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A B S T R A C T   

Globally, indoor radon exposure is the leading cause of lung cancer in non-smokers and second most common 
cause after tobacco smoking. Soil-gas radon is the main contributor to indoor radon, but its spatial distribution is 
highly variable, which poses certain challenges for mapping and predicting radon anomalies. Measurement of 
indoor radon typically takes place over long periods of time (e.g. 3 months) and is seasonally adjusted to an 
annual average concentration. In this article we investigate the suitability of using soil-gas radon and soil- 
permeability measurements for rapid radon risk assessments at local scale. The area of Castleisland, Co. Kerry 
was chosen as a case study due to availability of indoor radon data and the presence of significant radon 
anomalies. In total, 135 soil-gas and permeability measurements were collected and complemented with 180 
indoor radon measurements for an identical 6 km2 area. Both soil-gas and indoor radon concentrations ranged 
from very low (<10 kBqm− 3, 0.1 Bqm− 3) to anomalously high (>1433 kBqm− 3, 65,000 Bqm− 3) values. Our 
method classifies almost 50% of the area as a high radon potential area, and allows assessment of geogenic 
controls on radon distribution by including other geological variables. Cumulatively, the percentage of indoor 
radon variance explained by soil-gas radon concentration, bedrock geology, subsoil permeability and Quaternary 
geology is 34% (16%, 10%, 4% and 4% respectively). Soil-gas and indoor radon anomalies are associated with 
black shales, whereas the presence of karst and geological faults are other contributing factors. Sampling of radon 
soil-gas and soil permeability, used in conjunction with other geogenic data, can therefore facilitate rapid 
designation of radon priority areas. Such an approach demonstrates the usefulness of high-resolution geogenic 
maps in predicting indoor radon risk categories when compared to the application of indoor radon measurements 
alone. This method is particularly useful to assess radon potential in areas where indoor radon measurements are 
sparse or lacking, with particular application to rural areas, land rezoned for residential use, or for sites prior to 
building construction.   

1. Introduction 

The global population receives its most significant proportion of 
natural ionizing radiation from radon exposure (Monty, 2000). The 
World Health Organization classifies radon as a class I carcinogen, and 
reports that it is the second leading cause of lung cancer after tobacco 
smoking, and the most common cause of lung cancer in non-smokers 
(World Health Organization, 2009). A study of 66 countries reported 
226,057 total radon-attributed lung cancer deaths in 2012 (Gaskin et al., 
2018). Annually in Ireland, approximately 350 people are estimated to 
develop radon-induced lung cancer (Fuente et al., 2020; Murphy et al., 

2021). Typical 5-year survival rates from the time of diagnosis for lung 
cancer are 20% (National Cancer Registry Ireland, 2020). When iden-
tified, radon priority area (RPA) can be the focus for radon testing and 
remediation (Bossew, 2018), or they may be used as a geospatial 
parameter in targeted lung cancer screening programmes (Elío et al., 
2018; Petermann et al., 2022). Any efforts which identify radon priority 
areas will help to reduce the lung cancer mortality in the general 
population. 

Radon is a naturally occurring radioactive noble gas that emanates 
from rock, soil, and water. It is a dense, odourless and colourless gas. 
Radon (222Rn) is an intermediate decay product in the 238U decay chain. 

Abbreviations: GRP, Geogenic Radon Potential; IRC, Indoor Radon Concentration; SGRn, Soil-Gas Radon; RPA, Radon Priority Area. 
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As uranium emits alpha particles, it transforms into a series of different 
isotopes before decaying to lead (206Pb). The isotopes of 219Rn (actinon) 
and 220Rn (thoron) are intermediate decay products of 235U and 232Th 
respectively. Radon concentrations in the atmosphere are generally low 
(typically 5 becquerels per cubic meter (Bqm− 3)) (Barros et al., 2015; 
Gunning, 2016; Habib et al., 2018; Rafique et al., 2021). However, 
radon can occur at much higher concentrations in soil (typically 10’s to 
100’s kBqm− 3) (Abdalla et al., 2021; Alonso et al., 2019), or enclosed 
spaces such as buildings and caves (typically 10’s to 100’s Bqm− 3) 
(Cucoş Dinu et al., 2017; Margineanu, 2019; Smith et al., 2019). 

