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Executive summary 

This is the final report for the Defra-funded project to ‘Understand the Implications of the 
European Commission’s (EC’s) Proposals Relating to Radon in Drinking Water for the UK’. 
Ricardo-AEA led the 14 month study in collaboration with Public Health England (PHE) and 
the British Geological Survey (BGS). The aim of this project was to provide risk-based 
information to Defra and the UK Drinking Water Regulators to help them understand the 
implications for the UK of adoption of the new Directive under the Euratom Treaty (Council 
Directive 2013/51/Euratom).  

The new Directive lays down requirements for the protection of the health of the general public 
with regard to radioactive substances in water intended for human consumption. A parametric 
value of 100 Bq L-1 of radon has been introduced. However, Member States may set a level 
higher than 100 Bq L-1 but lower than 1,000 Bq L-1 which is judged ‘inappropriate to be 
exceeded’. In addition, the new Directive specifies that the limit of detection of the method of 
analysis for radon should 10 Bq L-1. 

The project focussed on six objectives. These were: 

1. Review existing knowledge on exposure to radon and its decay products, via air and 
drinking water, and any associated health implications, with particular regard to 
whether a value between 100 and 1,000 Bq L-1 can be established, which is judged 
‘inappropriate to exceed’. 

2. Collate and review any data from water companies and from a selection of local 
authorities on the presence of radon in water supplies. 

3. Review any data from the published and grey literature on the occurrence of radon in 
water supplies. 

4. Review the understanding of how geological factors affect radon concentrations in 
water and create a map of drinking water risk areas. 

5. Plot locations of public and private groundwater supplies on the risk map and report 
the number of supplies that fall in different risk areas. 

6. Consider the availability and costs of methods of analysis for radon that can meet the 
specified performance requirements of the new Directive. 

 

This final report combines two interim reports and includes additional data that had been 
obtained after the issue of those reports. This final conclusion to the project makes clear 
recommendations to DWI on how to take the findings forward, and areas for further study. 

During objective 1 we carried out a literature review to gather data on exposure to radon 
following exposure via air and drinking water and the associated health implications (i.e. the 
hazard). An exposure assessment in terms of how the public would be exposed was also 
addressed as well proposing levels that would be ‘inappropriate to exceed’. Exposure data 
obtained from objective 2 and 3 was compared with the proposed parametric value to gain an 
understanding of the implication of the use of such values, either in terms of potential health 
risk or in terms of potential remediation/treatment of water sources. In proposing a level of 
radon in water that should not be exceeded, various factors were reflected: 

 The main route of exposure to radon from water is via inhalation, although oral 
exposure should also be considered. The dose from ingestion is small compared to 
the inhalation dose. 

 Radon from ground and water sources both contribute to indoor air concentrations 

 Radon from drinking water should be considered as an ‘existing exposure situation’ 
and managed using radiological criteria broadly consistent with those used for radon 
in air.  
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The main conclusion of objective 1 was that 1,000 Bq L-1 may be considered to be a level of 
radon in water that is ‘inappropriate to exceed’. It corresponds to an indoor air concentration 
of radon that is similar to, but not much lower than, that used to manage radon in indoor air in 
the UK. It is also consistent with the new Directive that identifies this concentration as being 
that point above which remedial action is justified on radiological grounds without further 
consideration. Proposals are made for optimisation of protection below this level, as required 
in the new Directive.  

Objectives 2 and 3 focussed on the exposure assessment in terms of the levels of radon in 
water supplies in the UK, by gathering data from water companies and local authorities 
(objective 2) and from a literature review of published and ‘grey literature’ (objective 3). 
Reported data obtained in objectives 2 and 3 suggested that the concentration of radon in the 
majority of water samples tested is below the suggested limit of 1,000 Bq L-1, with the 
exception of some supplies in known radon-affected areas. Radon levels in public (treated) 
supplies were lower than levels in private supplies. 

Objectives 4 and 5 focussed on creating a hazard identification map for radon in drinking 
water, based on an assessment of geological factors and aquifers and plotting the locations 
of water supplies on the map. If drinking water is derived from groundwater, the concentration 
of radon in the water will depend on the concentration of radon in the source aquifer, which in 
turn is controlled by uranium distribution, and to a limited extent by the aquifer’s physical 
properties, especially pore size. The pathway from aquifer to consumer, and especially the 
extent to which water is stored and aerated, will affect the ultimate radon concentration.   

Available data, collected in objectives 2 and 3, were combined with hydrogeological mapping 
to assess radon hazard. The relatively small number of samples available meant that it was 
necessary to supplement the radon in water data with information from radon in air potential 
mapping. Areas with Low Hazard were identified, in which waters are unlikely to reach the 
range of radon concentration (at least 100 to 1,000 Bq L-1) above which monitoring and other 
action may be needed. Areas of High Hazard with elevated radon values are plausible and 
were, in some cases, identified. Moderate Hazard areas, between these extremes, may well 
not breach the parametric value, but there is little evidence to demonstrate this. 

Only 2% of groundwater derived public supplies in England and Wales lie on High Hazard 
rock units. In Scotland this is 3%. Northern Ireland only has one groundwater-derived public 
supply, consisting of two co-located boreholes, and this is on an area of Low Hazard. A higher 
percentage of private supplies lie on High Hazard rock units; 28% of groundwater sources in 
England and Wales and 6% of sources in Scotland. Only 1% of sources in Northern Ireland 
are on High Hazard aquifers, but this is taken from a limited dataset and may be an 
underestimate. 

For objective 6, we reviewed a number of analytical methods that exist for the determination 
of the activity concentration of radon in drinking water. All these methods are capable of 
meeting the performance characteristic described in the new Directive of 10 Bq L-1.  

The preferred analytical methodology selected by a laboratory will depend on its current 
testing capability and resources. Regardless of which method is selected, all collection and 
measurement systems must be included within an ISO 17025 accredited system which also 
conforms to the Drinking Water Testing Specification. Whilst these requirements are already 
well known to most laboratories, there are problems in applying it to the determination of radon 
in water due to the lack of suitable reference standards, particularly for field based methods. 

Radon is present in UK drinking water supplies but generally at low concentrations. The lowest 
concentrations are generally observed in large volume public water supplies especially those 
derived from surface sources and where indoor radon levels in air are unlikely to be high. The 
highest concentrations of radon in water tend to occur in smaller, mainly private water supplies 
obtained from ground sources in areas where high levels of radon in air are most likely.  
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Key Recommendations 

1) A concentration of 1,000 Bq L-1 of radon in a drinking water supply represents a level that should 
be considered ‘inappropriate to exceed and below which optimisation of protection should be 
continued’. To meet the conditions permitted in the new Directive, it is proposed that this criterion 
should be expressed in the form: “concentrations at or above 1,000 Bq L-1 are considered 
inappropriate”. This concentration yields an indoor concentration of air similar to that which is 
already used to manage radon entering buildings from the ground.  

2) The parametric value should be retained at its default value of 100 Bq L-1 to support 
investigation and optimisation. Optimisation of protection should include consideration of 
intervention to reduce radon concentrations in the range 100 to 1,000 Bq L-1, especially where 
they occur in water supplies serving multiple premises. Intervention to reduce radon 
concentrations in water supplies serving multiple premises may allow costs to be averaged over 
multiple properties to avoid exposures of the occupants of each property. 

3) A scheme should be adopted, for public and private water supplies that uses hydrogeological 
and radon-related geological information together with evidence from existing measurements of 
radon in water, to identify geographical areas where the hazard of significantly elevated 
concentrations is assessed to be Low, Moderate or High. The Hazard Identification Scheme 
would enable effort to be focussed in areas where high concentrations are most likely to occur 
and would provide a basis for providing advice and making decisions about whether specific water 
supplies should be tested for radon. A preliminary Hazard Identification Scheme has been 
prepared for use and is described in detail elsewhere in this report.  

4) In High Hazard areas, appropriate monitoring should be undertaken to identify where significant 
elevated concentrations of radon occur in water supplies that might require action to reduce 
concentrations. High Hazard areas are those where existing measurements of radon in water and 
supporting scientific evidence suggest that elevated concentrations are more likely to occur.  

5) In Low Hazard areas, monitoring of radon in drinking water sources is considered not to be 
necessary for the purposes of identifying water sources that might require action. Low Hazard 
areas are those where evidence suggests that significantly elevated concentrations of radon in 
water are not expected. 

6) In Moderate Hazard areas, appropriate monitoring should be undertaken to identify where 
significant elevated concentrations of radon occur in water supplies that might require action to 
reduce concentrations. Moderate Hazard areas are those where there is some evidence to 
suggest that significantly elevated radon levels may occur in water sources, but the prevalence 
and distribution of concentrations is expected to be lower than areas of High Hazard but there is 
insufficient evidence to support assignment to other hazard categories.  

7) In each hazard band further measurements of radon in a range of water sources should be 
made to develop the evidence base and support future review and update of the Hazard 
Identification Scheme and the assignment of areas to the various hazard bands. The overall 
reported number of measurements of radon in water is limited and is less than 1% of the number 
available for radon in air. The measurements themselves are less standardised, they often 
represent spot samples at various points in the water network and some have poor quality location 
data. Improvements to the form and structure of the Hazard Identification Scheme could be 
achieved if the evidence base were improved. 

8) Surface water sources that have any of the following characteristics (primarily fed from rainfall 
or a substantial river, long residence time (>few days) in a volume that is open to air, presence in 
sustained open air turbulent flow or agitation) are unlikely to have significantly elevated radon 
concentrations, irrespective of the local hazard band, and monitoring of radon in such sources is 
considered not to be necessary for the purposes of identifying water sources that might require 
action. Water sources that fall clearly into this category would be: rivers, reservoirs and lakes. The 
situation is less clear-cut for some surface sources, such as springs or streams with a nearby 
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upstream spring source, that are likely to have had significant contact with radon emanating 
ground material.  Once a water source has no or minimal contact with a solid matrix that emanates 
radon, the concentration of radon will reduce according to the radioactive half-life. An open water 
body that undergoes significant turbulence (e.g. flowing rivers) will lose a significant proportion of 
its radon content to atmosphere. 

9) Further investigations should be made to clarify those types of water source that can be 
characterised as being ‘surface water’ with the aim of identifying the tangible characteristics that 
lead to low radon concentrations (e.g. one or more of the following: not directly derived from the 
ground (e.g. rainfall), long residence time, significant turbulence, significant open air boundary) 
and those that should be treated as having characteristics of ground water (e.g. derived from the 
ground with one or more of the following attributes: short residence time, low turbulence, limited 
open air boundary). The current database of radon measurements in water does not always 
clearly identify water sources (e.g. springs) that may have been sampled at a location where the 
water has the characteristics of ‘ground water’. 

10) The most relevant criterion for householders with a private non-shared water supply is 1,000 
Bq L-1 since this protects at a level comparable with control of ground derived radon. The possible 
presence of such a level of radon can be indicated with a standard radon-in-air measurement. 
Most of the homes with such a water supply in High and Moderate Hazard areas, where the 
highest levels of radon in water are expected, are in the 1 km grid squares that contain radon 
affected areas. Radon testing is already advised in radon affected areas. Therefore existing 
advice to test for radon in air can also support the identification of homes that might have high 
indoor radon levels arising from a private water supply in these areas. For householders with 
private water supplies it may be appropriate to extend this advice, for the purpose of assessing 
risk from radon in water only, to include those homes lying anywhere in the 1 km grid squares that 
include radon affected areas. Online resources, including the radon indicative atlases and an 
interactive map, identifying these areas are already available on the Gov.uk and UKradon.org 
websites. 

11) Some areas with identified private water supplies are classified as being at Moderate or High 
Hazard for radon in water but lie outside the 1 km grid squares that contain radon affected areas. 
In these areas there is presently no advice to test for radon and no published means of identifying 
them. Further investigations of levels of radon arising from private water supplies in these areas 
would identify whether the hazard map could be refined and/or further advice is needed.   

12) A range of analytical testing methods are available, both laboratory based and in-situ, that can 
be used to determine radon concentrations in water within relevant concentration ranges, 
including a Minimum Detectable Concentration (MDC) of 10 Bq L-1. A range of techniques were 
identified in the study, all capable of yielding reliable results and meeting the MDC criterion. Each 
of the analytical methods identified is considered acceptable for use in determining radon 
concentrations in water as long as it is undertaken by suitably trained staff and applied with 
appropriate quality controls. 

13) A national database of measurements of radon in water should be established and maintained 
to provide the evidence base to support the future review of the Hazard Identification Scheme. 
Such a database would need to capture appropriate information (e.g. location, type of water 
source, sample date, method used) as well as providing appropriate privacy and information 
security controls. 

14) The Hazard Identification Scheme should be reviewed in the light of additional measurements 
of radon in water made in a range of areas. The monitoring data should encompass 
measurements made to support risk assessment in areas of Moderate and High Hazard as well 
as a wider programme to enhance the evidence base across the range of hazard areas and types 
of water source. 
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1 Introduction 
This is the final report for the Defra-funded project to ‘Understand the Implications of the 
European Commission’s (EC’s) Proposals Relating to Radon in Drinking Water for the UK’. 
This presents the conclusions of the project. 

The aim of this project was to provide risk-based information to the Drinking Water 
Inspectorate (DWI) and drinking water regulators in Scotland and Northern Ireland to help 
them understand the implications for the adoption of the new Directive under the Euratom 
Treaty (Council Directive 2013/51/Euratom). This lays down the requirements for the 
protection of the health of the general public with regard to radioactive substances in water 
intended for human consumption. Ricardo-AEA led the study in collaboration with Public 
Health England (PHE) and the British Geological Survey (BGS), with input from an information 
scientist at Cranfield University. 

1.1 Background to the study 

The Drinking Water Directive 98/83/EC (DWD) established indicator parametric values for 
tritium and total indicative dose (TID), excluding tritium, potassium-40, radon and radon decay 
products. However it did not establish monitoring frequencies for these parameters at the time, 
with the intention that this was to be done at a later stage. That Directive also notes that 
Member States are not required to monitor these parameters where there is evidence that the 
levels are well below the parametric values. 

The DWD has been implemented through the following: Water Supply (Water Quality) 
Regulations 2000 (as amended in 2007 and 2010), the Water Supply (Water Quality) 
Regulations 2010 (Wales), the Private Water Supplies Regulations 2009, the Private Water 
Supplies (Wales) Regulations 2010, the Water Supply (Water Quality) (Scotland) Regulations 
2001 (recently replaced by the Public Water Supplies (Scotland) Regulations 2014), the 
Private Water Supplies (Scotland) Regulations 2006, the Water Supply (Water Quality) 
Regulations (Northern Ireland) 2007/147 (as amended by SR 246 on 15 July 2009 and SR 
128 on 20 April 2010) and the Private Water Supplies Regulations (Northern Ireland) 2009. 

These regulations establish the parametric value for tritium and TID and specify monitoring 
frequencies for gross alpha and gross beta (as a measure of TID) and for tritium. The 
monitoring may be either in water supply zones or at supply points such as treatment works. 
Sampling frequencies vary from one to eight times per annum in zones depending on the 
population supplied and one to 48 times per annum at supply point depending on the volume 
supplied. There is also provision for companies not to monitor under Regulation 6: “the 
Secretary of State may permit companies not to monitor for TID or tritium where he is satisfied 
the value is well below the parametric value”. 

The European Commission has agreed a new Directive (2013/51/Euratom), which lays down 
requirements for the protection of the health of the general public with regard to radioactive 
substances in water intended for human consumption. The new Directive sets out parametric 
values, and frequencies and performance characteristics for analytical methods for monitoring 
radioactive substances in water intended for human consumption. This includes water as 
defined in the scope of the DWD for drinking, cooking, food preparation or other domestic 
purposes supplied from a distribution network, tanker or in bottles or containers. It also 
includes all water used in any food production undertaken for the manufacture, processing, 
preservation or marketing of products or substances intended for human consumption. The 
provisions of the new Directive supersede the requirements for monitoring for radioactive 
substances in water intended for human consumption set out in the DWD.  
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A parametric value is introduced for radon of 100 Bq L-1. However, Member States may set a 
level higher than 100 Bq L-1 but lower than 1,000 Bq L-1 which is judged inappropriate to be 
exceeded and remedial action must be taken where radon concentrations exceed 1,000 Bq L-1.  

Monitoring frequencies are set out in the new Directive for radon, tritium and TID; however, 
Member States are not required to monitor where it can be demonstrated that levels of the 
substances are well below the respective parametric values. Demonstration will be on basis 
of representative surveys, monitoring data and/or other reliable information.  

Representative surveys should determine the scale and nature of likely exposure to radon in 
water and should include an assessment of the geology and hydrology of the area, and 
radioactivity of rock or soil, as well as historical data.  

Where there is reason to believe from findings of any representative surveys or from other 
reliable information sources, that radon or other radioactive substances may be present at 
levels that could exceed the parametric values, monitoring must be carried out at the 
frequencies set down in the new Directive.  

The Directive specifies that the limit of detection of the method of analysis for radon should be 
10 Bq L-1. 

1.2 Detailed study requirements 

The purpose of this project was to assess the implications of new Directive for the UK and to 
provide DWI with recommendations on how it might take forward guidance to help suppliers 
of drinking water determine whether they need to act on radon in their area, while minimising 
the sampling burden on the industry. The specific objectives of the study were to: 

1. Review existing knowledge on exposure to radon and its decay products, via air and 
drinking water, and any associated health implications, with particular regard to 
whether a value between 100 and 1,000 Bq L-1 can be established, which is judged 
‘inappropriate to exceed’. 

2. Collate and review any data from water companies and from a selection of local 
authorities on the presence of radon in water supplies. 

3. Review any data from the published and grey literature on the occurrence of radon in 
water supplies in the UK. 

4. Review the understanding of how geological factors affect radon concentrations in 
water and create a UK map of drinking water risk areas. 

5. Plot locations of UK public and private groundwater supplies on the risk map and 
report the number of supplies that fall in different risk areas. 

6. Consider the availability and costs of methods of analysis for radon that can meet the 
specified performance requirements of the new Directive. 

1.2.1 Objective 1: Review of exposure and health implications 

Objective 1 focused on a literature review of the exposure and health implications of radon in 
drinking water. The WHO guidelines (WHO, 2011) note that radon in air is associated with 
increased risk of lung cancer but that there is no definitive link between radon in drinking water 
and cancer. Radon in drinking water can be released in to the air and, along with other 
sources, will contribute to the levels in air. The main source of radon in indoor air is likely to 
be from the rocks and soil underlying the building. In many buildings where this risk exists, 
mitigation measures such as radon sumps may have been put in place. WHO estimates that 
a level of 1,000 Bq L-1 in tap water will increase the concentration in air by 100 Bq m-3 in air, 
which is the WHO reference level for indoor air. Therefore both inhalation and oral exposure 
need to be considered in determining whether a level between 100 and 1,000 Bq L-1 can be 
established for drinking water.  
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In addition, consideration should be given to whether there are any correlations between 
concentrations of radon and concentrations of its decay products and whether the decay 
products pose a risk to health. Recent reports on radon include Health Protection Agency (now 
PHE) advice: ‘Limitation of human exposure to radon’ (McColl et al., 2010) and the Advisory 
Group on Ionising Radiation (AGIR) report: ‘Radon and Public Health’ (HPA/AGIR, 2009). 

1.2.2 Objective 2: Collate and review data on radon in water supplies 

Objective 2 was a review of sample data held by local authorities (private supply) and water 
companies (public supply) across the UK. Prior to this study, data held by water suppliers on 
radon in water supplies were considered by DWI to be limited; the data gathered by DWI over 
ten years ago were no longer on the Inspectorate’s files and may have been superseded by 
more recent data. This objective aimed to review the information held by local authorities and 
water companies for the occurrence of radon in water supplies. Data gathered were presented 
on the risk map (objective 4 and 5). 

1.2.3 Objective 3: Review of occurrence of radon in water supplies 

This objective involved reviewing published literature for information on the presence of radon 
in drinking water in the UK. The aim was to use reported data in conjunction with that obtained 
in objective 2 to present a picture of the occurrence of radon in supplies. Any data were 
subsequently presented on the risk map (objectives 4 and 5). 

1.2.4 Objective 4: Review geological factors and produce risk map 

Extensive mapping data are already available on the areas where properties are at risk of 
exceeding the Action Level for radon in air of 200 Bq m-3 (for example, the ‘Indicative atlas of 
radon in England and Wales’1). This may be of value in establishing risk to drinking water 
sources. DWI identified a need to critically assess the methodology used in the air maps to 
ensure it is relevant to water concentrations. This objective focused on creating a drinking 
water risk map using existing mapping data to identify areas where concentrations in water 
were likely to be high, based on local geology and aquifers. 

1.2.5 Objective 5: Plot locations of groundwater supplies on the risk map 

This objective was limited to ground water sources because radon is likely to be lost to the air 
from surface water sources. Locations of abstraction for public and private water supplies were 
obtained subject to necessary confidentiality constraints across the UK. These were plotted 
on the UK radon in water risk map (from objective 4) to determine the supplies located in each 
risk category. 

1.2.6 Objective 6: Review methods for radon analysis 

One of the principal difficulties in the analysis of radon is ensuring that radon is not lost from 
the sample between sampling and measurement. This objective reviewed available methods 
of sampling and analysis, summarising advantages, disadvantages, analytical performance 
and outlining costs. The aim was to determine whether radon might be assessed at the 
suggested limit of 10 Bq L-1. 

 

                                                

1 Indicative Atlas of radon in England and Wales: http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1204186227787 

http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1204186227787
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2 Review of exposure and health 
implications (objective 1) 
Box 1: Aim of objective 1  

To review existing knowledge on exposure to radon and its decay products via air and 
drinking water and any associated health implications, with particular regard to whether a 
value between 100 and 1,000 Bq L-1 can be established which it is judged ‘inappropriate to 
exceed’ 

2.1 Introduction 

To achieve objective 1, a literature review of the exposure to radon via drinking water and air 
and associated health effects was carried out in a systematic and methodical manner. Input 
was provided from an information scientist as well as technical experts to develop the most 
appropriate search terms to ensure as many relevant records were captured as possible and 
to ensure quality of the data retrieved.  

Radon (Rn-222, half-life 3.8 days) is a naturally occurring, radioactive, colourless and 
odourless gas which occurs throughout the environment. It is the predominant source of 
ionising radiation exposure to the general public. Radon is produced from trace amounts of 
radium-226 (Ra-226, half-life 1,600 y) and its primordial source uranium-238 (U-238, half-life 
4.5 billion y) which occur in all rocks and soils. Consequently, radon is present in most 
materials derived from the ground including building materials, water and gas supplies.  

The most widespread and significant source of radon exposure occurs when radon enters 
buildings from the ground. Under the influence of temperature and pressure gradients, radon 
can be drawn into the living spaces of buildings where it can be retained as a result of the 
normal draught proofing and insulation properties of buildings. The UK has adopted a value 
of 200 Bq m-3 as an annual average indoor concentration of radon in indoor air above which a 
householder should consider practical measures to reduce radon levels (NRPB, 1990). The 
annual radiation dose for residents with radon at the Action Level is around 10 mSv (Watson 
et al., 2005) and there are estimated to be at least 100,000 homes (approximately 0.4% of the 
total housing stock) in the UK with radon above the Action Level (McColl et al., 2010). To date, 
PHE and its predecessor organisations have identified at least 55,000 homes with radon at or 
above this level. 

Release of radon from water supplies used indoors was recognised from the earliest days of 
the national programme initiated by National Radiological Protection Board (NRPB) as a 
contributor to the radon dose received by the UK domestic population. This was reinforced by 
early protocols for radon exposure assessment which involved visits by staff to homes, where 
they were able to inspect the various sources and to make judgements about their likely 
significance. Broad indications from this stage of work were that a small proportion of homes 
in the areas studies used local ground water sources that were likely to increase indoor radon 
levels. General reviews of population exposure were also produced in which minor sources of 
exposure were identified and evaluated qualitatively. Radon from water supplies was only 
considered to be significant for a very small population and the national programme focussed 
on ground source radon.  

The overwhelming majority of homes are supplied by mains water (public supplies) from 
surface water sources which is collected in and supplied from municipal reservoirs. Since any 
dissolved radon in water is readily degassed once containment pressure is released, the 
supply of water from flowing rivers, and its subsequent storage for long periods ensure that 
radon levels in such supplies are extremely low. So radon from this source is negligible. Of 



Understanding the Implications of the EC’s Proposals Relating to  
Radon in Drinking Water for the UK: Final Report 

5 Ref: Ricardo-AEA/R/ED59170/Final report 

the smaller number of homes supplied from ground water sources, the large majority are 
provided by licensed water suppliers which have a responsibility to ensure proper treatment 
to make water potable and compliant with various quality standards. The processes applied 
to municipal supplies from groundwater sources invariably involve substantial agitation of the 
water, during which, again any excessive levels of radon will be released.  

The main concern, therefore, for water borne radon is for those homes where the supply is 
close to, and directly linked to indoor supply with little or no opportunity for agitation or storage 
before the domestic tap is opened, which is uncommon. Nevertheless, some private supplies 
have levels of radon that could, in principle, cause excessive exposure of occupants. Buildings 
of this type tend to be in remote upland areas often on geology with associated with radon 
emission, so it is probably quite unusual for a building to have high radon caused solely by the 
water supply.  

This raises a concern however, that exposure from radon in water may further elevate an 
already high level of exposure. As part of the current programme for protection from radon in 
the home, occupants of homes that are found to have high radon levels are advised on how 
they can reduce radon ingress from the ground, but such actions would not be expected to 
affect water borne radon. Trace levels of dissolved radium can be present in some water 
supplies which would generate radon further down the water course. The significance of this 
will depend on the source geology and on subsequent chemical and physical interactions 
during passage through the ground or conduits. Although radium levels are generally expected 
to be extremely low, this nuclide is addressed in existing standards, and so was considered 
as part of the current project.  

The main stages of work for this objective were to review literature in order to: 

 Evaluate exposure pathways associated with radon being in domestic water supplies 

 Review evidence of radon as a health hazard through ingestion or inhalation  

 Review relationship between radon on water and resulting concentration in air  

 Assess doses from ingestion and inhalation of levels in relevant range as above 

 Compare estimated doses with other relevant standards and guidance levels 

 Assess whether radon in water between 100 and 1,000 Bq L-1 is ‘inappropriate to 
exceed’. 

2.2 Methodology 

Selection of information sources 

The information scientist, in consultation with other members of the team identified the most 
appropriate information sources to interrogate in order to collect the most relevant studies. 
Bibliographic databases, such as Scopus, Web of Knowledge, PubMed and Science Direct 
were considered most appropriate. Grey literature was also interrogated, including industry or 
committee reports, local authority websites and water company websites.  

Selection of search terms 

A list of search terms was developed by the information scientist in collaboration with technical 
leads to retrieve published literature (Appendix 1). The information scientist performed the 
literature searches and sensitivity analyses and provided information on the databases used, 
search terms and the numbers of records retrieved using the information source form 
(Appendix 2). The search terms were amended where necessary and further developed 
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according to the number of records being retrieved. Searches were limited to references in 
the English language.  

All titles and abstracts retrieved from the literature search were stored in an EndNote database 
and were accessible to all team members.  

Title and abstract screening 

Titles and abstracts of all references retrieved, after duplicates were removed, were screened 
against an inclusion/exclusion criteria checklist (Table 1), that was developed by team 
members. Articles that did not appear to meet the inclusion criteria were excluded from further 
analysis. The full text of each article that passed the primary screening stages was retrieved 
for further consideration.  

Table 1: Inclusion and exclusion criteria 

Inclusion criteria Exclusion criteria 

Objective 1: Review existing knowledge on exposure to radon and its decay products via air 
and drinking water and any associated health implications, with particular regard to whether 
a value between 100 and 1,000 Bq L-1 can be established which it is judged ‘inappropriate to 
exceed’ 

Articles inside the publication 
date: 1979 to 2013 

Articles outside these dates 

Articles in English  Articles in other languages 

Articles concerning radon or 
uranium 

Articles relating to other chemicals (arsenic, chromium, 
polonium, metals) 

Articles relating to 
human/epidemiology studies 

Articles relating in vitro or in vivo toxicological studies 
(saved in a different folder) 

Studies relating to health effects 
following inhalation and oral 
exposure (+dermal via showering) 

Studies relating to exposure alone (i.e. with no relation 
to health effects) 

Systematic reviews Other reports (i.e. conference proceedings or abstracts) 

 

Data abstraction 

All papers retrieved following the screening process were assessed for relevance.  

2.3 Results 

Scopus, Web of Science, PubMed and Science Direct were interrogated by using the 
predefined search terms (see Appendix 2) for papers reporting the exposure of radon via air 
and water and related health effects. A total of 1,349 papers were initially identified, from which 
1,156 papers were excluded on titles according to the exclusion criteria. Of the remaining 193 
papers that underwent primary screening on the abstracts and following data explosion, 15 
publications were selected for inclusion in the report as well as 12 reports from the grey 
literature, including reports from authoritative bodies. 

2.3.1 Water as a source of radon 

Contributions from other potentially significant sources of radon in homes have been 
investigated in numerous studies over many years. As well as water, which is considered in 
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detail below, radon sources also include the materials used for construction and combustion 
of natural gas (Dixon, 2001). Once released, the level of radon from these sources indoors is 
modified by lifestyle factors such as occupancy and ventilation habits and rates, but an 
important determinant is the associated radon content of the material which may reflect its 
source.  

Several studies considered the limited data available on radon in water in the 1960’s but 
addressed only ingested activity. A subsequent review of the significance of radon in water 
supplies for the UK was also published by Hesketh (1980) but focussed on data from large 
water supply companies, mainly for surface water. Guidelines issued by WHO in 1982 
explicitly noted the potential for inhalation of radon released during water use but noted a need 
for further data before significance of this source could reliably be assessed. A comprehensive 
review explored the exposure and doses that might occur from radon with some commentary 
about an inhalation pathway, albeit relatively briefly (Cothern et al., 1986). 

