4 2.2 1.9 2.9

Range (mSv) 0.4-11.0 0.5-12.0 0.3-6.1 0.3-7.2 0.3-9.6

Collective Dose (man mSv) 72 48 46 32 72

Underground Miners

Exposed Workers no data 18 no data 40 23

Mean (mSv) no data 1.2 no data 0.4 0.6

Range (mSv) no data 0.1-2.8 no data 0.02-1.6 0.2-1.0

Collective Dose (man mSv) no data 22 no data 18 13

2.�.2 Occupational Exposure to Artificial Radiation

Radioactive sources are used extensively in medicine, industry and education/research in Ireland. Presently there are approximately 1,500  

Irish companies or individuals licensed to use radioactive materials, of which over 50% are dentists [RPII, 2006]. The number of licensees  

has constantly increased over the past ten years, rising from 1135 in 1996 to 1506 in 2005. This increasing trend is shown in Figure 9.
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In situations where radiation is used, workers such as hospital radiographers, doctors, site radiographers, maintenance staff, research 

students, etc. are potentially exposed. In order to monitor such exposures, workers who are deemed liable to receive a dose above 1 mSv  

per year must be provided with small radiation detectors that they wear while at work. In Ireland, the detector most commonly-used is a 

thermoluminescent dosemeter (TLD).

There has been a continuous increase in the number of workers provided with TLDs4 in Ireland from 5,980 in 1996 to 9,892 in 2005 (Figure 10). 

Over the same time period the number of workers receiving measurable radiation doses has fallen from 676 in 1996 to 189 in 2005 (Table 

17). Typically, less than 1 in 10 of those monitored for radiation receives a measurable radiation dose (above 0.1 mSv) in any given year.

Figure �. Numbers of licensees in Ireland at the end of each year (1���-200�)
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Figure 10. Number of workers in Ireland provided with radiation monitoring devices (1���-200�)
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4 In 1996 and 1997, some workers had their doses monitored using film badges rather than TLDs.
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Table 1�. Number of exposed workers in Ireland receiving a measurable radiation dose from artificial sources of radiation (1���-200�)

Sector/Year 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Medical 480 626 230 229 350 428 232 83 79 102

Industrial 183 157 58 108 69 120 97 79 68 84

Education/
Research

13 54 13 44 11 14 18 6 2 3

TOTAL 676 837 301 381 430 562 347 168 149 189

The trend in collective dose from occupational exposure in these three sectors has been evaluated by Colgan et al. [2007b]. The collective dose 

has fallen from 227.1 man millisievert (man mSv) in 1996 to 110.3 man mSv in 2005. There has been an approximate threefold reduction in 

the collective dose in the medical sector but only a 29% reduction was observed for exposed workers in the industrial sector. In the education/ 

research sector, the collective dose typically represents 5% or less of the total collective dose from all practices (Figure 11).

Figure 11. Collective Dose (man mSv) from artificial sources of radiation per sector (1���-200�)
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Figure 11 also clearly shows that there has been a significant reduction in the collective dose from the medical sector, particularly since 1999. 

While the collective dose attributable to work practices in the industrial sector has remained reasonably static, since 2002 the percentage 

contribution from this sector to collective dose has consistently increased and in 2005 represented 60% of the total collective dose, up from 

41% in 1996.

More detailed analysis has been carried out on dose records for the years 2001-2005. In order to evaluate the relative contribution of 

different practices to collective dose, data on radiation doses received by workers in the medical and industrial sectors have been subdivided 

by work category. This is regarded as representative of the current radiation doses received by occupationally exposed workers and serves as 

a baseline for future evaluations. The relevant data is presented in Table 18 and Figure 12.
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Table 18. Average annual collective dose (man mSv) in Ireland by work practice (2001-200�)

Sector Work Practice Annual Collective Dose (man mSv)

MEDICAL Veterinary 4.9

Dental 3.1

Diagnostic radiology 38.2

Radiotherapy 2.5

Nuclear medicine 9.3

Other 1.8

(59.8)

INDUSTRIAL IR – fixed 0.5

IR – site 44.6

Transport 5.7

Other Industrial 20.1

(70.9)

EDUCATION/RESEARCH 2.0

(2.0)

TOTAL 132.7

In the medical sector, the collective dose is dominated by the contribution of workers in the diagnostic radiology area, which also includes 

those working in interventional radiology. These doses represent 64% of the collective dose in the medical sector, followed by a contribution 

of 16% from nuclear medicine and 9% from veterinary radiology.