As radon decays over a short half-life (3.8 days), it emits alpha ra-
diation (5.5909 MeV) as it transforms into polonium (218Po and 214Po). 
The short half-life of 218Po and 214Po (164.3μs and 3 min respectively) 
causes these isotopes to densely emit alpha radiation (energies of 6 MeV 
and 7.9 MeV respectively). The polonium isotopes, which are charged 
metal ions, can be inhaled either unattached or attached to airborne 
particulate matter. The polonium ions can become lodged in lung tissue 
and act as point sources of alpha radiation. For these reasons, there is a 
direct relationship between radon exposure and lung cancer (Marsh 
et al., 2021). 

Globally, the detrimental health effects of radon exposure are 
recognized, and many countries have initiatives designed to mitigate 
these health issues (European Commission, 2013; Khan et al., 2019; 
United Nations Scientific Committee on the Effects of Atomic Radiation, 
2015). In Ireland, the national radon action plan is supported by the 
‘National Radon Control Strategy’, ‘Radon in workplaces’, ‘Gamma ra-
diation from building materials’, and ‘Indoor exposure to radon in do-
mestic dwellings’ (Radiological Protection Act, 1991; Ionising Radiation 
Regulations, 2019). Of particular importance is the original radon risk 
map, which outlines areas of radon priority, with high radon areas 
defined as “any area where it is predicted that 10 percent or more of 
homes will exceed the reference level of 200 Becquerel per cubic metre 
(Bqm− 3)” (Fennell et al., 2002). In high radon areas, new buildings are 
obliged to have preventative measures in place to reduce excessive 
radon accumulation. Furthermore, in areas deemed high radon risk, 
employers are obliged to measure for radon and if necessary, ensure that 
radon is below the reference level (Radiological Protection Act, 1991 
(Ionizing Radiation) Regulations, 2019). Therefore, finding an effective 
method for defining high radon areas is crucial for radon mitigation 
(Bossew et al., 2020). 

The original radon risk map of Ireland published by the Environ-
mental Protection Agency (Fennell et al., 2002) has a 10 × 10 km2 

spatial resolution and is based exclusively on indoor radon concentra-
tion (IRC) (i.e. it does not contain any geological information). The 
Environmental Protection Agency in Ireland published an updated 
radon risk map in May 2022, which incorporates geogenic properties 
following the methodologies of Elío et al. (2017), (Environmental Pro-
tection Agency, 2022). Importantly, the literature on radon and geology 
indicates a high spatial variability of soil-gas radon (SGRn), over areas 
far smaller than 10 × 10 km2 (Duggal et al., 2014, Idriss et al., 2014; 
Ravikumar et al., 2015). 

It is noteworthy that the greatest contributor to IRC is SGRn (Chen 
and Ford, 2017; World Health Organization, 2007). Porosity, soil 
permeability, structural geology and the pressure difference between the 
ground below the building and the indoor ground level, influences SGRn 
concentrations (Sun et al., 2004; Jelle 2012; Kulali et al., 2017; Laiolo 
et al., 2016). Both occupancy style, ventilation and building character-
istics affect the radon concentrations within dwellings (Liping et al., 
2016; Schubert et al., 2018). Additionally, the climatic and seasonal 
conditions affect the atmospheric pressure, wind speed, temperature, 
humidity and precipitation, which influence soil-gas radon accumu-
lating indoors (Sundal et al., 2008; Xie et al., 2015). 

Ireland’s National Radon Control Strategy targets geographical re-
gions deemed to be radon prone, i.e. High Radon Areas (HRA) or Radon 
Priority Areas (RPA). The National Radon Control Strategy second phase 
knowledge gaps report states that the national radon risk map may be 

improved by researching areas with anomalously high radon levels 
associated with kartsified limestones particularly around Castleisland 
and Tralee in North Co. Kerry (National Radon Control Strategy, 2019). 
A specific area in Ireland was chosen as the focus of this study due to 
anomalous radon reported in the region, and the fact that it is underlain 
by karstified limestones. The study area is approximately 6 km2 con-
taining multiple geological units at a 1:100 K scale. 