Guidelines for drinking water quality published by WHO (2011) address the risk from ingestion 
of a range of contaminants, including radon. WHO recognises that exposure from radon in 
water arises primarily from release and inhalation and recommends that radon in water should 
be managed using the same criteria for managing radon in air. WHO recommends that radon 
in air should be managed using a reference level of 100 Bq m-3 where this is achievable but 
up to 300 Bq m-3 otherwise. 

In the United States, the matter was the subject of lengthy consideration. In 1999 the EPA 
proposed regulations2, currently understood not to have been implemented, that would apply 
different controls on ‘community water supplies’ (those serving at least 25 full-time residents 
since EPA does not regulate private water supplies) depending on whether the State 
addressed radon in drinking water by enhancing programs on radon in air or otherwise. The 
control criteria were 4,000 and 300 picocuries per litre of radon in water - corresponding to 
approximately 150 and 11 Bq L-1 respectively. The latter figure relates to the ambient level of 
radon in the outdoor air in the US and appears to have its basis in the obligation on EPA to 
reduce exposures known carcinogens to zero or as close as is feasible (EPA, 2012). 

Other sources of data are summarised elsewhere in this report (objectives 2 and 3).  

A fairly extensive literature search carried out by Kendall (2004a) now exists on many of the 
more technical aspects of radon sources and exposure parameters, which are covered in more 
detail in the other sections of this report. The latest general UK guidance on the matter is in a 
COMARE statement on radon in private water supplies (COMARE, 2001) which draws 
extensively on the BGS study (Talbot et al., 2000) and concludes that: 

‘the risk to health from consumption of drinking water containing a radon-222 concentration of 
1,000 Bq L-1 is similar to the risk from exposure to radon-222 in air at the Action Level of 200 
Bq m-3.’ 

The main parameters that determine the dose received by water supply users are considered 
in detail below, to strengthen the context within which a control regime might be developed.  

2.3.2 Source characteristics and variability 

Radon dissolves readily in water, so if water passes through a medium that is a significant 
radon source, water can pick up radon and transport it over a considerable distance. If the 
water is subsequently used in a supply before radioactive decay or other processes reduce 
radon concentrations to insignificant levels, this may lead to exposure of water consumers. 
Clearly therefore, the passage of radon though underground strata with potentially high radon 
levels could be expected to cause subsequent exposure to users of ground-derived water. 
Gas exchange with water is a dynamic process driven by pressure variation in structures 

                                                
2 http://water.epa.gov/lawsregs/rulesregs/sdwa/radon/ 

http://water.epa.gov/lawsregs/rulesregs/sdwa/radon/
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where radon and water can intermingle. This suggests that the study of correlations between 
radon levels in particular sources and their immediate geology might be useful. The focus of 
attention is, therefore, on sources of drinking water, such as natural springs, boreholes or wells 
that have a long residence time in contact with relevant geological strata and a relatively short 
interval between water extraction and its use.  

A study by Mose et al. (2001) of water supplies in the US identified several types of geology 
with average radon levels in the range 40 to 100 Bq L-1, but this does not, of course exclude 
the possibility that high radon occurs in geologies that did not feature in that study. The transit 
rate of water through the ground is also of interest and will be considered at a later stage of 
the study project (objective 4) to identify areas at risk. Overall trends of radon level with various 
geological characteristics have been explored in several studies, but detailed work by Hess et 
al. (1987) showed little correlation with depth. 

Although widely present in trace quantities, natural compounds of radium-226 are normally 
quite insoluble in water so would not be expected to contribute significantly to the ambient 
radon level in a water course. Small quantities of radium bearing solids might be entrained in 
a water stream which could create some level of radon in the water. Various studies of 
radioactivity in water have shown, however, that radium levels in groundwater sources rarely 
exceed a few mBq L-1 - this level of radium may lead to similar concentrations of radon but 
these are insignificant in relation to levels of radon that would be expected to occur naturally 
by gas exchange. 

2.3.3 Control of ground water supplies  

The main types of ground source studied are springs, boreholes and wells, which differ 
physically in important ways. Springs and boreholes constitute primary sources, either of 
natural origin or engineered respectively, while a well is a supply system built around a source 
but incorporating features to deliver a sustained and controlled rate of supply to users’ taps, 
and may include buffer or storage elements as well as supply pipes and valves etc. Communal 
supplies may also include some water treatment processes. Although the source of water 
might be a borehole, it would be rare for this to feed a user’s supply directly since fluctuations 
in demand may exceed the supply capacity of a borehole and so some buffer storage would 
normally be provided to accumulate water in between periods of use. This would of course 
increase the residence time of water, and, if effectively ventilated, allow some degassing and 
radioactive decay of radon prior to use.  

A further distinction is whether a source is from a communal provider or whether it is a local 
borehole source for a single user. Depending on geographical location, some water supply 
companies make substantial use of borehole sources, which can provide very substantial 
quantities sufficient for commercial use. In order to meet varying demand for a whole region, 
and also where necessary to manage water quality, large suppliers will balance contributions 
from different sources, some of which may be surface catchment sources even where ground 
water sources are commonplace. It is relatively unlikely, therefore, that a customer of a water 
supply company will receive water sourced solely from ground sources. Larger water networks 
are much more likely to include water processing and storage, both of which act to reduce 
radon concentrations in water through de-gassing and radioactive decay respectively. 
Attention in this section focuses principally, therefore, on individual or groups of users supplied 
solely by boreholes or other local groundwater sources. 

2.3.4 Health risks from intakes of radon  

Inhalation and ingestion are the two main pathways by which people can be exposed to radon 
present in domestic water supplies. Radon can be released from water into the indoor air in 
normal household activities such as showering, washing dishes and cooking.  
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The risks associated with radon intake by either route can be estimated either with 
mathematical models to calculate activity transport and doses received by individual organs 
within the body or with epidemiological studies that try to observe and quantify harmful effects 
and relate them to the particular source. The assessment of radiation exposure from radon in 
water must also take account of the role and impact of various physical parameters in the 
supply chain which are themselves not well known but which can have a marked effect on the 
results of the modelling process. Epidemiology provides a more direct route to assessing 
impact on health for the particular circumstances that prevail in practice but has to achieve 
statistical significance. This is confounded by the risk from smoking which is a main cause of 
lung cancer and obscures the effect of lesser sources unless the level of radiation exposure 
is quite appreciable, so epidemiological studies often have insufficient statistical power to 
identify an increase in the level of disease. 

Doses from inhalation of radon come mainly from its solid, short-lived decay products rather 
than the radon gas itself. These solid charged elements attract molecules of water and attach 
to aerosol particles. The decay products attached to the aerosols in the air are called ‘attached 
fractions’, which normally represent around 90% of the decay product activity. The remaining 
10% are not attached to the aerosols and are called ‘unattached fractions’. Attached and 
unattached fractions can be deposited on the surface of the respiratory tract and decay there. 
If the inhaled radon decays in the respiratory tract or in the lung it will also produce solid, 
charged decay products. These decay products, which are in turn radioactive, can attach to 
the lung lining and continue to decay and lead to irradiation of tissues. Most of the decay 
products are alpha or beta emitters which can transfer large amounts of energy to the cells 
lining the lungs thus damaging DNA and increasing the risk of lung cancer.  

A number of studies, summarised in the AGIR report, have established that long term 
exposure to an atmosphere containing radon increases the risk of lung cancer (HPA/AGIR, 
2009). The resulting risk factors are broadly comparable with radiation dose and risk estimates 
derived from mathematical modelling of exposure following inhalation of radon decay products 
(ICRP, 2010). Neither approach demonstrated any significant risk from other cancers or of 
health effects from inhaling radon decay products, although biokinetic modelling indicates 
small theoretical risks to other organs. 

Consumption of drinking of water containing radon leads to internal irradiation mainly through 
doses to the gastrointestinal tract. Calculations have been made (Kendall and Smith, 2002) of 
the doses that would be delivered to different body organs from drinking water containing 
radon and its decay products. The dissolved radon gas can release solid charged decay 
products which can attach to the stomach lining thus contributing to the dose to the stomach. 
Non-dissolved radon can be absorbed into the blood stream and distributed throughout the 
body and deliver radiation dose to various internal organs although doses to the stomach 
dominate. The annual effective dose from consuming 600 litres per year of water with radon 
present at 1,000 Bq L-1 would be approximately 6 mSv (Kendall and Smith, 2002). For 
comparison, the inhalation dose would be of the order of 10 mSv. This calculation does not 
reflect the typical range of sources of water intake or the likely influence of preparation 
processes on radon concentrations.  

A national survey carried out in 1995 for DWI (MEL, 1995) found that the average consumption 
of tap water was 1.1 L per day. Of this, approximately 83% was consumed in hot drinks (e.g. 
tea and coffee) with the remainder (17%) mostly as tap water or other cold drinks. Assuming 
that boiling reduces radon concentrations to around 5% of the initial value and that processes 
for cold water make a small reduction (to 95% of initial concentration), this would suggest that 
the effective concentration of radon in tap water consumed would be around 20% of the initial 
concentration (0.05 x 83% + 0.95 x 17%). This ignores the effect of drinks taken outside the 
home (e.g. at work or purchased), which is much more likely to be from mains water and hence 
at low radon concentration. The MEL (1995) study suggests annual tap water consumption of 
around 415 litres. If the incoming concentration was 1,000 Bq L-1 then scaling Kendall’s dose 
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calculation to reflect this reported tap water consumption rate and effective concentration as 
modified by drink preparation and other processes, gives an annual dose of around 0.84 mSv 
(415/600 * 20% * 6 mSv). This is approximately 17% of the inhalation dose received from the 
release of radon from water at the same initial concentration.  

An earlier risk assessment, undertaken by the US National Academy of Sciences in 1999 
(USNAS, 1999), indicated that the lifetime risk from ingestion of radon in tap water was 
approximately 13% relative to the risk arising from inhalation of radon liberated from tap water 
for the same starting concentration in water. While there are differences in the risk assessment 
processes and assumptions, together these studies confirm that ingestion of radon in tap 
water presents a significantly smaller risk than inhalation by a factor of around six to 
eight. Annual doses to individuals vary according to consumption habits, and dose to some 
age groups may differ, reflecting different consumptions and dose conversion factors.  

Epidemiological studies of varying scope and size have, nevertheless, been conducted in 
several countries. These have mostly been focussed on the consequence of radon intake from 
drinking water by exploring the incidence of stomach cancer. A study of 274 individuals who 
had routinely consumed water from local sources with a range of radon levels showed no 
association with increased risk of stomach cancer (Auvinen et al. 2005b). A review of many 
other studies also showed that none detected any harmful effect from exposure of the stomach 
(Canu et al., 2011). Whilst it is reassuring to find no adverse impact on the stomach from 
dissolved radon and its decay products, the more significant exposure pathway for radon in 
water is the inhalation of radon decay products from radon that is released from the water 
during normal domestic activities. This is a less direct pathway than ingestion and there are 
several parameters that determine the potential exposures that occupants of the relevant 
buildings might receive. Their significance is not always certain but can be estimated from 
modelling studies. 

2.3.5 Radon released from water to indoor air  

Exposure from radon released to indoor air from water can be estimated either from 
knowledge of the input to and losses from the whole house, or by a more detailed analysis of 
water use patterns and their impact on indoor radon levels. The whole house approach was 
used by Hess et al. (1987) and Nazaroff et al. (1987) and concluded that an overall transfer 
coefficient of radon from water to air for the properties studied is about 10-4, albeit with 
considerable variability.  

The more detailed analysis relies on estimating the amount of water used during various 
activities, the amount of radon released during each activity, and calculating the consequent 
concentration in air based on the characteristics of the house. The main activities of interest 
for radon release include use of washing machines, personal washing and showering, flushing 
of toilets, food preparation and cooking (Fitzgerald et al., 1997). The physical conditions vary 
considerably for each of these activities which are reflected in the levels of radon released.  

Gesell and Prichard (1980) found that removal of radon from water at or near room 
temperature is rather difficult. If water is held at room temperature (22°C) the radon loss is 
only 5% per hour. Mechanical agitation of water for quarter of an hour at room temperature 
removes about 40% of the initial radon content. This implies that a significant amount of radon 
will remain dissolved in water if it is kept in ambient conditions in the home. By contrast, only 
a few seconds of boiling was shown to remove almost the all of the radon from water. 
Therefore the biggest radon release may be expected from indoor activities associated with 
significant volumes of water that are boiling, hot or agitated.  

The average water consumption per person per day in UK is 150 L (United Nations, 2006). 
The average household size in the UK is approximately two people (ONS, 2013) which gives 
300 L of water per household per day in total. Showering and toilet flushing together account 
for the around 50% of the total water consumption (Waterwise, 2012). The combination of 
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relatively high proportions of domestic water used and processes that lead to radon release 
makes these activities significant as sources of indoor radon from water. The table below 
provides an indication of the significance of major household water uses in terms of potential 
for radon release.  

Table 2: Significance of major household water uses in terms of potential for radon release  

Water use  Usage (%) Conditions (release %)  Radon contribution 

Machine washing and 
outdoor use  

50 Fully enclosed (none) Negligible 

Personal (washing) 20 Warm, turbulent (70) 0.14 

Toilet flushing 30 Cold, turbulent (30) 0.09 

Food preparation <1 Hot, turbulent (100) Negligible 

 Source: Waterwise (2012) 

These combinations of use and physical conditions suggest that personal washing and toilet 
flushing will be the two largest, and approximately similar, sources of radon released into the 
home, both in the bathroom. The impact of radon released into the bathroom is determined 
largely by the room configuration and ventilation factors. It is normal to have local air extraction 
near a shower to prevent moisture retention in the room and dispersal through the home so 
much of the radon released during showering is likely to be discharged outside. Water use in 
the toilet can be expected as multiple episodes of defined volume rather than a single 
sustained use, as in the shower. This indicates that taken together, water use in the bathroom 
will be the main contributor to indoor radon from water use, and that this amounts to perhaps 
half of the total home water usage. Given that washing machines are fully enclosed, therefore, 
the proportion of water from which radon is released elsewhere in the home is taken as 
negligible. Relative contributions in individual properties are likely to vary considerably 
according to layout, ventilation and use. 

Studies by Gesell and Prichard (1980) explored these factors in more detail and developed a 
model for an average incremental indoor radon concentration related to the water use given 
by:  

𝐶𝐴 =
𝐶𝑊

24 𝑅 𝑉 
∑ 𝑒𝑖

𝑛

𝑖=1

𝑤𝑖 

Where, CA is the radon concentration in air, CW is the radon concentration in water, R is the 
air change rate of the dwelling (1 hr -1), V is the volume of the dwelling, ei is the transfer 
efficiency and wi is the proportion of water used by activity. 

 

2.3.5.1 Gesell and Prichard’s model  

The increment in atmospheric radon for different dwellings was predicted by Gesell and 
Prichard to be between 1% and 50% of the normal background level for water at 1,379 Bq L-1. 
They validated their model with a series of measurements of radon in air in private dwellings 
before and after showering, which showed very good agreement between predicted and 
measured values. The measured increment in different dwellings was found to be between 
4% and 35%. The study suggests that groundwater containing radon levels around the 1,000 
Bq L-1 level could be a substantial source of indoor radon. The incremental level will depend 
on the construction type of the house, total volume and air change rate, as indicated above. 

The average floor area of dwellings in England is 91 m2 (DCLG, 2010) while the standard 
ceiling height is 2.40 m, giving an average dwelling volume of about 220 m3. The average 
bathroom area is 6 m2 giving an average bathroom volume of about 15 m3. Air change rate in 
the following calculations is taken as 1 per hour. Clearly levels of released radon will be highest 
at points close to the release point and particularly so for the duration of the activity. The 
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highest levels may therefore be encountered during the period of taking a shower and for a 
few minutes afterwards while the person is in the same room. A study by Unilever in 2011 
used an average shower duration of eight minutes with approximately 62 L of water (Unilever, 
2011), or 120 L for a family of two. For water at 1,000 Bq L-1, the Gesell and Prichard model 
gives a short duration concentration of about 5,000 Bq m-3 but the cumulative exposure during 
such a short period is of no significance for health. Radon level falls rapidly with local extraction 
so the effect on whole house level is significantly reduced.  

Although such studies suggest that short term radon exposure in the immediate vicinity of the 
source can be considerably enhanced, water used outside the bathroom releases much less 
radon into rooms of much larger volume, so it can be concluded that this approach may 
overestimate the incremental radon concentration and, therefore, expected level of exposure. 

2.3.6 A value of radon in water supply that is ‘inappropriate to exceed’  

The dominant exposure pathway from radon in water is inhalation of radon released indoors, 
so establishing an appropriate control level for radon in water depends on the relationship 
between the radon concentration in water and the proportion that is released into indoor air 
where it may be inhaled by building occupants. Studies cited earlier in this report suggest a 
transfer factor of 10-4 with a suggestion that there is considerable variability in this and that 
this central value might be pessimistic. That default conversion factor is used here but it is 
recognised that there will be variability between properties depending on relevant aspects of 
their configuration and use. 

The new Directive sets a default parametric value of radon concentration in water (100 Bq L-1) 
in Annex I. It also provides (in Note (a) to Annex I) for some flexibility in operational 
implementation by permitting Member States to establish their own level which is “judged 
inappropriate to exceed and below which optimisation of protection should be continued…”. 
Such a level may only be set within the range 100 to 1,000 Bq L-1. A further Note (b) to Annex 
I stipulates that radon concentrations above 1,000 Bq L-1 are deemed to justify remedial action, 
irrespective of the circumstances. 

The question is therefore whether there is a level of radon in water, between 100 and 1,000 
Bq L-1 that the UK might deem it inappropriate to exceed. This is considered here in the context 
of the wider background framework of radiological protection, as described by the International 
Commission on Radiological Protection (ICRP) and the framework for control of exposure of 
the public to radon that is focused mainly on radon emanated from the ground. 

ICRP (2010) distinguishes between three main types of exposure situation. Planned exposure 
situations are situations resulting from the deliberate introduction and operation of radiation or 
radioactive sources. Exposures can be anticipated and fully controlled. Emergency exposure 
situations are those resulting from the loss of control of the source and where urgent action is 
necessary in order to avoid or reduce undesirable consequences. Existing exposure situations 
are situations where the source already exists when a decision is taken to control the related 
exposure. They include exposures from natural radiation sources as well as from past events, 
accidents and practices. Characterisation of the exposure pattern in these situations is a 
prerequisite to their control. These pathways can be modified by preventive and mitigating 
actions, the source itself, however, cannot be modified. 

Radon exposure situations are characterised as existing exposure situations since the source 
is unmodified concentrations of ubiquitous natural activity in the earth’s crust. Human activities 
can create or modify pathways increasing indoor radon concentration compared to outdoor 
background.  

It is suggested here that, in respect of the type of exposure situation, radon in drinking water 
should be considered as similar to radon arising from the ground, as the radon source is 
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already present. Human activities act to modify exposure pathways, whether this is building 
or living in a house or installing and using a water supply.  

For existing exposure situations, ICRP identifies a requirement for relevant authorities to 
establish Reference Levels of exposure, above which it is judged inappropriate to allow 
exposures to occur and below which exposures should be optimised to keep individual doses 
as low as is reasonably achievable. For existing exposure situations, ICRP (2010) 
recommends that reference levels should be set in the range 1 to 20 mSv per year.  

Using the factor for water to air concentration ratio described above, implies that a radon level 
of 1,000 Bq L-1 in water leads to an air concentration of 100 Bq m-3, which for normal domestic 
occupancy implies an annual dose of around 5 mSv (Watson et al., 2005). These results can 
be compared with existing national and international standards for protection against radon in 
indoor air: 

 The current UK Action Level (McColl et al., 2010) for radon in homes is 200 Bq m-3.  

 WHO (WHO, 2009) and ICRP advise that radon Action Levels should be set in the 
range 100 to 300 Bq m-3. 

 The EU Directive on ionising radiation (EURATOM, 2014) sets an upper bound of 
reference levels for indoor radon of 300 Bq m-3. 

 ICRP advises the use of a reference level in the range 1 to 20 mSv per year to inform 
exposure control decisions in ‘existing exposure’ situations.  

 

In each case, the implied concentration of radon in air or resulting annual individual exposure, 
arising from radon in water is lower than the criterion in use in UK and within the range 
applicable internationally. 

Radon in water at a concentration of 100 Bq L-1 would be expected to lead to an air 
concentration of around 10 Bq m-3, which for normal domestic occupancy implies an annual 
dose of 0.5 mSv. This can be compared with the following observations: 

 The average radon level in UK homes is around 20 Bq m-3 (Wrixon et al., 1988). 

 The average radon level in UK homes leads to an annual exposure of around 1 mSv 
(Watson et al., 2005). 

 

The upper bound (1,000 Bq L-1) of radon in water is assessed to yield an indoor concentration 
of radon that would be lower than the Action Level at which remedial action would be expected 
if it originated from the ground and an annual dose within in the relevant range of reference 
levels identified by ICRP. 

Conversely, the lower bound (100 Bq L-1) is assessed to yield: an indoor air concentration that 
is ten times lower than the UK Action Level for indoor radon and lower than, but similar to the 
average radon level in UK homes; and an annual dose that is below the lower end of the range 
of reference levels specified by ICRP for existing exposure situations. 

2.3.6.1 Proposed level that is ‘inappropriate to exceed’ 

Since there is a significant degree of similarity between the exposure conditions for radon in 
water and in air, they both fit within the same ICRP category of radiation exposure and the 
range of concentration in water extends down to a level that gives exposures which are 
comparable with the UK average exposure from radon and that are outside the internationally 
accepted range where radon intervention is expected, it is proposed here that a single value 
of 1,000 Bq L-1 is adopted as the level which it is judged inappropriate to be exceeded. To 
meet the conditions permitted in the new Directive, it is proposed that this criterion should be 
expressed in the form: “concentrations at or above 1,000 Bq L-1 are considered inappropriate”. 
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2.3.7 Optimisation of protection against radon in water 

Both the new Directive (in Note (a) to Annex I) and ICRP (in the definition of a Reference Level 
for existing exposure situations) expect that optimisation will be applied to concentrations or 
exposures that are elevated but are below their principal control criterion. 

Article 7.1 of the new Directive requires that Member States consider whether action is 
required in cases where the parametric value is exceeded. This implies that intervention is not 
envisaged at levels below 100 Bq L-1. Consequently, 100 Bq L-1 should be considered as a 
lower bound for optimisation. 

Note (a) to Annex I states that if the Member State has set a level that is judged ‘inappropriate 
to exceed’ then optimisation should be continued below that level as long as this does not 
compromise large scale water supplies. 

It is also worth reiterating that the empirical transfer factor from radon in water to indoor air 
suggests that 100 Bq L-1 will give an annual dose of around 0.5 mSv. This is lower than the 
range (1 to 20 mSv -1) specified by ICRP for existing situation reference levels.  

It is therefore suggested that, in the context of radon in water supplies, optimisation in terms 
of decisions about intervention to reduce concentrations or exposures may be relevant in the 
range 100 to 1,000 Bq L-1.  

It is outside the scope of this study to consider the details of an optimisation framework for 
radon in water but the following factors are suggested as potentially relevant.  

2.3.7.1 Performance of systems in reducing radon in water 

Evaluation of the performance of systems to reduce radon in water is outside the scope of this 
study. However, it is assumed here that a system for reducing radon in water will achieve a 
major reduction factor and that residual concentrations will be well below intervention criteria 
and residual exposures can be ignored. There may be merit in evaluating this aspect of 
performance of systems in practice. 

The level of protection would also depend, to some extent, on the volume of water used by 
the premises served and how it is used. It is likely that some of these aspects, such as the 
number of occupants, would change over a period of months and years, making them less 
relevant to an intervention decision. This might place a limit on the accuracy and precision of 
any cost-benefit considerations. 

2.3.7.2 Cost of reducing radon in water 

Evaluation of the costs of installing and operating systems to reduce radon in water is outside 
the scope of this project. However, experience (Hodgson et al., 2011) of domestic remediation 
systems for ground originated indoor radon, suggests that costs span a wide range, from £100 
to around £2,000.  

For systems to reduce radon in water, it is likely that some costs may vary according to the 
volumes of water to be supplied, the input radon concentration and their potential integration 
with any other existing treatment processes in the relevant water supply network.  

2.3.7.3 Economies of scale in reducing radon in water 

Most radon remediation for homes is undertaken on the basis that the unit investment in 
protection yields protection for a single home and that there are no significant economies of 
scale available. By contrast for radon in water, economies of scale may be available for radon 
reduction in systems that provide water to multiple premises. In such cases, it may be practical 
and cost effective to install a radon remediation system to remove radon from the water at a 
point in the network that serves all premises. This might be achieved at a significantly reduced 
average cost per home in comparison with installing measures in each home served. Such 
systems may also be amenable to treating additional water at low marginal cost and without 
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significant performance penalty if, for example, additional premises were added to the 
network.  

In such cases, optimisation considerations might take account of the number of properties that 
the water supply serves, such that it may be judged as not necessary to treat water in the 
range 100 to 1,000 Bq L-1 supplied to a single property but may be potentially worthwhile if the 
same protection could be provided to several properties without disproportionate cost. 

Since the new Directive does not anticipate intervention below 100 Bq L-1, this may offer some 
insight into circumstances in which optimisation might support intervention to reduce 
concentrations. In simple terms, protecting around 10 or more premises close to but above 
100 Bq L-1 initial radon concentrations may achieve the same overall dose reduction as 
protecting a single home at 1,000 Bq L-1.  

The 2014 Drinking Water Inspectorate annual report on private drinking water supplies in 
England (DWI, 2014)  indicates that just over half (55%) of the private water supplies in 
England and Wales serve a single domestic dwelling. A significant number of the remaining 
private supplies, in excess of 10,000, serve more than one property. It was beyond the scope 
of this project to assess the distribution of these larger supplies in relation to areas where 
elevated radon concentrations might be expected. Such an analysis might be an appropriate 
subject of further research. 

2.4 Conclusion on ‘a level of radon in water that is 
inappropriate to exceed’ and optimisation 

It is proposed that 1,000 Bq L-1 would provide a suitable level to establish as ‘inappropriate to 
exceed’ in the UK. To meet the conditions permitted in the new Directive, it is proposed that 
this criterion should be expressed in the form: “concentrations at or above 1,000 Bq L-1 are 
considered inappropriate”. Intervention at or above this concentration would provide protection 
against radon exposures on a basis that is similar to that used in the UK and internationally 
for protection against radon that enters homes from the ground.  

Optimisation of protection, required in the Directive and embodied in ICRP recommendations, 
may support intervention at more modest concentrations (but still above 100 Bq L-1) where 
several homes are served by the same water supply and where protection can be achieved at 
a cost per dwelling that is comparable with intervention for a single home, scaled to take 
account of the lower individual doses that will be saved.  

If the recommendation to set 1,000 Bq L-1 as a level that is ‘inappropriate to exceed’ is 
accepted, a further decision is required on whether there is a need to adjust the parametric 
value to be equal to that value, or to leave the parametric value at its default value given that 
its primary role is to trigger investigation and assessment which may or may not lead to 
remedial action. That is considered in more detail in the conclusions section. 
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3 Collate and review data on radon in 
water supplies (objective 2) 
Box 2: Aim of objective 2  

Collate and review any data from water companies and local authorities on the presence of 
radon in water supplies across the UK. 

 

In November 2013, DWI wrote to board level and day-to-day contacts at water and sewerage 
companies and environmental health contacts at all local authorities in England and Wales to 
inform them about this study (see DWI Information Letter 06/2013 in Appendix 3). Engagement 
with Northern Ireland and Scotland was conducted with the regulators directly in March 2014. 
This objective built on this initial contact and engaged with key contacts across the UK to 
determine what sampling data was held on the occurrence of radon in public and private 
drinking water supplies.  

Our existing contacts with local authorities and water companies were utilised in this objective 
to ensure that all communication was directed at the correct individual and department 
responsible for water quality. 

While the initial request for information was directed at all local authorities and water 
companies, the follow up communication was directed at only water companies and ‘priority’ 
local authorities. These local authorities were selected through discussion with BGS and PHE 
on the basis of two criteria; those with the highest exposures to radon in air and those with 
geology associated with the principal aquifers. The intention was to generate a priority list of 
between 10% and 20% of all authorities to approach.  

3.1 Regulators overseeing water supplies in the UK 

This objective aimed to show how much data is held by water companies and local authorities 
on radon in water in the UK, and to establish the levels that have been measured. The 
regulators responsible for each supply differ depending on the devolved administration. 

3.1.1 England and Wales 

The DWI is the regulator of drinking water quality for public drinking water supplies in England 
and Wales. The regulation of private drinking water supplies is the responsibility of local 
authorities. However, the DWI has a supervisory role providing advice and support to the local 
authorities to ensure the private water supply regulations are implemented. At the start of this 
project, the DWI considered that the extent of data held by water companies on radon in water 
was likely to be limited. The DWI gathered information 10 years ago from water companies in 
England and Wales but wanted a review of these data. Data from local authorities were also 
likely to be limited.  

3.1.2 Scotland 

Scottish Water is the main organisation with responsibility for providing water and waste 
services in Scotland. Within this remit, the water company is responsible for sampling a 
number of elements and substances. In Scotland, such data are regulated by the Drinking 
Water Quality Regulator for Scotland (DWQRS), which monitors the quality of water samples 
taken by Scottish Water to ensure compliance with the statutory limits outlined in the Public 
Water Supplies (Scotland) Regulations 2014, which came into force on 1 January 2015. 
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In Scotland, local authorities are responsible for private drinking supplies i.e. any water supply 
not provided by Scottish Water. The DWQRS has an overseeing remit for private water 
supplies in Scotland and ensures that local authorities are regulating private water supplies in 
their area in accordance to the Private Water Supplies (Scotland) Regulations 2006.  

Ricardo-AEA has known contacts within the water company and local authorities in Scotland. 
These are shown in Appendix 3.  

3.1.3 Northern Ireland 

Northern Ireland Water has responsibility for providing water and waste services in Northern 
Ireland. The Drinking Water Inspectorate (DWI) for Northern Ireland is situated within the 
Northern Ireland Environment Agency (NIEA) in the Department of the Environment. It 
regulates the public water supply on behalf of the Department for Regional Development under 
the Water Supply (Water Quality) Regulations (Northern Ireland) 2007/147 (as amended by 
SR 246 on 15 July 2009 and SR 128 on 20 April 2010). 

