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Abstract 15 

 16 

A rapid method for local-scale radon risk assessment using in-situ radon soil-gas measurements and a 17 

national-scale soil permeability dataset have been evaluated. We test and validate our approach in a 18 

case study at the Cooley Peninsula (County Louth, Ireland). In total 60 radon soil-gas measurements 19 

from 48 points were carried out in an area of approximately 160 km2 over a five day period. Results of 20 

radon potential classification are compared with the legislative indoor radon map of Ireland, with 21 

more than 400 indoor radon measurements in the study area. 22 

 23 

Soil-gas radon concentrations in the Cooley Peninsula ranged from very low values (< 10 kBq m-3) to 24 

extremely high (up to 112 kBq m-3), whereas indoor radon concentrations ranged from 3 to 863 Bq m-25 

3. The Cooley Peninsula is therefore mostly classified as a Moderate-High and High radon potential 26 

area. The percentage of indoor radon variance explained by soil-gas radon concentration, soil 27 

permeability and geology is approximately 30% (12%, 9.3% and 8.6%; respectively). 28 

 29 

Our findings show that radon potential classification can detect radon priority areas with a reasonable 30 

degree of accuracy, even with a relatively low number of point measurements in relation to the size 31 

of the area studied. We demonstrate that active radon measurements and geostatistical modelling 32 

can significantly reduce the time and cost required to evaluate an area in relation to expected indoor 33 

radon concentrations. This approach is viable to produce a radon potential map in rural areas, or 34 
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where land-use has been re-designated for new housing, where few or no indoor radon 35 

measurements are available. 36 

 37 

Keywords: Radon, geogenic radon map, radon potential, soil-gas, indoor radon 38 

 39 

1. Introduction 40 

 41 

Radon exposure is the highest source of natural ionizing radiation to the global population (UNSCEAR 42 

2000), representing a significant radiological hazard with measurable detrimental health effects. The 43 

World Health Organisation (WHO) classified radon as a Class 1 carcinogen and it is estimated that 44 

radon is the second cause of lung cancer after smoking (e.g. Field, 2015; US-EPA, 2003; WHO, 2010). 45 

In Europe, for example, approximately 10% of lung cancers are linked to radon (McColl et al. 2015).  46 

 47 

Radon is a radioactive gas which forms as a decay product of radium (Ra) generated in the radioactive 48 

decay series of uranium (U) and thorium (Th). The three natural isotopes are radon (222Rn), thoron 49 

(220Rn) and actinon (219Rn), which come from the decay series of 238U, 232Th and 235U, respectively 50 

(Cothern and Smith 1987). However, due to the half-life of radon (T1/2 = 3.82 d) relative to the short 51 

half-life of thoron (T1/2 = 55.6 s) and actinon (T1/2 = 3.96 s) the radon risk in indoor air is principally 52 

caused by the 222Rn isotope (Adepelumi et al. 2005; Oufni et al. 2013). The progeny can be attached 53 

to aerosols (i.e. suspended particles, water droplets) and inhaled. Progeny daughter isotopes may 54 

deposit in the respiratory track, where the alpha radiation interacts with lung tissue leading to DNA 55 

damage and development of lung cancer (Cothern and Smith 1987; WHO 2009). 56 

 57 

The decay series of 238U is:   58 

 59 

238U (4.5Ga) 
𝛼
→ 234Th (24d) 

𝛽
→ 234Pa (1.2min) 

𝛽
→ 234U (0.25Ma) 

𝛼
→ 230Th (75Ka) 

𝛼
→ 226Ra (1.6Ka) 

𝛼
→ 60 

222Rn (3.8d) 
𝛼
→  218Po (3.1min) 

𝛼
→  214Po (26.8min) 

𝛽
→  214Bi (19.9min) 

𝛽
→  214Po (164µs) 

𝛼
→  210Pb 61 

(22.3a) 
𝛽
→ 210Bi (5d) 

𝛽
→ 210Po (138d) 

𝛼
→ 206Pb (stable) 62 

 63 

All elements of the series are solid except 222Rn. Thus, their mobility are limited and are principally 64 

produced by dissolution or particulate adsorption processes in aqueous media. Radon gas, however, 65 

escapes from minerals in soils and rocks and is found both in groundwater and soil gas (Bonotto and 66 

Andrews 1999). When radon reaches the atmosphere, it is easily diluted so its outdoor concentration 67 

is normally low, in the order of 5-10 Bq m-3 (e.g. Appleton et al., 2011a; Dubois, 2005; Gunning et al., 68 
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2014; Scheib et al., 2013); however, within dwellings and other confined places (e.g. workplaces, 69 

caves) radon may be trapped and accumulate to reach high concentrations. 70 

 71 

Indoor radon principally comes from the surrounding soils on which they are located (e.g. Adepelumi 72 

et al. 2005), although it may also originate from building materials (Azam et al. 1995; Capaccioni et al. 73 

2012) and groundwater used in the building (Cothern 1999; UNSCEAR 2006). In the soil, radon has 74 

three principal origins and it may be: i) generated in the soil by the presence of 226Ra (e.g. Greeman 75 

and Rose, 1996; Tanner, 1978); ii) released from groundwater, both because it is transported by 76 

groundwater or it is generated in it (e.g. Guerra and Etiope, 1999; Porcelli, 2008; Schubert et al., 2001); 77 

and iii) carried by other gases with a deeper origin, i.e. CO2 or CH4 (e.g Elío et al., 2015; Etiope and 78 

