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Abstract

Exposure to radon over time has significant detrimental effects on human health. Approximately 226,000 annual radon-related deaths have been reported from 66 countries (1). Many countries have a radon action plan, in order to reduce the harmful effects of radon exposure on the general public. Maps are routinely used to assist with mitigation strategies and delineate areas of priority regulation. Standard regulations in the European Union include the requirement for workplaces to test and the requirement to have reduction methods in newly built homes. Such laws are assigned systematically to areas that are understood to have high values of indoor radon. This article demonstrates that the boundaries of radon priority areas may vary, depending on the data set and methods used. We propose a table and a decision matrix to assist in choosing the most appropriate visual aid according to the purpose for which the map is to be used. We conclude that no single radon map is suitable to fit all objectives, and some maps are more suitable than others depending on the purpose.
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Mitigating the level of radioactive exposure to citizens has been the task of many countries for decades (2–4). The radioactive exposure mitigated against includes natural (e.g. radon) and anthropogenic (e.g. nuclear energy and medical x-rays) sources. This article focuses on the mapping and modelling of radon gas and its possible negative health effects on the general public, which accounts for approximately 50% of a person’s radiation dose (5). Radon is a natural gas that poses a negligible health risk when outdoors, with radon concentrations in the order of 10’s Bq m–3 (6). However, radon can accumulate inside dwellings and caves, typically from 100’s Bq m–3 to 1,000’s Bq m–3, respectively (7, 8). Exposure to higher radon concentrations is linked to the development of health ailments, the most commonly recognized of which is lung cancer (9–14). Other diseases (e.g. skin cancer, non-Hodgkin’s lymphoma, stomach cancer and brain cancer) may be correlated with radon exposure, and any causative links are still under investigation (15–18).

Radon (Rn) is the largest contributor of natural radioactivity to the general public. The 222Rn isotope is considered the primary radon risk source indoors (19–21) due to its relatively long half-life (i.e. 3.8 days). 222Rn is commonly used indistinctly in the legislation, and the definitions of radon priority areas (RPAs) are based on this isotope. Therefore, we use this criterion in the text; however, another natural radon isotope that may pose a risk in particular circumstances is thoron (i.e. 220Rn; half-life of 55.6 s), and it is attracting more attention with the development of the first thoron maps (22–24). 222Rn, 220Rn and their daughter products emit alpha particles, damaging lung tissue if inhaled (10, 25–27). 222Rn and 220Rn concentrations naturally vary geo-spatially, influenced by soil geochemistry, soil permeability and underlying geogenic factors (28–32). Furthermore, indoor radon (hereafter referred to as InRn) accumulation is also influenced by weather/climate, housing and occupancy characteristics (33–37).

The issue of radioactivity, including radon, is recognized by the European Union (EU), which has resulted in the development of an EU Directive (Basic Safety Standards, BSS) that obliges member states to assign RPAs. The EU Directive aims to protect both individuals and the collective from radiation exposure (2). The aforementioned directive requires a National Radon Action Plan (NRAP) to be established, which addresses radon risk in water, domestic dwellings, public buildings and workplaces from radon ingress, whether from the soil, water or building materials. Furthermore, this directive requires that effective radon mitigation and prevention measures are established for new buildings. It legally binds the member states to identify areas where ‘the radon concentration in a significant number of buildings is expected to exceed the relevant national reference level’. However, the definitions of ‘a significant amount of buildings’ and ‘the reference level’ are not clarified, allowing for different methods to be used. In turn, this can lead to radon risk maps, which are not directly comparable, and different evaluations needed to assess the success of each Action Plan (38).

Therefore, the Directive obligates EU member states to create radon maps where the spatial distribution of radon levels is presented. The radon maps are consequently useful for: (1) predicting regions with non-acceptable levels at home/workplace, (2) targeting public awareness, (3) estimating radiation dose from radon and (4) studying the health effects of radon. The tools needed to achieve each objective may be different, and thus, different maps would be required simultaneously (39). The different types of radon hazard index maps should be distinguished to avoid confusion (40).