In the industrial sector, site radiographers account for 63% of the collective dose. This group of workers was previously identified as receiving 

the highest individual doses from occupational exposure in Ireland [Currivan et al., 2001]. A further 28% is received by workers in the ‘other 

industrial’ category. This includes those working with density and level gauges, field instruments and laboratory measurement devices. The 

collective dose in the transportation sub-sector is dominated by the one large exposure in 2004 and otherwise the collective dose is extremely 

low. No measurable radiation doses have been received by workers in the three industrial sterilization plants operating in Ireland.

When all sectors are considered together, the collective doses from site radiography and diagnostic radiology are 34% and 29% respectively 

of the annual collective dose averaged over the five-year period 2001-2005.
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Figure 12. Distribution of annual collective doses in Ireland for the medical and industrial sectors (2001-200�)
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The average annual collective doses from the medical, industrial and educational/research sectors for the period 2001-2005 are 

approximately 60, 70 and 2 man mSv respectively with an average dose per exposed worker who received a measurable dose of 0.32, 

0.79 and 0.24 mSv respectively.

2.�.� Naturally Occurring Radioactive Material (NORM)

Natural radioactivity can sometimes be found in certain rocks and soils in enhanced concentrations. Natural radioactivity can also 

accumulate as part of some industrial processes to such an extent that it may pose a risk to both humans and the environment if not 

controlled. Such naturally occurring radioactive materials are usually referred to as NORM and the industries dealing with such materials 

are known as NORM industries.

In 2001, the RPII initiated a programme to identify industries currently active in Ireland which, on the basis of the available literature,  

were involved in work activities which could result in exposure to diffuse NORM sources and to quantify the associated radiation doses. 

Four major Irish industries were targeted: the extraction of natural gas, the combustion of peat for electricity production, the combustion 

of coal for electricity production and the processing of bauxite for the production of alumina.

For each investigation, the main objective was the calculation of the occupational dose received by workers dealing with NORM materials  

to determine that it was not exceeding the dose limit of 1 mSv per year set in Irish law. Following site visits and discussion with the 

company’s management, the main exposure scenarios and pathways were identified, covering both routine and maintenance duties. 

Sampling and analysis programmes were put in place and the results of each investigation is summarised in Appendix 3.

The overall conclusion from this work is that no worker is likely to receive a dose in excess of 1 mSv and, as such, the industries in 

question do not need to be regulated from the viewpoint of exposure to radiation. The assessments undertaken have also demonstrated 

that doses likely to be received by members of the public are considerably lower than those received by workers and are well within limits 

set in national legislation. The annual collective dose to workers from the four NORM industries considered is approximately 350 man mSv  

[Organo et al., 2007].

2.�.� Summary of Occupational Exposures

The data on occupational exposure described in previous sections are summarised in Table 19 and Figure 13. More than 99.9% of the 

collective dose is attributable to exposure to natural radiation, mainly from radon in above-ground workplaces but with a small contribution 

from cosmic ray exposure of aircrew. Occupational exposure to artificial radiation accounts for less than 0.02% of the collective dose.  

The average annual dose to workers in each of the exposed population groups ranges from 0.2 to 3.0 mSv.
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Table 1�. Estimated annual doses from occupational radiation exposure in Ireland

Pathway Number of 
Workers†

Workers 
receiving 
Doses†

Dose per 
Worker 
(mSv)‡

Years of 
Observation

Collective 
Dose 

(man mSv)‡

Per Caput 
Dose (µSv)‡

Natural Sources

Radon – general 1.2 x 106 1.2 x 106 0.6 1998-2006 753,000 180

Radon – schools 43,000 43,000 0.4 1998-2006 11,400* 2.7*

Air Crew 6,000 6,000 2.0 2005 12,000 2.8

Show Cave Guides 18 18 3.0 2001-2005 55 <0.02

Underground Miners 27 27 0.7 2002-2005** 20 <0.02

NORM Industries 1560 1560 0.2 2001-2006 400 <0.1

Artificial Sources

Medical 6,800 185 0.3 2001-2005 60 <0.02

Industrial 1,300 90 0.8 2001-2005 70 <0.02

Education/Research 900 10 0.2 2001-2005 2 <0.01

All Pathways 777,000 185

† Approximate numbers due to year-to-year variability. 
‡ Rounded values. 

* Following remediation of those above 200 Bq/m3. 