Martinelli, 2002; Giammanco et al., 2009, 2007). 79 

 80 

Radon enters into buildings by diffusive and advective processes (Andersen 2001), however due to its 81 

short half-life (i.e. t1/2 = 3.8 days) advective processes are the main factor controlling the presence of 82 

radon indoors. Radon mobility by diffusion depends on its diffusivity and half-life (i.e. 𝐿 = √𝐷 𝜆⁄ , 83 

𝐶𝑥 =  𝐶0𝑒−(𝑥/𝐿); where L is the diffusion length, D is the diffusion coefficient [10−9 m2 s-1 in water and 84 

1.2·10−5 m2 s-1 in air], λ is the decay constant, and Cx and C0 are the 222Rn concentration at a distant X 85 

and 0 from its source respectively; Bonotto and Andrews 1999; Huxol et al. 2012). The diffusion length 86 

of radon is therefore 2.4 metres in air and 2.2x10-2 metres in water. This means that in static conditions 87 

only about 1% (X = 5L) of the initial radon reaches a distance of 12 metres in air, and 0.15 metres in 88 

water. In soils the effective diffusion coefficient depends on the water saturation and soil porosity 89 

(Prasad et al. 2012) and may vary by some orders of magnitude; e.g. from 3·10-6 m2 s-1 in sand, 8·10-9  90 

m2 s-1 in argillite, or 2·10-9  m2 s-1 in concrete (Cothern and Smith 1987), which makes diffusive 91 

transport only effective at a scale of a few metres. Longer migration distances require advective forces 92 

such as a dissolved phase in water, or transport together with other gas phases.  93 

       94 

Indoor radon concentration depends therefore on soil properties (i.e. U-Ra concentration, radon 95 

concentration in the soil, permeability, temperature, water saturation; e.g. Appleton and Miles, 2010; 96 

Scheib et al., 2013), meteorological parameters (i.e. temperature, barometric pressure, humidity, 97 

indoor-outdoor pressure differences; e.g. Andersen, 2001; Groves-Kirkby et al., 2015), building 98 

characteristics (i.e. building material, preventive measures, ventilation; e.g. Capaccioni et al., 2012; 99 

Chen et al., 2010; Long et al., 2013), and other variables which are more difficult to quantify (Gunby 100 

et al. 1993). Understanding these processes is fundamental to radon risk assessment. 101 

 102 
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1.1. Radon mapping 103 

 104 

Current indoor radon monitoring strategies generally use passive radon measurement to predict the 105 

probability of a dwelling having an indoor radon concentration above a reference level (e.g. Hodgson 106 

and Carey, 2013), with geological information included in order to forecast radon priority areas (e.g. 107 

Bossew, 2015; Ferreira et al., 2016; Pásztor et al., 2016). This dual approach of using both indoor radon 108 

concentration and geological information is the basis of the European strategy used to develop both 109 

the European Indoor Radon Map (EIRM) and the European Geogenic Radon Map (EGRM) (Tollefsen et 110 

al. 2014; Bossew et al. 2015). Radon maps are useful to inform government policy on building 111 

regulations in relation to radon as a natural hazard. Additionally, they can also be used to ensure that 112 

preventive measures and awareness campaigns are more accurately targeted to high risk areas.  113 

 114 

The principal cause of error in indoor radon maps is that the spatial autocorrelation of observations is 115 

not analysed; for example, it is common to divide an area into grids (e.g. 10 x 10 km) and estimate the 116 

probability of radon concentrations above a reference level for each grid (Tollefsen et al. 2014). 117 

Therefore, while surveys of indoor radon have been instrumental in raising public awareness of radon, 118 

the resultant hazard maps may be limited by an uneven distribution of tested homes or sites, 119 

uncertainties in the exact locations of tested homes and extensive areas with little or no testing. As 120 

such, these maps are a good starting point to highlight some high radon areas, but they may be of 121 

limited use in a high-resolution predictive capacity (Appleton et al., 2011c). On the other hand, 122 

geogenic radon hazard maps have effectively demonstrated the complexity required to obtain reliable 123 

maps at a national scale (Bossew et al. 2015). It is worth noting however, that neighbouring houses 124 

may have very different indoor radon concentration (US-EPA 2001), indicating that factors in addition 125 

to geogenic attributes, (e.g. building, environment; Sarra et al., 2016) affect indoor radon 126 

concentration and spatial distribution.   127 

 128 

Radon exposure poses a significant radiological hazard in Ireland, as it represents over 56% of the total 129 

radiation dose received by the Irish population (Colgan et al. 2008). Ireland has been classified as one 130 

of the countries with the highest levels of radon in Europe and eighth highest average of an OECD 131 

survey of 29 countries (Long et al. 2013). In fact, it was estimated that over 280 case of lung cancer in 132 

Ireland (approx. 12%) are directly linked to radon exposure every year (Elío et al. 2018). In Ireland, 133 

after introduction of national building regulations in 1998, it was reported that the average indoor 134 

radon concentration was reduced from 89 Bq m-3 to 77 Bq m-3 (Dowdall et al. 2017). The Irish building 135 

regulations state that new houses in a High Risk Area must have a radon preventive measure. The 136 
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current radon monitoring strategy in Ireland uses passive indoor radon measurement (Hodgson and 137 