In Ireland, the 1997 Building Regulations state that high radon can occur in any part of the country (41). However, only buildings in high radon areas (HRA) are legally obliged to include mitigation measures in their construction, for example, a membrane and a subsurface radon extraction device (i.e. sump) should be provided. In other areas, a subsurface radon extraction device should be installed in case it needs to be activated at a future time. Other buildings do not have specific guidance in the 1997 regulations. In relation to gamma radiation for building materials, the Radiological Protection Act 1991 (42) states, in Regulation 67, that building materials should not emit more than 1 mSv of gamma radiation per year. Schedule 10 gives an indicative list of building materials with the potential to emit gamma radiation (42).

Building developers and employers in HRA are legally obliged to prevent, remediate and ensure that their buildings/workplaces are below the radon reference level (hereafter referred to as RL). HRA receive priority regulation, which is necessary to reduce the harmful effects of natural radiation cost-effectively. The most recently established national RL decided by the EPA in Ireland should not exceed 300 Bq m–3 in homes as well as workplaces (42). Currently, the EPA decided a more conservative value, which, keeping with legislation, is 200 Bq m–3 for homes and 300 Bq m–3 for workplaces. As such, in Ireland, HRA for dwellings are defined as ‘any area where it is predicted that 10% or more of homes will exceed the reference level of 200 Becquerels per cubic meter (Bq m–3)’ (43). The initiatives to reduce radon from accumulating in a building could be considered a primary prevention method, whereas targeting public awareness and mitigation in HRA could be regarded as secondary and tertiary prevention measures.

Radon priority areas and mapping

RPAs signify areas that may have a higher radon risk than others. Such sites are prioritised for public awareness initiatives and are specially protected through the building regulations. RPAs are legally defined and can be determined using different data and criteria, which can lead to differing RPA boundaries in the same location (44). Without appropriate strategy and communication, such discrepancies can lead to loss in fidelity of information, loss of credibility, and diminished public trust and interest.

Numerous methods have been used by different countries in Europe (Table 1). An in-depth report of natural radiation and the various techniques can be read in the European Atlas of Natural Radiation (45). The studies referred to in Table 1 utilize different concepts of radon risk, but all are valid. These concepts range from an area having a probability of InRn over the RL to the likelihood of developing lung cancer in a given region. In the following sections, we discuss the most relevant approaches.





Table 1. Various methods and resolutions of radon risk mapping seen from a selection of representative European countries


	Country
	Reference level
	Objectives
	Methods
	Resolution
	Reference





	Austria
	200 and 400 Bq m–3
	Divide the country into three classes, that is, average annual concentration <200, 200–400 and > 400 Bq m–3
	Annual mean radon concentration in a standard situation
	Administrative level (i.e. municipality)
	(72)



	Bayesian statistics, combining indoor radon measurements (standard situation) and geology
	Geological classes (scale 1:500.000)
	(73)



	Belgium (Wallon region)
	400 Bq m–3
	Percentage of dwellings above the RL taking into account geological information
	Moving average between geological units
	1 km × 1 km
	(74)



	United Kingdom
	200 Bq m–3
	Percentage of houses above the RL taking into account geological information. Radon priority areas (RPA) when P[InRn > RL]≥1%
	Lognormal model, corrections to account for year-to-year and random variations (i.e. Bayesian statistics)
	Grids 1 km × 1 km
	(75–77)



	Norway
	200 Bq m–3
	Percentage of houses above the RL based on indoor radon and geological information (bedrock and Quaternary geology). RPA when P[InRn > RL]≥20%.
	Classify geological polygons according to local (polygon) statistics or national (class) statistics
	Geological polygons
	(51)



	Ireland
	200 Bq m–3
	Percentage of houses above the RL based solely on indoor radon measurements. RPA when P[InRn > R.L.]≥10%
	Lognormal model
	Grids 10 × 10 km
	(56)



	
	200 Bq m–3
	Percentage of houses above the RL based on indoor radon and geological information (i.e. bedrock geology, Quaternary geology, subsoil permeability and soil permeability). RPA when P[InRn > RL]≥10%
	Logistic regression model
	Grids 1 × 1 km
	(31)