** No data for 2003.

Figure 1�. Distribution of radiation doses in workplaces in Ireland

Cosmic Radiation 2%

Radon 98%

Artificial Sources  <0.02%

2.� Medical Exposure of Patients

2.�.1. Introduction

Estimating the collective and per caput doses from medical examinations involving exposure to ionising radiation requires information on the 

typical dose per investigation and the frequency of each investigation. All hospitals which use X-ray equipment and/or radioactive substances 

are required to hold a licence issued by the RPII and so a comprehensive database exists of all diagnostic medical radiological equipment and 

nuclear medicine sources in use in Ireland. Information on the number of procedures undertaken is readily available from hospitals.
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The dose from diagnostic X-ray examinations and nuclear medicine procedures carried out in Irish hospitals was estimated through the use  

of questionnaires. In common with other surveys, doses from radiotherapy procedures were not included in this survey. This is because 

radiotherapy involves the intentional delivery of high doses to specific organs and tissues that are designed to kill cells: it is not, therefore, 

considered appropriate to include these doses in surveys which are designed to indicate the distribution of radiation exposures across the 

population and the risks from generally much lower doses. In addition, it was decided to exclude thyroid scans to detect metastases in 

patients whose thyroids had previously been ablated with large doses of radiation or removed surgically. It is not possible to calculate an 

effective dose from radioactive iodine in patients with a non functioning thyroid gland. Moreover, such scans are performed infrequently.

2.�.2. Survey Procedures and Data Evaluation

Large hospitals with conventional X-ray, computed tomography and nuclear medicine departments were asked to provide information on 

patient numbers for the calendar year 2006 and mean doses for 14 specified commonly performed diagnostic X-ray procedures. These 

procedures have been reported internationally as giving rise to high doses [Hart and Wall, 2002].

Smaller hospitals were asked to provide information on the number of diagnostic X-ray examinations performed per year for each of the  

14 procedures. The results for the two groups of hospitals were then combined to obtain an estimate of the total number of times each 

diagnostic X-ray and nuclear medicine procedure was carried out. This number was then adjusted to take account of the small number of 

hospitals that did not return questionnaires on the assumption that the frequency of examinations in those hospitals which did not respond 

was the same as in those that did.

The procedures specified for X-ray examinations are listed in Table 20. In the UK it was found that these 14 examinations contributed some 

85.5% of the UK collective dose from medical procedures [Hart and Wall, 2002]. The same study found that, as expected, procedures such 

as dental X-ray examinations are performed frequently but the dose per examination is normally low and therefore these make a relatively 

small contribution to collective dose. A scaling factor was applied to take account of the contribution of these low dose procedures to 

collective dose.

Table 20. Medical diagnostic procedures using X-rays for which data were compiled

CT abdomen

CT chest

CT pelvis

CT head

CT spine

Barium enema

Angiocardiography

Percutaneous Transluminal Coronary Angioplasty (PTCA)

Abdomen (Plain film)

Lumber spine

Pelvis

Mammography

Intravenous urogram (IVU)

Hip

The specified procedures for nuclear medicine are listed in Table 21. Each hospital was asked to indicate the most commonly used 

radionuclide and the administered activity. The corresponding dose was calculated using international conversion factors [ICRP, 1998].
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Table 21. Nuclear medicine procedures for which data were compiled

Bone scan

Cardiovascular scan

Lung perfusion scan

Lung ventilation scan

Thyroid scan

Thyroid uptake

Renal scan

Liver/spleen scan

Brain scan

In the case of a small number of nuclear medicine examinations, conversion factors for the labeled radiopharmaceutical were not available. 

Since the labeling radionuclide in all these cases was technetium-99m, it was decided to use the conversion factor for technetium pertechnate 

for these examinations. Given the small number of examinations involved, it is considered that the resulting errors in the calculation of the 

collective and per caput doses from all nuclear medicine procedures would be insignificant compared with other uncertainties.

Hospitals and clinics with small one roomed X-ray departments were excluded from the survey on the grounds that it might reasonably be 

expected that the procedures performed in such hospitals and clinics would normally be limited to low dose examinations, such as extremity 

examinations and chest X-rays, and that the total numbers performed annually would be small in comparison with the numbers for the 

hospitals included in the survey.

2.�.� Dose Calculations

The information made available by the hospitals on X-ray examinations was used to estimate a dose for each procedure. These dose data 

were then used to calculate the collective dose for each of the 14 procedures. In the case of hospitals which quoted a quantity other than 

effective dose, e.g. entrance skin dose, dose area product, or in the case of CT scans, standard dose indices, the effective dose was obtained 

using published conversion factors (Hart et al., 1994, Shrimpton et al., 2005).

The collective dose from nuclear medicine procedures for each hospital was obtained by multiplying the dose for each procedure by the 

number of times that procedure was performed. This was repeated for each of the 10 procedures listed and the results added to give the 

collective dose for each hospital. The total collective dose from nuclear medicine was then obtained by adding the collective doses in each 

hospital which responded to the questionnaire.