Carey 2013) to define areas of high radon risk. The present study was designed to better understand 138 

the origin of radon in the natural environment and, therefore, to try to rapidly detect radon priority 139 

areas at a local scale, with a greater degree of spatial accuracy and without the necessity of using 140 

indoor measurements.  141 

 142 

The large number of available indoor radon data in Ireland, with more than 30,000 dwellings sampled 143 

and geo-reference nationwide (Hodgson et al., 2014), represent an invaluable opportunity to analyse 144 

the relationship between indoor radon concentration and geogenic factors. In this regard, soil-gas 145 

radon concentration was measured in a case study in the Cooley Peninsula (County Louth, Ireland), 146 

which has approximately 400 indoor radon measurements. These indoor data are used as a means to 147 

validate our designation of radon priority areas based on radon soil-gas concentrations and a national 148 

subsoil permeability map. The conclusion obtained in this research may have application in other 149 

countries with similar meteorological conditions and building construction standards. 150 

 151 

2. Material and methods 152 

 153 

2.1. Study area 154 

 155 

The methodology for site classification proposed in this study was tested in the Cooley Peninsula 156 

(County Louth), located in the North-East of the Republic of Ireland (Figure 1). This zone has been 157 

classified as a High Radon Risk Area by the Environmental Protection Agency of Ireland, based on 158 

indoor radon measurements (Fennell et al. 2002). The sample area is approximately 160 km2, is 159 

underlain by several different geological units, in terms of chronostratigraphy (Silurian, Carboniferous, 160 

Tertiary), rock types (igneous, sedimentary and metamorphic) and surficial deposits (the geological 161 

map with a complete legend can be viewed in the GSI Spatial Resources Viewer portal; www.gsi.ie).  162 

 163 

The Cooley Peninsula forms part of the Carlingford Complex, which started to form around 61 Ma 164 

(Baxter 2008). The bedrock geology is dominated by igneous rock types, with the presence of basalt 165 

(Tertiary minor volcanics Formation), gabbro (Tertiary basic intrusion Formation) and granite (Tertiary 166 

granite, felsite Formation) in the centre of the Cooley Peninsula (Figure 1). The south-eastern part is 167 

dominated by Carboniferous limestone (Marine shelf facies Formation) and the northern and south-168 

western by Silurian metasediments (Silurian sandstone, greywacke, shale Formation) (Figure 1). The 169 

area was highly influenced by glaciations (Baxter 2008), resulting in glacial tills as a predominant 170 
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Quaternary sediment. Peaty topsoils also occur overlying bedrock in the centre part of the peninsula 171 

(Gallagher et al. 2016). The direction of the main faults is NW-SE (GSI geological map of Ireland).       172 

 173 

2.2. Soil-gas radon measurements 174 

 175 

Forty eight locations were sampled in the Cooley Peninsula from 25th to 29th July 2016 (Figure 1), with 176 

60 radon measurement carried out in total. One site (site nine) was used as a “control point”, where 177 

soil-gas radon was measured six times over the five days of field work, in order to check for possible 178 

variation of radon levels due to changes in atmospheric conditions. Seven random field replicates were 179 

measured in order to analyse the reproducibility of soil-gas radon measurements (points 2, 14, 25, 29, 180 

30, 32, 33). The replicates were carried out by repeating the measurement procedure over a few 181 

minutes and in a second site separated by approximately 1 meter.  182 

 183 

Radon concentration in the soil-gas was measured with a pulse ionization chamber detector RM-2 184 

(Elío et al., 2015). The soil-gas sampling was carried out with a hollow probe inserted into the ground 185 

at 75–100 cm depth, in order to minimize the influence of atmospheric factors (Schubert and Schulz 186 

2002; Schubert et al. 2005; García-González et al. 2008). Prior to taking the soil-gas sample the probe 187 

was purged to avoid air contamination. The humidity and particulate material were removed by a 188 

Drierite desiccant (anhydrous calcium sulphate) and a particle filter (0.45 μm), respectively. The first 189 

two soil-gas samples were discarded and the third sample (150 mL) was introduced into a pre-190 

evacuated ionization chamber (250 mL). Finally, external air (with a negligible radon concentration 191 

relative to soil-gas; i.e. 5 - 10 Bq m-3) was introduced into the chamber to equalize the pressure in the 192 

chamber to atmospheric pressure. The detection limit of the RM-2 device is 3 kBq m-3, while the 193 

uncertainty of radon concentration (1σ) is 0.33∙(CRn)0.5, where CRn is the concentration of radon (CRn ± 194 

σ). Thus, the uncertainty of radon measurement using the RM-2 instrument is below 20%. 195 

Geostatistical analysis was carried out to predict a soil-gas radon value over a grid of 100 x 100 m. 196 

 197 

2.3. Subsoil permeability 198 

 199 

Subsoil permeability was obtained from the national Groundwater Recharge Map of Ireland 200 

(downloaded from www.gsi.ie). The Geological Survey Ireland (GSI) classified the subsoil permeability 201 

as “High”, “Moderate” or “Low”, based on direct measurements, observation of drainage patterns and 202 

vegetation, particle size analysis as a permeability predictor, and subsoil descriptions using the British 203 