	
	-
	Estimation of radon-related lung cancer cases
	Dose estimation based on average concentrations (i.e. block averages after ordinary kriging)
	Administrative level (i.e. electoral division)
	(39)



	Malta
	100 Bq m–3
	Display the indoor radon concentration values
	Average of geometric mean annual indoor radon gas concentration values for each sampling point
	Grids 5 × 5 km
	(78)



	Average indoor radon values have been grouped to administrative levels, as seen for Austria and Ireland. Grids of 1 km2 have been utilized in Belgium, the UK and Ireland. Austria and Norway used geological units. Several reference levels operate across the member states. These range from 100 Bq m–3 in Malta, 200 Bq m–3 in Ireland, Norway and the UK, and 400 Bq m–3 in Belgium. Adapted from Ref. (57).





Maps based on indoor radon measurements

Probabilistic map

This method uses the concept that a percentage of houses in a certain area does/does not exceed an RL. If more than a certain number (i.e. a threshold) of homes in the area are above the RL, then the site is deemed an RPA (44). For example, an InRn map of Switzerland assigned areas a percentage representing the probability of exceeding the RL of 300 Bq m–3, and the regions allocated with a higher rate are the RPAs (46).

Average concentration map

The concept of this method is that an area will have an average InRn value resulting from all of the InRn values for the zone. For example, Estonia averaged the InRn per administrative unit of communes to visualize the spatial distribution of InRn (47). Another example is Italy’s map (48), which has determined the average InRn according to region. Austria and Switzerland have other examples where areas with a mean indoor value above the RL are deemed an RPA (44).

Radioactive dose map

This technique aims to map the distribution of the radioactive dose received by people in a zone. Furthermore, this approach seeks to correlate InRn exposure to the amount of radioactive exposure available to be received in an area. For example, the Slovak Republic deployed the method of converting the population-weighted arithmetic mean of the InRn measurements into an estimated radioactive dose for each district (49) and considered the different types of houses in this process.

Maps based solely on geogenic factors

Information on geogenic characteristics, such as geology, Quaternary geology, soil type, permeability, structural geology (faults and fractures) and aquifer type, has been utilized to improve the predictions of radon mapping (50, 51). Considering that radon arising from the earth is the primary source of InRn (4), understanding the spatial distribution and variation of geological factors is useful when mapping radon. Two main concepts are defined regarding the mapping of naturally available radon. The first concept is the Geogenic Radon Hazard Index (GRHI), which incorporates data of available geogenic entities. The second concept is the Geogenic Radon Potential (GRP), which is radon that is naturally available in an area and is mainly influenced by the soil properties, hydrology and geology (40). However, the use of GRP for radon mapping is more limited due to the availability of the necessary data; these concepts are discussed in detail in (40).

Radon potential maps

GRP mapping aims to define boundaries according to the availability of radon entering a building. The most commonly adopted method is the ‘Czech method’ (52), which collects in situ soil-gas radon and soil permeability measurements. The combination of soil-gas radon information and soil permeability values results in a GRP, giving an index which represents the potential of finding elevated radon levels in a building on the surveyed site.

Spatial resolution of radon maps

Many different resolutions of radon maps have been used, each of which have their pros and cons.

Regular grids

Regular grids are used, for example 500 m2 and 5 km2 in Montenegro and 10 km2 in Albania (53, 54). Many factors may be considered when deciding which size of a grid to use. For example, if creating a map using InRn data, the number of samples in a given area is incredibly relevant. Grids for rural areas may need to be larger to have a sufficient data set, whereas urban areas inherently have more InRn measurements, allowing for smaller grids to be used (53). Smaller grids are better at representing the high spatial variation of radon and should be preferentially used when the size of a data set allows it.