Table 22 shows that the estimated number of diagnostic radiological procedures carried out in Ireland in 2005 was just under 598,000  

with the highest mean doses being associated with PTCA, CT scans of the abdomen and spine and angiocardiography. The corresponding 

collective dose is 2.1 x 106 man Sv and the annual per caput dose is approximately 500 µSv.
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Table 22. Estimated number of procedures carried out in Ireland and the associated mean patient dose (200�)

X-ray Procedure Estimated Number of Procedures per Year† Mean Dose per Procedure (mSv)

CT abdomen 60,900 8.2

CT chest 39,700 5.1

CT pelvis 38,000 6.8

CT head 70,300 2.0

CT spine 8100 7.9

Barium enema 5800 4.6

Angiocardiography 24,000 6.0

PTCA 13,900 17.1

Abdomen (plain film) 92,400 0.6

Lumbar spine 68,300 1.0

Pelvis 61,900 1.3

Mammography 60,400 0.5

Intravenous Urogram 1300 1.9

Hip 52,700 0.6

† Rounded to the nearest one hundred procedures.

The collective dose data are also summarised in Figure 14. The data for all five CT scans have been summed, as have the data for PTCA and 

angiocardiography to give an overall figure for interventional radiology. All other procedures considered have been assigned to the general 

heading of conventional radiology. Combining this information with the data in Table 21 shows that CT scanning represents 36% of the 

procedures undertaken but contributes 56% of the collective dose while interventional radiology represents 7% of the procedures undertaken 

and 18% of the collective dose. On the other hand, conventional radiology is responsible for 57% of the procedures undertaken but only 

26% of the collective dose.

Figure 1�. Distribution of collective dose from medical procedures

Conventional Radiology 26%

Interventional Radiology 18%

CT – All 56%
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In the case of diagnostic nuclear medicine, it is estimated that just over 30,000 procedures are currently performed annually. The corresponding 

collective and per caput doses are typically 185,000 man Sv and 40 μSv respectively.

The value of 500 µSv attributable to diagnostic medical X-ray examinations is somewhat higher than the corresponding value of 380 μSv 

reported for UK [Watson et al., 2005]. However, it is still at the lower end of the scale when compared with values of 1900, 1000, 800, 700 

and 680 µSv reported for Germany, France, Poland, Sweden, Portugal [UNSCEAR, 2000]. Healthcare systems and medical practices can vary 

substantially between countries. Reported per caput doses can also be significantly influenced by the year in which the survey was undertaken. 

Nevertheless, the data collected as part of this study would suggest that patient doses in Ireland lie at the lower end of the European scale.

The total per caput dose from all diagnostic medical procedures in Ireland is approximately 540 μSv and medical exposure of patients is by  

far the largest man-made contributor to collective dose.
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�  Summary of Doses

�.1 Introduction
In previous sections, each exposure pathway has been described and the dose associated with each has been calculated. Where the data 

allow, the extent of the variability in doses has been discussed. However, it has not always been possible to accurately define the characteristics 

of sub-groups of the population likely to receive the highest doses.

Some refinement is still required to separate the doses from radon exposure in the home and at work. As described in the Introduction,  

in making calculations of the dose from radon, it is assumed that individuals spend 80% of their time (7000 hours every year) indoors. Most 

countries have yet to make estimates of radon exposure in workplaces and therefore all calculations of dose have been routinely attributed  

to exposure in the home, i.e. it has been assumed that all radon exposure takes place in the home and that everyone spends 7000 hours 

there annually. This is a reasonable approach in the absence of data on radon in workplaces, which is now available for Ireland. A modified 

calculation can now be carried out to differentiate between the two sources of exposure.

In section 2.3.2, the total collective dose from radon has been estimated, on the basis of 7000 hours indoors and an average radon 

concentration of 89 Bq/m3, as 9430 man Sv. This includes contributions from exposure in the home as well as at work. In section 2.6.1.2,  

the collective dose to workers in schools following remediation is estimated to be 11.4 man Sv while that in other above-ground workplaces  

is 753 man Sv. The collective dose in homes is therefore approximately 8670 (9430 – 764) man Sv. The corresponding per caput dose is 

obtained by dividing by the total population, giving a value of 2050 µSv.

�.2 Results
All of the results are summarised in Table 23. The same data are presented in Figure 15 as a percentage of total dose and as a percentage  

of principal exposure pathway (natural, medical, and artificial). Natural radiation sources account for almost 86% of all radiation exposures  

in Ireland and the bulk of the remainder is due to diagnostic medical exposure of patients. Artificial sources make a very small contribution  

to both the collective and per caput doses.