The DWI (Northern Ireland) is also the regulator responsible for regulation of private supplies 
under the Private Water Supplies Regulations (Northern Ireland) 2009/413 (as amended by 
SR 131 on 20 April 2010) and carries out these duties on behalf of the Department of the 
Environment. 

Ricardo-AEA has known contacts within the water company and local authorities in Northern 
Ireland. These are shown in Appendix 3.  

3.2 Methodology 

The following methodology was used to engage with local authorities and water companies in 
England and Wales. The approach for Scotland and Northern Ireland was different. This was 
conducted through an initial approach to the regulators only with no direct communication with 
the private or public water suppliers. Our methodology for England and Wales (as the initial 
part of the project) is shown in Figure 1 and the following sections. 

Figure 1: Main steps in the objective 2 methodology 
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3.2.1 Finalise contact details 

The first part of objective 2 was to finalise the contacts for the water companies and local 
authorities. Initial data came from known contacts within Ricardo-AEA, which was then 
reviewed in light of recent organisational changes that had occurred within authorities in 
England and Wales. It had initially been considered (from the original project specification from 
Defra) to only contact priority local authorities but the decision was taken, in discussion with 
DWI, to contact all local authorities in England and Wales to see if they held any radon sample 
data for their private water supplies.  

The final list of 377 local authorities in England and Wales contacted in this study is given in 
Appendix 4. This also shows those that were deemed as being ‘priorities’ (see Section 3.2.3). 
Appendix 5 shows the 24 water companies in England and Wales that were contacted. 

3.2.2 Initial communication and data capture 

Initial data request email and data submission table 

In November 2013, an email was drafted and approved by DWI to send to the contacts at the 
water companies and local authorities. This contained a link to the DWI letter sent in November 
2013 (Appendix 3) along with background information on the study. It contained a submission 
table requesting data on the occurrence of radon in drinking water supplies. 

The email requested data on any radon measurements that had been taken for private (local 
authority) and public (water company) drinking water supplies; namely the date of sample, 
source of the sample (e.g. aquifer, treatment plant, well), sample type (e.g. borehole, open 
water, piped supply), location of the sample, measurement methods used (e.g. on-site, 
commercial lab), and the observed concentration of radon-222 in Bq L-1. It also asked if there 
had been any measurements undertaken for other radionuclides such as radium. 

Response tracker 

The final contact list (from Section 3.2.1) was appended to form a ‘contact response tracker’ 
for the project. This contained information on the response received, further follow ups, 
whether data was provided, and whether the local authority was in a ‘priority area’ for this 
project (see Section 3.2.3). This was used to manage the follow up contact process, and also 
to collate comments. 

Data capture spreadsheet 

An Excel data capture spreadsheet was set up which contained contact information for each 
of the respondents, the data presented in the data submission table and additional columns 
(e.g. to flag up if additional data was required or whether the data needed to be queried and 
verified). 

3.2.3 Determine priority local authorities 

We reviewed the complete list of English and Welsh local authorities (Appendix 4) and made 
a determination as to whether they were in a ‘priority area’ for this study. This assessment was 
based on prioritising those with: 

 Highest radon in air concentrations 

 Geology associated with principal aquifers/substantial number of ground water 
sources. 

 

In doing this, we made an assumption that the principal aquifers were those with the highest 
numbers of groundwater sources. Also, we discounted some authorities that were urban-
dominated that might have otherwise been selected if geology was the primary issue. 
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Local authorities in high radon in air levels 

The Indicative Atlas of Radon in England and Wales from the Health Protection Agency (HPA) 
- formerly NRPB and now PHE - and BGS presents detailed mapping of the radon potential in 
England and Wales defined as the number of homes expected to be above the Action Level 
of 200 Bq m-3 and follows measurements of radon taken in over 460,000 homes over the 
course of the last few decades. In 1999, NRPB identified 78 authorities in England with some 
part of their district having >5% probability of having homes being above the Action Level. A 
proportion of the highest were selected as ‘priority’ local authorities to provide a balance 
between various supply parameters for this study. This, of course, provides only very indirect 
and partial information in relation to water quality and was but one input to the judgement of 
which authorities to approach.  
 

Local authorities selected to provide coverage of principal aquifers 

The Environment Agency’s Groundwater Protection Policy 2010 uses aquifer designations 
that are consistent with the Water Framework Directive. These designations reflect the 
importance of aquifers in terms of groundwater as a resource (drinking water supply) but also 
their role in supporting surface water flows and wetland ecosystems. The aquifer designation 
data is based on geological mapping provided by BGS. It is updated regularly to reflect their 
on-going programme of improvements to these maps. Using their maps, BGS provided a list 
of local authorities which represented each of the principal aquifers including the chalk, Permo-
Triassic sandstones and Jurassic and Carboniferous limestones.  
 
The 57 local authorities in England and Wales prioritised for this project are listed in Appendix 
4. Table 3 shows the numbers that were prioritised in each of the selection categories. 
 

Table 3: Number of priority local authorities in each category 

Criterion Number of local authorities 

High air levels 26 

Principal aquifers 32 

Total 57* 

 *One duplicate removed 

3.2.4 Follow up communication 

Following the initial email communication in November 2013, a second round of emails was 
sent out to non-respondents of the initial communication in January 2014. This prompted 
further replies. The list of priority local authorities was reviewed in early February 2014 to 
determine those that had still not responded. A final email was sent to the non-responding 
priority local authorities to elicit a response. This email was tailored to each individual authority 
explaining how they were a priority for this study. During March 2014 the remaining few priority 
local authorities were telephoned to complete the responses. The ‘response tracker’ was also 
used to assist in the follow up of those respondents that had replied and agreed to send 
information to us at a later date but had not done so. 

3.2.5 Assess data gaps and liaise with respondents as required 

The ‘data capture spreadsheet’ was reviewed to assess whether there were any data gaps. 
These included lack of location data, measurements that were higher or lower than expected, 
and lack of information regarding the source and sample type. Data providers were contacted 
by email or telephone to obtain the data required to fill the gaps or to explain any anomalies. 
These discussions were mostly to complete location data. 
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Location data such as postcode or town name were reviewed and where possible data were 
converted into Eastings and Northings data using a web-based tool. These data were used 
for objective 4, the risk map. 

3.2.6 Clean and analyse data 

The raw sample data were reviewed and the highest and lowest values were double checked 
with their respondent for accuracy to confirm the data. This involved checking and confirming 
that the sample was for radon-222 in the required units of Bq L-1.  

The source and sample types were rechecked and if necessary altered to ensure consistency 
with the below categories. This involved some discussion with the data providers to ensure 
that the data were accurately represented. 

Source: 

 Treatment plant 

 Aquifer/groundwater/well/spring 

 Reservoir /river. 
 
Sample type: 

 Borehole/well 

 Open/flowing water 

 Raw water (i.e. intake of treatment works) 

 Treated water/piped supply/tap (i.e. consumer point of use). 
 

The data were summarised using a geometric mean and the standard deviation of the 
geometric mean. The reason for using this and not the arithmetic mean is that the data for 
radon is not normally distributed. A lognormal distribution is the benchmark for radon and the 
geometric mean provides a better estimate of the mean value for lognormal distributions. In 
addition, maximum and minimum values are also presented. 

The data were analysed to show summary results as follows: 

 From each data respondent 

 By respondent type (e.g. local authority - private supplies - versus water company – 
public supplies) 

 By source type 

 By sample type 

 By sample type of ‘consumer point of use’ (i.e. treated water/piped supply/tap) and 
then by each source type. 

3.3 Results 

For Scotland and Northern Ireland there was no direct liaison with the water companies or 
local authorities. This was done instead through the regulators. In Scotland, the local 
authorities and water companies were contacted directly as part of a separate study conducted 
by the James Hutton Institute, Scotland. The results of that study were shared with this project; 
however no sample data had been provided in Scotland or Northern Ireland for radon in public 
or private supplies. The results in this section therefore apply only to data obtained for England 
and Wales. 

3.3.1 Response rates 

The responses obtained from each type (i.e. local authority and water company) are presented 
in Table 4, Figure 2 (local authority) and Figure 3 (water company). 
 



Understanding the Implications of the EC’s Proposals Relating to  
Radon in Drinking Water for the UK: Final Report 

21 Ref: Ricardo-AEA/R/ED59170/Final report 

Table 4: Responses from data request for England and Wales 

Respondent type 
Number 
contacted 

Number of 
responses 

Response rate 
Number (%) 
supplying radon data 

Local authority 
(*priority) 

377  

(*57) 

110  

(*55) 

29%  

(*97%) 

9 (2%) 

(*4, 7%) 

Water company 24 24 100% 11 (46%) 

Total 401 134 33% 20 (5%) 

 

Figure 2: Responses from 377 local authorities in England and Wales 

 

Figure 3: Responses from 24 water companies in England and Wales 

 

3.3.2 Sample data 

20 respondents provided a total of 1,561 individual radon sample measurements. The data 
represented a range of years from 1985 to 2014. The geometric mean value for all samples 
was 1.8 Bq L-1 (range from 0.001 to 382 Bq L-1). 

The overall distribution of data is shown in Figure 4.  
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Figure 4: Distribution of reported radon in water in England and Wales 

 

Of the 1,561 samples provided, 113 were provided by local authorities and 1,448 were 
provided by water companies. Table 5 and Figure 5 show the geometric mean sample data 
by respondent type plus the range of data (min and max).  
 

Table 5: Summary data by respondent type (England and Wales) 

 

  Radon Bq L-1 

Respondent # Samples Meana GSDa Min Max 

Local authority (private supply) 113 6.91 3.3 0.04 382 

Water company (public supply) 1,448 1.66 2.95 0.01 105 

   a Geometric mean with standard deviation (GSD) 

Figure 5: Mean radon values in Bq L-1 (+ GSD) by respondent type (England and Wales) 
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The mean radon concentration for each source type is provided in  

Table 6 and Figure 6.  
 

Table 6: Summary data by source type (England and Wales) 

  Radon Bq L-1 

Source # Samples Meana GSDa Min Max 

Treatment plant 1,151 1.05 2.58 0.04 28.9 

Aquifer/groundwater/well/spring 345 9.25 2.64 0.01 382 

Reservoir/river 65 7.4 2.15 0.01 26.9 

    a Geometric mean with standard deviation (GSD) 

 

Figure 6: Mean radon values in Bq L-1 (+ GSD) by source type (England and Wales) 

 

 

The mean radon concentration for each sample type is provided in  

Table 7 and Figure 7.  
 

Table 7: Summary data by sample type (England and Wales) 

  Radon Bq L-1 

Sample # Samples Meana GSDa Min Max 

Borehole/well 285 9.89 2.58 0.01 382 

Open/flowing water 74 7.3 2.17 0.01 26.9 

Raw water 211 2.64 3.05 0.05 26.5 

Treated water/piped supply/tap 991 0.95 2.42 0.04 102 

    a Geometric mean with standard deviation (GSD) 
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Figure 7: Mean radon values in Bq L-1 (+ GSD) by sample type 

 

The mean radon concentration for samples taken at ‘customer point of use’ for each source 
type is provided in Table 8 and Figure 8. 

 
Table 8: Summary data for all ‘customer point of use’ samples (i.e. treated supply/tap/piped supply) by 
source type (England and Wales) 

  Radon Bq L-1 

Source # Samples Meana GSDa Min Max 

Treatment plant 937 0.85 2.28 0.04 28.9 

Aquifer/groundwater/well/spring 52 6.62 2.85 0.04 102.0 

Reservoir/river 2 9 0 9 9 

    a Geometric mean with standard deviation (GSD) 

 
Figure 8: Mean radon values in Bq L-1 (+ GSD) for all ‘customer point of use’ samples (i.e. treated 
supply/tap/piped supply) by source type 

 

  NB: There were only two data points for the reservoir/river samples, with the same result. 
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3.4 Discussion 

No sample data were available for the presence of radon in drinking water by local authorities 
or water companies in Scotland and Northern Ireland. The following discussion therefore only 
pertains to those data collected for England and Wales. 

Response rates and data availability 

The overall response to the communication and request for information was reasonable (at 
33% of all the organisations contacted). As had been expected, the responses from water 
companies (100%) were much higher than local authorities (29%), but the fact that these local 
authorities responded showed an interest in the study from those individuals with responsibility 
for private water supplies. 

The majority of the respondents from local authorities (91%) said that they had never sampled 
for radon in drinking water. Of all the respondents from water companies, 54% had not 
sampled for radon. Some of the respondents provided data on other parameters such as gross 
alpha and beta and radium. Some respondents provided data in the form of published reports. 
These data have not been included in this section but have been included in objective 3; the 
literature review of reported data. 

A number of respondents expressed interest in the study and wished to be kept informed of 
the outcome. This project has therefore increased awareness of the issue of radon in drinking 
water and has highlighted the Euratom Directive to local authorities and water companies. 

Of the priority local authorities, 97% responded to the request for information. However, only 
four of these (7%) provided data. The remaining five data providers for local authorities were 
not actually on the ‘priority’ list. This provides us with assurance that the right approach was 
to initially contact all local authorities ‘to see what data we might find’ rather than concentrate 
on ‘priority’ authorities from the outset. 

In terms of the availability of data, a total 1,561 individual measurements were provided. These 
ranged from only one sample being provided (for each of four local authority respondents) to 
974 individual samples (provided by one water company). The water companies provided the 
majority of the data (93% of the data collected) with local authority data accounting for 113 
samples of the total obtained. It is clear therefore that the majority of the radon sampling to 
date has been undertaken in public water supplies. 

Radon measurements 

As shown in Table 5, the reported mean values for radon were higher in the local authority 
(private supply) data (geometric mean 6.9 Bq L-1) than the water company (public supply) data 
(1.7 Bq L-1). When the values are analysed with respect to the source (Table 6), levels of radon 
were much lower at treatment plants (geometric mean 1.1 Bq L-1, range 0.04 to 28.9 Bq L-1) 
than in other source types.  

The highest values were seen from the ‘aquifer/groundwater/well/spring’ category (mean 9.3 
Bq L-1, range 0.01 to 382 Bq L-1). These levels were higher than those seen in reservoir/river 
source types (mean 7.4 Bq L-1, range 0.01 to 26.9 Bq L-1). This accounts for the differences 
observed between water company (public) and local authority (private) data, since none of the 
private supplies are sourced from treatment plants. 

It is known that if a private water supply serving any property comes from a groundwater 
source (i.e. aquifer, spring or well) that there may be a risk that radon could be present at 
raised levels. In surface water, (i.e. private water supply from a river or reservoir), most radon 
will already have been released to air, and therefore will not be present in water at the tap. 
Also, some release of radon from water may occur through storage/holding tanks in the supply 
system, which also partly accounts for the low concentrations seen in treatment works. 
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In terms of the differences seen by sample type, those taken from boreholes or wells had the 
highest concentration of radon (mean 9.9 Bq L-1, range 0.01 to 382 Bq L-1), followed by 
open/flowing water samples (mean 7.3 Bq L-1, range 0.01 to 26.9 Bq L-1) then raw water (mean 
2.6 Bq L-1, range 0.05 to 26.5 Bq L-1) and finally at ‘consumer point of use’ - i.e. treated 
water/piped supply/tap (mean 0.9 Bq L-1, range 0.04 to 102 Bq L-1).  

When those samples taken at ‘consumer point of use’ were analysed further, those taken from 
a treatment plant had, on average, very low concentrations of radon (mean of 0.85 Bq L-1) 
compared to those private supplies taken from groundwater sources (mean of 6.6 Bq L-1) or 
from a reservoir/river (mean of 9 Bq L-1). It is further noted that while the majority of ‘consumer 
point of use’ samples were low, there were two samples that were relatively high. These were 
both private supply samples with one supply being a blend of groundwater and desalinated 
water. 

When the samples with the highest radon concentrations are looked at, eight of the top fifteen 
sample values were from water company data but these were not from a treatment plant; 
rather they were from the aquifer or the groundwater source. None of the samples provided in 
England and Wales were above 1,000 Bq L-1 and only four sample points were above 100 Bq 
L-1 (all in aquifer or groundwater sources and from a combination of water company and local 
authority data). All public samples from treatment plants however, were below 28.9 Bq L-1.  

3.5 Conclusion 

In terms of the availability of radon sample data, none were provided for Scotland and Northern 
Ireland. For England and Wales, just under half the water companies provided measurements; 
whereas only 2% of local authorities did so. It is not known whether more local authorities in 
England and Wales hold data as only 29% responded to the data request. However, this is 
unlikely as the majority of those in ‘priority’ areas did respond, saying that they had never 
sampled for radon. 

In terms of the reported concentrations of radon, none of the reported values were above 500 
Bq L-1 and only four exceeded 100 Bq L-1. Concentrations were highest in samples within 
groundwater. Concentrations were lowest in treated public supplies taken from the consumer 
point of use. This is to be expected as larger water networks are much more likely to include 
water processing and storage, both of which act to reduce radon concentrations in water 
through de-gassing and radioactive decay respectively. 
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4 Review of occurrence of radon in 
water supplies (objective 3) 
Box 3: Aim of objective 3  

Review any data from the published and grey literature on occurrence of radon in water 
supplies in England and Wales. 

4.1 Introduction 

To achieve objective 3, we carried out a literature review to find data on the occurrence of 
radon in water supplies across the UK in a systematic and methodical manner. As with 
objective 1, the information scientist and technical experts developed the most appropriate 
search terms to ensure that as many relevant records were captured as possible.  

4.2 Methodology 

The methodology for the literature search and review as described in Section 2.2 was followed 
for objective 3.  

Title and abstract screening 

As described in Section 2.2, titles and abstracts of all references retrieved, after duplicates 
were removed, were screened against an inclusion/exclusion criteria checklist (Table 9) and 
those that did not appear to meet the inclusion criteria were excluded from further analysis. 
The full text of each remaining article was retrieved for further consideration.  

Table 9: Inclusion and exclusion criteria used during primary screening 

Inclusion criteria Exclusion criteria 

Objective 3: Review any data from the published and grey literature on occurrence of radon in water 
supplies in the UK.  

Articles inside the publication date: 1979 – 2014 Articles outside these dates 

Articles in English Articles in other languages 

Articles concerning radon or uranium 
Articles relating to other chemicals (arsenic, 
chromium, polonium, metals) 

Articles relating to presence/measurement of 
radon in water supplies in England, Wales, 
Scotland, Northern Ireland, and the UK 

Articles relating to presence/measurement of 
radon in water in other countries (saved in 
different folder) 

Articles relating to drinking, surface and ground 
water 

Articles related to bottled water 

Systematic reviews 
Other reports (i.e. conference proceedings or 
abstracts) 

   

Data abstraction 

All papers retrieved following the screening process were assessed for relevance in the final 
report. To ensure that the data being included in the report were of adequate quality, the 
methodological quality of the data were assessed. Ideally, testing and analysis would be 
carried out by an accredited laboratory under UK Accreditation Service (UKAS).  
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In evaluating the retrieved articles, data were collected on a data abstraction form to ensure 
all of the relevant data were collected in a systematic manner. Data collected included: 

 Geographical location  

 Lithology 

 Type and number of samples collected 

 Sampling and analysis methodology 

 Results and conclusion. 

4.3 Results 

After the initial search ten papers on the occurrence of radon in water supplies across the UK 
were retrieved, all of which underwent primary screening. One paper was excluded as it did 
not meet the inclusion criteria. The remaining nine manuscripts underwent screening on the 
abstracts and the full papers were retrieved (Al-Doorie et al., 1993, Allen et al., 1993, Banks 
et al., 1998, Bowring and Banks, 1995, Cuttell et al., 1988, DETR, date unkown, Gibbons and 
Kalin, 1997, Hesketh, 1982, Low, 1996). Various narrative reviews or papers cited in primary 
publications were also included in the narrative in this report (BGS/DETR, 2000, Clapham and 
Horan, 1996, Hoather and Rackham, 1963, Kendall, 2004b, Kenny et al., 1966, Turner et al., 
1961). A set of results from an incomplete study in Northern Ireland made over 10 years ago 
by the NRPB was also obtained (McColl, 2014). The study analysed radon in public and private 
supplies but the report was not completed so results are used with caution. 

4.3.1 Occurrence of radon in water supplies 

In the UK there appears to have been very little work carried out to measure radon in water 
supplies, be it surface or ground water, tap water or water from private supplies.  

4.3.1.1 Tap water 

Bowring and Banks (1995) reported levels of radon in private water supplies, taken from 22 
properties on and around moorland areas in West Devon, south west England. Such 
properties were ranked, using NRPB data, against the general probability of dwellings in the 
area having an average radon concentration in air that exceeded the recommended Action 
Level of 200 Bq m-3.  Water was sourced from springs (n=1) or wells (n=1) but predominantly 
from boreholes (n=20). Continuous samples were obtained from roof tanks or cold water 
cisterns within buildings so that levels measured were representative of those taken from the 
tap, and data were averaged over the monthly measurement period. Measurements were 
made using an alpha track detector held in an inverted holding cup submerged in water.  

Authors reported that approximately 20 % of samples tested showed an average concentration 
at or above 100 Bq L-1 (mean 61.2 Bq L-1, range <1 to 220 Bq L-1, n=26). In the highest risk 
area (as determined by the probability of indoor air concentrations exceeding the radon Action 
Level being above 30 %), the average level measured was 100.8 Bq L-1 (range 23 to >150 Bq 
L-1, n=4). For sites with a probability of 10 to 30 % probability of being less than the radon 
Action Level, the average radon level was 43.2 Bq L-1 (range <1 to >150 Bq L-1, n=13); those 
with a probability of 3 to 10% showed an average of 17.7 Bq L-1 (range 1 to 49, n=3) and the 
lowest risk area (probability of 1 to 3%), had an average radon concentration of 14.5 Bq L-1 
(range 1 to 28, n=2). Overall, the highest levels measured were >150 Bq L-1 in some private 
water supplies (Bowring and Banks, 1995).  

Bowring and Banks (1995) also demonstrated that the levels of radon may be decreased as 
water was transported through the plumbing system. For example levels in the spring were 
220 Bq L-1 and decreased to 180 Bq L-1 in the storage cistern, 100 Bq L-1 in the header tank 
and 55 Bq L-1 in the tap, partly due to degassing during each storage phase. Overall, although 
most of the highest levels measured were found in the predicted high risk areas, the authors 
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stated that due to the large range measured, it was not possible to discount the possibility of 
high levels in water in areas where the Action Level for radon in air is unlikely to be exceeded 
(Bowring and Banks, 1995).  

Radon levels were measured in private water supplies in Denbighshire and Ceredigion in 
Wales, areas that are designated as radon-affected areas and compared to levels in Anglesey, 
considered not to be affected by radon (Assinder and Russell, 2003). Samples were taken 
from tap and source (see below) from 50 sites in Denbighshire and Ceredigion and 20 sites in 
Anglesey on three different occasions throughout the year. Samples were collected in 
polypropylene bottles, filled to the top to avoid gas head space, and radon was analysed using 
standard gamma-spectrometric methods. Levels in Denbighshire were between 2 and 107 Bq 
L-1 (mean 23.5 Bq L-1, n=50). In Ceredigion, levels ranged from 2 to 141.7 Bq L-1 (mean 38.1 
Bq L-1, n=50) and in Anglesey, levels in ranged from 2 to 107 Bq L-1 (mean 21.3, n=21). 

In an earlier study, Allen et al. (1993) carried out a survey of the levels of radon in tap water 
taken from 504 schools throughout the UK, to provide teachers with an experiment associated 
with measuring background radiation in schools. Each school was sent the protocol of how to 
carry out the experiment. Tap water samples were collected in a metal coffee tin covered with 
cling film and radon was measured by constructing a simple radon-in-air detector by housing 
an alpha particle detector in the bottom of a yoghurt pot covered with cling film.  

A frequency distribution of the data collected showed that most values measured were 
between 0 to 2 Bq L-1; with the national mean being 3.5 Bq L-1 (range 0.2 to 71.1 Bq L-1). The 
limit of detection (LOD) was 0.6 Bq L-1 above background hence authors stated that radon 
activity in water is probably below 1 Bq L-1. Data were also presented by county and authors 
stated that the pattern of average results reflects the county average for indoor radon levels. 
For example, counties with low radon levels in drinking water such as Berkshire (arithmetic 
mean 0.2 Bq L-1, n=1) Oxfordshire (mean 0.4 Bq L-1, range 0.4 to 0.4 Bq L-1, n=1), County 
Armagh (mean 0.7 Bq L-1, n=1), Cleveland (mean 0.8 Bq L-1, range 0.6 to 1.0 Bq L-1, n=2) and 
Strathclyde (mean 0.8 Bq L-1, range 0.7 to 1.1 Bq L-1, n=6)) have generally lower indoor radon 
levels. In these counties however, very few water samples were collected and measured.  

In contrast, the highest radon levels in water were seen in Cornwall (mean 7.8 Bq L-1, range 
0.8 to 22.3 Bq L-1, n=10), Devon (mean 7.1 Bq L-1, range 0.8 to 56.1 Bq L-1, n=10), Shropshire 
(mean 7.3 Bq L-1, range 1.1 to 9.8 Bq L-1, n=5) and Warwickshire (mean 9.1 Bq L-1, range 0.7 
to 23.9 Bq L-1, n=8), which are counties known to have higher indoor radon levels. Some 
anomalies existed, as Northumberland (mean 18.1 Bq L-1, range 0.6 to 64.8 Bq L-1, n=4) and 
Dumfries and Galloway (mean 12.4 Bq L-1, range 0.7 to 71.1 Bq L-1, n=13) had high water 
radon levels but are not known to have high indoor air levels. Authors stated that water levels 
of 1 Bq L-1 produces an airborne concentration of 0.1 Bq m-3 therefore the airborne 
concentration from water is still small compared with the average radon exposure in UK 
homes. Overall, they concluded that all the values measured in water are low and do not 
constitute a health risk.  

In a review of radon in private water supplies, Clapham and Horan (1996) contacted all local 
authorities and of the 75% of those who replied to the survey, only very few (6%) were aware 
of any problem regarding radon in private water supplies, and 96% had not carried out any 
sampling. Clapham and colleagues also cited a study that was carried out for Her Majesty’s 
Inspectorate of Pollution in 1988 to 1989 (no reference given), in which 19 private water 
supplies in a granitic area in Northwest England were sampled and showed concentrations of 
radon between 1.5 and 44.5 Bq L-1. Authors stated that these were within the range of 
concentrations typical of water collected from granitic formulations.  

Kendall (2004b) also reviewed the literature and concluded that levels of radioactivity in 
drinking water in general are generally below the specified limits. Authors cited a review by 
Henshaw et al. (1993) who confirmed that radon levels in public water supplies were generally 
low, although no data were provided. In addition, a BGS/DETR report was also cited that 
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stated that 50,000 private water supplies existed in England and Wales, of which only a small 
proportion is likely to exceed the Action Level for radon. However, supplies with high levels of 
radon were found in south west England, although no data were presented.  

Hesketh (1982) carried out a review on natural radioactivity in British waters and cited two 
main papers, namely Kenny et al. (1966) and Turner et al. (1961). The former focussed on 
water supplies in which radon could be expected whereas Turner focussed on non-radon 
areas. Kenny et al. (1966) reported tap water levels of 259 to 740 Bq L-1 radon.  

The Department of the Environment, Transport and the Regions (DETR) carried out a study 
to investigate the hazards from radon in private water supplies (DETR, date unkown). The 
level of radon was measured in up to 116 private water supplies selected around Tavistock in 
west Devon (105 samples were collected at source and 116 from the tap). This location was 
selected due to the known high radon levels. Springs, wells and boreholes were initially 
sampled at source, after which other private water supply types were added. Samples were 
collected in glass bottles and radon was measured by alpha particle liquid scintillation (LS). 
The average radon measured in all tap samples was 340.6 Bq L-1 (range <1 to 5,341.8 Bq L-1, 
n=116). Tap water taken from boreholes had an average radon concentration of 435.0 Bq L-1 
(range <1 to 5,341.8 Bq L-1, n=39), the average from springs was 298.1 Bq L-1 (<1 to 2,782.9 
Bq L-1, n=46) and from wells the average was 260.0 Bq L-1 (range <1 to 973.8 Bq L-1, n=24).  

When the radon concentrations in tap water were presented in terms of geology, Dartmoor 
granite produced the highest levels (mean 705.7 Bq L-1, range <1 to 5,341.8 Bq L-1, n=42), 
followed by basic igneous intrusion (mean 179.4 Bq L-1, range 179.4 to 179.4, n=1), lower 
Carboniferous argillaceous rocks and chert (mean 117.2 Bq L-1, range 1.5 to 1176.8 Bq L-1, 
n=17) and upper Devonian and lower Carboniferous rocks (mean 109.3 Bq L-1, range <1 to 
1098.8 Bq L-1, n=36). 9% of samples obtained directly from the supply contained levels of 
radon that exceeded the draft radon in water Action Level of 1,000 Bq L-1. This prompted 
DETR to issue a statement to local authorities recommending the testing of private water 
supplies for radon (Assinder and Russell, 2003). 

The unpublished data from the NRPB (McColl, 2014) contained data on the occurrence of 
radon in tap water from 22 public supplies and 25 private supplies across Northern Ireland. 
The measurements for radon in (cold) tap water from public supplies ranged from 0.003 to 
0.288 Bq L-1 (arithmetic mean 0.09 Bq L-1). The measurements in (cold) tap water from private 
supplies ranged from 0.03 to 41.6 Bq L-1 (arithmetic mean 7.6 Bq L-1). As the report was 
unpublished, the data from this source is used with caution. 
 

4.3.1.2 Source water 

Al-Doorie et al. (1993) measured radon in well water supplies in the Aberdeen area of 
Scotland, a region where intrusions of igneous granite (pegmatite) lie between areas of 
metamorphosed sedimentary and sedimentary rocks. Authors reported levels of 40 to 76 Bq 
L-1 radon (arithmetic mean 61.0 Bq L-1) in well water from igneous rocks, and 3 to 35 Bq L-1 
(arithmetic mean 23.0 Bq L-1) in areas of meta-sedimentary rock. Levels in ordinary mains 
water extracted from the River Dee were less than 1 Bq L-1. 