Standard (BS)5930 (BSI 1999) as a proxy for particle size analysis (Hunter Williams et al. 2013). Where 204 

subsoil was less than 3m thick (Depth to Bedrock; DTB, <3m), the GSI did not classify subsoil 205 

http://www.gsi.ie/
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permeability as it can be very spatially variable due to rooting, cracking and the influence of underlying 206 

bedrock (Lee et al. 2008; Masterson et al. 2008).      207 

 208 

2.4. Radon risk classification and mapping 209 

 210 

Sites were classified based on the “radon potential” index (Neznal et al. 2004), which takes into 211 

account the soil-gas radon concentration and the permeability of the soil. Radon potential (RP) is 212 

estimated as follows:  213 

 214 

𝑅𝑃 =  
𝐶𝑅𝑛

(−𝑙𝑜𝑔10 (𝑘) − 10)
 215 

 216 

Where CRn is the equilibrium radon concentration in soil-gas (kBq m-3) and k the soil permeability (m2). 217 

The values of radon and permeability used in the RP formula were assigned values according to a 218 

categorization of each parameter (Table 1). In areas where the subsoil was less than 3 m thick (Depth 219 

to Bedrock, DTB, <3 m; total area: 59 km2) the worst case scenario for radon risk assessment was 220 

assumed, and a high permeability value was assigned for the radon potential estimation. 221 

 222 

With the combination of soil-gas radon predictions (grids of 100 x 100 m) and permeability values, a 223 

radon potential map was generated. The initial values obtained at 100 x 100 m were then aggregated 224 

to grids of 1 x 1 km, applying a weighted arithmetic mean of the different RP in each grid (𝑅𝑃 =225 

1

𝐴𝑇
∑ 𝐴𝑖

𝑛
𝑖=1 ∙ 𝑅𝑃𝑖 and 𝐴𝑇 = ∑ 𝐴𝑖

𝑛
𝑖=1 ; where RP and AT are the radon potential and the total area of a 226 

specific grid, respectively; and RPi and Ai the radon potential and the area of the different subdivisions 227 

present in the grid, respectively). An area may be classified as: i) low risk (RP < 10), moderate-low risk 228 

(10 <= RP < 22.5), moderate-high risk (22.5 <= RP < 35) and high risk (RP > 35) (Figure 2). 229 

 230 

2.5. Indoor Radon Measurements 231 

 232 

Indoor radon measurements (n = 429) were used to validate the radon risk designations (Figure 1). 233 

Indoor radon concentration measurements (Figure 1) were carried out by the Environmental 234 

Protection Agency of Ireland (EPA), as part of a national survey in Irish dwellings between 1992 and 235 

1999 (Fennell et al. 2002), and geo-referenced by the Geological Survey, Ireland (Hodgson et al. 2014) 236 

and Ireland’s Health Services (HSE-Health Intelligence Unit; HSE, 2013). Indoor radon was sampled 237 

using passive alpha track detectors (CR-39), which were located in homes for a minimum of 3 months 238 

and seasonally adjusted to give an annual value (Burke et al. 2010). Finally, the annual values were 239 
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corrected by subtracting the average outdoor radon concentration of Ireland which improves the log-240 

normal distribution of the data (i.e. 5.6 Bq m-3; Gunning et al., 2014; Hodgson et al., 2014).  241 

 242 

Ireland follows the recommendations of the European Commission (EURATOM 2013) and has adopted 243 

a national reference level for domestic indoor radon concentration of 200 Bq m-3 (NRCS 2014). A radon 244 

risk map was developed solely using indoor radon measurements (Fennell et al. 2002; www.radon.ie). 245 

The probability of having an indoor radon concentration above the reference level was estimated by 246 

grids of 10 x 10 km, and then the country was divided in five percentage bands; i.e., <1%, 1-5%, 5-10%, 247 

10-20% and >20%. A “High Risk Area” was defined when the probability is 10% or higher. The study 248 

area of the Cooley Peninsula is one of such area.  249 

 250 

3. Results 251 

 252 

3.1. Soil-gas radon concentration 253 

 254 

Soil-gas radon concentrations ranged between 3.5 kBq m-3 (# 46) and 112 kBq m-3 (# 28) (Table 2). 255 

According to the classification of radon concentration in soil-gas (Table 1), 3 points had very low 256 

concentrations (approx. 6%; points 12, 26 and 46), 12 had low concentrations (25%; points 1, 3, 11, 257 

13, 17, 20, 24, 25, 29, 33 and  43), 20 moderate (42%; points 4-6, 9, 10, 16, 18, 19, 22, 23, 31, 32, 35-258 

40, 42 and 48), 7 high (15%; points 2, 7, 14, 21, 30, 41 and 47), 5 very high (10%; points 8, 27, 34, 44 259 

and 45), and 1 extremely high (2%; point 28). The Box-Cox transformation illustrate that the data do 260 

not follow either a normal nor log-normal distribution, and the optimal transformation is with a 261 

lambda of 0.50 (Figure 3a, b, and c) which was used for the data analysis. The data for control points 262 

and replicas were given in Table 3, the Relative Standard Deviation (RSD [%]) in the control point was 263 

10% (point 9), while in the replicas (points 2, 14, 25, 29, 30, 32, 33; Table 3), the RSD was normally 264 

below 25%, except for point 32 in which the RSD was 50%. 265 

 266 

The Relative Standard Deviation (RSD [%]) in the control point (i.e. 10%) and in the replicates (normally 267 

below 25%) are in accordance with the uncertainty of the instrument, less than 20%. The slight 268 

increase in uncertainty may be related to the higher variations under non-controlled conditions (i.e. 269 

fieldwork). Furthermore, the values obtained for the control point do not follow any trend (increase 270 

or decrease during the week), with the highest values in the second day (44.5 kBq m-3) and the lowest 271 

the first day (33.3 kBq m-3), suggesting that radon was not significantly affected by external parameters 272 