Administrative boundaries

In other cases, radon is mapped according to municipalities, counties or even electoral divisions (47–49, 55). In each case, the data for mapping radon risk are grouped within each boundary type. The chosen boundary type influences each map’s outcome in a similar way that different grid sizes dictate the outcome. An advantage of this approach is that it is easier to engage the public to identify with an area. However, difficulties arise in mapping according to administrative boundaries, especially if using geogenic data. Using administrative boundaries for mapping makes it arduous to compare neighbouring countries when different methods and concepts are used, as is the case for all European countries (38).

Ireland as a case study

Maps based on indoor radon values

Probabilistic map

The legislative radon risk map in Ireland is a probabilistic map (56). It defines an area as radon prone if 10% or more of houses are above the RL (Fig. 1a). The probabilistic radon risk method is useful for defining areas that are generally more prone to radon. Since InRn measurements from private dwellings were used, it may be unsuitable for workplaces and other building types due to the differences in radon behaviour in different building types (57). The advantage of using this mapping style is that measurements of InRn are used, allowing for a direct representation of an area’s radon category status.

Fig. 1. (a) Legislative indoor radon probability map (56). (b) Indoor radon average concentration map (39). (c) Radon potential map (61). (d) Indoor radon probability map (31). (e) Radon-related modeled lung cancer incidence map (39).
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The Irish Environmental Protection Agency (EPA) protocol for measuring indoor radon includes taking at least two measurements in two separate rooms of a house using a CR-39 detector over a 3-month measurement period. The results are then seasonally corrected to an annual average (58).

Average concentration map

The average concentration map illustrates the mean InRn level for an area [Fig. 1b (39)], allowing the map user to identify zones with higher radon levels. This helps to get an estimate of the typical InRn value for a specific area. Furthermore, this map is convenient for linking with health effects and epidemiological studies of lung cancer. An advantage of this map type is that it uses direct measurements of InRn, which allows for a true and accurate representation of the radon value in a given area. The mean InRn concentrations were collected from homes using the EPA protocol (58). Furthermore, the measurements were performed mainly from the ground floor of houses, and it is assumed that the results are representative of multistorey buildings (39).

Radon-related lung cancer cases

Maps made to include the radioactive dose due to radon allow for distinguishing areas based on the expected lung cancer incidence (39). In Ref. (39), two models were analysed, the first being a linear no-threshold model and the second being a dose-effect model, both of which resulted in similar numbers of estimated lung cancer cases (216–246, 257–249, 220–251 and 316–317 cases for the linear model and dose effect model, respectively). Comparable results, approximately 300 annual radon-related lung cancer cases were reported by presenters at Ireland’s 14th and 15th National Radon Forum (59, 60). This mapping procedure targets the concept that lung cancer incident rates differ between areas. A map made using this method incorporated information on the population size and distribution [Fig. 1e (39)]. The resulting map may be useful for initiatives to reduce the long-term adverse health effects of radon exposure. Specifically, it could delineate areas designated as possessing a higher lung cancer incidence rate, therefore identifying where the collective population at a higher risk are situated. The main advantage is that the long-term aim of the radon action plan is targeted, which is to reduce the number of lung diseases resulting from Rn exposure. However, a disadvantage arises: high population areas are more likely to be designated as an RPA. As a result, this method would only be appropriate for identifying larger populations at risk and is inappropriate for detecting individuals at high radon risk.

The radon-related lung cancer incidence was estimated over a lifetime of 70 years, and it is assumed that a person lives in the same place. Furthermore, the effect on smokers and non-smokers is assumed to be the same (39).

Adding geogenic data

Maps that integrate geological information utilize the fact that geology impacts radon values [Fig. 1d (31)]. Radon maps, which include geogenic data, are useful for improving mapping, especially in areas with a low amount of InRn data. Visual aids made using this methodology could also be practical for land redesignation in low populated areas. An advantage of this map type is that it employs information on the radon source and its pathway into a building. A drawback of using geogenic maps for radon mapping is that the geological maps scale may cause deviations of radon designation boundaries.

Maps based solely on geogenic factors

Radon potential map

The concept targeted by GRP maps is that the source and the pathway of radon gas determine the InRn risk. Such maps are useful for understanding the radon risk in any area. Advantages include that they are appropriate for any building type: workplace, public and domestic dwellings. These visual aids are also useful in low populated areas where there may be a lack of InRn data to make other radon risk map types. An example is shown in Fig. 1c (61).