A comparative study was carried out to investigate the granitic groundwaters from the Hvaler 
Islands, Norway and the Scilly Islands, approximately 45 km off south western England in the 
Atlantic Ocean (Banks et al., 1998). The Isles of Scilly consists of five inhabited islands that 
make up part of the Cornubian Batholith, granite bodies that stretch through south-western 
England from Dartmoor to Scilly. The Scilly Isles granite consists of at least two intrusions, a 
coarse-grained Outer Granite with porphyritic feldspar, subsequently intruded by a medium-
grained Inner Granite, a non-porphyritic granite. The dominant minerals in the Outer Granite 
are quartz, perthitic potassium feldspar, oligoclase plagioclase and lithium-rich biotite and 
muscovite. Sampling of ten water supply boreholes took place over the summer. All of the 
boreholes were drilled into the Outer Granite and were in regular use. In most cases samples 
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were collected by inserting a plastic funnel below the running sampling tap so that the tap 
mouth was under the water and there were no air bubbles. Data showed that seven out of 10 
samples exceeded 100 Bq L-1, with levels ranging from 44 to 200 Bq L-1 with a mean and 
median value of 130 and 140 Bq L-1 (Banks et al., 1998).  

An investigation into the groundwater from the Lower Mersey Basin in northwest England was 
carried out by Cuttell et al. (1988). The aquifer is Permo-Triassic sandstone underlain by 
impermeable Permian and Upper Carboniferous strata. Groundwaters of the region were 
divided into five types, depending on their chemistry, ranging from fresh groundwaters (type 
I), saline (type II), brackish (type III), pumped or flowing artesian, consisting of deep saline 
waters and overlying fresh groundwaters (type IV) and water taken from boreholes adjacent 
to the River Mersey and the Manchester Chip Canal (type V). Samples of all water types were 
collected from 11 sites in the spring, and radon measured using previously described 
methodologies. The mean levels of all water types were 17.7 Bq L-1, (range 7.1 to 35.4 Bq L-1). 
The mean level in type I water was 20.2 Bq L-1 (range 8.3 to 35.4 Bq L-1), type IV water was 
16.1 Bq L-1 (range 10.7 to 25.7 Bq L-1) and type V was 17.9 Bq L-1 (range 7.1 to 30.3 Bq L-1). 
Radon was not measured in type II and III waters.  

Gibbons and Kalin (1997) carried out a survey of radon in ground water from the Sherwood 
Sandstone aquifer underlying Belfast and Newtownards, County Down in Northern Ireland. 
Overall, a range of concentrations of radon were measured, ranging from 5.8 to 36.6 Bq L-1. 
Levels in Belfast and Newtownards were 20.0 Bq L-1 and 11.8 Bq L-1, respectively. Differences 
in lithology may influence variations in the amount of radon released from the rock, largely due 
to differences in grain size. The Sherwood Sandstone is a fine to medium grained red 
sandstone with some dark intercalations of mudstone and siltstone. It is comprised of 60% 
quartz and 40% feldspar. The lowest radon was measured from a well situated within a 
different lithology, with larger grain sizes and larger angular fragments of rock, leading to a 
smaller surface area, resulting in a lower concentration of radon in ground water. 

Low (1996) measured the radon concentrations in the groundwater of the chalk aquifer in 
south east England. This aquifer is of low natural radioactivity and hence low radon potential 
and provides over 55% of national groundwater supplies. The chalk comprises mainly low-
magnesium calcite of biogenic origin and smaller inorganic particles such as clay and silica 
minerals. It forms a dual porosity aquifer with a low permeability matrix and a high permeability 
fissure system through which the groundwater flows. Groundwater samples were taken from 
16 sites 100 km north of London between Norwich and Cambridge. Sites comprised of public 
supply boreholes and springs and samples were collected every four weeks over a 15 month 
period. Radon concentrations ranged from approximately 3.5 to 9 Bq L-1 in public supply 
boreholes and 3.8 to 10.5 Bq L-1 in springs, the former showing greater seasonal and site 
variability. Previous studies in the same region have measured radon in levels of <10 Bq L-1 
(Younger and Elliot, 1995; cited in Low, 1996). 

Assinder and Russell (2003) measured radon in sources of private water supplies in 
Denbighshire, Ceredigion and Anglesey. Levels in Denbighshire were between 4 and 114 Bq 
L-1 (mean 30.2 Bq L-1, n=50), 2 to 141.7 Bq L-1 (mean 38.1 Bq L-1, n=50) in Ceredigion and 2 
to 107 Bq L-1 (mean 24.8 Bq L-1, n=21) in Anglesey. 

DETR measured radon in source water from various private water supplies in Devon (DETR, 
date unkown). Boreholes had the highest concentration of radon, with an average of 454.9 Bq 
L-1 being measured (range <1 to 2,775.0, n=34), followed by springs (mean 355.5 Bq L-1, range 
<1-2504.4 Bq L-1, n=43) and wells (mean 300.8 Bq L-1, range <1 to 1211.2 Bq L-1, n=22). 
Overall, the average radon concentration in all source water samples was 356.3 Bq L-1 (<1 to 
2,504.4, n=105).  

Hoather and Rackham (1963) (cited in Clapham and Horan 1996) also carried out a study in 
Dartmoor and reported that some groundwater sources contained up to 500 Bq L-1. Authors 
stated that such sources had subsequently been discontinued or degassed but private water 
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supplies in the area may still be being used. Kenny et al. (1966) (cited in Hesketh,1982) 
reported reservoir water contained 25.9 Bq L-1 radon and sources used for water supply 
contained between 703 to 1,076.7 Bq L-1. All samples were collected from Cornwall and 
Devon. Hesketh (1982) also reported river water from other granite areas of south west 
England contained between 1.9 and 2.6 Bq L-1 radon. Turner et al. (1961) (cited in Hesketh, 
1982) reported groundwater from chalk strata in areas other than Cornwall had 7.4 Bq L-1 
radon, and that from non-chalk strata had 25.9 Bq L-1 radon.  

Overall, all data for tap and source water are presented in Table 10. The published arithmetic 
mean and the ranges are presented as published by the authors. Where possible the 
geometric mean and standard deviation are also presented to enable comparison with data 
presented in objective 2.  

Table 10: Summary of data retrieved from various literature sources for tap and source water 

Publication/ 
report 

Location 
Sample 
type 

Published 
arithmetic mean 
radon (Bq L-1) 

Calculated 
geometric mean 
radon (Bq L-1) 

No. of 
samples 

Bowring et al. 
(1995) 

Devon and 
Cornwall 

Tap 61.2 (<1 to 220) 24.0 ± 3.6  26 

Allen et al. 

(1983) 
Various locations 
around the UK 

Tap 3.5 (0.2 to 71.1) 2.2 ± 0.8  512 

Clapham and 
Horan (1996) 

Northwest England Tap 1.5 to 44.5  - 

Kenny et al. 
(1966)a 

Not stated Tap 259 to 740  - 

DETR West Devon Tap 
340.6 (<1 to 
5,341.8) 

39.5 ± 5.8  116 

Assinder et al. 
(2003) 

Wales Tap 29.2 (2 to 141.7) 17.9 ± 1.3  121 

Hesketh (1982) 
Devon and 
Cornwall 

Tap 499.5 (259 to 740) 437 ± 0.7  2 

McColl (2014) 
Northern Ireland 
(BT34) 

Tap 7.6 (0.03 to 42) - 25 

Al-Doorie et al. 
(1993) 

Aberdeen (meta-
sedimentary rock) 

Source 23.0 (3 to 35) - 70 

Aberdeen (igneous 
rock) 

Source 61.0 (40 to 76) - 70 

Banks et al. 
(1998) 

Cornwall Source 130 (44 to 200) 120 ± 0.5  10 

Cuttell et al. 
(1999) 

Lower Mersey 
Basin 

Source 17.7 (7.1 to 35.4) 15.6 ± 0.6  11 

Low et al. 
(1996) 

Southeast England 
(between Norwich 
and Cambridge) 

Source 3.8 to 10.5  16 

Younger and 
Elliot (1995)b  

Not stated Source <10  - 

Gibbons et al. 
(1997) 

Belfast 
 

 

 

Source 
20.0 (9.6 to 36.6) 

 

17.6 

 

 

26 

Newtownards Source 11.8 ( 5.9 to 17.4) 26 26 

Hoather and 
Rackham 
(1963)c 

Dartmoor Source <500  - 
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Publication/ 
report 

Location 
Sample 
type 

Published 
arithmetic mean 
radon (Bq L-1) 

Calculated 
geometric mean 
radon (Bq L-1) 

No. of 
samples 

Turner et al. 
(1961)a 

Not stated Source 7.4 to 25.9  - 

DETR West Devon Source 356.3 (<1-2,504.4) 47.8±5.0  105 

Kenny et al. 
(1966)a 

Not stated Source 25.9 to 1,076.7  - 

Hesketh (1982) 
Devon and 
Cornwall 

Source 
222.5 (1.9 to 
1,076.6) 

22.4±8.9  2 

Assinder et al. 
2003 

Wales Source 36.2 (2 to 139.3) 22.9±1.6  121 

a cited in Hesketh et al. (1982); b cited in Low (1996); c cited in Clapham and Horan (1996) 

4.4 Discussion 

To achieve this objective we carried out a structured literature search using pre-defined search 
terms and a variety of scientific data bases, as well as carrying out a review of grey literature. 
Overall, there is a paucity of data relating to the presence and concentration of radon in water 
supplies in the UK. Kendall (2004b) also came to a similar conclusion after reviewing the 
literature for levels of radioactivity in water supplies in England and Wales, although stated 
that levels of radioactivity in drinking water in general are generally below the specified limits. 

In comparison, much data related to radon in water in European countries such as Turkey 
(Akar Tarim et al., 2012, Yalcin et al., 2011a, Yigitoglu et al., 2010, Yuce and Gasparon, 2013) 
and Italy (Bertolo and Bigliotto, 2004, Buccianti et al., 2009, Desideri et al., 2007, Jia and Torri, 
2007, Jia et al., 2009) and further afield in Brazil (Almeida et al., 2004, Bonotto and Mello, 
2006, Godoy and Godoy, 2006), Mexico (Olguin et al., 1993, Vazquez-Lopez et al., 2011, 
Villalba et al., 2005) and Saudi Arabia (Alabdula'aly, 1996, 1999, Shabana et al., 2013, Tayyeb 
et al., 1998) have been published. However, inclusion of these data was outside the scope of 
the present report.  

From the data obtained in England and Wales, overall, the concentration of radon varies 
between tap (geometric mean 27.6 ± 6.7 Bq L-1) and source water (42.0 ± 6.5 Bq L-1). However, 
conflicting data have been presented from some individual studies. Assinder and Russell 
(2003) reported that radon levels in tap water were lower than those in the source water in 
Denbighshire and Ceredigion, although levels in Anglesey were largely similar. DETR carried 
out a similar study in Devon, who reported comparable levels of radon in tap water compared 
with water when taken directly from the source (DETR, date unkown).  

Several authors also suggested that radon levels in water were higher in regions of high radon 
levels in air. Bowring and Banks (1995) reported that mean water levels were higher in areas 
that had a high probability of exceeding the Action Level for radon in air, and lower in areas 
that had a lower probability of exceeding the Action Level. Similarly, radon affected areas such 
as Devon, Cornwall, Shropshire and Warwickshire had higher levels of radon in water 
compared to unaffected areas such as Berkshire, Oxfordshire and Cleveland, although it 
should be noted that very few samples in the latter counties were measured (Allen et al., 
1993). Various other studies also reported high levels of radon in water collected from 
Cornwall and Devon (DETR, date unkown; Hoather and Rackham, 1963; Kenny et al., 1966).  

In contrast, Denbighshire and Ceredigion, known to be high radon affected areas, appeared 
to have similar levels of radon in tap water (23.5 Bq L-1 and 38.1 Bq L-1 respectively) compared 
with Anglesey, a lower radon area (21.3 Bq L-1), although samples taken from source water 
(boreholes, springs, wells) were marginally higher in the radon affected areas (30.2 Bq L-1 and 
47.1 Bq L-1 compared with 24.8 Bq L-1). 
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In terms of the underlying geology, radon concentrations in tap water were highest in areas 
with Dartmoor granite (705 Bq L-1, respectively), basic igneous intrusion (179.4 Bq L-1), lower 
Carboniferous rock (117.2 Bq L-1) and upper Devonian and lower Carboniferous rock (109.3 
Bq L-1). In such areas maximum values in tap water reached 5341.8, 179.4, 1,176.8 and 
1,098.8 Bq L-1, respectively (DETR, date unkown).  

Banks et al. (1998) also reported radon levels in tap water samples taken from areas of granite 
to be between 44 and 200 Bq L-1. Groundwater samples taken from a chalk aquifer, with known 
low natural radioactivity, had levels between 3.5 and 9 Bq L-1 (Low, 1996, Turner et al., 1961).  

There was a lack of data reported for Scotland and Northern Ireland with only one report for 
each. From the data obtained, the arithmetic mean concentration of radon measured in 
groundwater was 23.0 Bq L-1 (igneous rock) to 61.0 Bq L-1 (meta-sedimentary rock) in 
Aberdeen, Scotland and 11.8 Bq L-1 (Newtownards) to 20.0 Bq L-1 (Belfast) in Northern Ireland. 
The data obtained for tap water in Northern Ireland was 0.09 Bq L-1 (public supply) and 7.6 Bq 
L-1 (private supply) although these data should be treated with caution as they were not from 
a published report. There were no data on tap water for Scotland. 

The authors of the published reports for Scotland and Northern Ireland concluded that the 
underlying geology contributed to the levels of radon in water; since radon was measured in 
areas with igneous granite (61 Bq L-1) or meta-sedimentary rock (23 Bq L-1) in Scotland, and 
sandstone (11.8 to 20.0 Bq L-1) in Northern Ireland.  
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5 Review geological factors and 
produce hazard map (objective 4) 
Box 4: Aim of objective 4  

Review the understanding of how geological factors affect radon concentrations in water and 
create a map of drinking water risk areas. 

5.1 Introduction 

Radon is not a parameter that has been routinely monitored in drinking water supplies – and 
as is highlighted in the section for objective 6 (a review of methods for radon analysis) accurate 
analysis can be complicated by the need for rigour in collecting water samples. Without a large 
amount of analytical data mapping, the risk of a water supply having radon values above 
Action Levels must rely on an understanding of the likely geological and hydrogeological 
processes involved in the generation of radon and its transport in the aqueous phase.  

A number of lines of evidence can be used to map the likely radon concentration in drinking 
water. These include analytical measurements, geological assessments and measurement of 
radon in air. 

The risk of a water supply having high radon is the product of the hazard – essentially the 
concentration of radon, and the vulnerability of the receptor. Although objective 4 aims to 
‘create a map of drinking water risk areas’ – we have more precisely created a map of drinking 
water radon hazard areas. The nature of the water supply system will have an influence on 
whether a hazard becomes a risk. The low solubility of radon in water means that any process 
that allows water to be exposed to air, or that stores water for significant periods, will reduce 
the vulnerability. The highest vulnerability will occur when waters are abstracted from depth 
and put directly into a building. This difference between hazard and vulnerability is one reason 
why public water supplies, with more rigorous water treatment and higher storage volumes 
are less at risk of high radon levels than private supplies. 

The risk to both public and private water supplies is believed to be minimal where a supply is 
derived from rivers, lakes or reservoirs, or where water is stored for a period in open storage 
before being used. 

5.2 Geological factors 

Radon is a radioactive noble gas that exists naturally as three isotopes (Rn-222, Rn-220, Rn-
219), derived from three radioactive decay chains. Radon is the heaviest of the noble gases. 
The most stable and environmentally relevant isotope of radon (Rn-222) forms from the alpha 
decay of Ra-226 (radium), which itself is ultimately a decay product of U-238 (uranium).  

Rn-222 is a short-lived isotope with a half-life of 3.82 days. During decay, an alpha particle is 
ejected and emitted radon is propelled by kinetic energy from the decay site in the opposite 
direction. The recoil length can vary between 10-6 and 10-3 cm depending on rock density and 
composition. This ‘alpha recoil’ can alter crystal lattices and render radon more leachable from 
the crystal surface (Wanty and Nordstrom, 1993).  

Through the recoil process, radon may be transported as a dissolved gas in pore water or 
retained in the mineral structure. Alpha recoil is probably a more important mechanism for 
transferring radon to groundwater than diffusion and has been used to account for radioactive 
disequilibrium in a number of groundwater systems (Wanty and Nordstrom, 1993). 
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Much radon released from these decay processes may never migrate from the decay location. 
Some radon can be trapped within the matrix of a rock, and subsequently decay in situ. Some 
radon may be emitted to the air and migrate to the surface, and some radon may be emitted 
in saturated rock, and be dissolved into groundwater.  

5.2.1 Uranium source and distribution 

Uranium (U) distribution is the primary factor on the generation of radon in rocks. The dominant 
oxidation state in most uranium-containing minerals is U(IV). The principal uranium minerals 
include uraninite (UO2) and its oxidised or partly oxidised massive form, pitchblende (U3O8), 
as well as coffinite ((USiO4)1-x(OH4x)), autunite (Ca(UO2)2(PO4)210–12H2O) and uranophane 
(Ca(UO2)2SiO3(OH)2·5(H2O)). Although uranium-rich, most of these are rare minerals, being 
generally restricted to uranium-mineralised zones. Mineralisation typically occurs along 
fractures and the distribution and connectivity of these therefore controls uranium mobilisation. 

Redistribution of uranium in mineralised zones and dispersed deposits can occur as a result 
of hydrothermal alteration, weathering and erosion (Porcelli and Swarzenski, 2003). 
Sandstone-hosted uranium deposits are a manifestation of redistribution caused by oxidation 
of primary U(IV) minerals and subsequent mobilisation by groundwater and are probably the 
dominant mode of occurrence of uranium mineralisation globally. So-called ‘roll-front uranium 
deposits’ are produced as a result of flow of oxygenated groundwater through an aquifer where 
conditions are initially reducing (e.g. bearing iron sulphide minerals and organic matter and 
with disseminated U(IV)). As the oxygenated groundwater permeates the aquifer, a redox front 
between the oxidising and reducing zones determines the location of immobilisation of 
uranium and precipitation as uraninite (Drever, 1997; Plant et al., 1999). The uranium front 
moves in the direction of groundwater flow, but at a much slower rate than the water itself. 

In Britain, occurrences of uranium mineralisation are relatively rare. They occur in pitchblende-
bearing mineral veins alongside other metal mineralisation in and around the Cornubian 
granite of south-west England. Uranium mineralisation also occurs in lead-uranium mineral 
veins as well as phosphatic and carbonaceous horizons of the middle Devonian (Old Red 
Sandstone) of Caithness and Orkney. Uranium-bearing veins also occur along the margins of 
the Helmsdale granite (Ousdale) and the Criffel-Dalbeattie granodiorite of Scotland. Other 
minor occurrences in England and Wales are mainly associated with black shales. 

5.2.2 Uranium in rock-forming and accessory minerals 

Uranium(VI) partitions strongly with phosphate and so can occur in uranium-phosphate 
minerals such as autunite (Cothern and Lappenbusch, 1983; Jerden et al., 2003) and as 
adsorbed species to hydroxyapatite (Arey et al., 1999; Murray et al., 1983). Uranium levels in 
the range 20–300 mg kg-1 have been reported for phosphate ores from the USA and Jordan 
(EPA, 1993; Smith et al., 1996). 

Studies of alteration zones above primary uranium deposits have found strong associations 
between uranium and phosphate minerals. In the weathered zone overlying the Koongarra 
uranium deposit in north central Australia, uranium occurs as magnesium uranyl phosphate, 
altered from primary uraninite (Murakami et al., 1997). Saprolite above the Coles Hill coffinite 
deposit in Virginia, USA also contains secondary U(VI) meta-autunite in oxidising conditions 
(Jerden et al., 2003). Uranium contents are enriched in the lowermost weathered profile 
relative to the primary ore, suggesting alteration and subsequent immobilisation along a redox 
front. In the unsaturated zone, U(VI) meta-autunite is absent and uranium occurs in lower 
abundance within aluminium phosphate minerals and adsorbed to ferric oxides (Jerden et al., 
2003). 

Uranium has also been found in some zircons, sphenes and monazites. These minerals occur 
in granitic rocks and, as late-formed minerals in pegmatites (Porcelli and Swarzenski, 2003). 
However, these minerals are relatively insoluble. 
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Iron oxides have a strong affinity for uranium adsorption (Bianconi and Kögler, 1992; Hsi and 
Langmuir, 1985; Scott et al., 2005). Surface adsorption of the U(VI)O2

2+ uranyl ion is likely the 
dominant mechanism although U(VI) can be incorporated within the structure of haematite 
and other iron oxides (Duff et al., 2002). Contents of uranium in secondary iron oxides down 
gradient of the Koongarra uranium deposit in Australia have uranium contents in the range 
770 to 4,500 mg kg-1 (up to 8 weight % UO3) (Sato et al., 1997). Similarly, contents in excess 
of 1,500 mg kg-1 have been found in iron precipitates on wellhead structures in Jordan (Smith 
et al., 2000). 

Organic-rich deposits can also support large uranium contents. Flow of oxic, uraniferous 
groundwater via peats or organic soils can immobilise uranium. 

Uranium has also been associated to a lesser degree with carbonate minerals such as calcite 
and dolomite, being substituted for Ca2+ in structural sites. It may also be adsorbed to clay 
minerals (Bonotto and Andrews, 2000). 

5.2.3 Uranium in rocks 

Uranium contents of rocks are typically around 1 to 4 mg kg-1 (Drever, 1997; Hess et al., 1985; 
Taylor and McLennan, 1985). Table 11 shows the typical uranium content for a variety of rock 
types. Relative highs are associated with granitic rocks (Voronov, 2004), acid gneiss, 
pegmatite, argillaceous sediments (e.g. clays and shales) and iron-rich rocks and their 
metamorphic equivalents. Uraninite is a common accessory mineral in many granitic rocks 
and pegmatites and is probably the most important source of dissolved uranium in 
groundwaters from such lithologies (Andrews et al., 1989). Granites of south-west England 
have a range of <1 to 20 mg kg-1 ((Bromley, 1989), principally as monazite, zircon and 
uraninite, as well as iron oxides (Heath, 1982; Poole, 2001). Popit et al. (2004) noted larger 
contents in acidic igneous rocks (3 to 4 mg kg-1) compared to intermediate igneous rocks 
(1.5 mg kg-1), basic igneous rocks (0.6 mg kg-1) and ultrabasic rocks (around 0.03 mg kg-1). 

In Britain, uranium-bearing phosphatic rocks occur in fine-grained Mesozoic (Jurassic, 
Cretaceous) strata. Phosphorite horizons in English Mesozoic rocks have uranium contents 
of 30 to 119 mg kg-1 (Sutherland, 1991). Similarly, contents up to 150 mg kg-1 have been found 
in the USA, Jordan and Israel. 

Deposits rich in organic matter favour the stabilisation of U(IV) in the solid phase and the 
strong binding of uranium by humic substances. Bottrell (1993) found uranium contents in the 
Edale Shales of Derbyshire in the range 5 to 10 mg kg-1. Contents of 10 to 60 mg kg-1 uranium 
have been found in black shales in Derbyshire (Ball et al., 1992) and of 5 to 21 mg kg-1  in 
south-west England (Ball and Miles, 1993). Contents of around  10 to 60 mg kg-1 uranium have 
also been found in oil shale deposits from Israel (Ilani et al., 2006). Some Holocene peat 
deposits in Caithness have contents above 200 mg kg-1 (Read et al., 1993). The uranium 
content of coal is variable (EPA, 1993). 

In fine-grained sediments, uranium contents are controlled by texture, mineralogy and 
provenance. McManus et al. (2005) found 2 to 8 mg kg-1 uranium in continental shelf deposits 
off the Californian. Smedley et al. (2005) found 0.9 to 5.1 mg kg-1 in loess silts from Argentina. 
Ivanovich and Alexander (1985) found 2 to 3 mg kg-1 in argillaceous deposits from southern 
England. 

Red-bed sandstones can have relatively high uranium concentrations. In the British Triassic 
Sandstone aquifer, uranium in the range 0.5 to 5.1 mg kg-1 has been reported. Relative 
uranium enrichments are found in the finer-grained horizons (Cuttell et al., 1988). Uranium-
rich bleached spheroids have also been described in the Triassic Sandstone (Metcalfe et al., 
1999). In the Old Red Sandstone of Scotland, local enrichments of uranium have been found 
in association with phosphate (Michie, 1970). 
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By contrast, limestones are typically low in uranium. Ivanovich and Alexander (1985) 
determined average contents in the chalk of southern England of 2.03 mg kg-1. A range of 
0.05 to 6.3 mg kg-1 was found by Murphy (1998), but relative highs were associated with marl 
bands likely to contain uranium-bearing phosphate; pure chalk samples usually had <1 mg kg-1 
uranium.  

Table 11: Typical uranium content in rocks 

 
Studies of mineralogy, chemical analysis of rock samples and measurements of radon at the 
land surface and in buildings have been used by BGS to identify the geological units with the 
highest levels of radon likely to be encountered in the UK (see Table 12). 

Rock/sediment Range 
(mg kg-1) 

Reference 

Average upper crust 2.8 Taylor and McLennan (1985) 

Granite 2.2–15 Langmuir (1978) 

Granite, south-west England <1–20 Bromley (1989); Poole (2001), Hussain 
(1997) 

Granite, Stripa, Sweden 20.2–53.7 Andrews et al. (1989) 

Acid igneous rocks 3–4 Eisenbud (1987); Popit et al. (2004) 

Intermediate igneous rocks 1.5 Popit et al. (2004) 

Basic igneous rocks 0.6 Popit et al. (2004) 

Ultrabasic igneous rocks 0.03 Popit et al. (2004) 

Ophiolite, Troodos, Cyprus 0.17 Tzortzis and Tsertos (2005) 

Limestone 1.3 Eisenbud and Gesell (1997) 

Phosphate rocks, USA up to 120 Roessler et al. (1979); Eisenbud (1987) 

Cretaceous phosphorite, Israel 100–150 Ilani et al. (2006) 

Chalk, southern England 0.05–6.3 Murphy (1998) 

Sherwood Sandstone, England 0.5–5.1 
 

Andrews and Lee (1979); Haslam and 
Sandon (1991); Cuttell et al. (1988) 

Black shales, UK 5–60 Ball et al. (1992); Ball and Miles (1993); 
Bottrell (1993) 

Black shale, Korea 250 Lee et al. (2001) 

Cretaceous oil shale, Negev, Israel 10–56 Ilani et al. (2006) and references therein 

Cretaceous oil shale, Mount Arbel, Israel 3.3–24 Ilani et al. (2006) 

Tidal flats, iron-oxide-rich alluvial fan 
deposits, Baja California 

2.0–4.3 Zielinski et al. (1983) 

Quaternary loess silts, Argentina 0.9–5.1 Smedley et al. (2005) 

Continental margin sediments, off 
California, USA 

2–8 McManus et al. (2005) 

Uranium-contaminated alluvial aquifer 
sediments, Naturita, Colorado, USA 

2.3–11.9 Kohler et al. (2004) 

Soils, Troodos Ophiolite Complex, Cyprus 0.0008–0.6 Tzortzis and Tsertos (2005) 
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Laboratory-based analysis of rock samples provides an initial estimate of the presence of 
radon-producing minerals within a rock unit. This can be supplemented by airborne radiometric 
data and measurements of soils to map variability within a rock unit. These data have then 
been combined with measurements made by PHE of radon concentrations in air, which both 
validate and refine the identification of units with high radon potential (Appleton and Ball, 1995; 
Appleton and Miles, 2005; Scheib et al., 2009; Appleton et al., 2011). 

Table 12: Rocks likely to contain high levels of radon in the UK 

Geology Location Notes 

Granites and other felsic 
igneous intrusions  

South West England, the Grampian 
and Helmsdale areas of Scotland and 
the Mourne Mountains in Northern 
Ireland 

Naturally high occurrences of 
uranium, some concentration of 
uranium and radium in 
weathering products 

Jurassic limestones Oolitic limestone in Southern England  Elevated uranium values, but 
high heterogeneity 

Carboniferous limestones 
and shales 

South Wales, Midlands and Northern 
England 

Low levels of radon, but 
concentration of mineralisation 
on fracture surfaces and 
limestone structure provides 
pathways to surface 

Sedimentary ironstone  English Midlands, Jurassic 
Northampton Sand and Marlstone 
Rock Formations 

Uranium concentrated in 
phosphatic pebbles, radon 
migrates easily through well 
jointed rocks 

Siltstones and 
Mudstones 

Ordovician and Silurian mudstones, 
siltstones and greywackes in Wales, 
Northern Ireland and the southern 
uplands of Scotland 

 

Sandstones Middle Old Red Sandstone in NE 
Scotland 

 

Neoproterozoic  

Metamorphic rocks 

Psammites, semipelites and meta-
limestones in the western sector of 
Northern Ireland 

 

 

When radon is analysed in air within buildings, geological factors generally account for only 
20% to 30% of the observed variability in radon. Partly this is due to geological heterogeneity, 
in that uranium is rarely evenly disseminated through a rock unit. It may have been originally 
concentrated in particular parts of a geological formation and then subsequently mobilised by 
geochemical processes and affected by weathering processes.  

Of equal importance is the complexity of pathways from the geogenic formation to the interior 
of a building. Firstly the radon needs to be generated close enough to a pore space within the 
rock where it can either mix with existing gases or be dissolved in water. For either the gaseous 
or dissolved radon to reach a receptor at the ground surface, the permeability of the rock, and 
any rocks and soil between the point of emanation and the surface, have to be sufficiently high 
to allow rapid migration of the radon, before it has time to decay.  

Actual measurements of radon are also influenced by the details of the construction of 
buildings, e.g. whether air circulation encourages polling of radon, or in the case of waters 
whether there is an opportunity for radon to escape, for instance through aeration. 
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5.3 Hydrogeological factors 

Once radon has been released by decay processes and dissolved in groundwater, it is subject 
to hydrogeological processes. If groundwater movement is slow, then radon may decay before 
water has been discharged at the surface or abstracted. The physical properties of an aquifer, 
as well as its structure and the rate of recharge, will govern how fast water flows and how far 
radon can be transmitted. 