(i.e atmospheric conditions) during fieldwork, and the soil-gas radon measurements are deemed 273 

http://www.radon.ie/
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suitable for further data analysis. In the points where more than one value is available (i.e. replicas 274 

and control point), the mean value of the measurements were assigned as the value of the point. In 275 

the anomaly point (#32) a mean value was also assigned as there are no criteria to select one of them 276 

(55.8, 26.7 or the mean 41.3 kBq m-3).   277 

 278 

Geostatistic analysis shows that the experimental variogram (point) was within the envelope (dotted 279 

lines) of all variograms obtained by random permutations of the data (Figure 3d). Thus it might be 280 

considered as the product of a random process with no spatial relationship existing between data 281 

points. The interpolation should be carried out therefore by non-geostatical methods; i.e. inverse 282 

distance weighted (Bivand et al. 2008). In our case, the interpolation was carried out with an inverse 283 

distance weighting power of 2 and a maximum number of nearest points (nmax) of 10 (Figure 4a). 284 

 285 

3.2. Radon potential (RP) 286 

 287 

A radon potential map was developed taking into account the estimated soil-gas radon concentrations 288 

(Figure 4a) and subsoil permeability in the Cooley Peninsula (Figure 4b). The resulting radon potential 289 

map (grids of 1 x 1 km) is shown in Figure 5. RP correspond principally with High (H) and Moderate-290 

High (M-H) classification, and a very small percentage to Low (L) associated with the lowest values of 291 

radon concentration in soil-gas (points 12, 26 and 46; Figure 1 and Table 2). The percentage of M-H 292 

and H grids is 43% and 41%, respectively. This high radon potential classification is in agreement with 293 

the EPA results which classified the Cooley Peninsula as a High Radon Risk Area (areas where the 294 

probability of having an indoor radon concentration higher than the reference level of 200 Bq m-3 is 295 

10% or higher, Figure 6).  296 

 297 

3.3. Indoor radon measurements 298 

 299 

Indoor radon concentration in the study area follow a lognormal distribution (n = 429). Indoor radon 300 

ranged between 2.4 and 863 Bq m-3 with a median of 46.5 Bq m-3, a geometric mean of 49.54, and a 301 

geometric standard deviation of 2.83. From the 429 dwellings sampled in the area, 42 (9.8%) had 302 

indoor radon concentration above the reference level of 200 Bq m-3 (red stars in Figure 6). From the 303 

six 10 x 10 km grids sampled, 3 are grids where the EPA estimated a percentage of dwellings above 304 

the reference level higher than 20%, 2 between 10% and 20%, and 1 between 5-10%. The number of 305 

sampled dwellings below and above the reference level in each area are 107 and 31, 46 and 6, and 306 

234 and 5 respectively, resulting in a percentage of houses in each EPA classification above the 307 

reference level of 2%, 12%, and 22% respectively.  308 
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 309 

4. Discussion 310 

 311 

4.1. Soil-gas radon measurements 312 

 313 

From the 48 soil-gas samples, 10 were taken above Tertiary granite, felsite formation; 3 above Tertiary 314 

basic intrusions; 15 above Silurian sandstone, greywacke, shale; 18 above Marine shelf facies; and 2 315 

above Tertiary minor volcanics (Figure 1). The boxplot suggests there are some differences between 316 

formations (Figure 7), with the highest values in sub-soil above the Tertiary granite, felsite (granites) 317 

and Marine shelf facies (Carboniferous limestones) Formation, and the lowest values from subsoil 318 

above the Tertiary basic intrusion (dolerite & gabbro) and the Silurian sandstone, greywacke, shale 319 

(Silurian metasediments) Formation. The fact that houses built above the Silurian sandstone, 320 

greywacke, shale formation have the lowest indoor radon concentrations (Figure 8) confirms the 321 

importance of gaining a better understanding of the relationship between soil-gas radon 322 

concentration and indoor radon concentration. 323 

 324 

Overall, 2-D analysis (Figure 4a) shows that the Cooley Peninsula is characterised by moderate soil-gas 325 

radon concentrations (30-50 kBq m-3), without a clear correlation with geological units or fault systems 326 

(Figure 1). However, the lowest values are at the south-west and northern part of the Cooley 327 

Peninsula, related with the Silurian metasediments of the area. The highest soil-gas radon area is in 328 

the east part of the peninsula, related to the Carboniferous limestone. Finally, very high soil-gas radon 329 

values are found in the central granite area (igneous intrusion), two points in the N-W and one at S-E 330 

of this area, suggesting that the main fracture system (NW-SE direction) may influence radon 331 

concentration. Nevertheless, the lack of correlation between geology and soil-gas radon 332 

concentration may be the result of the relatively low sample density or the result of heterogeneity of 333 

the soil formations, and additional soil-gas sample sites would be needed to be targeted to further 334 

test such a correlation.  335 

     336 

4.2. Radon potential classification 337 

 338 

The radon potential map constructed based on active soil-gas radon measurements and soil 339 

permeability was compared with an existing radon hazard map based solely on seasonally adjusted 340 

indoor radon measurements. The Cooley Peninsula is mostly classified as High (H) and Moderate-High 341 