Figure 16 shows the percentage contribution of each component of natural radioactivity to the total dose of 3395 µSv from such sources. 

Radon continues to be the dominant contributor to collective dose, with radon in homes being relatively more important than radon exposure 

in workplaces. This is because of the greater amount of time spent indoors in the home, the higher average radon concentrations in homes 

compared to workplaces and the fact that the working population is only about one third of the total population. Similar contributions of 

around 250-350 µSv each are received from cosmic radiation, thoron, natural radioactivity in soils and natural radioactivity in foodstuffs.

It is important to remember that the data presented here represent average values for the Irish population. For many pathways there  

can be large variability in the doses received by individuals and this needs to be borne in mind when prioritizing future work.
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Table 2�. Annual per caput radiation doses in Ireland

Exposure Pathway Natural Dose (µSv) Artificial Dose (µSv)

Cosmic Radiation 345

at sea level (300)

airline travel (45)

Gamma Radiation from Soils 300 10

Radon in Homes 2050

Thoron in Homes 280

Radioactivity in Food 235 5

carbon-14 (8) (2)

potassium-40 (175)

rubidium-87 (2)

radium-228 (from thorium-232) (7)

polonium-210 (from uranium-238) (45)

strontium-90 in milk (0.5)

caesium-137 in foods (2.5)

discharges from Sellafield (<5 x 10-9)

Occupational Exposures 185 0.05

aircrew cosmic radiation (2.8)

radon in schools (2.7)

radon in above-ground w/places (180)

radon in below-ground w/places (<0.03)

NORM industries (<0.1)

artificial radioactivity (<0.05)

Patient Exposures 540

diagnostic X-ray procedures 500

nuclear medicine 40

TOTAL (3950) 3395 (86%) 555 (14%)
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Figure 1�. Distribution of per caput radiation doses in Ireland

Natural 85.9%

Artificial 0.4%

Medical 13.7%

Radon 56.3%

Gamma
Radiation 7.6%

Medical 13.7%

Cosmic
Radiation 8.8%

Food 6.1%

Thoron  7.1%

Artificial 0.4%

Figure 1�. Distribution of radiation doses from natural sources in Ireland

Radon – Homes 61%

Cosmic
Radiation 10%

Gamma
Radiation 9%

Food 7%

Thoron  8%

Radon – Work  5%



Radiation Doses Received by the Irish Population�2

�  Conclusions

The estimated average dose in Ireland from all sources of radiation is 3950 µSv. This is an increase of approximately 9% on the value of  

3620 µSv published in 2004. This difference is due to the fact that, because of the absence of national data, previous estimates of the doses 

from medical procedures and from thoron were based on international average values. In addition, the contribution from cosmic radiation  

to the total dose is now better understood. Previously this was estimated as 300 µSv but has now increased to 345 µSv as a result of the 

recent growth in air travel.

As is the case in the majority of other countries, radon continues to be the principal source of radiation exposure in Ireland, representing  

over 56% of the dose received by the Irish population. Most of this dose is received in the home. Radon is also the most variable source  

of radiation exposure and the radon concentrations measured in Irish homes cover a range from around 10 Bq/m3 up to 49,000 Bq/m3.

It is difficult to be definitive about whether or not radiation doses in medicine are increasing or not. This is because no national baseline data 

exist against which to compare the estimated doses now reported. However, what is clear is that medical exposure of patients represents by 

far the largest man-made contributor to collective dose. Other sources such as fallout from nuclear weapons tests and following the Chernobyl 

accident as well as the impact of routine discharges from Sellafield on Ireland are much smaller by comparison. The occupational exposure  

of staff working with radiation in hospitals, industry and education/research is also low.

In terms of reducing radiation exposure in future years, the pathway where the greatest impact is possible is radon. This is not just because 

radon makes the largest contribution to dose, but also because techniques exist that are already being successfully used in Ireland to reduce 

indoor radon concentrations at reasonable cost. The recent concerns expressed in the UK with regard to unnecessary radiation exposure  

of patients showing no symptoms of disease suggest that medical exposures need to be closely monitored to ensure that no unjustified 

practices are taking place [COMARE, 2007]. Most other pathways either make a small contribution to collective dose or are not amenable  

to control.
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�  Future Work

As a result of the detailed analysis that has been carried out to assess exposure to ionising radiation in Ireland, it has been possible to  

identify areas where further studies could usefully be carried out. This additional work will allow better estimates to be made of the 

collective, individual and per caput doses from the sector in question, thereby providing a better assessment of the relative importance  

of each exposure pathway.