5.3.1 Groundwater occurrence 

Groundwater sources can be natural (e.g. springs) or constructed (e.g. dug wells, boreholes 
or horizontal adits). Water can flow naturally to the consumer, from springs and artesian 
aquifers, or be pumped to supply. Groundwater is ubiquitous under natural conditions, but is 
only important for supplies when it can be extracted at a useful rate. A rock formation that is 
used for supply is known as an aquifer, and its ability to supply water is governed by its 
permeability, a measure of how easily water can flow through the rock. Permeability arises 
either from the flow of water through natural pore spaces in rocks, or from flow in secondary 
fractures in rocks. In the UK both of these types of aquifer are important.  

For public supplies, groundwater will be exploited where aquifers are productive, provide good 
quality water and where alternative surface water supplies are unavailable. A decision as to 
whether surface waters or groundwaters are used is normally made on economic grounds, 
and if surface water is available it is often cheaper to pump from rivers or construct reservoirs, 
than to pump from aquifers. Nevertheless groundwater accounts for 35% of public supplies.  

Public supply wells tend to be relatively deep (100 metres or greater is not uncommon) and 
are concentrated on the productive aquifers where yields of at least 5 L per second are 
possible. Private supplies, in the absence of alternatives, may be developed on lower yielding 
aquifers, where yields are much lower, but tend to be shallower, with boreholes typically 30 to 
60 metres in depth. Dug wells, which are normally less than 10 metres deep, were used 
extensively in the past, but are now rarely constructed, and many existing dug wells will have 
been disused because of a high risk of contamination from shallow infiltration of surface water. 

5.3.2 Radon in groundwater 

As radon is an inert gas, mobility in water is controlled by physical rather than chemical 
processes. Radon does not precipitate in mineral phases nor participate significantly in 
sorption reactions. Concentrations in groundwater are higher than in surface water because 
surface waters will be a mixture of groundwater base flow and rainfall runoff, and any radon 
in surface water can rapidly degas to the atmosphere. Radon decays rapidly and does not 
accumulate in groundwater along flow paths because decay rates are typically faster than 
rates of groundwater flow. Hence, high radon concentrations in groundwater are usually 
indicative of local uranium sources. 

The emanation efficiency of radon (proportion of radon released to groundwater compared to 
the total radon produced) is a function of recoil and diffusion processes and is affected by 
radon distribution in the host rock, surface geometry (e.g. rock specific surface area and 
roughness), surface wetness and rock porosity. The presence of water in pores is apparently 
more effective in reducing recoil into mineral grains than air-filled pores and hence can 
increase emanation efficiency. Nonetheless, the emanation efficiency in saturated aquifers is 
typically lower than 30% (Wanty et al., 1992). 

For a given uranium concentration in an aquifer, higher radon concentrations in groundwater 
are expected in rocks of lower porosity, higher density or higher emanating efficiency (Wanty 
et al., 1992). The extent of transport from a radium decay site is also determined by the 
permeability of the host rocks. In crystalline rocks, this is influenced by the extent and 
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connectivity of fractures. Once in groundwater, radon transport is controlled by advection and 
diffusion. 

The solubility of radon in water is temperature dependent, decreasing by about 3% per °C as 
temperature increases from 10°C to 20°C. Solubility in water is also affected by barometric 
pressure and rainfall, though these effects on groundwater concentrations are difficult to 
quantify and likely to be less influential than other physical processes (Lindsey and Ator, 
1996). 

High radon concentrations in groundwater are often associated with uranium-rich rocks such 
as granite, granite gneiss and pegmatite (Przylibski et al., 2004; Skeppström and Olofsson, 
2007; Veeger and Ruderman, 1998; Vinson et al., 2009). Some of the highest recorded radon 
concentrations have been found in the granitic terrains of Scandinavia (e.g. Banks et al., 
1998). High concentrations are also a feature of some groundwaters from the Cornubian 
granite south-west England (Talbot et al., 2001). 

Factors important in determining radon mobility and dissolved concentrations include uranium 
(and radium) content and mineralogy of the host aquifer, aquifer permeability and groundwater 
flow rates, and dissolved radium concentrations. High radon concentrations are typically not 
found in zones of high transmissivity in aquifers due to reduced rock/water ratios and dilution 
of emanating radon (Lawrence et al., 1991). Inverse relationships have been found between 
radon concentration and well yield (Hall et al., 1987). Differences in dissolved radon 
concentration between fractured and porous aquifers may be attributed to differing aquifer 
properties, including groundwater flow rates, water/rocks ratios, porosities and specific surface 
areas (Wanty and Nordstrom, 1993). 

Dissolved radon concentrations typically only show weak correlations with dissolved uranium 
and radium concentrations (Veeger and Ruderman, 1998) because of their differing states, 
solubilities, sorption properties and redox dependencies. Concentrations of radon in 
groundwater are often much higher than can be accounted for by equilibrium decay of 
observed dissolved radium, suggesting that radon is derived substantially from near-surface 
solid uranium products (e.g. adsorbed or fracture-borne radium). 

Temporal variations in radon concentration have been noted in relation to water-table 
fluctuations and pumping rates, giving rise to potential variations in relative influences of 
different water-producing horizons (Lawrence et al., 1991). 

5.3.3 Groundwater mapping.  

BGS has produced hydrogeological mapping of the Great Britain and Northern Ireland at 
1:625,000 scale (Figure 9). This distinguishes 178 rock types, based on BGS’s geological 
mapping. The units are categorised by the principal flow mechanism – whether flow is mainly 
through intergranular porosity or through fractures – and by the productivity and borehole yield 
typically encountered. Areas where groundwater is unlikely to be found are also identified.  

Groundwater can be found in both bedrock aquifers and in unconsolidated superficial aquifers. 
Larger abstractions (including almost all public supply groundwater sources) are normally 
derived from bedrock aquifers. Superficial aquifers are generally thin, and of limited extent, so 
wells may have low yields, and be vulnerable to contamination, but may be used for private 
sources in some areas. Superficial deposits can be derived from the weathering and transport 
of underlying bedrock, and may have similar mineralogy to their source.   
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Figure 9:  Hydrogeological map of the UK 
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5.4 Evidence from objectives 2 and 3 

5.4.1  Objective 2 – radon sample data 

As part of objective 2, water companies and local authorities were approached for any data 
that they held on radon in water supplies. The details of this exercise were initially described 
in the Milestone 1 Report, with some additional data being obtained after that report was 
produced (these additional data are included in this final report). Details were received from a 
total of 20 respondents who provided analytical data for 1,561 samples, taken from 323 
sources, many sampled several times. No sample data for radon were provided or available 
for Scotland or Northern Ireland for this objective. 

These samples were taken from a range of sources (e.g. groundwater, reservoirs, and 
treatment plants). As such, and given that detailed information on how samples were collected 
and analysed, were not generally available, we cannot exclude the possibility that the samples 
may have lost radon – either to the air while in a borehole or well, or when abstracted, or 
before analysis was complete, and may thus be below what would be found in-situ in an 
aquifer.  

There are insufficient samples available for rigorous statistical analysis; especially given the 
likely spatial variability in radon, which is evidenced in the much larger datasets available for 
radon in air collected by PHE.  

The data were, where possible, geo-located so that the measurements made could be related 
to the underlying geological formation. For all but a small minority of analyses, grid references 
or postcodes were provided, and 1,524 out of 1,561 samples were geo-located, these samples 
represent 337 distinct grid references, as many sources have been analysed more than once, 
and several sources may share a single sampling point or grid reference. The remainder had 
grid references or postcodes that were ambiguous. These samples covered 39 of the 178 rock 
units. The geographic concentration of data means that over 80%, by area, of rock units in 
England and Wales have some sample data, whereas almost no rock units in Scotland or 
Northern Ireland have sample data.  

A summary of these data is presented below in Table 13, with the data ordered by the highest 
value of radon measured. The highest value was 382 Bq L-1. The distribution of samples is 
presented in Figure 10, showing the highest value recorded at a location where a range of 
values was reported.  

The unit ‘Unnamed Igneous Intrusion, Carboniferous to Permian’ includes the granites in 
South West England and had the highest radon value, and the highest mean value. Two other 
units, the Caradoc and Pridoli, which are Ordovician and Silurian mudstones and siltstones in 
mid Wales, had samples that exceeded 100 Bq L-1. 

As significant as the high values are, overall measurements of radon were consistently low. A 
number of samples were taken from Carboniferous (Dianantian) limestone and from various 
Jurassic Limestones. None of these units reported radon above 40 Bq L-1, even though the 
samples were taken from rock units that are considered geologically susceptible. 

The chalk and the Permo-Triassic sandstones are the principal aquifers for public supply in 
England. 30 measurements were made on the chalk, with a maximum of 16 Bq L-1. 180 
measurements from Permo-Triassic sandstones reported a higher maximum value of 68.1 Bq 
L-1, although the geometric mean was 6.4 Bq L-1. 
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Table 13: Objective 2 radon analysis by rock unit 

  Radon (Bq L-1) 

ROCK UNIT Samples Min Mean Max 

UNNAMED IGNEOUS INTRUSION, CARBONIFEROUS TO 
PERMIAN 

410 0.05 3.50 382 

CARADOC ROCKS (UNDIFFERENTIATED) 7 0.4 9.38 119.1 

PRIDOLI ROCKS (UNDIFFERENTIATED) 4 0.85 14.89 105 

TRIASSIC ROCKS (UNDIFFERENTIATED) 314 0.05 6.43 68.09 

LLANDOVERY ROCKS (UNDIFFERENTIATED) 32 0.1 7.07 57.2 

UPPER DEVONIAN ROCKS (UNDIFFERENTIATED) 166 0.04 0.31 43.7 

UNNAMED EXTRUSIVE ROCKS, ORDOVICIAN 1 43.3 43.30 43.3 

PENNINE LOWER COAL MEASURES FORMATION AND 
SOUTH WALES LOWER COAL MEASURES FORMATION 
(UNDIFFERENTIATED) 

1   37 

ASHGILL ROCKS (UNDIFFERENTIATED) 11 0.1 4.72 33.4 

LUDLOW ROCKS (UNDIFFERENTIATED) 13 4.3 10.02 33 

DINANTIAN ROCKS (UNDIFFERENTIATED) 20 0.05 4.31 31 

PERMIAN ROCKS (UNDIFFERENTIATED) 33 0.21 2.91 29 

WARWICKSHIRE GROUP 6 5 16.21 27 

BOWLAND HIGH GROUP AND CRAVEN GROUP 
(UNDIFFERENTIATED) 

3 7 15.83 27 

UPPER GREENSAND FORMATION 48 0.54 1.92 21.5 

LOWER GREENSAND GROUP 4 6.88 9.61 16.7 

WEALDEN GROUP 2 10 12.88 16.6 

LIAS GROUP 55 0.04 0.16 15.3 

KELLAWAYS FORMATION AND OXFORD CLAY FORMATION 
(UNDIFFERENTIATED) 

17 0.05 2.04 15.2 

GREY CHALK SUBGROUP 7 1 6.02 15 

WHITE CHALK SUBGROUP 29 0.01 3.25 14 

TEIGN VALLEY GROUP 66 0.05 1.05 13.2 

MIDDLE DEVONIAN (UNDIFFERENTIATED) 21 1.22 5.17 12.9 

INFERIOR OOLITE GROUP 23 0.05 1.98 11 

BRIDPORT SAND FORMATION 4 5.4 7.87 10.6 

UPPER CAMBRIAN, INCLUDING TREMADOC 1   10.1 

WEST WALTON FORMATION, AMPTHILL CLAY FORMATION 
AND KIMMERIDGE CLAY FORMATION (UNDIFFERENTIATED) 

1   10 

BRACKLESHAM GROUP AND BARTON GROUP 
(UNDIFFERENTIATED) 

4 10 10.00 10 

GAULT FORMATION 4 0.68 3.61 10 

GREAT OOLITE GROUP 22 0.05 2.62 10 

NEOGENE TO QUATERNARY ROCKS (UNDIFFERENTIATED) 6 1 6.81 10 

LAMBETH GROUP 4 2.2 3.84 10 

THANET SAND FORMATION 1   10 

THAMES GROUP 9 0.01 3.45 10 

TREMADOC ROCKS (UNDIFFERENTIATED) 16 0.05 0.10 6.09 

LLANVIRN ROCKS (UNDIFFERENTIATED) 2 1.61 2.37 3.49 

HOLSWORTHY GROUP 113 0.05 0.15 3.26 

DEVONIAN ROCKS (UNDIFFERENTIATED) 20 0.45 0.98 1.81 

LOWER DEVONIAN ROCKS (UNDIFFERENTIATED) 23 0.05 0.27 0.66 

ARENIG ROCKS (UNDIFFERENTIATED) 1   0.47 

TOTAL 1,524*    

* For all but a small minority of analyses, grid references or postcodes were provided, and 1,524 out of 1,561 samples were 
geo-located 
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Figure 10: Geo-located analytical values - objective 2 
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5.4.2 Objective 3 – radon reported in literature 

Objective 3 focussed on the compilation of data from a systematic literature review. The details 
of this exercise were reported in the Milestone 1 Report and its Annex Report. 17 publications 
or reports provided quantitative or semi-quantitative data on radon. Unfortunately, with the 
exception of a DETR study carried out by BGS (Talbot et al., 2001), and some PHE data from 
Northern Ireland (McColl, 2014) the data were not generally geo-located. Nevertheless, the 
data from these reports have been reviewed and assessed against hydrogeological rock 
classifications. As with the data collected under objective 2, samples came from a range of 
sources (e.g. groundwater, reservoirs, and treatment plants). In general, these samples were 
collected and analysed with a specific focus on detecting the levels of radon in water.  

The analytical data from the BGS/DETR report is presented in Table 14. 221 analyses were 
reported for 110 sources; the majority sampled in both summer and winter. Samples were 
taken from the source directly where possible or from taps, though as these were private 
supplies it is not thought that tap samples would have been treated. The highest recorded 
values were, again, on the unit ‘Unnamed Igneous Intrusion, Carboniferous to Permian’ which 
includes the granites in South West England. Some very high values were recorded, with a 
maximum value 5,431 Bq L-1, and much higher mean values than were reported by 
respondents under objective 2. The most likely explanation for this is that the study explicitly 
sampled private water supplies for properties that were known to have extremely high radon 
in air measurements. Most samples that reported over 100 Bq L-1 were collected in Devon and 
Cornwall in areas that had been already identified on geological criteria and from radon in air 
measurements as likely to have high radon.  

Outside the South West of England, a comparative study of three areas of Wales, 
Denbighshire, Ceredigion and Anglesey (Assinder and Russell, 2003) recorded maxima of 
107 Bq L-1,141.7 Bq L-1 and 107 Bq L-1 respectively. These samples are thought to have been 
collected from boreholes and wells on the Ordovician and Silurian mudstones and siltstones. 
 

Table 14: Objective 3 - DETR/BGS radon analyses by rock unit 

  Radon (Bq L-1) 

Rock unit Number Min Mean Max 

UNNAMED IGNEOUS INTRUSION, CARBONIFEROUS 
TO PERMIAN 

82 0 734.9 5,431.8 

TEIGN VALLEY GROUP 41 6.4 83.3 657.2 

UNNAMED EXTRUSIVE ROCKS, CARBONIFEROUS 11 0 48.0 103.9 

UPPER DEVONIAN ROCKS (UNDIFFERENTIATED) 65 0 129.8 1,355.2 

HOLSWORTHY GROUP 22 1.9 83.6 353.2 

 
The analytical data from the PHE work is presented in Table 15 where 25 analyses were made 
on tap water and other samples from private water supplies in the south east of Northern 
Ireland, from households known to have high values of radon in air. The data were quite 
variable, with samples within the same household reporting a range of values. The highest 
recorded values were on the Paleogene and late Silurian to Early Devonian intrusive rocks 
that form the Mourne Mountains.  
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Table 15: Objective 3 – PHE NI radon analyses by rock unit 

  Radon (Bq L-1) 

Rock unit Number Min Mean Max 

GALA GROUP 3 1.6 9.0 35.5 

HAWICK GROUP 10 0.6 3.0 56.6 

UNNAMED IGNEOUS INTRUSION, LATE SILURIAN TO EARLY 
DEVONIAN 

8 0.1 2.4 55.1 

UNNAMED IGNEOUS INTRUSION, PALEOGENE 4 0.2 7.6 63.8 

5.5 Methodology for preparing hazard map 

The data collected as parts of objectives 2 and 3 provide evidence for the presence in 
groundwater, in a few areas, of radon at levels above 1,000 Bq L-1, and equally for levels 
consistently well below 100 Bq L-1 in other aquifers. However over much of the country and in 
many aquifers, we have no direct evidence about radon concentration in groundwater. Given 
the paucity of data we have chosen to classify the geological units into three hazard 
categories, using three lines of evidence to assign hydrogeological units to a category. These 
lines of evidence are: 

 the analytical data collected under objectives 2 and 3 

 geological radon potential 

 radon in air measurements. 

The existing radon potential dataset prepared by BGS and PHE combines geological potential 
with radon in air measurements. Data are presented in six classes, representing the probability 
that a property will, if measurements are made, have radon above an Action Level of 200 Bq 
m-3 in air (Table 16). Areas where this probability exceeds 1% are defined as ‘radon affected’ 
and it is recommended that radon measurements should be made in properties in these areas.  

Where high levels are found remedial action is advised to reduce levels, to below 100 Bq/m3, 
where practicable. It is worth noting here that the PHE/BGS maps of potential radon in air are 
derived from a database of over 500,000 measurements made in individual homes to a 
consistent methodology and measurement technique. This volume and consistency of data 
supports the development and use of statistical risk-based maps to guide decisions relating to 
radon in indoor air. 
 

Table 16: Radon Potential Classes and percentage bands 

Radon 
Potential Class  

Estimated percentage of dwellings 
exceeding the Action Level for 
radon in air (nominal % band)  

1 0-1 

2 1-3 

3 3-5 

4 5-10 

5 10-30 

6 30-100 
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For a property to exceed the Action Level for radon in air of 200 Bq m-3, from water alone, it 
would require radon in water at a level that exceeded 1,000 Bq L-1. The study by Bowring and 
Banks (1995), which used an earlier precursor of the current radon potential dataset, 
correlated observations in waters around Dartmoor to the assessed potential for radon in air. 
Measurements above 100 Bq L-1 were found in samples where the radon potential was greater 
than 10% (although this was a small study with a limited number of samples, especially in 
areas of low radon potential). The data are presented in Figure 11 showing the range of values 
and their mean.  
 

Figure 11: Radon in drinking water data from Bowring and Banks (1995) 

 
 

The data collected for objective 2 have similarly been compared with the radon potential 
classes from current BGS/PHE mapping in Figure 12. Current radon potential maps have 
greater discrimination in the probability of radon being present, and so have more classes than 
in the earlier study. 

Figure 12: Radon potential and objective 2 analyses 
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Again, levels of radon above 100 Bq L-1 were only seen where the radon potential was class 
5 or 6, i.e. at least 10% of properties are likely to exceed the Action Level for radon in air of 
200 Bq m-3.  

To generate a national map, the hydrogeological map was combined with the radon potential 
dataset. For each hydrogeological rock unit the area of the different radon potential classes 
was summed. This was used to provide an initial three tier classification (Table 17), with which 
geo-referenced analytical data was compared. In general the two datasets are in agreement 
– low values of radon in water were reported where radon potential class is low, high radon 
values in water are found where the radon potential class is high, and these factors have been 
used in combination to classify hazard.  

In one case (the Holsworthy Formation near Dartmoor) a high value was recorded by the 
BGS/DETR study, on rocks with low radon potential. Examination of the data suggested that 
this was the result of a sample at the margin of the unit, probably located on the adjacent 
granite, and misclassified because of the relative imprecision of both the sample geo-
referencing and the hydrogeological mapping.  

The classification was then reviewed to check that rock units known to have significant radon 
potential had been correctly classified. Some changes were made at this stage, generally 
increasing hazard from low to moderate where geological units with known radon potential are 
covered by extensive drift deposits that prevent radon migrating into buildings and bias the air 
measurements, although one unit, the Triassic sandstone was moved from moderate to low 
as multiple samples reported low radon concentrations in this aquifer. 
 

Table 17: Hazard scheme for significant levels of radon in groundwater 

Hazard Observed radon values Radon potential in air Geological factors 

Low No observations above 
50 Bq L-1 

> 80% of unit, by area In radon 
potential Class 1 (and less than 
5% in bands 5 and 6) 

Non aquifers 

Moderate Observations  between 
50 and 500 Bq L-1 

Intermediate radon potential  

High Observations above 500 
Bq L-1 

> 20% of unit, by area in radon 
potential Class 5 and 6. 

Identified as having high 
geogenic radon potential 

 

Assignment of units to the ‘Moderate’ Hazard class is influenced not only by an expectation 
that elevated levels of radon are plausible, but also by a paucity of confirmatory evidence that 
would confirm Low or High Hazard. 

The detail of the classification, by rock type, is presented in Appendix 6. It is expected that as 
more analyses are conducted that aquifers may be reclassified if sufficient data become 
available and it can be confidently demonstrated that water sources are low in radon. 

This classification has been produced at a nominal scale of 1:625,000, the scale of the 
underlying hydrogeological base map. As such boundaries between units are approximate, 
and very small aquifers may not appear on the map.  

The radon hazard maps for England and Wales, Scotland and Northern Ireland are presented 
in the following three figures. 
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Figure 13: Radon hazard map for England and Wales 

 

  



Understanding the Implications of the EC’s Proposals Relating to  
Radon in Drinking Water for the UK: Final Report 

51 

 
Ref: Ricardo-AEA/R/ED59170/Final report 

Figure 14: Radon hazard map for Scotland 
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Figure 15:  Radon hazard map for Northern Ireland 
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6 Plot locations of groundwater 
supplies on the hazard map (objective 5) 
Box 5: Aim of objective 5  

Plot locations of public and private groundwater supplies on the risk map and report the 
number of supplies that fall in different risk areas. 

6.1 Introduction 

There are over 60,000 public and private water supplies in the UK of which perhaps 2 to 3% 
have reported radon analyses. The hazard map prepared for objective 4 was used with 
information on the location of water sources to estimate the number of supplies that lie in areas 
of radon hazard. Whether a radon hazard is translated into a radon risk depends on the 
vulnerability of the water source.  

As data was available for the location of both surface and groundwater supplies, the exposure 
to radon hazard has been calculated for both, even though the ease with which radon is lost 
to the atmosphere, its short half-life and dilution by surface runoff mean that the risk of radon 
in surface water is considered low, even if concentrations in groundwater are high.  

6.2 Data sources 

6.2.1 England and Wales 

Locations of public supplies for England and Wales were supplied by DWI. 2,441 abstraction 
points were identified from regulatory data in 2013. Of these 394 were identified as surface 
water abstractions, 2,030 as groundwater and 17 as mixes of surface water and groundwater. 

The data were geo-located, but grid references were generalised to 1,000 metre accuracy; 
more accurate locations are not generally released. In addition, the coordinates provided are 
derived from licencing data, rather than the precise location of the borehole abstraction. As 
such they may not always represent the exact point where water is abstracted, but may be 
local treatment works or pumping stations associated with a group of boreholes.  

Because of the limitations of scale and accuracy discussed above, the classification of sources 
is intended to be indicative of the broad number of sources potentially affected by radon in 
water, rather than a precise indication of the number affected or unaffected by the issue. 

The locations of 48,041 private water supplies were provided (a further 903 sites were 
identified, but could not be reliably geo-located). Private supplies are from a range of different 
sources as shown in Figure 16. Once again the exact location of a source has been 
approximated to the nearest kilometre. 

The majority of private supplies are used for domestic purposes or single dwellings, but 13% 
of supplies are considered commercial in nature. This may be because water is supplied to 
multiple households from one source, or because of commercial activities including, 
potentially, food processing. 

The generalisation of grid references supplied will inevitably affect the hazard classifications, 
although as it as likely to move a source into or out of a particular classification, the overall 
calculations of numbers of sources at risk should be unchanged. For more detailed site 
specific assessments, areas of high radon hazard could be buffered to account for uncertainty 
in source locations, but for the purpose of national assessment this was omitted. 
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Figure 16: Source of private supplies, England and Wales. 

 

6.2.2 Scotland 

Locations of public and private drinking water supplies for Scotland were provided by the 
Drinking Water Quality Regulator for Scotland. For public supplies, 448 abstraction points 
were identified from regulatory data in 2013. Of these 372 were identified as abstractions from 
rivers and lochs and 77 as groundwater.  

The data were geo-located, with 10 metre nominal accuracy. As the coordinates provided are 
derived from licencing data they may not always represent the exact point where water is 
abstracted, but may be a treatment plant or pumping station  

The locations of 20,047 private water supplies were provided. Private supplies are from a 
range of different sources as shown in Figure 17. Once again location of a source may not be 
exact. 

The majority of private supplies are used for domestic purposes or single dwellings, but 11% 
of Scottish supplies are larger and may be considered commercial in nature. This may be 
because water is supplied to multiple households from one source, or because of commercial 
activities including, potentially, food processing. 

Because of the limitations of scale and accuracy discussed above, the classification of sources 
is intended to be indicative of the broad number of sources potentially affected by radon in 
water, rather than a precise indication of the number affected or unaffected by the issue. 
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Figure 17: Source of private supplies, Scotland 

 

6.2.3 Northern Ireland 

Locations of public supplies for Northern Ireland were provided by Northern Ireland Water. 88 
abstraction operated by Northern Ireland Water points were identified. 86 of these sources are 
surface water supplies, with just two closely co-located groundwater boreholes. 

The data were geo-located, with 10 metre nominal accuracy. As the coordinates provided are 
derived from licencing data they may not always represent the exact point where water is 
abstracted, but may be a treatment plant or pumping station.  

Because of the limitations of scale and accuracy discussed above, the classification of sources 
is intended to be indicative of the broad number of sources potentially affected by radon in 
water, rather than a precise indication of the number affected or unaffected by the issue. 

The locations of 142 private water supplies were provided by the Northern Ireland DWI. Private 
supplies are from a range of different sources as shown in Figure 18. Once again location of 
a source may not be exact. These supplies are the larger private supplies used for multiple 
dwellings or commercial use. No geo-located data are available for an estimated 1,200 single 
dwelling domestic supply sources. 
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Figure 18: Source of private supplies, Northern Ireland 
 

 

6.3 Results 

The following sections outline the results of plotting water supply source locations on maps of 
radon hazard in groundwater. The data (for groundwater sources only) are also presented as 
maps in Appendix 7. 

The estimates below of the number of supplies in each hazard class should be taken as 
indicative. Source locations were generally known to the nearest kilometre, and the radon in 
groundwater hazard maps have limited resolution. For public supplies, in particular, an 
assessment of the actual aquifer from which abstraction is taking place may result in changes 
to their risk of exposure to the hazard. 

6.3.1 Public supplies – England and Wales 

Of the 394 surface water supplies, 157 (40%) are on Low Hazard, 177 (45%) on Moderate 
Hazard and 59 (15%) are located on areas of High Hazard; but as analyses suggest that 
surface water supplies are unlikely to retain radon, vulnerability of these supplies is likely to 
be low (Table 18).  
 

Table 18: Hazard classification of surface water supplies - public - England and Wales 

Number of 
sources 

Not classified Low Hazard 
Moderate 
Hazard 

High Hazard 

394 1 157 177 59 

 

Of 2,047 groundwater and mixed source supplies 1,748 (85%) are on Low Hazard, 248 (12%) 
are on Moderate Hazard and only 42 (2%) are located on High Hazard aquifers (Table 19). 

Table 19: Hazard classification of groundwater and mixed sources – public - England and Wales 

Number of 
sources 

Not classified Low Hazard 
Moderate 
Hazard 

High Hazard 

2,047 9 1,748 248 42 
 

Reservoir (1) River (1) Other surface 
water sources (2)
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Spring (28)

Well (17)



Understanding the Implications of the EC’s Proposals Relating to  
Radon in Drinking Water for the UK: Final Report 

57 

 
Ref: Ricardo-AEA/R/ED59170/Final report 

6.3.2 Private supplies – England and Wales 

The majority of private supplies are identified as being wells, boreholes or springs, or the 
source is undefined (in which case it is assumed to be groundwater derived). Only 1,380 
sources are explicitly identified as being surface water supplies, including a small number of 
public supplies that have been redistributed by a third party3. 

For surface water supplies 294 (21%) are on Low Hazard, 824 (60%) on Moderate Hazard 
and 205 (15%) are on areas with a High Hazard of radon in water (Table 20). As analyses 
suggest that surface water supplies are unlikely to retain radon, the risk from radon is low for 
these supplies. 

Table 20: Hazard classification of surface water supplies – private - England and Wales 
 

Source type 
Number of 

sources 
Not 

classified 
Low 

Hazard 
Moderate 
Hazard 

High 
Hazard 

Estuarine 2 0 0 1 1 

Private distribution systems3 316 1 112 154 49 

Rainwater4 54 54 0 0 0 

Surface water 1,008 2 182 669 155 

TOTAL 1,380 57 294 824 205 

 
Of 46,661 groundwater-influenced supplies, 11,040 (24%) are on aquifers with Low Hazard, 
22,076 (47%) are located on aquifers with a Moderate Hazard of radon in water and 13,452 
(28%) are located on areas with a High Hazard of radon in water (Table 21). 
 

Table 21: Hazard classification of groundwater supplies – private - England and Wales 

Source type 
Number of 

sources 
Not 

classified 
Low 

Hazard 
Moderate 
Hazard 

High 
Hazard 

Borehole 14,445 27 5,863 4,507 4,048 

Borehole and Spring 861 0 36 609 214 

Borehole influenced by 
surface water 

816 0 536 222 58 

Spring 14,672 25 2070 7,656 4,921 

Unknown 11,304 16 902 6,987 3,399 

Well 4,563 25 1,633 2,093 812 

TOTAL 46,661 93 11,040 22,076 13,452 
 

6.3.3 Public supplies – Scotland 

Of the 372 surface water supplies, 161 (43%) are on Low Hazard,194 (52%) are on Moderate 
Hazard, and 17 (5%) are located on areas of High Hazard, but as analyses suggest that 
surface water supplies are unlikely to retain radon, vulnerability of these supplies is likely to 
be low (Table 22).  