(M-H) radon potential (i.e. 84% of the total grids of 1 x 1 km; Figure 5) while in the Indoor Radon Map 342 
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for this area is classified as a High Radon Area (estimate percentage of houses above the reference 343 

level higher than 20%; Figure 6).  344 

 345 

The very small number of houses tested for indoor radon concentration in areas classified as low risk 346 

(i.e. 5 dwellings) do not aid interpretation of results in these areas (Table 4), and the high probability 347 

obtained (20 %) does not seem realistic. These grids (i.e. 3 of 185; Figure 5) would therefore require 348 

further investigation in other to evaluate if the radon risk in this area is reality low, or if it should be 349 

classified as moderate. In the other radon risk areas however the geometric mean and the probability 350 

of having an indoor radon concentration above the reference level increases with the risk classification 351 

(Table 4). In this sense, the geometric mean increases from 34 Bq m-3 in M-L areas to 46 Bq m-3 in M-352 

H, and 87 Bq m-3 in H areas, while the probability of having a high indoor radon concentration in M-L 353 

areas is about 4% (i.e. 5 dwelling of 140 have an indoor radon concentration higher than the reference 354 

level; Table 4), in M-H areas it is about 7% (i.e. 13 of 177), and in H areas it is 21% (23 of 107).  355 

 356 

The probabilities of houses with radon concentrations above the reference level in the high radon 357 

potential areas (i.e. H-M and H) are in agreement with the EPA results, as calculated from indoor radon 358 

measurements, at around 12% for the 10-20% EPA band classification, and 22% for the >20% band 359 

(Figure 6). The false negatives for M-L radon potential areas (i.e. that the indoor radon concentrations 360 

are above the reference level when the area is classified as M-L radon potential area) are around 12% 361 

(5 of 42 dwellings; Table 4). On the other hand, the false positives (i.e. that the indoor radon 362 

concentrations are below the reference level when the area is classified as M-H or H radon potential 363 

area) are 42% (164 of 378) and 22% (84 of 387) respectively. These errors seem reasonable taking into 364 

account the uncertainties and spatial variability of indoor radon concentrations, and are in agreement 365 

with the EPA classification based on indoor radon measurements alone (i.e. false negative: 12%; false 366 

positive: 40%).  367 

 368 

4.3. Indoor radon measurements   369 

 370 

From the six 10x10 km grids sampled in the Cooley Peninsula, the EPA classified five as High Radon 371 

Areas (Figure 6). However, indoor radon measurements were clustered around populated and coastal 372 

areas of the Cooley Peninsula. Therefore, classification of the grids (10x10 km) was carried out without 373 

data in certain areas (e.g. centre area of the peninsula), and some misinterpretation of radon hazard 374 

could result. An ANOVA analysis (Table 5) showed that bedrock geology explains about 21% of the 375 

indoor radon variation (p-value < 0.01), with the Silurian Sandstone, Greywacke and Shale Formation 376 
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(Silurian metasediments) being the formation which statistically differed from the others, with a lower 377 

indoor radon concentrations (Figure 8a). 378 

 379 

These results show that the proportion of indoor radon variation explained by bedrock geology is 380 

similar, for example, to the values obtained in England and Wales (i.g. 25%; Appleton and Miles, 2010), 381 

and Scotland (i.e. 21%; Scheib et al., 2009), and lightly higher than the variance explained in Northern 382 

Ireland (i.e. around 12-14%; Appleton et al., 2015) and SW England (i.e. about 10%; Ferreira et al., 383 

2016). It is noteworthy that these areas have similar building standards and climate conditions. 384 

However, despite the small differences in the variance explained by bedrock geology, its influence on 385 

indoor radon concentration is significant in all cases and should be taken into account in radon risk 386 

assessment.      387 

 388 

Comparing soil-gas and indoor radon concentrations, ANOVA analysis indicates that approximately 389 

12% of the variance of indoor radon concentration can be explained by the predictions of soil-gas 390 

radon concentrations (p-value < 0.01). If soil permeability and geology are also taken into account, the 391 

model can explain up to 30% of indoor radon variance; 12% soil-gas radon predictions, 9.3% 392 

permeability and 8.6% geology (32% if the interaction between soil-gas radon and geology is added; 393 

the only interaction which is statistically significant, p-value < 0.01). These results confirm that soil-394 

gas radon concentration is the main factor controlling the indoor radon concentration, but soil 395 

permeability and geology also have an important contribution. If each dataset is analysed separately, 396 

the explained variance is 12%, 18% and 21% for predicted soil-gas radon concentration, permeability 397 

and geology; respectively. The reduction of the percentage of variance explained by permeability and 398 

geology suggest that part of the information given by these datasets are already included in the soil-399 

gas radon concentration predictions.      400 

 401 

A logistic regression analysis (see Elío et al., 2017 for a full explanation of the methodology) confirms 402 

that with respect to indoor radon, the Silurian sandstone, greywacke, shale Formation is the only 403 

statistically different formation for the study area. Furthermore, the odds of having an indoor radon 404 

concentration above the reference level increases by a factor of 0.12 with respect to the Tertiary 405 

granite felsite. The predicted probabilities of exceeding the reference level are 19% for the Tertiary 406 

granite felsite; 18% for Tertiary basic intrusion, 3% for Silurian sandstone, greywacke, shale; 24% for 407 