Throughout this report the focus has been on collective dose, as a measure of overall detriment, and on individual dose, as a measure of 

individual risk. There is limited information available on those sub-groups of the population that receive the highest average doses. Further 

work to define such groups and to assess their exposure to radiation should be considered. Account should be taken of the most recent 

international advice in relation to such studies [ICRP, 2007].

Some of the specific studies that could be considered are the following:

Radon in Homes – present estimates are based on measurements carried out in the years 1992 to 1997 and national statistics of the 

housing stock in 2000. Since then, the housing stock has increased from 1.3 million to 1.75 million units. Ireland’s building regulations have 

also been revised and radon preventive measures are now required in all new homes built since July 1998 [DOE, 1997]. The influence of  

both these factors on the distribution of radon in homes should be assessed and revised individual and collective dose estimates derived.

Radon in Above-Ground Workplaces – while the database for radon measurements in schools is extensive, much less data are available 

on radon concentrations in other above-ground workplaces such as offices and factories. Given the large contribution from radon to total 

occupational dose, revised dose estimates should be prepared as more information becomes available. Whether or not statistically significant 

differences in radon concentrations exist between different building types should also be explored.

Cost-benefit Analysis of Radon Remediation – A very extensive body of data now exists on radon concentrations as well as the costs  

and effectiveness of radon remediation in Irish schools. A cost-benefit analysis should be undertaken to compare different remediation 

strategies in homes and schools to identify the optimum approach to reducing radon exposures. Any such study should be carried out  

in close co-operation with existing radon remediation companies and with the building industry.

Thoron in Homes – while the average dose from radon is considerably larger, the dose from thoron is comparable with the dose from  

other exposure pathways. The present estimates of dose from thoron are based on measurements in only 40 homes. The database of 

measurements should be extended so as to provide a more accurate estimate of dose and the natural variability that exists. For those  

homes with the highest concentrations it may be necessary to identify the source of thoron, to measure thoron exhalation rates from  

the construction materials and to develop remedial options.

Radioactivity in the Diet – while extensive data exists on artificial radioactivity in the Irish diet, there is less information available on natural 

radioactivity and its contribution to dose. Experimental studies should be undertaken to measure polonium-210 in dietary constituents for 

comparison with the theoretical values quoted in this report. While the contribution from carbon-14 and from thorium series radionuclides  

is likely to be small, once-off studies would be useful to provide baseline data. Additional data should also be compiled on the levels of 

radioactivity present in bottled waters and in groundwater.

Impact of Sellafield – many assumptions underlie the calculation of doses from the routine operations at Sellafield involving the discharge 

of radioactivity into the Irish Sea. While the estimated doses are currently extremely low, it is important that all dose calculations are based  

on habit data that accurately describe typical and extreme consumption rates for seafood, occupancy rates on beaches, etc. Population habits 

change with time and a localised habit survey along the north-east coast should be carried out at regular intervals. The RPII has already 

commissioned such a survey to be carried out during 2008.

Medical Exposures – the exposure of patients undergoing diagnosis and treatment is the main source of exposure to artificial sources  

of radiation. The evaluation undertaken for this report has been limited in scope and a more detailed evaluation is required to fully assess  

the radiation dose from all medical procedures, including those specifically excluded from this review. As many of the newer diagnostic 

procedures give rise to relatively high doses, it is important that these sectors in particular are carefully evaluated from the point-of-view  

of patient exposure. This will allow a baseline to be set against which all changes in practices or doses associated with existing practices  

can be evaluated.
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Appendix 1  Maps of Ireland showing High Radon Areas

Grid squares in which the predicted percentage of dwellings in excess of the Reference Level is 10% or greater  

are classified as High Radon Areas.
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Grid squares in which the predicted percentage of dwellings in excess of the Reference Level is 10% or greater  

are classified as High Radon Areas.
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Grid squares in which the predicted percentage of dwellings in excess of the Reference Level is 10% or greater  

are classified as High Radon Areas.
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Grid squares in which the predicted percentage of dwellings in excess of the Reference Level is 10% or greater  

are classified as High Radon Areas.
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Appendix 2  Radon Concentrations in Irish Homes

Following the completion of the National Radon Survey (NRS), the RPII offered a fee-paying radon measurement service. To date, over 22,000 

additional Irish houses have been measured for radon. By focusing its advertising on High Radon Areas, in recent years approximately 15% of 

these homes have exceeded 200 Bq/m3. This is twice the identification rate that would be expected if houses were randomly selected.

While the highest radon concentration identified during the NRS was just over 1900 Bq/m3, as of 31st December 2007 the RPII had identified 

262 houses with radon concentrations above 1000 Bq/m3, of which 56 exceed 2000 Bq/m3. All of the results, including those of the NRS,  

are summarised below by county. The locations of the 50 houses with the highest radon concentrations are also listed separately.