Of 77 groundwater supplies 41 (53%) are considered at Low Hazard, 34 (44%) are located on 
aquifers at Moderate Hazard and 2 (3%) are located on High Hazard aquifers (Table 22).  
 

                                                
3 Private distribution systems are defined in the 2009 Private Water supply regulations and redistribute water sourced from public 
supplies, the source location and whether groundwater or surface water is uncertain, but the public supply sources will have been 
included in Table 18 and 19. 
4 Supplies derived from rainfall are assumed to have no linkage to groundwater and are not classified. 
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Table 22: Hazard classification of surface and groundwater supplies – public - Scotland 

Water 
source 

Number of sources Not classified Low Hazard Moderate Hazard High Hazard 

Loch 148 0 59 83 6 

River 224 0 102 111 11 

Borehole 77 0 41 34 2 

TOTAL 449 0 202 228 19 

6.3.4 Private supplies – Scotland 

Of the 5,105 surface water supplies, 2,294 (45%) have Low Hazard, 2,465 (48%) have 
Moderate Hazard, and 307 (6%) are located on areas of High Hazard, but as analyses suggest 
that surface water supplies are unlikely to retain radon, vulnerability of these supplies is likely 
to be low (Table 23).  
 

Table 23: Hazard classification of surface water supplies – private - Scotland 

Water source 
Number of 

sources 
Not classified Low Hazard Moderate Hazard High Hazard 

Surface 137 5 66 58 8 

Surface Loch 853 0 329 450 71 

Surface Burn 4,118 34 1,899 1,957 228 

TOTAL 5,108 39 2,294 2,465 307 

 

Of 14,939 groundwater supplies 5,263 (35%) are considered Low Hazard. 8,733 (58%) are 
located on aquifers at Moderate Hazard and 866 (6%) are located on High Hazard aquifers 
(Table 24). 
 

Table 24: Hazard classification of groundwater supplies – private - Scotland 

Water source 
Number of 

sources 
Not 

classified 
Low Hazard Moderate Hazard High Hazard 

Groundwater 
Borehole 

1,398 9 537 797 55 

Groundwater 
Well 

3,374 15 1,204 1,931 224 

Groundwater 
Spring 

10,167 49 3,522 6,009 587 

TOTAL 14,939 73 5,263 8,733 866 

 

6.3.5 Public supplies – Northern Ireland 

Of the 86 surface water supplies, 42 (48%) are on Low Hazard, 36 (42%) are on Moderate 
Hazard, and seven (8%) are located on areas of High Hazard, but as analyses suggest that 
surface water supplies are unlikely to retain radon, vulnerability of these supplies is likely to 
be low (Table 25). The two groundwater sources are both on the island of Rathlin and 
considered Low Hazard.  
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Table 25: Hazard classification of surface and groundwater supplies – public – Northern Ireland 
 

Water source 
Number of 

sources 
Not classified Low Hazard Moderate Hazard High Hazard 

Surface 86 1 42 36 7 

Borehole 2 0 2 0 0 

TOTAL 88 1 44 36 7 

6.3.6 Private supplies – Northern Ireland 

Of the four surface water supplies, two have Low Hazard, one has Moderate Hazard and one 
was unclassified, but as analyses suggest that surface water supplies are unlikely to retain 
radon, vulnerability of these supplies is likely to be low (Table 26).  
 

Table 26: Hazard classification of surface water supplies – private - Northern Ireland 

Water source 
Number of 

sources 
Not classified Low Hazard Moderate Hazard High Hazard 

Reservoir 1 0 1 0 0 

Other surface sources 2 1 0 2  0 

River 1 0 1 0 0 

TOTAL 4 1 2  1  0 

 

Of 138 groundwater supplies 78 (56%) are considered at Low Hazard. 57 (41%) are located 
on aquifers at Moderate Hazard, and one (1%) are located on High Hazard aquifers (Table 
27). The latter may underestimate the number of properties getting water in High Hazard 
areas, as no data was available for single household private supplies, which are likely to be 
more common in upland areas that may have higher hazard. 

Table 27: Hazard classification of groundwater supplies – private – Northern Ireland 

Water source 
Number of 

sources 
Unclassified Low Hazard Moderate Hazard High Hazard 

Bore well 93 0  55 37 1 

Spring 28 1 17 10 0 

Well 17 1 6 10 0  

TOTAL 138 2 78 57 1 
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7 Review of methods for radon 
analysis (objective 6) 
Box 6: Aim of objective 6  

Consider the availability and costs of methods of analysis for radon that can meet the 
specified performance requirements of the new Directive. 

7.1 Introduction 

The new Directive specifies that the method of analysis used for the detection of radon must, 
as a minimum, be capable of measuring activity concentrations with a limit of detection of 10 
Bq L-1. Objective 6 of the study was to consider the availability and costs of methods of analysis 
for radon that can meet the specified performance requirements, i.e. a limit of detection of 
10 Bq L-1. 

A literature review was carried out to assess the current analytical methods for measurement 
of dissolved radon in drinking water and their performance against the required limit of 
detection. Advantages and disadvantages of the different methods, including costs were then 
compiled.  

One of the principal difficulties in analysis for radon is ensuring the radon is not lost from the 
sample during collection. Existing methods and best practice for sampling, transport and 
storage were therefore also addressed in this review.  

Quality assurance (QA) requirements and the implications of these on implementing sampling 
and analysis of radon are also briefly discussed.  

7.1.1 Basic Properties of radon in water 

Radon gas is soluble in water with a solubility of 2.2 g L-1 at 25ºC, implying a maximum nominal 
activity of 1.26 x 1016 Bq L-1 (of radon-222) in a water sample saturated with radon gas. Further, 
as it is a noble gas, the chemical interactions with the water are very weak and the gas can 
be easily displaced by diffusion, mechanical shaking or heating. 

Radon arises as part of the natural uranium and thorium decay chains, which decay via radon-
222 and radon-220, respectively. Once radon is dissolved in water, it is chemically separated 
from its parent radionuclides and therefore will become the parent nuclides in new radioactive 
decay chains. Radon-222 decays with a half-life of 3.8 days and rapidly (<3 hours) establishes 
secular equilibrium with its daughters, most notably lead-214 and bismuth-214 which are the 
nuclides measured by gamma spectrometry as surrogates for radon-222. Radon-220 has a 
much shorter half-life (51.5 seconds) and will rapidly decay once separated from its parent 
nuclides. 

7.2 Literature review 

There is a relatively small body of peer-reviewed literature on radon in drinking water, probably 
reflecting the fact that it has only been a matter of regulatory concern in recent years. The 
majority of published work concerns studies within defined geographical areas, all undertaken 
since the year 2000 often associated with areas of high natural uranium activity in local rocks 
and soils. During this review a total of 26 such studies have been identified. The analytical 
methods applied during the studies are summarised in Table 28. 
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Table 28: Analytical methods determined from literature review 

Analytical 
technique(*) 

No. of 
studies 

Range of 
results  
(Bq L-1) 

References 

In field 
measurement 
(Durridge 
RAD7) 

15 0.1 to 362 

Ah, et al., 2013, Al-Khaza’leh, et al., 2012, Cosma, et al., 
2008, Khattak, et al., 2011, Moldovan, et al., 2013, 
Muhammad, et al., 2012, Nikolov, et al., 2011, Oner, et 
al., 2009, Oner, et al., 2013, Plch, 1977, Rani, et al., 2013, 
Todorovic, et al., 2012, Vazquaz-Lopez, et al., 2011, 
Yakut, et al., 2013, Yalcin, et al., 2011b 

Liquid 
scintillation 
(LS) counting 

8 
0.42 to 
1,703 

Auvinen, et al., 2005b, Bem, et al., 2014, Gokhale and 
Leung, 2010, Karpinska, et al., 2010, Kozlowska, et al., 
2010, Senior, 1998, Shaw and Eckhardt, 2012, Tosheva, 
et al., 2010 

Gamma 
spectrometry 

1 
2.2 to 
28.7 

Darko, et al., 2010 

Emanation 
techniques ) 

2 0.1 to 362 Bourai, et al., 2012, Sahin, et al., 2013 

(*) Five studies did not give sufficient details of their analytical technique 
 

The majority of studies are either using in-field measurement equipment or laboratory-based 
liquid scintillation (LS) spectrometry. For the latter, some studies rely on adding scintillant to 
the water in the field at time of collection, whilst others transport the water in filled containers 
back to the analytical laboratory where the counting vials are prepared. 

Field measurements use a variety of equipment such as Durridge RAD7-H2O (Durridge., 
2014), AlphaGUARD (AlphaGUARD, 2014), LUK-VR (Plch, 1977) and Pylon WG-1001 
(Pylon-electronics., 2014). The Durridge and AlphaGUARD systems include enclosed radon 
degassing systems attached to existing radon-in-air field instruments, whilst the Pylon WG-
1001 similarly is based on in-field de-gassing systems but in this case the radon is collected 
in a Lucas Cell before analysis. There is little information on the LUK-VR system and it is not 
clear if it is commercially available. 

Only one reported study (Darko et al., 2010) assessed radon-222 concentrations by gamma 
spectrometry. However, it is PHE’s experience that this is a relatively simple and reliable 
method which allows for collection of samples from remote locations. In addition, one UK water 
company is using a variation on the LS method and counting the bismuth-214 decay product 
of radon-222 by Cherenkov radiation in an organic solvent without addition of LS cocktails. 

Studies of radon in drinking water have been undertaken for other purposes, such as studying 
radiation doses from a single source, such as a Spa well, (Sola et al., 2013) or using radon in 
water as a marker for hydrological modelling experiments (Guida et al., 2013). 

There is a paucity of publications on method development. There has been a report on the 
effect of radium daughters on standardisation of LS spectrometer for counting radon samples 
(Salonen, 2010b) along with another into whether single or two-phase counting was to be 
preferred for LS spectrometry (Salonen, 2010a), but generally there is little development work 
on the detection and validation of radon counting methods. 

In addition to peer-reviewed publications and survey reports, there is a set of ISO standards 
relating to the measurement of radon in water. These standards set out the general principles 
for radon sampling and analysis as well as detailed descriptions for the three most commonly 
applied analytical methodologies, although ISO 13164-4 (Draft) Water Quality – Radon 222 
Part 4 only described two-phase LS counting whereas some reports have demonstrated that 
single phase counting is equally efficient for measuring radon activity concentration in water. 
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Box 7: ISO standards relating to the measurement of radon in water 

 ISO13164-1:2013 Water Quality – Radon-222 – General principles. 

 ISO13164-2:2013 Water Quality – Radon-222 Part 2: test method using gamma-ray 
spectrometry. 

 ISO13164-3:2013 Water Quality – Radon-222 Part 3: Test method using emanometry. 

 ISO13164-4: (Draft) Water Quality – Radon-222 Part 4: Test method using two-phase liquid 
scintillation counting. 

7.3 Sampling of radon in drinking water 

One of the principal difficulties in analysis for radon is ensuring the radon is not lost from the 
sample. Existing methods for sampling and analysis have been reviewed, summarising 
advantages and disadvantages and analytical performance.  

Where analysis is to be undertaken at a permanent laboratory by gamma spectrometry, 
sampling is undertaken by direct collection of radon at a tap or running source. It is important 
to remove any aerating device from the tap mouth before sample collection to prevent radon 
loss by mechanical disturbance. Water should be poured slowly into a container at a very low 
flow rate. The sample container, including its lid, is positioned in the container such that all the 
sample collection bottled is fully immersed. The collecting jar is then sealed with the exclusion 
of air bubbles within the container. This can be easily checked at time of collection by inverting 
the container. Further, especially for samples being returned to an analytical laboratory, it is 
advisable to collect multiple samples at time of collection. This allows for any potential 
deterioration of a sample between the sampling point and the laboratory. For example, in 
PHE’s experience, sample containers can break due to expansion of the water or seals can 
be disrupted and air enters the sample during transport. The extra effort of collecting duplicate 
samples is much less than the effort of re-sampling at a later date. 

The sample container must be made of a material impervious to radon, such as glass or 
aluminium. The container lids equally must be well sealed with a radon impervious seal to 
prevent loss of radon during transport.  

The sample volume collected will be dictated by the standard geometry the permanent 
laboratory is using for calibration of its detectors (see Section 5.4.1). Typically, this is likely to 
be between 200 to 500 mL. For example, PHE’s laboratory uses a Kilner Jar with an 
approximate volume of 660 mL. 

Where samples are to be analysed by LS counting, there are two options. One option is for 
the sample to be collected and returned to the permanent laboratory, as described above. 
Generally about 20 mL will be sufficient, as laboratory based LS analysis typically uses a 10 
mL sample for assessment of radon activity. 

Alternatively, a small volume, typically 10 mL, of samples can be transferred carefully to a LS 
vial already containing a suitable LS cocktail. These are generally oil-based scintillates and 
immiscible with water. After transfer, the vial is sealed and shaken. Radon is highly soluble in 
oils and does not suffer from loss by diffusion or mechanical shaking as it does in water. Once 
the LS vial is prepared, the radon is trapped quantitatively in the scintillant and the vial can be 
returned to the laboratory for further analysis without the risk of radon loss. 

For samples to be analysed with field-based equipment the sample collection follows broadly 
similar principles. Water is collected to a fixed volume with very low flow tares and minimum 
disturbance in collection jars designed to be attached directly to the collection system. The 
systems are designed for samples in the region of 40 to 100 mL. 
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7.4 Transport and storage of samples 

For field measurement systems clearly there is no need to transport samples for analysis.  
Where laboratory based systems are to be used, then samples must be transported from point 
of collection to the laboratory. Where samples are collected by specialist staff (either for 
reasons of specialist equipment operation or because of QA requirements) those staff can 
readily return the samples at the end of the sampling campaign. Simple transport boxes with 
foam-lined interiors or bubble wrap to prevent container breakage have proved sufficient from 
the experience of PHE laboratories.  

Where samples are being collected by non-laboratory staff (e.g. representatives of the water 
company), they can be placed in foam-lined transport cases. Sample containers should be 
held rigidly to prevent breakage and the container strong enough to withstand the rigours of 
transport. The containers can be returned by courier to the laboratory. Sample containers 
should be kept flat and marked as ‘fragile’ if glass vessels are being used but, again, there is 
unlikely to be any restriction on transportation. ISO 13164-1 recommends the sample 
temperature should be maintained at, or lower, than the temperature at time of collection (but 
above freezing).  

Transport times should be kept to a minimum due to the relatively short half-life of the analyte. 
Further, prolonged transport and storage gives greater chances for samples to suffer 
deterioration or loss. Due to the short half-life of radon, it is advisable to analyse samples on 
the day of return to the laboratory. Where this is not possible, samples can be refrigerated 
(ISO 13164-1) although it has been found acceptable to store samples at ambient 
temperatures, providing large temperature variations can be avoided. Such fluctuations can 
cause the water in the container to contract (creating a gas bubble above the sample) or 
expand (which will break glass containers as there is no expansion head-space). 

7.5 Analytical methods 

7.5.1 Laboratory analysis of samples 

The two main procedures for laboratory analysis are gamma spectrometry (GS) and LS 
counting. Both of these are described more fully in the ISO 13164 document described above. 
The third analytical method in this series, detection of radon by emanation, has been applied 
less frequently (see Table 28). 

Except where the LS sample has been prepared in the field or provided after field-emanation 
into a Lucas cell, the sample container should be inspected by the analysis laboratory on 
receipt to confirm that no air bubbles are present in the sample. If there are, then the sample 
should not be analysed as the result will not be valid. 

For GS, spectrometers are calibrated for a range of particular sample configurations (counting 
geometries). These are selected by the laboratory as being most suitable for their applications, 
but, once a counting geometry is selected, the detectors are calibrated using standards of 
national traceability. When undertaking analysis of radon in water, the spectrometers are 
calibrated in a counting geometry identical to the container used for sample collection. This 
allows the direct analysis of sample on receipt without further transfer of sample between 
containers, a process which, would probably lead to significant and variable loss of radon from 
the sample. 

For LS counting where the counting source is to be prepared in the laboratory (as opposed to 
in the field as described in the previous section), the sample must be opened in the laboratory 
and a known volume transferred to a LS vial. There is potential here for radon loss, but with 
experience, a trained laboratory analysis should be able to transfer liquid with minimum 
disturbance and hence minimum radon loss. 
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The analytical capability of the two methods is very dependent on the particular laboratory 
operation procedures and equipment. For example, for gamma spectrometry, the sensitivity 
of the analysis is dependent on sample volume, type of detector and time of counting on the 
detector. These will be set on an individual basis at each laboratory. Further, once counted at 
the laboratory, the result must be corrected for the radioactive decay of radon that has 
occurred between collection and analysis. Typically it would be expected that detection limits 
of <1 Bq L-1 are readily achievable. For example, at PHE’s laboratory at CRCE Scotland, 
where samples are collected in a 660 mL container and counted for four hours, then a limit of 
detection of 0.6 Bq L-1 is achieved where samples are counted 48 hours after collection. 

For LS counting, the counting geometry is more tightly defined by the design of commercially 
available LS spectrometers. Generally, samples are counted in 24 ml vials, with 10 mL 
scintillant, leaving up to 14 mL available for sample. Most laboratories have adopted a 10 mL 
standard volume. Again, the sensitivity of the method will depend on the background effect of 
the particular instrument being used (which will vary with instrument design and local geology) 
and count time available. However, there are a large number of studies of radon in water using 
this technique and many laboratories are reporting positive activities of radon at levels less 
than 1 Bq L-1.  
 

7.5.2 Field Measurement of samples  

Several literature studies have used commercially available field systems for the 
measurement of radon in dissolved water. These are based upon existing radon-in-air 
detectors with manufacturer supplied front end systems for collecting the dissolved radon 
within a portable, sealed system that can be connected to the detector. 

Two of the systems, AlphaGUARD with AQUAkit5 (Saphymo GmbH) and RAD76 with RAD 
H2O (Durridge Company Inc.) are designed to transfer water from a fresh sample, transferred 
to a sealed system in the field, into a portable detector. The RAD7 manufacturers report a 
sensitivity of 0.4 Bq L-1 and similar limits of detection have been reported in field studies. In 
other studies, researchers have reported AlphaGUARD field measurements below 0.4 Bq L-1. 
Another commercial system, the WG-1001 combined with Lucas Cell 330A7 (Pylon Electronics 
Inc.) is a field system used to transfer radon in test water to a Lucas Cell. This can be analysed 
in the field or returned to the laboratory for counting. It should be noted that once transferred 
to a Lucas Cell in the field, transport can be undertaken without loss of radon from the system. 
One study has reported sensitivity to 0.11 Bq L-1 in field samples. 
 

7.5.3 Comparison of techniques 

7.5.3.1 Sample sizes and limits of detection 

Generally for radiochemical techniques, lower limits of detection can be achieved by 
processing larger sample volumes combined with increased detection times. However, for 
dissolved radon, there is very little potential for sample processing as the radon gas would be 
readily lost. Laboratories are therefore mainly limited to direct analysis or analysis where radon 
is trapped rapidly from the sample. 

Sample sizes are therefore limited to matching a pre-defined specification, typically about 500 
mL for gamma spectrometry, 20 mL for lab based LS analysis, 10 mL for field based LS 
preparation and 40 to 100 mL for field instruments. One laboratory undertakes a solvent 
extraction of radon into toluene from a 500 mL sample.  

                                                
5 www.saphymo.com/ftp/ecatalogue/154/ag_fb_gb_04_144dpi_ebook.pdf 
6 www.durridge.com/products_rad7.shtml 
7 http://www.pylonelectronics.com/pylonpdfs/DS106R1.pdf 

http://www.saphymo.com/ftp/ecatalogue/154/ag_fb_gb_04_144dpi_ebook.pdf
http://www.durridge.com/products_rad7.shtml
http://www.pylonelectronics.com/pylonpdfs/DS106R1.pdf
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Detection times can be set by laboratories and will depend on the limit of detection required. 
Generally, field studies have been reporting concentrations down to about 1 Bq L-1. This is 
clearly lower than the minimum detection level of 10 Bq L-1 specified in the directive.  
 

7.5.3.2 Ease of application 

There are a number of analytical approaches to the determination of activity concentrations of 
radon in drinking water. These fall into three broad categories: 

 sample collection and analysis in field 

 sample collection in field with analysis in the laboratory  

 sample collection in field with further preparation and analysis in the laboratory. 
 

Table 29 summarises the basic advantages and disadvantages of each analytical approach. 

 

Table 29: Advantages and disadvantages of each sampling technique 

Approach Example Advantages Disadvantages 

Sample 
collection and 
analysis in field. 

RAD7 system. 

AlphaGUARD 
system. 

No transport of samples 
required. 

Results generated 
rapidly. 

Can undertake repeat 
measurements 
immediately if sample 
collection compromised. 

Requires specialist field 
measurement capability. 

Requires specialist 
instrumentation operator in the 
field. 

Number of samples limited (one 
per system at a time). 

Sample 
collection in 
field with 
analysis in the 
laboratory. 

 

LS counting with 
in-field prep of 
vials. 

Lucas Cell 
collection (WG-
1001). 

LS counting sample 
collection/return by non-
specialist staff. 

Sample volumes are 
relatively small. 

LS counting - large 
numbers of samples 
can be processed 
simultaneously. 

Lucas Cell – sensitivity 
is very high. 

Lucas Cell system requires 
specialist field collection 
capability. 

Lucas Cell system operation 
requires specialist staff. 

LS counting – potential 
deterioration of sample in 
transport. 

LS counting – laboratory must be 
equipped with LS counting 
spectrometer. 

Sample 
collection in 
field with further 
preparation and 
analysis in the 
laboratory. 

 

LS counting on 
returned waters. 

Gamma 
spectrometry. 

Sample collection/return 
by non-specialist staff. 

LS counting - sample 
volumes are relatively 
small. 

Field equipment is very 
inexpensive. 

Higher sample 
throughput. 

Potential deterioration/loss of 
sample in transport. 

Results turnaround slower than 
field measurements. 

Laboratory must be equipped 
with LS counting and/or gamma 
spectrometers. 

Courier services must be 
available at time of collection. 

Longer turnaround compared to 
field methods. 
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7.5.3.3 Equipment requirements 

With regard to which type of system is most suitable, individual laboratories need to consider 
a number of factors: 

 What equipment do they currently operate that is suitable for measurement of radon 
in drinking water? 

 What are the costs for buying and maintaining laboratory and/or field measurement 
systems? 

 How many samples a year do they need to analyse? 

 How geographically dispersed are the sample collection points? 

 What availability do they have for sending skilled operators into the field (for field 
measurements)? 

 

In some regards, a laboratory seeking to undertake the measurement of radon in drinking 
water is initially likely to select a method that suites their current level of instrumentation. For 
example, laboratories already operating gamma spectrometers are more likely to select that 
technique rather than committing to the outlay on a new LS counting spectrometer which may 
not be fully utilised. Further, introduction of a new spectrometry system will increase the quality 
assurance (QA) requirements for maintenance, calibration, validation, etc. of the new 
instrument and associated methods. 

For laboratories with no current capability, the relative costs of purchasing and installing 
laboratory based and field systems will be a key factor. Further, laboratory based systems 
need a suitable location and generally a highly specialised operator to set the instrument up 
and maintain it in operating condition. Operating field systems requires a lesser degree of skill 
than lab-based systems.  

For laboratories required to measure from geographically dispersed locations, the advantage 
of field measurements must be offset against the costs associated with sending skilled 
operators out to the field for long periods of time. In these cases, a lab-based system combined 
with remote collection might be considered cost effective, although the QA of sampling must 
be controlled. 
 

7.5.3.4 Quality Assurance (QA) 

The DWI, in its information letter 5/20138 to interested parties makes it clear that they require 
all laboratory testing in support of compliance with the drinking water quality regulations must 
be undertaken by laboratories holding both ISO 17025 accreditation and conforming to the 
Drinking Water Testing Specification (DWTS) Standard. This standard sets out the conditions 
a laboratory must meet in order to be granted accreditation. 

QA of sample collection 

Within the DWTS there is a clear statement that field measurements must be fully accredited 
by UKAS against ISO 17025. Further, all sample collection and transport activities must 
equally be accredited by UKAS and comply with ISO 17025. 

It could be reasonably expected that samples of radon in drinking water are being collected 
from the same locations as samples taken for other determinands. The sample collection staff 
therefore should already be suitably accredited for collection for those other parameters. 
Although there are slight technical differences in sample collection procedures for dissolved 
radon, it would seem reasonable that these staff could have their accreditation extended to 
include sampling for radon in water although there are cost implications in providing new 
training and extending evidence of competencies of sampling staff to undertake this work. 

                                                
8 DWI 2013: http://dwi.defra.gov.uk/stakeholders/information-letters/2013/05-2013.pdf 

http://dwi.defra.gov.uk/stakeholders/information-letters/2013/05-2013.pdf
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However, this work would seem highly suitable for staff based at the sample collection points 
already undertaking sampling work. 

QA of field analysis 

Where field measurement systems are being used, it would seem likely that this will be 
operated by specialist staff trained to hold suitable competencies under an ISO 17025 QA 
system. The field systems will need to be validated and the standard operating procedures 
prepared to ensure compliance with ISO 17025. Further, it would seem likely that only a limited 
number of specialist staff would be able to operate the measurement systems in the field. 

In principle, it would seem the field measurement equipment could be sent to various collection 
points for local sampling staff to undertake field measurements. However, this would require 
a much greater level of training, ongoing competency demonstration and auditing to ensure 
all local staff were working within the requirement of an ISO 17025 QA system. 

The main issue surrounding field systems is the availability of a suitable radon in water 
standard for validation work. Currently, NPL cannot provide such a solution. At time of 
preparation of this report they have also withdrawn the service for providing radon gas 
standards which could be used to calibrate certain types of detector. One laboratory has 
reported the use of a revigerator jar to generate radon in water solutions of known 
concentration. However, such systems have not been commercially available for many years 
and, again, even if used, it is difficult to see how the activity concentration of radon in water 
could be controlled sufficiently to act as a calibration standard. (Karangelos et al., 2002) has 
described a method for the preparation of a secondary radon in water standard based on the 
known diffusion rates of radon into water from a reference concentration of radon gas. To 
prepare such a secondary standard would be a technically complex undertaking, suitable only 
for specialised laboratories that already have access to calibrated sources of radon gas. 

QA of laboratory based systems 

Laboratory based systems are more amenable to standardisation and validation as suitable 
standards are readily available and do not rely on access to a source of calibrated radon gas. 
Gamma-ray spectrometers can be calibrated using mixed nuclide standards. These are 
provided by NPL and are traceable to national standards. They provide a calibration curve 
over a radiation energy range entirely suitable for the measurement of radon daughters, which 
can be in radioactive equilibrium with the parent gas in less than three hours after collection. 
LS spectrometers can be calibrated by forming a two-phase LS counting system from an 
aqueous solution of radium-226 and an immiscible oil-based scintillant to absorb the radon-
222 daughter. Calibrated radium solutions, traceable to national standards, are available.  
 

7.5.3.5 Throughput 

In considering the suitability of the different approaches some consideration needs to be given 
to sample turnaround times and throughput. 

According to manufacturer claims, field systems can produce an analytical result within one 
hour of taking the water sample. However, before the sample can be collected, the system will 
need to be set up on site and the sample collected carefully as described above. It would seem 
likely that, from arrival to departure at a given sampling point, it will take about 90 to 120 
minutes for a single result. Further, if a number of samples have to be collected at different 
geographical locations, the travel time between sites must also be taken into consideration. 
Therefore, as an estimate, it might seem reasonable that two to four measurements per day 
will be the maximum achievable for a field based system. 

For laboratory based systems, there is a potentially greater throughput. From the small amount 
of information available, including the experience at the laboratory at CRCE Scotland (PHE), 
sample count times are set at about 2,000 to 5,000 seconds. However, these count times are 
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capable of producing results with limits of detection better than 1 Bq L-1. Given the new 
Directive requires demonstration of an activity concentration of 10 Bq L-1 as a performance 
characteristic, count times could be reduced greatly (<300 s) allowing a far greater sample 
throughput. Additionally, lab-based systems allow the use of multiple collection teams in the 
field sending in samples so potentially a large number of sample can be collected, transported 
and processed, up to 40 per day would seem reasonable for a single counting system.  
 

7.5.3.6 Cost / ranking of costs 

There are very few laboratories in the UK offering radon in water testing as a commercial 
service so there is no sensible cost comparison. However, it seems reasonable to assume 
that the overall cost of a commercial service will be dependant, principally, on three 
components: 

 Purchase of measurement equipment 

 Cost of training staff and gaining accreditation 

 Staff hours per measurement. 
 

Purchase of equipment 

The cost of a field-based system is of the order of £5,000 to £7,000. A laboratory-based 
gamma spectrometry system, including suitable shielding is of the order of £70,000 to £90,000 
whilst a suitable LS counting spectrometer is in the region of £30,000 to £50,000. 

Training staff and gaining accreditation 

Field based systems would be supplied with full manufacturer’s instructions. It might be 
expected that technically competent staff would be able to operate the equipment with minimal 
training and familiarisation (a few staff days). However, due to the nature of the equipment it 
might be practicable to limit the training to a small group of specialist staff.  

The effort required for training staff for radon in water measurement using lab based systems 
would very much depend on the level of expertise currently available. For a laboratory with no 
experienced staff available, i.e. a completely new set-up, it would be reasonable to assume staff 
training times of the order of six months to a year. However, where the laboratory currently has 
staff operating gamma spectrometers or LS instruments for other applications, training would be 
much shorter, possibly of the order of a few staff days. 

For laboratories with suitable spectrometers in place already, but not currently undertaking 
radon in water measurement, there would be time required for preparation of calibration curves, 
LS windows etc. Again, where trained staff are available this might be of the order of a few staff 
days to one or two staff weeks of effort. 