Furthermore, in situ GRP surveys can be done rapidly at a local scale (62). It is important to note that the GRP map shown in Fig. 1c used a method that was created for a local scale and applied it to a regional/national scale, that is, the method was used differently from how it was designed. In theory, these maps are independent of building characteristics. However, the building characteristics do have an influence on the infiltration rate and behaviour of radon within a house (57, 63).

Spatial resolution

The boundaries of the radon risk categories on a map can change significantly depending on the spatial resolution used. Figure 2 demonstrates several probabilistic radon risk maps, with the only variable for sub-figures (a) to (f) being the spatial resolution. The probabilistic map is shown on the left side of Fig. 2 [sourced from (31)]; it was created using InRn data and several geogenic data sets. Distinctly, the addition of geogenic data reveals areas with higher radon, particularly in the southeast of County Dublin. The sub-figures (a) to (c) on Fig. 2 illustrate how different grid sizes (i.e. 1 km2, 5 km2 and 10 km2, respectively) impact the radon categories despite the same input data InRn being used. Noticeably, the 1 km2 grid shows that there are areas in the north of County Dublin which have high InRn values. The sub-figures (d) to (f) on Fig. 2 illustrate how radon categories for zones change according to spatial resolution (i.e. small areas, electoral divisions and county regions) despite the same input data (i.e. InRn) being used. Importantly, smaller units allow for the spatial variability of radon be represented, which is essential for protecting individuals against high radon exposure.

Fig. 2. Radon probabilistic map of County Dublin, Ireland. The various maps (a) to (f) in this figure have been made using the same input data. The spatial resolution varies between the maps. Maps (a) to (c) show how the radon probability boundaries change from grid sizes of 1 km2, 5 km2 and 10 km2. Maps (d) to (f) show how the boundaries change depending on which administrative boundary is used, that is, small areas, electoral division and county region. For comparison, the large map of Dublin on the left is sourced from (31) and was created using both indoor radon data and several geogenic data types.
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Regular boundaries

The benefit of using a 10 km2 grid is that InRn data can be grouped, allowing for a more significant sample set, which is favourable for statistics. To elaborate, using larger grid sizes permits smaller areas with low-density data sets to be aggregated and assigned a category as opposed to being left blank. However, lower-resolution grids do not represent the high variability of radon within the area, that is, some parts of the grid may be more prone to radon. Even within a 10 km2 area, radon concentrations can vary due to radon source variability and subsurface transportation routes (faults, fractures and soil permeability).

The use of smaller grids (i.e. 1 km2) permits radon variability in any area to be represented more accurately. However, a high number of data points would be needed. This would be an issue in areas with a low population density. However, the need for large amounts of InRn data can be overcome by using alternative data sets, such as geogenic factors, for the models.

Administrative boundaries

Choosing to use administrative units for radon mapping makes it easier to link with other statistics (e.g. cancer registry and population density). This also allows for better public awareness initiatives as it is easier to identify areas where people live.

As for the case with the gridded areas, larger administrative boundaries, such as municipalities or counties, make it easier to have a bigger sample set, which is more statistically favourable. In contrast, smaller areas (areas generally comprising between 80 and 120 dwellings) or Electoral Divisions in Ireland are better at representing the spatial variability of radon concentrations. However, in the latter, a higher density of data would be needed.

Overall, maps based on InRn data are useful for targeting domestic dwellings that may be over the RL. Although the InRn measurements taken decades ago may not still be representative of InRn measures today, especially when the building style has changed, which impacts how radon accumulates inside. In contrast, radon maps based solely on geogenic data are more consistent through time because the geology in an area does not change for extended periods, although Geological Surveys may upgrade the geological maps when more information is available.