In this paper, the method of geogenic radon potential (GRP); a two- 
parameter method using SGRn and soil permeability measurements 
(Neznal et al., 2004), is assessed for suitability to identify radon-prone 
areas. Results are compared with the original radon map for Ireland 
(Fennell et al., 2002) and the updated EPA radon map of Ireland 
(Environmental Protection Agency, 2022). The approach for radon pri-
ority area assessment investigated in this study was tested for the 
townland of Castleisland, Co. Kerry, South-West Ireland (Fig. 1). This 
area was chosen considering one of Europe’s highest, and Ireland’s 
highest IRC measurement of 65,000 Bqm− 3 was recorded here 
(seasonally adjusted average of multiple measurements of 49,000 
Bqm− 3; Organo et al., 2004). Furthermore, the highest underground 
radon concentrations in Ireland were recorded in Crag Cave, Castleis-
land (11,285 Bqm− 3), during a reconnaissance survey of radon in three 
show caves in Ireland (Duffy et al., 1996). Approximately half of the 
study site is classified as a high indoor radon area (Fig. 1) (Environ-
mental Protection Agency, 2022; Fennell et al., 2002). 

The main aims of this study are to investigate the use of GRP as a 
means to assess radon risk and to compare the resultant risk maps with 
the original map which relies solely on IRC data (Fig. 1) and with the 
new EPA indoor radon map, which incorporates geological parameters 
(Environmental Protection Agency, 2022). The data analysis presented 
here illustrates strong evidence for the GRP method being a suitable 
process for estimating radon risk in this area. We present results that 
demonstrate a high spatial variability of radon and that a locally 
occurring lithology is a major contributor to the high IRC measurements 
in the Castleisland area. We suggest that radon gas utilizes faults and 
karst, and is transported from source to areas underlain by limestones. 
The scientific approach described in this study validates the feasibility 
for using geogenic data when assessing and defining radon priority 
areas, especially at local scales and in rural regions with a low popula-
tion density and limited availability of indoor radon data. 

2. Materials and methods 

2.1. Study area 

Upper Palaeozoic rocks form the bedrock geology of the Castleisland 
area (www.gsi.ie; Pracht, 1997). The primary bedrock type comprises 
various Dinantian (359 Ma – 326 Ma) limestones (un-bedded, bedded, 
bioclastic, argillaceous). The limestones formed in an open water 
sub-tidal zone on the continental shelf (Sleeman et al., 2004). The north 
of the study area is dominated by carboniferous siltstones (Cloone 
Flagstones) and Namurian (326 Ma – 313 Ma) Clare Shales (Pracht, 
1997). 

The shales accumulated in deep basins which formed after faulting 
caused by the Variscan orogeny (Sleeman et al., 2004). The Clare Shales 
are black shales, formed in a deep water euxinic paleoenvironment 326 
Ma to 313 Ma overlying Viséan (346.7 Ma to 330.9 Ma) limestones 
(Hodson, 1954; Rider, 1974; Wignall and Best, 2000). Substantial con-
centrations (mean 10’s to 100’s mg kg) of uranium are frequently re-
ported to be contained within black shales (Lecomte et al., 2017; Soesoo 
et al., 2020). Elevated levels of uranium in organic rich black shales can 
be attributed to abiotic sequestering or symbiotic remediation processes, 
i.e. bacteria utilizing uranium for their growth while converting the 
mobile U(VI) to the immobile U(IV) (Anderson et al., 2003; Gadd, 2010; 
Koribanics et al., 2015; Min et al., 2005). In abiotic terms, uranium 
occurs in elevated concentrations in uranyl tricarbonate form, while 
anoxic conditions cause the uranium to present in higher concentrations 
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as uranyl carbonate species, which allows for dissolved U(VI) to pre-
cipitate as U(IV) (Nagarajan et al., 2007; Hyun et al., 2014). It is 
important to note that not all shales are formed in anoxic environments, 
and that shales inherently vary in their uranium concentration. 