For any laboratory undertaking the determination of radon in drinking water, the DWTS requires 
the procedure to be fully accredited against ISO 17025 and Lab 37 standards. The validation 
process is complex for any new analysis and it is estimated likely to cost a laboratory of the 
order of £5,000 to £10,000 in staff time and accreditation fees. For radon in drinking water there 
is the additional cost of producing a suitable standard for the validation process. This might 
require specialised work as there is no readily available source of suitable reference standards.  

Staff hours per measurement 

Due to the nature of the procedures, staff time required per measurement is very closely related 
to throughput as noted earlier in this section. 

For field systems, staff are required throughout the measurement process so therefore about 90 
to 120 minutes of staff time is required per measurement. 

For lab based gamma spectrometry, samples must first be collected in the field. Given this must 
be done with extreme care to prevent radon loss, it is estimated it would require 15 to 30 minutes 
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to collect one sample. Once returned to the laboratory, the sample would be counted directly, 
so there is no preparation time. Staff time required to operate the gamma spectrometer for these 
samples is estimated to be of the order of 10 to 20 minutes per sample. 

For LS spectrometry, a small amount of time is required to prepare the counting source (unless 
this is done already in the field). This is estimated to be about 10 minutes per sample (if a 
reasonable sized batch of samples had been supplied). Further, LS spectrometers are capable 
of processing large numbers of samples and are equipped with sample auto-changers. Operator 
time for the spectrometer is of the order of a few minutes per sample on average. 

7.6 Recommended analytical methods 

There are a number of potential analytical methodologies available for water testing laboratories. 
All methodologies and approaches have the capability of providing measurements of radon in 
water which meet the required sensitivity of 10 Bq L-1. The main factor in the selection of any 
particular methodology is likely to be its current capability and ease of extension of that capability 
to radon in water measurements. 

For example, laboratories with no analytical capability or experience may favour field-based 
systems. These have the advantage of lower purchase costs and are provided with full 
instructions. However, sample throughput is limited, the equipment requires the use of trained 
analytical staff in the field and potential significant travel times between sampling points. Further, 
it is not clear at present how amenable such systems are to ISO 17025 accreditation, given the 
present lack of available reference standards for radon in water. 

Laboratories who provide a testing capability which currently does not include radioactivity 
testing will have to make a large outlay on the basic instrumentation, plus further expenditure 
on servicing, consumables and extension of ISO 17025 accreditation. Further, although they will 
already have technically skilled staff, some re-training will be required to operate the new 
equipment and set it up for radon in water determination. Once in routine operation, the running 
costs above those outlined above will be relatively low. 

Laboratories that currently operate a radiochemistry testing facility are likely to prefer to use 
existing instrumentation and staff to undertake radon in water testing. There will be some training 
and set up costs but these will be low compared to those for other laboratories. Further, the 
laboratory will already be committed to the necessary spend to maintain and operate the 
detectors. There will be costs for extending UKAS accreditation, but this is true for all cases 
described here. 

7.7 Conclusion 

A number of analytical methods exist for the determination of the activity concentration of radon 
in drinking water. All these methods are capable of meeting the performance characteristic 
described in the new Directive of 10 Bq L-1. Each of the analytical methods identified is 
considered acceptable for use in determining radon concentrations in water as long as it is 
undertaken by suitably trained staff and applied with appropriate quality controls. 

Systems can be field based which undertake work at the point of sample collection, or laboratory 
based which rely on samples being provided from the field by collection or courier services. The 
preferred analytical methodology selected by a laboratory will depend on its current testing 
capability and resources. Regardless of which method is selected, all collection and 
measurement systems must be included within an ISO 17025 accredited system which also 
conforms to the DWTS. Whilst these requirements are already well known to most laboratories, 
there are problems in applying it to the determination of radon in water due to the lack of suitable 
reference standards, particularly for field-based methods. 
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8 General discussion and conclusions 
During this project to understand the implications of new Directive proposed to radon in 
drinking water, we assessed various aspects of the risk assessment paradigm, namely hazard 
identification and characterisation, exposure assessment and risk characterisation, with the 
aim to better understand the impact of such regulations. 

Objective 1 reviewed the literature to gather data on exposure to radon following exposure via 
air and drinking water and the associated health implications (i.e. the hazard). An exposure 
assessment in terms of how the public would be exposed was also addressed as well 
proposing levels that would be ‘inappropriate to exceed’.  

Objectives 2 and 3 focussed on the exposure assessment in terms of the levels of radon in 
water supplies, by gathering data from water companies and local authorities (objective 2) or 
from a literature review of published and grey literature (objective 3). 

During the risk characterisation stage, exposure data (measurements of radon in water) 
obtained from objective 2 and 3 was compared with the proposed parametric value to gain 
understanding of the implication of the use of such values, either in terms of potential health 
risk or in terms of potential remediation/treatment of water sources.  

Following the risk assessment paradigm, hazard identification and characterisation, exposure 
assessment and risk characterisation have been considered as part of this project.  

In terms of hazard identification and characterisation, the two main pathways by which people 
can be exposed to radon from domestic water supplies are inhalation and ingestion. The main 
hazard following exposure to radon by inhalation is lung cancer. Biokinetic models show that 
radiation doses from inhaling radon are dominated by doses to the lung from the short-lived 
decay products of radon. There is strong epidemiological evidence that inhalation of radon is 
a major cause of lung cancer with additional risks proportional to long term exposure. 
Biokinetic models show that ingestion of radon and its decay products results mainly in 
radiation dose to the stomach. Epidemiological studies have failed to show a link between 
radon ingestion from drinking water and stomach cancer.  

When radon is present in a domestic water supply, it will lead to both exposure pathways. The 
relative significance of each pathway can be evaluated by assessing the extent to which radon 
in water leads to: ingestion doses directly through water consumption; and inhalation doses 
from liberation of dissolved radon to air. Radon in water is released to air during normal 
household activities such as showering, washing and cooking. Factors such as temperature 
and agitation of water significantly affect the amount that remains dissolved in water and that 
released into the air. Human ingestion of radon in water is influenced by tap water 
consumption rates and the modifying effect of normal processes such as boiling water for hot 
drinks. Overall, doses and risks from inhalation are assessed to be significantly larger than by 
ingestion, perhaps by a factor of around six to eight. 

Criteria for radon in water in the range 100 to 1,000 Bq L-1 are permitted in the new Directive. 
Various studies suggest that radon in water at 1,000 Bq L-1 increases the concentration in 
indoor air by approximately 100 Bq m-3 and, correspondingly, 100 Bq L-1 by 10 Bq m-3. The 
current Action Level for radon in air in homes in the UK is 200 Bq m-3.  Exposure from radon 
in water at the upper end of the Directive range (1,000 Bq L-1) leads to air concentrations 
below this Action Level. Radon in water in the range 100 to 1,000 Bq L-1 implies an annual 
inhalation dose in the range 0.5 to 5 mSv. ICRP recommends that radon exposures should be 
treated as ‘existing exposure situations’, in which annual individual exposures should be 
managed within the range 1 to 20 mSv. The average air concentration of radon in UK homes 
is 20 Bq m-3, giving an average annual exposure to radon of 1 mSv. The UK Committee on 
the Medical Aspects of Radiation in the Environment (COMARE) concluded that the risk to 
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health from drinking water with 1,000 Bq L-1 radon would be similar to the risk from exposure 
to radon in air at the Action Level of 200 Bq m-3.   

Proposals are made for a concentration of radon in water that would be ‘inappropriate to 
exceed’, based on the following elements: 

 Radon in tap water leads to radiation exposure through inhalation and ingestion.  

 The main route of exposure to radon from tap water is via inhalation with the dose 
from ingestion being small in comparison. 

 It is appropriate to consider the impact and control of radon in water in the context of 
the overall management of radon exposure and in relation to control of radon in indoor 
air. 

 Radon in water at 1,000 Bq L-1 results in concentrations in air and radiation exposures 
that are consistent with overall international criteria for radon management and 
similar to levels used for the management of indoor airborne radon from ground 
sources. 

 

Based on these, a concentration of 1,000 Bq L-1 of radon in water is proposed as a level which 
is deemed ‘inappropriate to exceed’. Consistent with international radiological protection 
guidance and the Directive, some optimisation of protection can be envisaged below this level. 

Interaction between the value that is considered ‘inappropriate to exceed’ and the 
parametric value 

The new Directive sets a default parametric value of 100 Bq L-1 which, if exceeded must be 
investigated for its cause (Art 7.1) and assessed to determine whether the failure poses a risk 
to human health (Art 7.2). The Directive (Annex 1 note 1a) permits Members States to set a 
level that is considered ‘inappropriate to exceed’ and below which optimisation of protection 
should be continued. Such levels may be set in the range 100 to 1,000 Bq L-1. Member States 
(Annex 1, Note 1a) may also choose, for reasons of simplicity, to adjust the parametric value 
to be equal to the value that is considered ‘inappropriate to exceed’.  

Analysis presented in this report supports the use of a level of 1,000 Bq L-1 as being 
‘inappropriate to exceed’ and gives an outline of conditions in which optimisation might support 
remedial action at concentrations as low as 100 Bq L-1 , such as where a water source supplies 
a number of premises. This is consistent with the Directive that asserts that remedial action is 
justified on radiological protection grounds without further consideration, at concentrations 
over 1,000 Bq L-1.  

It is suggested here that the UK could retain the parametric value at its default value of 100 
Bq L-1. This would support appropriate investigations that would be needed to undertake the 
optimisation that is a corollary of specifying a level that is ‘inappropriate to exceed’ and that 
would, for example, be expected in determining whether other nearby properties share the 
water supply and also have high concentrations.  

This approach would be consistent with the hazard mapping approach proposed in this report. 
The limited volumes of data and the variability of water networks precludes the establishment 
of maps that would allow numerical predictions to be made of the probability of exceeding 
specific radon levels in water. However, the prototype hazard mapping methodology uses 
ranges of observed concentrations of radon in water that reflect the two criteria. 
Measurements in excess of 500 Bq L-1 indicated that a hydrogeological class should be 
assigned to the High Hazard category. Similarly, measurements in excess of 50 Bq L-1 
indicated that the hydrogeological class should be assigned to the Moderate Hazard category. 

For homes with private non-shared water supplies, the most relevant criterion is that identified 
as being ‘inappropriate to exceed’. For these homes a test of the home for radon in air should 
be conducted with the aim of identifying an elevated air concentration of radon that is indicative 
of a concentration in water that is inappropriate to exceed. This approach would not be 
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practical as a means of identifying water-originated concentrations at the parametric value 
level since this is expected to lead to indoor air concentrations around 10 Bq m-3 which is half 
of the average level for all UK homes and not very much above the typical outdoor 
concentration of radon of a few Bq m-3.  

The recommended approach would therefore employ two criteria:  a parametric value of 100 
Bq L-1, used principally to investigate water sources serving a number of premises; and a level 
of 1,000 Bq L-1, that is considered inappropriate to exceed. Concentrations exceeding the 
value considered as ‘inappropriate’ should be addressed, typically through remedial 
measures. Concentrations above the parametric value in supplies that serve a number of 
premises should be considered further and, under the principle of optimisation, consideration 
given to taking action to reduce radon concentrations in the water supply. 

To carry out the exposure assessment, water companies and local authorities were 
approached for data and a literature review was carried out to retrieve data in the published 
literature. As reported in objective 2, based on all data obtained from water companies and 
local authorities, the mean concentration of radon measured in tap water from public supplies 
was lower than from private supplies, which are accounted for by the levels at treatment plants 
being compared with aquifers, boreholes, wells etc. In terms of sample type, levels in piped 
supplies/taps had lower concentrations of radon compared with boreholes or wells, consistent 
with the loss of radon due to degassing as a result of water turbulence with the supply system 
and natural radioactive decay whilst the water is resident in the supply. However, no samples 
had radon levels that exceeded 1,000 Bq L-1.  

Similarly, as demonstrated in objective 3, the mean concentration of radon was lower in tap 
compared with source water using data from published literature. However, the DETR study 
reported maximum levels of radon in tap water exceeded 1,000 Bq L-1 in eight properties in 
areas with underlying granite, basic igneous intrusion, lower Carboniferous rock and upper 
Devonian and lower Carboniferous rock, areas known for their high radon in air levels, and 53 
% of all properties tested exceeded 100 Bq L-1 (DETR, date unkown). Similar high values were 
reported by Hesketh (1982) in granite regions. In contrast, other authors reported values of 
<1000 Bq L-1 in radon affected areas (Allen et al., 1993, Assinder and Russell, 2003).  

By using a banded approach to hazard mapping, the prototype hazard identification map 
includes boundaries between zones in different hazard bands. Care should be taken in 
interpreting the hazard of sources that lie close to a boundary, as the scale of mapping limits 
the precision of boundaries, and hazard may also change with depth, especially near 
boundaries. The location of measurement data points has been subject to a degree of spatial 
generalisation (to 1 km resolution). The reported location of a source may also represent a 
local pumping or treatment works, rather than the actual borehole. 

The map also represents a single predominant hydrogeology at any location. Some water 
sources may be drawn from a hydrogeological stratum other than (e.g. deeper) that which is 
represented on the map at that grid coordinate location. Water companies should assess the 
hazard at a borehole by using their knowledge of the borehole construction and exploited 
aquifer, with the radon hazard classifications in Appendix 6. 

For homes with private water supplies, there is a strong correlation between the areas 
identified here as representing a High Hazard for radon in water and 1 km grid squares 
containing existing radon affected areas, as are defined by PHE/BGS for radon in air. 
Estimates indicate that in England and Wales only 2% of homes with private groundwater 
water supplies on High Hazard areas are not in one of these grid squares9. 
 

                                                
9 This assessment was made using data from the Indicative Atlas of Radon, which colour codes a 1 kilometre grid square if any part of the square 
is radon affected (i.e. at least 1% radon potential).  
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Because of the definition of the Moderate Hazard category for radon in water, the correlation 
is not as complete with around 10% of homes with private groundwater water supplies in 
Moderate Hazard areas lying outside the 1 km grid squares that contain radon affected areas. 
There is greater uncertainty in Scotland where around 30% of sources with high or moderate 
hazard lie outside the 1 km grid squares that contain radon affected areas. Because of the 
small number of sites this analysis was not made for Northern Ireland.  

This means that for homes in radon affected areas, the existing advice to obtain a test of radon 
in indoor air will be applicable and will identify high levels of radon arising either from the 
ground or from the private water supply. For householders with private water supplies it may 
be appropriate to extend this advice, for the purpose of assessing risk from radon in water 
only, to include those homes lying anywhere in the 1 km grid squares that include radon 
affected areas. Online resources, including the radon indicative atlases and an interactive 
map, identifying these areas are already available on the Gov.uk and UKradon.org websites. 

Analysis of the radon in air map, the hazard map and the (generalised) locations of these 
homes suggests that many lie very close to the boundary of a radon affected area while some 
lie on zones that are not differentiated on the water hazard map but are for the purpose of 
radon in air. The poorer correlation in Scotland is assumed to be due to fewer radon in air 
samples, coupled with the presence of extensive layers of glacial sediments that can trap 
radon in bedrock, where it will have less effect on air, but may still pose a hazard in 
groundwater.  

The Moderate Hazard category in particular includes many areas where there is some limited 
inherent radon potential but insufficient information to further characterise the area in terms of 
hazard in water. Further analysis suggests that a significant number of the homes concerned 
lie in a small number of Moderate Hazard hydrogeological zones. A programme of sampling 
(of radon in air and water) in a subset of these homes with private drinking water supplies 
might support an improvement in this aspect of the hazard mapping. Table 30 lists the rock 
units where more than 100 High and Moderate Hazard sources lie outside the 1 km grid 
squares that contain radon affected areas. 
 

It should be noted that homes with non-shared private water supplies would be most likely to 
be controlled at the 1,000 Bq L-1 level, since the costs of intervention would not be shared 
between multiple premises. Figure 12 in Section 5.5, shows that the highest concentrations of 
radon in water occur in the highest band of radon-in-air potential. Appendix 6 shows that this 
band is strongly associated with the High Hazard category. Thus, the prevalence of highest 
levels of radon in water is concentrated in areas where advice to test for radon in air already 
applies.  

With regard to the proposed limit of detection of radon in the new Directive we have found that 
a number of analytical methods exist for the determination of the activity concentration of 
radon in drinking water. All these methods are capable of meeting the performance 
characteristic described in the new Directive of 10 Bq L-1.  
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Table 30 : Rock units where sources with radon in water hazard lie outside 1 km squares containing 
radon affected areas* 

Hazard Rock unit 
Number of sources not 
in 1km square with 
radon affected areas 

England and Wales 

High LOWER DEVONIAN ROCKS (UNDIFFERENTIATED) 165 

Moderate UPPER GREENSAND FORMATION 101 

SILURIAN ROCKS (UNDIFFERENTIATED) 105 

GAULT FORMATION 113 

PENNINE LOWER COAL MEASURES FORMATION AND 
SOUTH WALES LOWER COAL MEASURES FORMATION 
(UNDIFFERENTIATED) 

163 

MILLSTONE GRIT GROUP 502 

Scotland 

High UNNAMED IGNEOUS INTRUSION, LATE SILURIAN TO 
EARLY DEVONIAN 

194 

Moderate APPIN GROUP 194 

INVERCLYDE GROUP 107 

GRAMPIAN GROUP 126 

UNNAMED IGNEOUS INTRUSION, ORDOVICIAN TO 
SILURIAN 

161 

MIDDLE OLD RED SANDSTONE (UNDIFFERENTIATED) 242 

UNNAMED EXTRUSIVE ROCKS, DINANTIAN 367 

HAWICK GROUP 518 

ARGYLL GROUP 693 

* Because of the small number of sites, this analysis was not made for Northern Ireland.  
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8.1 Key recommendations to DWI 

1) A concentration of 1,000 Bq L-1 of radon in a drinking water supply represents a level that 
should be considered ‘inappropriate to exceed and below which optimisation of protection 
should be continued’. To meet the conditions permitted in the Directive, it is proposed that this 
criterion should be expressed in the form: “concentrations at or above 1,000 Bq L-1 are 
considered inappropriate”. This concentration yields an indoor concentration of air similar to 
that which is already used to manage radon entering buildings from the ground.  

2) The parametric value should be retained at its default value of 100 Bq L-1 to support 
investigation and optimisation. Optimisation of protection should include consideration of 
intervention to reduce radon concentrations in the range 100 to 1,000 Bq L-1, especially where 
they occur in water supplies serving multiple premises. Intervention to reduce radon 
concentrations in water supplies serving multiple premises may allow costs to be averaged 
over multiple properties to avoid exposures of the occupants of each property. 

3) A scheme should be adopted, for public and private water supplies that uses 
hydrogeological and radon-related geological information together with evidence from existing 
measurements of radon in water, to identify geographical areas where the hazard of 
significantly elevated concentrations is assessed to be Low, Moderate or High. The Hazard 
Identification Scheme would enable effort to be focussed in areas where high concentrations 
are most likely to occur and would provide a basis for providing advice and making decisions 
about whether specific water supplies should be tested for radon. A preliminary Hazard 
Identification Scheme has been prepared for use and is described in detail elsewhere in this 
report.  

4) In High Hazard areas, appropriate monitoring should be undertaken to identify where 
significant elevated concentrations of radon occur in water supplies that might require action 
to reduce concentrations. High Hazard areas are those where existing measurements of radon 
in water and supporting scientific evidence suggest that elevated concentrations are more 
likely to occur.  

5) In Low Hazard areas, monitoring of radon in drinking water sources is considered not to be 
necessary for the purposes of identifying water sources that might require action. Low Hazard 
areas are those where evidence suggests that significantly elevated concentrations of radon 
in water are not expected. 

6) In Moderate Hazard areas, appropriate monitoring should be undertaken to identify where 
significant elevated concentrations of radon occur in water supplies that might require action 
to reduce concentrations. Moderate Hazard areas are those where there is some evidence to 
suggest that significantly elevated radon levels may occur in water sources, but the prevalence 
and distribution of concentrations is expected to be lower than areas of High Hazard but there 
is insufficient evidence to support assignment to other hazard categories.  

7) In each hazard band further measurements of radon in a range of water sources should be 
made to develop the evidence base and support future review and update of the Hazard 
Identification Scheme and the assignment of areas to the various hazard bands. The overall 
reported number of measurements of radon in water is limited and is less than 1% of the 
number available for radon in air.  The measurements themselves are less standardised, they 
often represent spot samples at various points in the water network and some have poor 
quality location data. Improvements to the form and structure of the Hazard Identification 
Scheme could be achieved if the evidence base were improved. 

8) Surface water sources that have any of the following characteristics (primarily fed from 
rainfall or a substantial river, long residence time (>few days) in a volume that is open to air, 
presence in sustained open air turbulent flow or agitation) are unlikely to have significantly 
elevated radon concentrations, irrespective of the local hazard band, and monitoring of radon 
in such sources is considered not to be necessary for the purposes of identifying water sources 
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that might require action. Water sources that fall clearly into this category would be: rivers, 
reservoirs and lakes. The situation is less clear-cut for some surface sources, such as springs 
or streams with a nearby upstream spring source, that are likely to have had significant contact 
with radon emanating ground material.  Once a water source has no or minimal contact with 
a solid matrix that emanates radon, the concentration of radon will reduce according to the 
radioactive half-life. An open water body that undergoes significant turbulence (e.g. flowing 
rivers) will lose a significant proportion of its radon content to atmosphere. 

9) Further investigations should be made to clarify those types of water source that can be 
characterised as being ‘surface water’ with the aim of identifying the tangible characteristics 
that lead to low radon concentrations (e.g. one or more of the following: not directly derived 
from the ground (e.g. rainfall), long residence time, significant turbulence, significant open air 
boundary) and those that should be treated as having characteristics of ground water (e.g. 
derived from the ground with one or more of the following attributes: short residence time, low 
turbulence, limited open air boundary). The current database of radon measurements in water 
does not always clearly identify water sources (e.g. springs) that may have been sampled at 
a location where the water has the characteristics of ‘ground water’. 

10) The most relevant criterion for householders with a private non-shared water supply is 
1,000 Bq L-1 since this protects at a level comparable with control of ground derived radon. 
The possible presence of such a level of radon can be indicated with a standard radon-in-air 
measurement. Most of the homes with such a water supply in High and Moderate Hazard 
areas, where the highest levels of radon in water are expected, are in the 1 km grid squares 
that contain radon affected areas. Radon testing is already advised in radon affected areas. 
Therefore existing advice to test for radon in air can also support the identification of homes 
that might have high indoor radon levels arising from a private water supply in these areas.  For 
householders with private water supplies it may be appropriate to extend this advice, for the 
purpose of assessing risk from radon in water only, to include those homes lying anywhere in 
the 1 km grid squares that include radon affected areas. Online resources, including the radon 
indicative atlases and an interactive map, identifying these areas are already available on the 
Gov.uk and UKradon.org websites. 

11) Some areas with identified private water supplies are classified as being at Moderate or 
High Hazard for radon in water but lie outside the 1 km grid squares that contain radon affected 
areas. In these areas there is presently no advice to test for radon and no published means 
of identifying them. Further investigations of levels of radon arising from private water supplies 
in these areas would identify whether the hazard map could be refined and/or further advice 
is needed.   

12) A range of analytical testing methods are available, both laboratory based and in-situ, that 
can be used to determine radon concentrations in water within relevant concentration ranges, 
including a Minimum Detectable Concentration (MDC) of 10 Bq L-1. A range of techniques 
were identified in the study, all capable of yielding reliable results and meeting the MDC 
criterion. Each of the analytical methods identified is considered acceptable for use in 
determining radon concentrations in water as long as it is undertaken by suitably trained staff 
and applied with appropriate quality controls. 

13) A national database of measurements of radon in water should be established and 
maintained to provide the evidence base to support the future review of the Hazard 
Identification Scheme. Such a database would need to capture appropriate information (e.g. 
location, type of water source, sample date, method used) as well as providing appropriate 
privacy and information security controls. 

14) The Hazard Identification Scheme should be reviewed in the light of additional 
measurements of radon in water made in a range of areas. The monitoring data should 
encompass measurements made to support risk assessment in areas of Moderate and High 
Hazard as well as a wider programme to enhance the evidence base across the range of 
hazard areas and types of water source. 
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Appendix 1 - Literature review search terms 
Radon 

AND 

Fresh water OR freshwater OR groundwater OR ground water OR drinking water OR potable 
water OR water supply OR water supplies OR water distribution 

 

Objective 1 

AND 

Radiological assessment OR dose estimate OR total indicative dose OR exposure OR 
‘adverse health effects’ OR *toxic* OR cancer OR carcinogen* 

 

Objective 3 

AND 

Level OR measurement OR measure OR occurrence) 

AND 

(England OR Wales OR Scotland OR Northern Ireland OR UK) NOT (New England OR New 
South Wales) 
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Appendix 2 - Information source form showing 
data retrieved 

INFORMATION 
SCIENTIST 

LINI ASHDOWN, CRANFIELD UNIVERSITY 

Date accessed December, 2013 

Search terms 
Number of 
records 

Objective 1  

((TITLE-ABS-KEY(radon) AND TITLE-ABS-KEY(freshwater OR [fresh water] OR 
groundwater OR [ground water] OR [Drinking water] OR [Potable water] OR [Water supply] 
OR [water supplies] OR [Water distribution]) AND [radiological assessment] OR [dose 
estimate] OR [total indicative dose] OR exposure OR [‘adverse health effects’] OR *toxic* 
OR cancer OR carcinogen* AND PUBYEAR > 1979) 

Total 1,349 

Primary screening on titles 1,349 

Primary screening on abstracts 193 

Full papers retrieved 27 

  

Objective 3  

((TITLE-ABS-KEY(radon) AND TITLE-ABS-KEY(Freshwater OR [fresh water] OR 
Groundwater OR {ground water] OR {Drinking water] OR {Potable water] OR [Water 
supply] OR [water supplies] OR [Water distribution]) AND TITLE-ABS-KEY(level OR 
measurement OR measure OR occurrence)) AND PUBYEAR > 1979) AND ((KEY(England 
OR Wales OR Scotland OR [Northern Ireland] OR [United Kingdom]) AND NOT KEY([New 
England] OR [New South Wales])) AND PUBYEAR > 1979) 

Total 10 

Primary screening on titles 9 

Primary screening on abstracts 9 

Full papers retrieved 9 

Papers used in review 10* 

*papers added from different sources 
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Appendix 3 - DWI Information Letter 06/2013 
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Appendix 4 - Local authorities approached in 
England and Wales  

Name of local authority 

(‘priorities’ are in shaded rows) 

Bath & North East Somerset Council 

Breckland Council 

Carlisle City Council 

Ceredigion County Council 

Cherwell District Council 

Cheshire West and Chester 

Chiltern District Council 

Cornwall Council 

Cotswold District Council 

Craven District Council 

Cyngor Gwynedd Council 

Denbighshire County Council 

Derbyshire Dales District Council 

Doncaster Metropolitan Borough Council 

Dudley Metropolitan Borough Council 

Dwr Cymru  

East Lindsey District Council 

East Riding of Yorkshire Council 

Eden District Council 

Flintshire County Council 

Forest of Dean District Council 

Hambleton District Council 

Harrogate Borough Council 

Herefordshire Council 

High Peak Borough Council 

Kettering Borough Council 

Kirklees Council 

Malvern Hills District Council 

Mendip District Council 

North Kesteven District Council 

North Lincolnshire Council 

North Norfolk District Council 

Northampton Borough Council 

Northamptonshire County Council 

Pembrokeshire County Council 

Powys County Council 

Rutland County Council 

Selby District Council 

Shropshire County Council 

South Hams District Council 

South Kesteven District Council 

South Lakeland District Council 

South Norfolk District Council 

South Oxfordshire & Vale of White Horse 
partnership 

South Oxfordshire District Council 

South Somerset District Council 

St Edmundsbury Borough Council 

Staffordshire Moorlands District Council 

Stroud District Council 

Sutton & East Surrey  

Teignbridge District Council 

West Devon Borough Council 

West Oxfordshire District Council 

West Wiltshire District Council 

Winchester City Council 

Wrexham County Borough Council 

Wychavon District Council 

Adur and Worthing Councils 

Allerdale Borough Council 

Amber Valley Borough Council 

Anglesey 

Arun District Council 

Ashfield District Council 

Ashford Borough Council 

Aylesbury Vale District Council 

Babergh District Council 

Barnsley Metropolitan Council 

Barrow in Furness Borough Council 

Basildon District Council 

Basingstoke & Deane BC 

Bassetlaw District Council 

Bedford Borough Council 

Birmingham City Council 

Blaby District Council 

Blackburn with Darwen Borough Council 

Blackpool Borough Council 

Blaenau Gwent County Borough Council 

Bolsover District Council 

Bolton Metropolitan Borough Council 

Borough Council of King's Lynn & West 
Norfolk 

Borough of Poole 

Boston Borough Council 

Bournemouth Borough Council 

Bracknell Forest Borough Council 

Braintree District Council 

Brentwood Borough Council 

Bridgend County Borough Council 

Brighton & Hove Council 

Bristol City Council 

Broadland District Council 

Bromsgrove District Council 

Broxbourne Borough Council 
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Broxtowe Borough Council 