Discussion

It is important to mitigate against radon exposure, given that it accounts for the highest proportion of natural radioactivity to which the general public are exposed (5, 13). Maps as visual aids are a valuable resource and planning tool to prioritise certain areas to reduce radon exposure to citizens. However, choosing the most appropriate map is a complicated procedure that reflects the issues intricate nature. There are many factors to consider when deciding on a national or local radon mitigation strategy. These include if the purpose is to reduce Rn in workplaces, homes or public spaces, or if the aim is to reduce the resulting lung cancer incidence from Rn exposure. As well as considering the purpose of the strategy, the ease of using available data sets may be a determining factor on which map to use. Considering this intricacy, we attempt to make the decision process simpler by proposing a table (Table 2) and a decision matrix (Fig. 3) below.





Table 2. Summary of radon maps tabulated against several categories, including the cost-effectiveness and time efficiency, whether the variability of radon is captured at a local (<10 km2) or large (≥10 km2) scale, and if the radon map type considered the radon-induced lung-cancer incidence.


	Map type
	Cost-effective
	Time effective
	Captures Rn variability at a large scale (≥10 km2)
	Captures Rn variability at a local scale (<10 km2)
	Considers lung cancer incidence
	Considers various lifestyles and building characteristics
	Accurate individual measurements of indoor radon
	Useful for protecting individuals
	Useful for protecting collective
	Best suggested use





	Indoor radon (Probability reference level), for example, Fig. 1a
	N
	N
	Y
	N
	N
	N
	Y
	Y depends on spatial resolution/data density
	Y
	(1) Identify people living with high InRn risk. (2) Assessment of remediation effectiveness for homes. (3) Public communication initiatives.



	Indoor radon (Annual average), for example, Fig. 1b
	N
	N
	Y
	Y depends on the data set density
	N
	N
	Y
	Y
	Y
	(1) Evaluate health effects (e.g. lung cancer) and detect potential areas with high collective doses. (2) Assessment of remediation effectiveness for homes. (3) Public communication initiatives.



	Radon potential, for example, Fig. 1c
	Y at a local scale
	Y at a local scale
	Y if data available
	Y
	N
	N
	N
	Y depends on spatial resolution
	Y
	(1) For Building regulations reference. (2) Radon risk mapping regardless of building type. (3) Assessment of maps derived from InRn data.



	InRn and geogenic factors (bedrock geology, aquifer types, E.U. airborne data – etc.), for example, Fig. 1d
	Y if data available
	Y
	Y
	Y/N depends on the geological scale used.
	N
	N
	Y
	Y depends on spatial resolution
	Y
	(1) For Building regulations reference. (2) Increase resolution of maps derived from InRn (i.e. probability and average InRn maps).



	Lung cancer incidence, for example, Fig. 1e
	N
	N
	Y
	Y
	Y
	N
	Y
	N
	Y
	(1) Long-term radon action measures for reducing adverse health effects (i.e. lung cancer). (2) Public communication initiatives.



	Further, the maps are tabulated to highlight if building characteristics are considered and if indoor radon measurements are used to create the maps. The last several columns delineate if the maps are useful for protecting the collective. Lastly, the best-suggested use of each map is given in the final column. To clarify, the reference to ‘spatial resolution’ brings attention to how radon risk boundaries can change even if the grid size of the map changes. Reference to ‘data density’ highlights that there may be a lack of data for indoor radon at small scales, that is, in rural areas. Disclaimer: An example is given for each of the map types; however, the tabulation extends to other maps made with a similar process.





Fig. 3. Decision matrix to aid in choosing an appropriate radon map best suited to its purpose. Several frameworks and objectives, as well as initiatives, are indicated in the top half of the decision key. The bottom half gathers the range of data types available and how they are linked to the various data output options. Difficulties associated with and some potential sources of each data group are given. The different coloured lines are simply to make the connections between categories easier to observe.
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We propose a process, or method, to approach the task of deciding which visual aid to use based on (a) the purpose and (b) the available data.

In Table 2, the different Rn maps are tabulated according to time and cost-efficiency. We have indicated if each map type is representative at a local and large scale. Additionally, the suitability of the maps for protecting the collective or the individual is shown. The last column of Table 2 outlines the suggested use of each map type. The decision matrix (Fig. 3) simplifies the EU and national Rn mitigation objectives. These objectives are rationalized into several initiatives, available data sets and sources. Finally, considering the above counterparts, the output options are indicated for the data available.