Geologically, Castleisland is located at, what is conventionally 
considered, the northern edge of the Variscan orogeny in Ireland, which 
caused large-amplitude folds during the late Carboniferous and early 
Permian periods (Sleeman et al., 2004). Primary structural features of 
the study area resulted from the Variscan orogeny (Pracht, 1997; 
Thornton, 1966), including an east-west anticlinal axial plane approxi-
mately 1 km to the south. The main faults are directed NS and NW-SE 
(Fig. 3). The limestone is extensively karstified, exhibiting sinkholes, 
springs and dolines (www.gsi.ie) and resulting in caves spanning 100’s 
m2 (Gunn, 1982). Streams in Crag cave (200 m east of the study area) 
have a north to south flow direction (Tooth and Fairchild, 2003). 

Quaternary glaciations affected the area resulting in predominantly 
locally derived glacial till (Sleeman et al., 2004). Quaternary sediments 
consist of till derived from Namurian sandstones, siltstones, and shales 
in the north of the area and till derived from limestones in the south, 
with alluvium also present in the south. 

The exact location of the study area was decided utilizing available 
information on regional geology (www.gsi.ie). Fig. 2 depicts the study 
area sampling grid superimposed on geological maps for the area. The 
grid acted as an aid to collect samples in an equal spatial pattern as much 

as possible (Fig. 2). In some scenarios it was not possible to collect data 
at certain locations due to a variety of reasons including the depth to 
bedrock being too shallow, or where the subsoil was too impermeable to 
obtain a measurement for GRP calculation. Furthermore, samples were 
not collected on artificial land (e.g. landscaped gardens). For these 
reasons, there are a lack of samples on the south-east of the map (Fig. 2) 
which correlates with the townland of Castleisland Co. Kerry. 

2.2. Subsoil permeability measurements 

Subsoil permeability measurements were collected using a Radon- 
Jok device which forms part of the well-established, standardized 
method (Neznal et al., 2004). A 1-m hollow tube, with a ‘lost tip’ 
attached to the bottom, was hammered vertically into the soil, and the 
tip was ejected at 80 cm to permit the extraction of a soil-gas sample. 
The hollow tube was connected to the Radon-Jok device using a rubber 
tube. The Radon-Jok device was activated, and the time to extract 2-L of 
air from the subsoil was recorded. In cases of lower permeability, one or 
two weights were attached to the Radon-Jok device in order to reduce 
the amount of time taken to extract an air sample from the subsurface. 
The theory of calculating permeability using the Radon-Jok instrument 
is derived from Darcy’s equation:  

Q = F. (kμ). Δp, rearranged as k = (Q. μ)/(F. Δp)                                (1) 

Fig. 1. Top left shows the Indoor radon map for Ireland (Fennell et al., 2002). The right map is adapted from (Organo and Murphy, 2007) which pinpoints the 
location of the Castleisland study area with consideration to Ireland’s radon map. The grids are 10 × 10 km2. The map legend shows the estimated percentage of 
homes likely to exceed the 200 Bqm− 3 reference level. 
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Where: k is the permeability (in m2), F is the shape factor (0.159 m for 
Radon-Jok), Q is the flow rate (m3/s Δp is the pressure difference (Pa), 
and μ is the dynamic viscosity of air (1.75 × 10-5 Pa s @ 10C). Q is 
calculated from the time taken to fill the 2-L volume of the diaphragm. 
The pressure is provided by none, one or two weights, applying a 
pressure of 0, 2160 or 3750 Pa, respectively (Neznal et al., 2004). 

2.3. Soil-gas measurements 

In total, 135 SGRn samples were collected, including duplicate 
samples. Ninety-five of these were collected between the July 14, – July 
22, 2018. The remaining 40 samples were collected between July 30, – 
August 2, 2019. In 2019, four samples were collected from control points 
over the collection period. In 2018, a total of 12 samples were collected 
from control points over the collection period. These duplicate samples 
were taken to assess any change in measurement due to atmospheric 
variability or daily weather fluctuations. In the 2018 field survey, 23 
extra samples were collected in the north of the field study, due to a 
significant radon anomaly. Eight samples were incomplete due to either 
failure in obtaining permeability readings or soil-gas to sample. These 
additional, failed and control samples were removed from the dataset for 
geostatistical analysis to avoid biasing of results. The data analysis 
included 88 samples in total. 