Marine shelf facies, and 33% for Tertiary minor volcanics (Figure 8b). In agreement with the probability 408 

estimated assuming a log-normal distribution of the data (Table 6), the small differences can be 409 

related to the small number of data in some formations. 410 
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 411 

4.4. Implications for indoor radon mapping 412 

 413 

Different options for mapping indoor radon risk were compared with the indoor radon measurements 414 

(n = 429) by logistic regression (Table 7). The selection of the model was carried out in accordance 415 

with the Akaike Information Criterion or AIC (being AIC = −2 log(Lik) + 2p, where Lik is the verisimilitude 416 

of the model, and p the number of parameters of the model; Akaike, 1974). If the difference between 417 

AIC in two models is greater than 2, the model with the lesser AIC is chosen but if the difference is 418 

between 1 and 2, the models could be considered as being intimately linked (Anderson and Burnham 419 

1999).  420 

 421 

The classification based on indoor radon measurements (both the EPA classification - Figure 6-, which 422 

divides the area in grids of 10x10 km, and InRn_BED500 classification - Figure 8b-, which divides the 423 

area by different geological formations) has the lowest AIC (Table 7). This means that both these 424 

models better explain the results of indoor radon concentrations. The AIC difference between these 425 

two models was between 1 and 2, thus it could be considered that they give the same information. 426 

However, it seems more appropriate to divide the area by geological units, and not by grids, since 427 

geology is the main factor that controls the indoor radon concentrations (up to 21% in the Cooley 428 

Peninsula, and around 10-25% in other countries with similar building standards). In this case, the false 429 

positive error is increased slightly (from 12% to 19%), but it is probable that this error can be reduced 430 

with a random stratified sampling design. The false positive value, however, is reduced from 40% to 431 

29%.   432 

 433 

Although radon potential (RP) maps only take into account the radon concentration in the soil-gas and 434 

the soil permeability, the radon risk classification (i.e. Low, Moderate-Low, Moderate-High, High risk; 435 

Figure 7) may be acceptable since the amount of data and the time required for the site classification 436 

is substantially lower than that required for standard indoor radon measurements. In this regard, only 437 

60 radon soil-gas samples (and 1 week) were required for site classification in this study, while more 438 

than 400 indoor radon measurements (and 3 months for sampling indoor radon concentration) were 439 

necessary for the EPA classification. Furthermore, if more detail were required, a follow-up field 440 

campaign could be implemented in order to increase the number of soil-gas and soil permeability 441 

measurements, rather than relying solely on indoor radon measurements. 442 

 443 
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In this regard soil-gas radon monitoring campaigns are viewed as cost effective when conducted at a 444 

local scale. Given that such an approach for radon potential classification only depends on geological 445 

factors and not on the type of dwellings or living styles (e.g. installation of radon barriers in the house, 446 

type of building, ventilation), it helps to minimise the temporal or spatial variability associated with 447 

indoor radon measurements. Furthermore, indoor radon measurements can potentially result in 448 

inaccurate risk evaluation in non-sampled areas, however, no such impediment affects soil-gas 449 

surveys where a grid-like sampling strategy is employed.   450 

 451 

The disadvantage of in-situ soil measurements is that their applicability is locally limited due to 452 

physical restrictions. On a local scale, the density of in-situ measurements could be incremented to 453 

better estimate radon concentration and permeability in the soil (e.g. using geostatical methods), and 454 

in extreme cases the site for each new building could be characterised prior to its construction (e.g. 455 

the legal procedure in the Czech Republic; Neznal et al., 2010). However, at a national or regional scale 456 

it may be not possible to carry out a survey of in-situ radon soil-gas measurements with the required 457 

resolution within a short time-frame. The application of radon potential classification may therefore 458 

require evaluation of other cost-effective detection techniques, such airborne radiometric surveys, 459 

capable of covering large areas (e.g. Appleton et al., 2008; Appleton et al., 2011b). 460 

 461 

In this study soil-gas radon measurements were carried out at 75-100 cm depth. We assumed 462 

therefore a minimal influence from external atmospheric factors such as temperature and pressure 463 

(García-González et al. 2008; Buttafuoco et al. 2010; Michel-le pierres et al. 2010; De Miguel et al. 464 

2018), and that short-term variation in radon concentration occurs mainly at shallower depths in the 465 

soil profile (Schubert and Schulz 2002; Papp et al. 2014). This measuring depth is a standard procedure 466 

for evaluating the radon potential (Kemski et al. 2001; Neznal et al. 2004; Barnet 2012; Cosma et al. 467 