Distribution of radon measurement results by county (based on measurements completed up to �1st December 200�)

County Number  
of houses 
measured

% homes  
> 200 Bq/m3

Number of houses in categories  
of radon concentration

Highest measured 
concentration 

(Bq/m3)
0-199 Bq/m3 200-999 Bq/m3 >1000 Bq/m3

Carlow 653 18% 536 115 2 1725

Cavan 343 3% 332 11 0 780

Clare 3004 11% 2668 307 29 2980

Cork 3574 9% 3253 312 9 2309

Donegal 1009 5% 961 48 0 512

Dublin 2146 6% 2012 133 1 1410

Galway 4362 20% 3490 823 49 3434

Kerry 2892 14% 2497 328 67 49000

Kildare 919 5% 873 45 1 1114

Kilkenny 858 12% 756 99 3 2444

Laois 472 4% 455 17 0 565

Leitrim 278 6% 262 15 1 1630

Limerick 976 8% 900 73 3 1857

Longford 255 7% 237 18 0 552

Louth 505 13% 438 67 0 751

Mayo 2911 16% 2440 455 16 6203

Meath 662 9% 603 59 0 932

Monaghan 233 6% 218 15 0 794

Offaly 400 3% 388 12 0 495

Roscommon 503 4% 452 50 1 1387

Sligo 1310 24% 1000 282 28 5508

Tipperary 1476 10% 1322 143 11 2394

Waterford 942 22% 739 184 19 3023

Wexford 1215 14% 1043 166 6 2926

Westmeath 476 9% 433 43 0 699

Wicklow 1495 17% 1247 232 16 16,438

Total 33,869 13% 29,555 4052 262
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Highest indoor radon concentrations identified by the RPII

County Location Radon 
Concentration 
(Bq/m3)

1. Kerry Castleisland 49,000

2. Wicklow Aughrim 16,438

3. Kerry Tralee 8056

4. Mayo Crossmolina 6203

5. Kerry Tralee 6184

6. Kerry Tralee 6049

7. Sligo Knocknarea 5508

8. Kerry Tralee 4772

9. Kerry Tralee 4759

10. Kerry Castleisland 4310

11. Kerry Tralee 4156

12. Kerry Tralee 3857

13. Sligo Ballymote 3733

14. Kerry Castleisland 3677

15. Kerry Tralee 3667

16. Kerry Tralee 3593

17. Kerry Tralee 3452

18. Galway Rahoon 3434

19. Mayo Ballinrobe 3416

20. Galway Castlerea 3357

21. Sligo Castlebaldwin 3102

22. Kerry Castleisland 3075

23. Kerry Tralee 3038

24. Kerry Tralee 3036

25. Waterford Cappagh 3023

County Location Radon 
Concentration 
(Bq/m3)

26. Sligo Hazelwood 3009

27. Sligo Knocknarea 3004

28. Kerry Castleisland 2998

29. Clare Corofin 2980

30. Galway Tuam 2929

31. Clare Ennis 2929

32. Wexford Bunclody 2926

33. Waterford Dunhill 2890

34. Waterford Fenor 2853

35. Kerry Tralee 2845

36. Sligo Ballymote 2757

37. Kerry Tralee 2722

38. Kerry Tralee 2710

39. Clare Ennis 2653

40. Galway Tuam 2646

41. Sligo Sligo 2604

42. Galway Oughterard 2564

43. Mayo Castlebar 2557

44. Waterford Kilmacthomas 2514

45. Clare Quin 2499

46. Sligo Sooey 2499

47. Waterford Waterford City 2457

48. Kilkenny Gowran 2444

49. Tipperary Cahir 2394

50. Waterford Tramore 2355
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Appendix �  Summary of RPII studies on NORM industries

Natural gas extracting industry
The radiological assessment of the routine and maintenance activities of the gas extracting industry was undertaken in collaboration with the 

main natural gas producer currently operating in Ireland. Exposure to radon and NORM residues for workers and also members of the public 

were investigated during a project which lasted over three years. Radon gas concentrations in the gas stream brought ashore were monitored 

continuously during a two-year period and the annual radiation dose to the domestic gas end users (workers are never in direct contact with 

the gas as it is always contained inside the production equipment) resulting from an exposure at the measured average radon concentrations 

was calculated to be about 8 μSv.

NORM residues, in the form of sludge, resulting from the processing of natural gas were collected offshore and analysed for radioactivity. 