Soil gas was extracted and soil radon concentrations were measured 
following the procedure of (Neznal et al., 2004). The same hollow tube 
set-up was used for the subsoil permeability samples to measure the 
SGRn. A 150 ml syringe was attached to the hollow tube to extract the 
soil-gas sample. The first two 150 ml samples were discarded to purge 
the pipe of any atmospheric air. The third sample was transferred into a 
250 ml pre-vacuumed ionization chamber. The chamber pressure was 
equalised to the atmospheric pressure by introducing 100 ml of atmo-
spheric air (atmospheric air contains negligible radon concentrations, 
typically less than 10 Bqm− 3) (Gunning, 2016). Variables of moisture 
content and particulate matter were mitigated by attaching an interface 
with a desiccant compartment (containing anhydrous calcium sulphate) 

and a 0.45 μm filter between the hollow tube and syringe. An RM-2 
device was used to measure radon concentration within the soil-gas, 
15 min after the sample was introduced into the chamber. 

The lower and upper detection limit of the RM-2 device is 3 kBqm− 3 

and 1400 kBqm− 3, respectively. The radon concentration uncertainty is 
represented by sigma(σ), where sigma (σ) is 0.33 x(concentration of 
radon (kBqm− 3))0.5, which results in the radon concentration being re-
ported as concentration of radon±sigma. Therefore, the RM-2 device has 
a radon concentration measurement uncertainty of less than 20%. Elío 
et al. (2019) reported an average relative standard deviation of 15% for 
replicate samples and an average 5.75% uncertainty for the same RM-2 
device. 

2.4. Geogenic radon potential calculation 

We used the geogenic radon potential G(RP) index as defined by 
(Neznal et al., 2004). The equation for which is:  

GRP = CRn / (− log10 (k) − 10)                                                        (2) 

Where k (m2) is the soil permeability and CRn is the concentration of 
radon (kBqm− 3) in the soil-gas. This method uses both SGRn concen-
trations (kBqm− 3) and subsoil permeability measurements (m2) and 
outputs a value representing GRP. The calculated GRP is conventionally 
reported without a unit because it is a categorical and relative value 
which represents the potential of radon gas entering a building. In order 
to facilitate comparison with other countries, GRP categories were 
chosen to reflect those most commonly used, which are 0–10, 10–35 and 
35+, corresponding to low, medium and high values respectively. The 
GRP method as originally defined (Neznal et al., 2004) utilizes at least 
15 for a site less or equal to 800 m2, otherwise individual SGRn and k 
samples are collected in a 10 × 10 m grid for a specific location (e.g. the 
area corresponding to a new building). The general GRP method of 
Neznal et al. (2004) has been adapted for different applications, for 
instance some studies in Germany use two measurements within a given 
sample site (Kemski et al., 1996), in other studies there is one sample per 

Fig. 2. Illustration of how the sample area was chosen to include a range of geogenic features. The coordinate system used is the Irish Time Mercator (ITM). (a) 
Bedrock geology 1:100 k scale G.S.I. 2019. (b) Quaternary geology map 1:50 k G.S.I. The points on each map represent the data sample collection locations. The small 
text at the bottom right side of the Quaternary map reads “CC-BY 4.0 Geological Survey Ireland & Geological Survey Northern Ireland. This publication contains 
material that is based upon Crown Copyright and is reproduced with the permission of Land and Property Services under Delegated Authority from the Controller of 
Her Majesty’s Stationary Office, © Crown Copyright and database right 2017. Customer ID4104. Permit number 100132.”. 
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location (Singh et al., 2010). Additional differences in methodologies 
include some studies which use the maximum GRP and others use the 
median value (Günay et al., 2018; Kemski et al., 2001). In this study CRn 
and k measurements were taken at an approximate distribution every 
250 m over a grid spacing, depending on subsoil depth and anthropo-
genic factors such as modification of soil profiles, or building de-
velopments. The GRP values derived from the in-situ measurements 
were interpolated using an inverse distance weighted kriging method 
with a resolution of 9 m in ArcGIS (Fig. 5b). 