Buckinghamshire County Council 

Burnley Borough Council 

Bury Metropolitan Borough Council 

Caerphilly County Borough Council 

Calderdale Metropolitan Borough Council 

Cambridge City Council 

Cambridgeshire County Council 

Cannock Chase District Council 

Canterbury City Council 

Cardiff County Council 

Carmarthenshire County Council 

Castle Point Borough Council 

Central Bedfordshire Council 

Charnwood Borough Council 

Chelmsford Borough Council 

Cheltenham Borough Council 

Cheshire East Council 

Chesterfield Borough Council 

Chichester District Council 

Chorley Borough Council 

Christchurch and East Dorset 

City and County of Swansea 

City of Bradford Metropolitan District Council 

City of London Corporation 

City of York Council 

Colchester Borough Council 

Conwy County Borough Council 

Copeland Borough Council 

Corby Borough Council 

Council of the Isles of Scilly 

Coventry City Council 

Crawley Borough Council 

Cumbria County Council 

Dacorum Borough Council 

Darlington Borough Council 

Dartford Borough Council 

Daventry District Council 

Derby City Council 

Derbyshire County Council 

Devon County Council 

Dorset County Council 

Dover District Council 

Durham County Council 

East Cambridgeshire District Council 

East Devon District Council 

East Dorset District Council 

East Hampshire District Council 

East Herts Council 

East Northamptonshire District Council 

East Staffordshire Borough Council 

East Sussex County Council 

Eastbourne Borough Council 

Eastleigh Borough Council 

Elmbridge Borough Council 

Epping Forest District Council 

Epsom and Ewell Borough Council 

Erewash Borough Council 

Exeter City Council 

Fareham Borough Council 

Fenland District Council 

Forest Heath District Council 

Fylde Borough Council 

Gateshead Metropolitan Borough Council 

Gedling Borough Council 

Gloucester City Council 

Gloucestershire County Council 

Gosport Borough Council 

Gravesham Borough Council 

Great Yarmouth Borough Council 

Guildford Borough Council 

Halton Borough Council 

Hampshire County Council 

Harborough District Council 

Harlow Council 

Hart District Council 

Hartlepool Borough Council 

Hastings Borough Council 

Havant Borough Council 

Hertfordshire County Council 

Hertsmere Borough Council 

Hinckley & Bosworth Borough Council 

Horsham District Council 

Huntingdonshire District Council 

Hyndburn Borough Council 

Ipswich Borough Council 

Isle of Wight Council 

Kent County Council 

Kingston upon Hull City Council 

Knowsley Metropolitan Borough Council 

Lancashire County Council 

Lancaster City Council 

Leeds City Council 

Leicester City Council 

Leicestershire County Council 

Lewes District Council 

Lichfield District Council 

Lincoln City Council 

Lincolnshire County Council 

Liverpool City Council 

London Borough of Barking & Dagenham 

London Borough of Barnet 
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London Borough of Bexley 

London Borough of Brent 

London Borough of Bromley 

London Borough of Camden 

London Borough of Croydon 

London Borough of Ealing 

London Borough of Enfield 

London Borough of Hackney 

London Borough of Hammersmith & Fulham 

London Borough of Haringey 

London Borough of Harrow 

London Borough of Havering 

London Borough of Hillingdon 

London Borough of Hounslow 

London Borough of Islington 

London Borough of Lambeth 

London Borough of Lewisham 

London Borough of Merton 

London Borough of Newham 

London Borough of Redbridge 

London Borough of Richmond upon Thames 

London Borough of Southwark 

London Borough of Sutton 

London Borough of Tower Hamlets 

London Borough of Waltham Forest 

Luton Borough Council 

Maidstone Borough Council 

Maldon District Council 

Manchester City Council 

Mansfield District Council 

Medway Council 

Melton Borough Council 

Merthyr Tydfil County Borough Council 

Mid Devon District Council 

Mid Suffolk District Council 

Mid Sussex District Council 

Middlesbrough Council 

Milton Keynes Council 

Mole Valley District Council 

Monmouthshire County Council 

Neath Port Talbot County Borough Council 

New Forest District Council 

Newark & Sherwood District Council 

Newcastle upon Tyne City Council 

Newcastle-under-Lyme Borough Council 

Newport City Council 

Norfolk County Council 

North Devon District Council 

North Dorset District Council 

North East Derbyshire District Council 

North East Lincolnshire Council 

North Hertfordshire District Council 

North Somerset Council 

North Tyneside Council 

North Warwickshire Borough Council 

North West Leicestershire District Council 

North Yorkshire County Council 

Northumberland County Council 

Norwich City Council 

Nottingham City Council 

Nottinghamshire County Council 

Nuneaton & Bedworth Borough Council 

Oadby & Wigston Borough Council 

Oldham Metropolitan Borough Council 

Oxford City Council 

Oxfordshire County Council 

Pendle Borough Council 

Peterborough City Council 

Plymouth City Council 

Portsmouth City Council 

Preston City Council 

Purbeck District Council 

Reading Borough Council 

Redcar & Cleveland Council 

Redditch Borough Council 

Reigate & Banstead Borough Council 

Rhondda Cynon Taf County Borough Council 

Ribble Valley Borough Council 

Richmondshire District Council 

Rochdale Metropolitan Borough Council 

Rochford District Council 

Rossendale Borough Council 

Rother District Council 

Rotherham Metropolitan Borough Council 

Royal Borough of Greenwich 

Royal Borough of Kensington & Chelsea 

Royal Borough of Kingston upon Thames 

Royal Borough of Windsor & Maidenhead 

Rugby Borough Council 

Runnymede Borough Council 

Rushcliffe Borough Council 

Rushmoor Borough Council 

Ryedale District Council 

Salford City Council 

Sandwell Metropolitan Borough Council 

Scarborough Borough Council 

Sedgemoor District Council 

Sefton Metropolitan Borough Council 

Sevenoaks District Council 

Sheffield City Council 

Shepway District Council 

Slough Borough Council 
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Solihull Metropolitan Borough Council 

Somerset County Council 

South Bucks District Council 

South Cambridgeshire District Council 

South Derbyshire District Council 

South Gloucestershire Council 

South Holland District Council 

South Northamptonshire Council 

South Ribble Borough Council 

South Staffordshire Council 

South Tyneside Metropolitan Borough 
Council 

Southampton City Council 

Southend-on-Sea Borough Council 

Spelthorne Borough Council 

St Albans City & District Council 

St Helens Council 

Stafford Borough Council 

Staffordshire County Council 

Stevenage Borough Council 

Stockport Metropolitan Borough Council 

Stockton-on-Tees Borough Council 

Stoke-on-Trent City Council 

Stratford-on-Avon District Council 

Suffolk Coastal District Council 

Suffolk County Council 

Sunderland City Council 

Surrey County Council 

Surrey Heath Borough Council 

Swale Borough Council 

Swindon Borough Council 

Tameside Metropolitan Borough Council 

Tamworth Borough Council 

Tandridge District Council 

Taunton Deane Borough Council 

Telford & Wrekin Council 

Tendring District Council 

Test Valley Borough Council 

Tewkesbury Borough Council 

Thanet District Council 

Three Rivers District Council 

Thurrock Council 

Tonbridge & Malling Borough Council 

Torbay Council 

Torfaen County Borough Council 

Torridge District Council 

Trafford Metropolitan Borough Council 

Tunbridge Wells Borough Council 

Uttlesford District Council 

Vale of Glamorgan County Borough Council 

Vale of White Horse District Council 

Wakefield Metropolitan District Council 

Walsall Metropolitan Borough Council 

Wandsworth Borough Council 

Warrington Borough Council 

Warwick District Council 

Warwickshire County Council 

Watford Borough Council 

Waveney District Council 

Waverley Borough Council 

Wealden District Council 

Wellingborough Borough Council 

Welwyn Hatfield Borough Council 

West Berkshire Council 

West Dorset and Weymouth 

West Dorset District Council 

West Lancashire District Council 

West Lindsey District Council 

West Somerset District Council 

West Sussex County Council 

Westminster City Council 

Weymouth & Portland Borough Council 

Wigan Council 

Wirral Metropolitan Borough Council 

Woking Borough Council 

Wokingham Borough Council 

Wolverhampton City Council 

Worcestershire County Council 

Worcestershire Regulatory Services 

Wycombe District Council 

Wyre Council 

Wyre Forest District Council 
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Appendix 5 - Water companies approached in 
England and Wales 

Water Company 

Affinity Water  

Albion Water  

Anglian Water  

Bristol Water  

Cambridge Water  

Cholderton & District Water Company  

Dee Valley Water  

Essex and Suffolk  

Hartlepool Water plc  

Independent Water Networks Ltd (IWNL)  

Northumbrian Water Ltd  

Peel Holdings  

Portsmouth Water plc  

Scottish Southern Energy Water  

Sembcorp Bournemouth Water  

Severn Trent Water 

South East Water plc  

South Staffordshire Water 

South West Water 

Southern Water  

Thames Water plc  

United Utilities  

Wessex Water  

Yorkshire Water  
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Appendix 6 - Hydrogeological units and hazard 
  

These tables (High, Moderate and Low hazard) summarise the classification of hydrogeological units by hazard 
(each hazard is presented in a separate table). Explanation of the columns are: 

 Rock Unit used in hydrogeological classification of sources. 

 The percentage of each rock unit with the six different classes used for assessing radon in air (RiA). 

 Maximum radon values reported for sources on the rock unit by local authorities or water companies. 

 Maximum radon values reported for sources on the rock unit from data held by BGS or PHE. 

 Notes that identify the primary reason why a unit is assigned a High Hazard, or notes significant factors for 
Moderate or Low values. These include ‘RiA’ (radon in air), analytical data or geological factors. 

 

Table of High Hazard 

ROCK UNIT 

HIGH HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-10% 

Class 
5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

(max  
Bq L-1) 

BGS/PHE 
values 

(max     
Bq L-1) 

Notes 

ASHGILL ROCKS 
(UNDIFFERENTIAT-
ED) 

33 16 7 22 20 2 33.4  High RiA 

BOWLAND HIGH 
GROUP AND 
CRAVEN GROUP 
(UNDIFFERENTIAT-
ED) 

22 25 13 13 21 6 27.0  High RiA 

DEVONIAN ROCKS 
(UNDIFFERENTIAT-
ED) 

7 18 13 23 33 6 1.8  High RiA 

INFERIOR OOLITE 
GROUP 

18 18 12 22 22 7 11.0  High RIA 

DINANTIAN ROCKS 
(UNDIFFERENTIAT-
ED 

7 10 16 43 14 31.0   High RiA 

LOWER DEVONIAN 
ROCKS 
(UNDIFFERENTIAT-
ED) 

40 23 5 11 17 4 0.7  High RiA 

LUDLOW ROCKS 
(UNDIFFERENTIAT-
ED) 

4 9 12 32 42 0 33.0  High RiA 

MIDDLE DEVONIAN 
(UNDIFFERENTIAT-
ED) 

8 10 8 27 37 10 12.9  High RiA 

OMAGH 
SANDSTONE 
GROUP 

0 10 8 53 29 0   High RiA 

PORTLAND GROUP 33 20 12 9 9 17   High RiA 

TEIGN VALLEY 
GROUP 

2 4 5 10 49 30 13.2 657.0 Analysis 

UNNAMED 
EXTRUSIVE 
ROCKS, 
CARBONIFEROUS 

1 5 17 12 45 20   High RiA 

UNNAMED 
EXTRUSIVE 
ROCKS, DEVONIAN 

5 16 20 21 32 5   High RiA 
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ROCK UNIT 

HIGH HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-10% 

Class 
5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

(max  
Bq L-1) 

BGS/PHE 
values 

(max     
Bq L-1) 

Notes 

UNNAMED 
IGNEOUS 
INTRUSION, 
CARBONIFEROUS 
TO PERMIAN 

28 1 1 2 5 62 382.0 5341.0 Analysis 

UNNAMED 
IGNEOUS 
INTRUSION, 
DEVONIAN 

46 12 5 8 18 11   High  

UNNAMED 
IGNEOUS 
INTRUSION, LATE 
SILURIAN TO 
EARLY DEVONIAN 

62 10 1 1 26 1  55.1 Geology 

UPPER DEVONIAN 
ROCKS 
(UNDIFFERENTIAT-
ED) 

12 16 12 18 30 12 43.7 1355.0 High RiA 

 

 
Table of Moderate Hazard 

ROCK UNIT 

MODERATE 
HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-10% 

Clas
s 5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/ 
PHE 

values 

Max Bq 
L-1 

Notes 

ALTAGOAN 
FORMATION 

0 68 10 15 7 0    

APPIN GROUP 89 8 2 0 0 0   Geology 

APPIN GROUP AND 
ARGYLL GROUP 
(UNDIFFERENTIAT-
ED) 

47 15 30 8 0 0    

ARENIG ROCKS 
(UNDIFFERENTIAT-
ED) 

11 31 30 18 10 0 0.5   

ARGYLL GROUP 71 19 7 2 2 0    

ARMAGH GROUP 0 7 5 68 20 0    

BALLYNESS 
FORMATION 

0 39 10 46 5 0    

BALLYSHANNON 
LIMESTONE 
FORMATION 

1 52 9 34 4 0    

BALLYSTEEN 
FORMATION 

15 38 17 23 7 0    

BELFAST GROUP 0 84 13 2 0 0    

BENBULBEN 
SHALE 
FORMATION 

1 55 9 34 2 0    



Understanding the Implications of the EC’s Proposals Relating to  
Radon in Drinking Water for the UK: Final Report 

A14 Ref: Ricardo-AEA/R/ED59170/Final report 

ROCK UNIT 

MODERATE 
HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-10% 

Clas
s 5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/ 
PHE 

values 

Max Bq 
L-1 

Notes 

BORDER GROUP 73 20 1 3 2 0    

BRIDPORT SAND 
FORMATION 

20 21 11 32 13 4 10.6   

BUNDORAN SHALE 
FORMATION 

1 57 8 33 1 0    

CARADOC ROCKS 
(UNDIFFERENTIAT-
ED) 

23 37 15 10 14 2 119.1  Analysis 

CLACKMANNAN 
GROUP 

95 1 0 4 0 0   Geology 

CLARAGH 
SANDSTONE 
FORMATION 

1 37 8 51 3 0    

COAL MEASURES 
GROUP 
[OBSOLETE 
EXCEPT IN 
NORTHERN 
IRELAND] 

0 84 12 4 0 0    

COOLDARAGH 
FORMATION 

39 0 6 55 0 0    

CORALLIAN 
GROUP 

53 30 6 11 0 0    

CRAWFORD 
GROUP AND 
MOFFAT SHALE 
GROUP 
(UNDIFFERENTIAT-
ED) 

48 43 9 0 0 0    

CROSS SLIEVE 
GROUP 

0 69 14 12 5 0    

DARTRY 
LIMESTONE 
FORMATION 

2 49 15 32 2 0    

DURNESS GROUP 17 33 50 0 0 0    

ENLER GROUP 0 47 27 24 1 0    

EOCENE TO 
MIOCENE ROCKS 
(UNDIFFERENTIAT-
ED) 

71 19 3 2 4 1    

FEARNAGHT 
FORMATION 

10 0 0 89 0 0    

FELL SANDSTONE 
GROUP 

24 68 0 4 3 0    

FINTONA GROUP 0 21 10 50 20 0    

GAULT 
FORMATION 

97 2 0 0 0 0 10.0  Geology 
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ROCK UNIT 

MODERATE 
HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-10% 

Clas
s 5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/ 
PHE 

values 

Max Bq 
L-1 

Notes 

GLENCAR 
LIMESTONE 
FORMATION 

0 29 5 61 5 0    

GLENADE 
SANDSTONE AND 
BELLAVALLEY 
FORMATION 

0 85 6 5 4 0    

GRAMPIAN GROUP 74 25 0 0 0 0    

GREAT OOLITE 
GROUP 

57 21 9 8 5 0 10.0   

GREENAN 
SANDSTONE 
FORMATION 

0 77 12 11 0 0    

HAWICK GROUP 92 6 2 0 0 0  56.6 Geology and 
analysis 

HIBERNIAN 
GREENSANDS 
FORMATION AND 
ULSTER WHITE 
LIMESTONE 
FORMATION 
(UNDIFFERENTIAT-
ED) 

0 76 17 7 0 0    

HOLSWORTHY 
GROUP 

28 34 16 8 10 3 3.3 353.0 Analysis 
discounted, see 

Section 5.5. 

HOLYWOOD 
GROUP 

7 51 38 4 0 0    

HUNSTANTON 
FORMATION 

15 85 0 0 0 0    

INISCARN 
FORMATION 

0 66 14 15 5 0    

INVERCLYDE 
GROUP 

83 8 2 3 3 1    

KEENAGHAN 
SHALE 
FORMATION 

0 3 9 88 0 0    

KILSKEERY 
GROUP 

0 55 12 33 0 0    

KIRKCOLM 
FORMATION 

79 13 9 0 0 0    

KNOCKMORE 
LIMESTONE 
MEMBER 

2 30 10 44 15 0    

LEITRIM GROUP 4 78 15 4 0 0    

LLANDOVERY 
ROCKS 

22 45 20 12 2 0 57.2   
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ROCK UNIT 

MODERATE 
HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-10% 

Clas
s 5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/ 
PHE 

values 

Max Bq 
L-1 

Notes 

(UNDIFFERENTIAT-
ED) 

LLANVIRN ROCKS 
(UNDIFFERENTIAT-
ED) 

24 33 26 9 7 0 3.5   

LOCH EIL GROUP 23 75 2 0 0 0    

LOWER CAMBRIAN 
ROCKS 
(UNDIFFERENTIAT-
ED) 

68 26 2 1 3 0    

LOWER OLD RED 
SANDSTONE 

67 2 8 23 0 0    

MEENYMORE 
FORMATION 

0 90 6 4 1 0    

MIDDLE CAMBRIAN 21 72 4 1 1 1    

MIDDLE OLD RED 
SANDSTONE 
(UNDIFFERENTIAT-
ED) 

71 16 5 8 1 0    

MILLSTONE GRIT 
GROUP 

55 28 7 6 4 0    

MULLAGHMORE 
SANDSTONE 
FORMATION 

0 23 6 67 3 0    

NEOGENE ROCKS 
(UNDIFFERENTIAT-
ED) 

86 7 1 0 3 3    

OWENKILLEW 
SANDSTONE 
GROUP 

21 40 23 14 2 0    

PENNINE LOWER 
COAL MEASURES 
FORMATION AND 
SOUTH WALES 
LOWER COAL 
MEASURES 
FORMATION 
(UNDIFFERENTIAT-
ED) 

78 14 4 3 1 0 37.0   

PENNINE MIDDLE 
COAL MEASURES 
FORMATION AND 
SOUTH WALES 
MIDDLE COAL 
MEASURES 
FORMATION 
(UNDIFFERENTIAT-
ED) 

76 15 5 3 1 0    

PORTPATRICK 
FORMATION AND 
GLENWHARGEN 

58 19 23 0 0 0    
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ROCK UNIT 

MODERATE 
HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-10% 

Clas
s 5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/ 
PHE 

values 

Max Bq 
L-1 

Notes 

FORMATION 
(UNDIFFERENTIAT-
ED) 

PRIDOLI ROCKS 
(UNDIFFERENTIAT-
ED) 

43 36 9 9 2 0 105.0   

PURBECK 
LIMESTONE 
GROUP 

6 1 46 35 9 3    

RED BAY 
FORMATION 

0 44 14 42 0 0    

RICCARTON 
GROUP 

16 28 56 0 0 0    

ROE VALLEY 
GROUP 

0 51 13 32 3 0    

ROSSMORE 
MUDSTONE 
FORMATION 

0 65 22 13 0 0    

SHANMULLAGH 
FORMATION 

0 50 8 41 0 0    

SHERWOOD 
SANDSTONE 
GROUP 

0 53 10 36 0 0    

SHINNEL 
FORMATION AND 
GLENLEE 
FORMATION 
(UNDIFFERENTIAT-
ED) 

65 17 18 0 0 0    

SILURIAN ROCKS 
(UNDIFFERENTIAT-
ED) 

78 9 3 6 3 1    

SLIEVEBANE 
GROUP 

0 87 6 7 0 0    

SOUTH WALES 
UPPER COAL 
MEASURES 
FORMATION 

66 5 22 6 1 0    

TAPPINS GROUP 83 11 6 0 0 0   

THANET SAND 
FORMATION 

59 39 0 1 0 0 10.0   

TREMADOC 
ROCKS 
(UNDIFFERENTIAT-
ED) 

23 54 21 1 1 0 6.1   

TYRONE GROUP 1 36 9 47 6 0    

ULSTER CANAL 
FORMATION 

45 0 15 40 0 0    
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ROCK UNIT 

MODERATE 
HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-10% 

Clas
s 5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/ 
PHE 

values 

Max Bq 
L-1 

Notes 

UNNAMED 
EXTRUSIVE 
ROCKS, 
DINANTIAN 

100 0 0 0 0 0  103.0 Analysis 

UNNAMED 
EXTRUSIVE 
ROCKS, 
NEOPROTEROZOIC 

75 7 4 1 13 0    

UNNAMED 
EXTRUSIVE 
ROCKS, 
ORDOVICIAN 

60 5 6 19 13 0 1 43.3  

UNNAMED 
EXTRUSIVE 
ROCKS, PERMIAN 

87 5 2 0 6 0    

UNNAMED 
EXTRUSIVE 
ROCKS, SILURIAN 

20 44 21 15 0 0    

UNNAMED 
EXTRUSIVE 
ROCKS, SILURIAN 
TO DEVONIAN 

67 8 23 2 0 0    

UNNAMED 
IGNEOUS 
INTRUSION, 
CAMBRIAN TO 
ORDOVICIAN 

77 20 0 3 0 0    

UNNAMED 
IGNEOUS 
INTRUSION, 
NEOPROTEROZOIC 

78 14 2 4 2 0    

UNNAMED 
IGNEOUS 
INTRUSION, 
PALEOGENE 

95 4 0 0 0 0  63.8 Analysis 

UNNAMED 
IGNEOUS 
INTRUSION, 
ORDOVICIAN TO 
SILURIAN 

61 29 6 2 1 0    

UNST PHYLLITE 
GROUP 

5 2 0 93 0 0    

UPPER CAMBRIAN, 
INCLUDING 
TREMADOC 

59 27 4 0 10 0 10.1   

UPPER 
GREENSAND 
FORMATION 

50 24 8 10 7 0 21.5   

UPPER JURASSIC 
ROCKS 

76 8 9 2 4 1    
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ROCK UNIT 

MODERATE 
HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-10% 

Clas
s 5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/ 
PHE 

values 

Max Bq 
L-1 

Notes 

(UNDIFFERENTIAT-
ED) 

WARWICKSHIRE 
GROUP 

74 16 2 5 3 0 27.0   

WENLOCK ROCKS 
(UNDIFFERENTIAT-
ED) 

32 44 11 9 4 0    

YOREDALE 
GROUP 

57 15 5 8 13 2    

ZECHSTEIN 
GROUP 

69 19 8 3 1 0    

 
 

Table of Low Hazard 
 

ROCK UNIT 

LOW  HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-
10% 

Class 
5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/PHE 
values 

Max Bq L-1 

Notes 

APPLEBY 
GROUP 

100 0 0 0 0 0    

ARBUTHNOTT-
GARVOCK 
GROUP 

99 1 0 0 0 0    

ARDVRECK 
GROUP 

95 2 3 0 0 0    

BLACKCRAIG 
FORMATION 
AND 
GALDENOCH 
FORMATION 
(UNDIFFERENT-
IATED) 

99 1 0 0 0 0    

BOUNDARY 
ZONE 
COMPLEX 

96 4 0 0 0 0    

BRACKLESHAM 
GROUP AND 
BARTON 
GROUP 
(UNDIFFERENT-
IATED) 

99 1 0 0 0 0 10.0   

CAMBRIAN AND 
ORDOVICIAN 
ROCKS 
(UNDIFFERENT-
IATED) 

92 8 0 0 0 0    

DUNNOTTAR-
CRAWTON 
GROUP 

99 1 0 0 0 0    
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ROCK UNIT 

LOW  HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-
10% 

Class 
5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/PHE 
values 

Max Bq L-1 

Notes 

FAULT ZONE 
ROCKS, 
UNASSIGNED 

98 0 0 1 0 0    

GALA GROUP 92 8 0 0 0 0  35.5  

GLENFINNAN 
GROUP 

83 16 0 1 0 0    

GREY CHALK 
SUBGROUP 

82 16 1 0 1 0 15.0   

HIGHLAND 
BORDER 
COMPLEX 

84 16 0 0 0 0    

KELLAWAYS 
FORMATION 
AND OXFORD 
CLAY 
FORMATION 
(UNDIFFERENT-
IATED) 

98 1 0 0 0 0 15.2   

LAMBETH 
GROUP 

83 16 0 0 0 0 10.0   

LANARK 
GROUP 

99 0 0 0 0 0    

LEADHILLS 
SUPERGROUP 

100 0 0 0 0 0    

LEWISIAN 
COMPLEX 

100 0 0 0 0 0    

LIAS GROUP 69 14 5 5 5 2 15.  Low analysis 

LOCH MAREE 
GROUP 

100 0 0 0 0 0    

LOUGH NEAGH 
CLAYS GROUP 

0 99 1 0 0 0   Non aquifer 

LOWER 
GREENSAND 
GROUP 

94 5 0 0 0 0 16.7   

MERCIA 
MUDSTONE 
GROUP 

98 2 0 0 0 0    

MESOPROTER
OZOIC ROCKS 
(UNDIFFERENT-
IATED) 

99 1 0 0 0 0    

MIDDLE 
JURASSIC 
ROCKS 
(UNDIFFERENT-
IATED) 

98 1 0 0 0 0    

MOINE 
SUPERGROUP 

88 11 0 0 0 0    
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ROCK UNIT 

LOW  HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-
10% 

Class 
5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/PHE 
values 

Max Bq L-1 

Notes 

MORAR GROUP 99 1 0 0 0 0    

NEOGENE TO 
QUATERNARY 
ROCKS 
(UNDIFFERENT-
IATED) 

99 1 0 0 0 0 10.0   

NEW RED 
SANDSTONE 
SUPERGROUP 

99 1 0 0 0 0    

OLD RED 
SANDSTONE 
SUPERGROUP 

92 3 0 2 0 3    

ORDOVICIAN 
ROCKS 
(UNDIFFERENT-
IATED) 

80 17 2 1 0 0    

PENNINE COAL 
MEASURES 
GROUP 

92 7 0 1 0 0    

PENNINE 
UPPER COAL 
MEASURES 
FORMATION 

90 8 1 1 0 0    

PERMIAN 
ROCKS 
(UNDIFFERENT-
IATED) 

86 11 2 1 1 0 29.0   

QUEYFIRTH 
GROUP 

98 2 0 0 0 0    

RAVENSCAR 
GROUP 

90 8 0 1 0 0    

RESTON 
GROUP 

98 0 1 0 0 0    

SCOTTISH 
COAL 
MEASURES 
GROUP 

98 2 0 0 0 0    

SLEAT GROUP 99 1 0 0 0 0    

SOLENT 
GROUP 

100 0 0 0 0 0    

SOUTHERN 
HIGHLAND 
GROUP 

90 8 2 0 0 0    

STEWARTRY 
GROUP 

85 15 0 0 0 0    

STOER GROUP 100 0 0 0 0 0    

STONEHAVEN 
GROUP 

98 2 0 0 0 0    
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ROCK UNIT 

LOW  HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-
10% 

Class 
5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/PHE 
values 

Max Bq L-1 

Notes 

STRATHCLYDE 
GROUP 

99 0 0 1 0 0    

STRATHEDEN 
GROUP 

98 1 0 0 0 0    

STRATHMORE 
GROUP 

100 0 0 0 0 0    

STRATHY 
COMPLEX 

90 10 0 0 0 0    

THAMES 
GROUP 

97 3 0 0 0 0 10.0   

TORRIDON 
GROUP 

100 0 0 0 0 0    

TRIASSIC 
ROCKS 
(UNDIFFERENT-
IATED) 

95 3 1 0 0 0 68.1  Analysis discounted 
see Section 5.5 

UNNAMED 
EXTRUSIVE 
ROCKS, 
CAMBRIAN 

94 2 1 0 2 0    

UNNAMED 
EXTRUSIVE 
ROCKS, 
PALAEOGENE 

100 0 0 0 0 0    

UNNAMED 
EXTRUSIVE 
ROCKS, 
PALAEOPROT-
EROZOIC 

100 0 0 0 0 0    

UNNAMED 
EXTRUSIVE 
ROCKS, 
SILESIAN 

98 1 0 1 0 0    

UNNAMED 
IGNEOUS 
INTRUSION, 
PALAEOPROT-
EROZOIC 

100 0 0 0 0 0    

UNNAMED 
METAMORPHIC 
ROCKS, 
NEOPROTERO-
ZOIC 

91 2 1 6 0 0    

UNNAMED 
METAMORPHIC 
ROCKS, PRE-
CALEDONIAN 
TO 
CALEDONIAN 

100 0 0 0 0 0    

UNNAMED 
METASEDIMEN
TARY ROCKS, 

89 7 2 1 1 0    
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ROCK UNIT 

LOW  HAZARD 

Class 
1 

0-1% 

Class 
2 

1-3% 

Class 
3 

3-5% 

Class 
4 

5-
10% 

Class 
5 

10-
30% 

Class 
6 

30-
100% 

Radon 
values 

Max Bq 
L-1 

BGS/PHE 
values 

Max Bq L-1 

Notes 

NEOPROTERO-
ZOIC 

UPPER 
CRETACEOUS 
TO 
PALAEOGENE 
ROCKS 
(UNDIFFERENT-
IATED) 

100 0 0 0 0 0    

UPPER OLD 
RED 
SANDSTONE 

95 5 0 0 0 0    

WEALDEN 
GROUP 

92 5 3 0 0 0 16.6   

WEST WALTON 
FORMATION, 
AMPTHILL CLAY 
FORMATION 
AND 
KIMMERIDGE 
CLAY 
FORMATION 
(UNDIFFERENT-
IATED) 

95 4 0 0 0 0 10.0   

WHITE CHALK 
SUBGROUP 

84 13 2 2 0 0 14.0   
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Appendix 7 - Radon hazard and groundwater 
sources 
Five maps have been prepared of groundwater sources overlaid on the radon in groundwater 
hazard map, identifying sources at Low, Moderate or High Hazard of elevated concentrations 
of radon. 

These maps should be considered indicative only, as the locations of groundwater sources are 
generalised, and sources may pump water from multiple horizons with different radon 
concentrations. 

Even for sources that lie on high hazard aquifers, the available analytical data suggests that 
only a minority of supplies are likely to have radon in excess of 100 Bq L-1, and these will mainly 
be smaller, private supplies. Water at consumer taps, after storage and treatment, will have 
still lower radon concentrations. 

Maps are provided for public and private groundwater supplies in England and Wales and 
Scotland. For sources in England and Wales only boreholes, wells and springs are shown, and 
sources of type ‘unknown’ are omitted. For Northern Ireland the map of public supplies is 
omitted, as there are only two boreholes, in close proximity, both with a Low Hazard. 
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