Activity concentrations for various natural radionuclides were all found to be well below the indicative recommended exclusion/exemption 

values for NORM materials published separately by the EU and the IAEA. The dose received by workers removing the sludge from the vessels 

offshore was calculated to be at most of the order of 100 μSv per year. Various radiation surveys were also undertaken both offshore and 

onshore at a disused production equipment disposal site. Both external gamma radiation fields and contamination levels were 

indistinguishable from the natural background.

Coal-fired power generation
Activity concentrations measured in coal fly ash produced by the only Irish coal-fired power plant were not found to be significantly 

enhanced when compared with results from other similar studies carried out elsewhere. The incorporation of fly ash into Irish cement and/ 

or concrete was found to have no radiological health significance.

The radiological impact of atmospheric releases through the stack indicated that the additional doses resulting from exposure to radon 

emitted through the stack were 0.05 and 0.04 nSv per year for workers and members of the public respectively, while the estimated dose 

through inhalation of other radionuclides released in the plume at ground floor level was calculated for members of the public at 0.02 μSv 

per year. Assuming that the plume inhalation pathway represents approximately 70% of the total dose received by a typical individual, it  

was concluded that the radiological impact of such atmospheric emissions was negligible.

Liquid effluents discharged into the Shannon estuary from the ash disposal area were analysed and, apart from potassium-40 which was 

present in negligible concentrations, no other radionuclides could be detected. Lead-210 activity concentrations were measured in the 

residues collected inside the boilers and a maximum value of 400 Bq/kg was found. This is well below both EU and IAEA recommended 

exclusion/exemption values for lead-210 in NORM material (5000 and 1000 Bq/kg respectively). Therefore, workers dealing with residues  

of this type will not receive a radiation dose in excess of 0.3 mSv per year. The upgrading of the plant to meet new environmental standards 

will require the installation of a new type of boilers which could be more prone to the production of residues enriched in lead-210 and a new 

assessment may be necessary in future years.

Activity concentrations in coal fly ash can vary considerably depending on the origin of the coal. The doses reported here are specific to the 

coal presently being burnt in Ireland. If in the future coal is sourced from other international markets then its radioactive content may differ 

and the estimated doses to workers and the public will need to be revised.
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Peat-fired power generation
Occupational radiation exposures at the largest peat-fired power plant in Ireland were assessed during a research project led in collaboration 

with Trinity College (Organo et al., 2005). Ambient gamma dose rate measurements, radon measurements, quantification of the occupational 

exposure from inhalation of airborne peat particles and gamma spectrometry analysis of peat, peat ash and effluent samples from the ash 

ponds were undertaken.

The results indicated that the radiation dose received by any worker involved in the processing of the peat and the handling of the ash 

resulting from peat combustion did not exceed 50 μSv per year. The potential use of peat fly ash as a by-product for incorporation into 

cement and/or concrete by the building industry was also found to have a negligible radiological impact for both construction workers  

and members of the public. Radiation doses associated with maintenance duties (cleaning of hoppers and freeing of blockages in the filters 

controlling the emissions) were not assessed but they were not expected to be significant as they are always carried out with respiratory 

protective equipment in a wet environment to minimise resuspension of the ash and only occur two to three times every year. Similarly, the 

inhalation of peat ash dust on the landfill sites arising from the generation of windborne ash on the ash pond was ruled out as a significant 

pathway because when it dries out, the top layer of the pond usually forms a crust underneath which the ash is trapped, making it very 

unlikely to be wind blown.

Bauxite processing – alumina production
The following three scenarios were investigated (1) exposure of workers involved in the running of the red mud (main waste produced by the 

industrial process) disposal area, (2) exposure of workers involved in the maintenance and cleaning of process equipment (digesters and flash 

tanks) where waste such as scales can form and accumulate as a result of the chemical treatment to which the bauxite is subjected to and  

(3) exposure of members of the public in a post-closure scenario of the red mud disposal area.

For the first scenario, analysis of red mud samples and direct measurements of the external gamma dose rate to which workers were exposed 

on the landfill site led to the conclusion that in the worst case, a worker would receive a maximum radiation dose of 405 μSv per year. The 

exposure of a member of the public would be expected to be many times lower. The analysis of waste samples collected inside the processing 

equipment showed activity concentrations for all the radionuclides well below both EU and IAEA recommended exclusion/exemption values. 

Gamma dose rate measurements conducted inside a flash tank indicated values which were similar to those characteristic of the ambient 

natural background.
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Radiological Protection Institute of Ireland 

3 Clonskeagh Square 
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Ireland

Tel: 01 2697766 

Fax: 01 2697437 

Email: rpii@rpii.ie

Opening hours: 9:00am to 5:00pm
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