2.5. Indoor radon measurements 

The Environmental Protection Agency (EPA) of Ireland provided the 
indoor radon measurements (IRC) under a specific data sharing agree-
ment. The IRC measurements were collected between 1992 and 2017 by 
the Radiological Protection Institute of Ireland; this was accomplished 
by placing two CR-39 detectors in separate ground floor rooms for a 
period between three and twelve months (Fennell et al., 2002). Mea-
surements taken over a period less than twelve months were seasonally 
adjusted to give an average final measurement for each dwelling; this is 
necessary as radon concentrations vary seasonally (Muntean et al., 
2014; Organo and Murphy, 2007). For the specific study site, an IRC of 
49,000 Bqm− 3 was added to the EPA dataset with the coordinates ob-
tained from a now-demolished house during the field survey. The spatial 
distribution of IRC measurements was corrected by 40 m south and 30 m 
east to align with their actual geographical location (Dardac, 2022), due 
to a formatting error in the original dataset as supplied by the EPA. 

3. Results 

3.1. SGRn measurements 

SGRn measurements from the study site range from 8.8 kBqm− 3 

(s1031) to >1433 kBqm− 3 (s109). The highest measured value of >1433 
kBqm− 3 is higher than the certified detection limit of the RM-2 device, 
so represents a minimum value. One percent of values are very low (<10 
kBqm− 3), 17% of values are low (10–30 kBqm− 3), 18% of values are 
moderate (30–50 kBqm− 3), 15% of values are high (50–70 kBqm− 3), 
13% of values are very high (70–100 kBqm− 3), and 36% of values are 
extremely high (+100 kBqm− 3) (Supplementary materials). The dataset 
used for analysis was log10 transformed (Fig. 3). The variogram 
(Fig. 3d) shows that the spatial variation at a local scale is very high, 
with the variation levelling at 700 m. The variogram model has a nugget 
effect of 0.001. The sill is 0.175, model “Sph” and range 800 m. 

The daily repeats give an estimate of the cumulative measurement 
uncertainties plus the natural variability in soil-gas radon over relatively 
short time scales (i.e. days). The instrument is estimated to have a ±
20% uncertainty range, as previously determined by the manufacturer 
and by Elío et al. (2019). We measured between 2% and 6.8% variation 
from each of our four daily repeat sites, which is accounted for by the 
instrument measurement uncertainty (Table 1). 

From 88 SGRn samples, 28 were collected above Waulsortian lime-
stones, 2 above Cloone Flagstones, 19 above the Rockfield limestones, 
16 above Cracoean Reef member, 8 above Dirtoge limestones, and 15 
above Clare Shales. The box plot (Fig. 4) illustrates that samples 

Fig. 3. (a) BoxCox (b) Histogram (c) QQ-Plot and (d) Variogram. The variogram (d) uses the “Exp” model with a nugget of 0.045, range of 800 m and psill of 0.25. of 
Log10 transformed soil-gas radon. 
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collected above the Clare Shales contain higher SGRn values. The lowest 
values are included within the Cloone Flagstones, followed by the 
Waulsortian limestones, Rockfield limestones, Dirtoge limestones, and 
Cracoean Reef member. The majority (87%) of samples collected above 
the Clare Shales are exceptionally high (>100 kBqm− 3), whereas 86% of 
SGRn samples collected above the Waulsortian limestones measured 
below 100 kBqm− 3 (Supplementary data file). 

Analysis of variance (ANOVA) is a method used to statistically 
analyse the similarity of data groups based on the variance between 
their means (Larson, 2008). The application of ANOVA in geogenic 
studies is commonly used (Domingos et al., 2020; Drolet et al., 2014; 
Tositti et al., 2017). For the present study, one-way ANOVA is used to 
determine the general variance that geological factors cause in relation 
to SGRn. The ANOVA is repeated in a similar manner to determine the 

degree of IRC variation caused by geological factors, which is reported 
further in the results section below. The results of an ANOVA analysis 
statistically demonstrate a significant effect size variance of SGRn due to 
Quaternary geology and bedrock geology (Table 2). 

Considering the Quaternary geology, 42 of the samples were 
collected above till derived from limestone, 37 above till derived from 
Namurian sandstones, siltstones, and shales, and nine were collected 
above alluvium (supplementary materials). The samples collected above 
till derived from Namurian sandstones, siltstones, and shales are mostly 
(59%) extremely high values. In contrast, 38% of samples collected 
above the till derived from limestones are greater than 100 kBqm− 3. All 
of the extremely high (>100 kBqm− 3) SGRn values result in a high GRP 
(35+), although not all of the high GRP values are linked to extremely 
high SGRn concentrations. 