2013; Szabó et al. 2014; Cinelli et al. 2015; Pásztor et al. 2016). However, some authors have suggested 468 

that atmospheric parameters may still have an influence over a short time-scale even at a depth 469 

greater than 80 cm (Zmazek et al. 2002; Cigolini et al. 2009). We have used a control point to verify 470 

that there were no significant variations between the 5 days of the fieldwork, and the data collected 471 

are therefore suitable for the purpose of our study.  472 

 473 

Continuous monitoring may however help to better understand the role of atmospheric factors (e.g. 474 

pressure, temperature, soil humidity), and other gas phases (e.g. CO2), on the 222Rn levels in soil. High 475 

seasonal/daily variations on soil-gas radon concentration may generate uncertainties in the risk 476 

assessment (i.e. Radon Potential; RP), and RP may therefore require a seasonal adjustment (Szabó et 477 
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al. 2013). However, since there is not a general dependence of atmospheric factors on soil gas radon 478 

concentration (Szabó et al. 2013), and different patterns may occur under similar climate conditions 479 

depending on the soil type (King and Minissale 1994), specific long-term campaigns would be needed 480 

in order to define national/regional seasonal correction factors.  481 

 482 

Soil permeability has a high influence in indoor radon, and better estimation of this parameter will 483 

increase the quality of results. The efforts to characterise a site should be focused, therefore, not only 484 

on radon measurements but also on direct measurement of gas permeability of the soil. Although 485 

hydraulic conductivity or subsoil permeability estimations are normally available on a national scale 486 

(or other datasets, e.g. soil type), it is highly recommended to carry out in-situ gas permeability 487 

measurements at the same sites as soil-gas monitoring in order to validate the permeability 488 

classification in relation to radon protection. 489 

 490 

Finally, if the measurement of indoor radon concentration were the preferred strategy selected for 491 

radon mapping, it could be more accurate to divide the sampled area according to geological units, 492 

not by grids, since geology is the main factor controlling indoor radon concentration. At a national 493 

scale, a varied approach could be employed using a combination of dividing a country into grids and 494 

then, dividing each grid into geological units. In this way, other factors that may be as important as 495 

geology (e.g. atmospheric conditions, building characteristics, altitude, etc.) can be homogenized in 496 

the grid, with the geology subsequently taken into account. Where possible, a random sampling of 497 

dwellings overlying each geological unit could avoid the clustering of indoor radon measurements, 498 

and although the unpopulated areas will be still not be sampled, geological factors may help to more 499 

accurately interpret the radon risk.    500 

 501 

5. Conclusions 502 

 503 

A method to carry out a radon potential classification using 60 in-situ radon measurements in 48 sites 504 

was tested and validated in a case study of an area of approximately 160 km2 in the Cooley Peninsula, 505 

NE Ireland. Although the number of samples sites is relatively low, the results obtained show that the 506 

radon potential map is generally in agreement with the results of the Indoor Radon Map, and thus 507 

rapid local soil-gas surveys can be helpful as a cost-effective means to complement radon risk maps 508 

based on indoor radon measurements, or produce a radon potential map where no prior indoor radon 509 

measurements have taken place.  510 

 511 
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The percentage of indoor radon variance explained by soil-gas radon concentration, subsoil 512 

permeability and geology was approximately 30% (12%, 9.3% and 8.6%, respectively). This result 513 

confirms that although soil-gas radon concentration is the parameter which explains the greatest 514 

degree of variance, subsoil permeability and geology also have a high influence and should be taken 515 

into account for evaluating radon risk.    516 

 517 
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Figure Captions: 737 

 738 

Figure 1: Radon soil-gas measurements in the Cooley Peninsula (Bedrock geology scale 1:500k; 739 

download from Geological Survey Ireland, www.gsi.ie) 740 

 741 

Figure 2: Radon potential classification 742 

 743 

Figure 3: a) Optimal Box-Cox transformation of soil-gas radon measurements (lambda = 0.50), b) 744 

normal q-q plot, c) histogram and d) experimental variogram of radon transformed data 745 

 746 

Figure 4: a) Soil-gas radon (222Rn) measurements and radon classification based on radon predictions 747 

(inverse distance weighted interpolation; idp = 2, nmax = 10, grids 100x100m), and b) soil 748 

permeability (GSI Groundwater Recharge Map) 749 

 750 

Figure 5: Radon potential map at 1km grid squares. Indoor radon measurements are shown by green 751 

dots (InRn < 200 Bq m-3) and red stars (InRn > 200 Bq m-3) 752 

 753 

Figure 6: Indoor Radon Risk Map at 10 km grid squares (EPA; after Fennell et al., 2002) 754 

 755 

Figure 7: Box-plot soil-gas radon measurements (normally transformed). Unit Label: 9 - Tertiary 756 

granite, felsite; 11 - Tertiary basic intrusion; 49 - Silurian sandstone, greywacke, shale; 64 - Marine 757 

shelf facies; 78 - Tertiary minor volcanics 758 

 759 

Figure 8: a) Box-plot indoor radon measurements (lognormal transformation). Unit Label: 9 - Tertiary 760 

granite, felsite; 11 - Tertiary basic intrusion; 49 - Silurian sandstone, greywacke, shale; 64 - Marine 761 

shelf facies; 78 - Tertiary minor volcanics. b) Estimate percentage of houses above the reference 762 

level based on bedrock units (scale 1:500k) and indoor radon concentrations. Green dots: InRn < 200 763 

Bq m-3; Red starts: InRn > 200 Bq m-3 764 

 765 
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Table Captions: 767 

 768 

Table 1: Assigned values for the radon potential (RP) estimation 769 

 770 

Table 2: Results of soil-gas radon concentration 771 

 772 

Table 3: Control point and replicas 773 

 774 

Table 4: Number of dwellings above the reference level in each radon potential (RP) area 775 

 776 

Table 5: ANOVA tables for indoor radon concentration 777 

 778 

Table 6: Number of dwellings above the reference level in each Formation 779 

 780 

Table 7: AIC Criterion values for each of the four logistic regressions models 781 

 782 
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