The decision matrix, however, does not indicate the time and cost-efficiency of each option, although this is indicated in Table 2. Further difficulties are outlined in the decision matrix. Figure 3 does not capture that any data used may be updated over time, which could lead to discrepancies in the resulting maps. This issue could be accounted for by automating the process where the data set could be updated every few years or over a set amount of time. Another disadvantage not depicted in Fig. 3 is that the accessibility to building characteristics may be difficult. The amount of time spent indoors and in different Rn areas has not been integrated into most of the reviewed maps. The exception is Fig. 1e, which assumes that the time spent indoors is 80% (39).

There is compelling evidence of a synergistic effect between radon and smoking in contributing to lung cancer development (64, 65). Smokers in high radon risk areas are more likely to develop lung cancer than smokers in low radon exposure areas (66, 67). Furthermore, (66) reported an 11% increase in lung cancer, with InRn increasing by 100 Bq m–3. Hampson et al. (68) surveyed people regarding radon risk perception, noting that 32% of people knew little or nothing about radon. Butler et al. (69) suggested that people may perceive a higher risk of lung cancer when exposure to smoking and radon is combined. Such information (69) could prove vital in strategising more effective public outreach, engagement and respiratory health awareness programmes. Explicitly, it may be a practical approach to combine the public health initiative of smoking awareness with radon awareness.

Both smoking and radon exposure are systematic problems in respiratory health. However, the approaches for managing these two issues are compartmentalised. Public awareness regarding the risks related to tobacco smoking is extensive, whereas the risk awareness related to radon is relatively low. Considering that radon is the leading cause of lung cancer after smoking and the synergistic effect of developing lung cancer when smoking and radon exposure is combined, it may be beneficial to amalgamate these campaigns. Conceptualising smoking demographics onto a map may be challenging. However, it may be better to simultaneously communicate the effect of these two issues on respiratory health. Our lungs can be affected by radon as well as smoking. As such, incorporating this information would allow for a more holistic approach to combating respiratory health issues.

In some cases, this is starting to be done. For example, the World Health Organisation’s International Agency for Research on Cancer (IARC) has developed an initiative implemented by the European Commission to inform people how to reduce cancer risk, which includes reducing exposure to radon (70). As part of the IARC initiative, the Irish Cancer Society has included radon on a public communication list of 12 ways to reduce cancer risk (71).

Conclusion

In this article, a review of some potential visual aids for radon mapping is made, focusing on Ireland’s various radon maps already published. We have assumed that the indoor radon data were representative for mapping the target estimate (e.g. probability, average and collective dose) and that the maps were properly developed. In this sense, we do not discuss the methods of how maps are devised, but in how they are used.

Visual aids can make the decision process more manageable, considering where to target regulations or public awareness initiatives. The resources available and the radon map’s purpose should be at the core of the decision process when deciding on a plan. Firstly, the spatial resolution can influence the map’s outcome even if the same input data are used (Fig. 2). When considering spatial resolutions, a large scale is good for national-level initiatives, such as delineating RPAs for requiring workplaces to have radon barriers/sumps. A small/local spatial resolution would be useful for building developers or homeowners who want to remediate their homes.

Secondly, the different methods used do not map the same thing concerning radon exposure. For example, probabilistic maps aim to identify areas that are more prone to InRn, while the average concentration radon maps aim to distinguish regions according to their mean concentration. These maps would help target radon awareness campaigns for individual homeowners. If the aim is to protect the collective and rank citizens’ risk of developing radon-induced lung cancer, then choosing a lung cancer incidence map would be appropriate.

Finally, the GRP maps aim to provide information on the amount of soil-gas radon available to become InRn in the area, which is particularly useful for redesignating land or when constructing a new building. Depending on the purpose of which one wants a radon risk map to be used, one map type may be more favourable than the other, and one visual aid will not be appropriately suitable to fit all strategies.
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