Table 1 
Daily repeats of SGRn measurements in two localities in 2018 and 2019.  

Locality ID Date Replica Rn(kBqm− 3) Mean (kBqm− 3) RSD (%) RM-2 uncertainty (%) 

60 July 14, 2018 A 408 438.4 9.6 6.8 
July 15, 2018 B 462 
July 19, 2018 C 460 
July 20, 2018 D 488 
July 21, 2018 E 374 

23 July 16, 2018 A 59.8 33.7 37.2 2.0 
July 17, 2018 B 22.2 
July 18, 2018 C 27.6 
July 19, 2018 D 27.4 
July 20, 2018 E 37.6 
July 21, 2018 F 27.7 

67a 
67b 

July 30, 2019 A 50.6 55.6 
112 

12.7 
1.3 

2.5 
3.5 July 31, 2019 B 60.6 

August 01, 2019 A 111 
August 02, 2019 B 113  

Fig. 4. Soil-gas radon results grouped to (a) bedrock geology unit. The Stratigraphic codes’ full names on the plot are CS – Clare Shales, CF, Cloone Flagstones, Dl – 
Dirtoge limestones, CLcr – Cracoean reef member, RF – Rockfield limestone Formation, WA – Waulsortian limestones. And (b) Quaternary Sediments. The full names 
of the stratigraphic codes are TNSSs – Till derived from Namurian sandstones, siltstones, and shales, TLs – Till derived from limestones, A – Alluvium. Figures (c) and 
(d) Boxplot of Log10 normal Indoor radon data grouped to (c) Bedrock geology and (d) Quaternary Sediments. 
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Examining SGRn measurements in relation to bedrock geology 
(Fig. 5a) indicates higher concentrations above the Clare Shales in the 
north of the study area, with lower values generally above the lime-
stones in the south of the study area. The map (Fig. 5a) reveals that 
higher SGRn concentrations occur above the limestones along a local 
NW-SE fault. Overall, 74% of the study area SGRn ranges from 8.8 k Bq 
m− 3 to 100 kBqm− 3, with the most significant area (57%) equating to a 
moderate to high SGRn range (30 kBqm− 3 – 70 kBqm− 3). Approximately 
36% of the study area contains extremely high (100+ kBqm− 3) SGRn 
values. 

3.2. Geogenic radon potential mapping 

The GRP for the study area ranges from 5 to greater than 1200. 
Radon Potential values greater than 35 are considered exceptionally 
high (Neznal et al., 2004). The resulting map (Fig. 5b) shows 49% of the 
area has an GRP greater than 35, 50% is medium-high, with only 1% of 
the site being less than 10. The north of the study area featuring Clare 
Shales has a GRP ranging from 200 to a maximum value of 1778, while 

the lowest radon potential values occur over the Rockfield Limestones 
Formation with a minimum value of 5. 

3.3. Indoor radon 

IRC values within the study area range from 4.4 Bqm− 3 to 49,000 
Bqm− 3. Table 3 shows that the amount of variance explained by geo-
genic factors using one-way ANOVA tests are 34% (16% by SGRn, 10% 
by bedrock geology, 4% by subsoil permeability, and 4% by Quaternary 
geology). 

The IRC variogram (Fig. 6d) shows that the IRC measurements 
exhibit a relatively small degree of variation within a small spatial range 
(from approximately 100 m–700 m). The IRC values exhibit an increase 
in variation when the distance between the measurements is increased; 
this is reflected by the steep incline seen at approximately 800 m–1000 
m on the variogram. 

Fig. 5. (a) Soil-gas radon map and (b) radon potential map produced using Inverse distance weighted function in ArcGIS. The resulting maps have been super-
imposed on top of the bedrock geology 1:100 k G.S.I. map for the area. Points on the map signify where samples were collected. 

Table 2 
ANOVA table of soil-gas radon effect size due to subsoil permeability, Bedrock 
geology, and Quaternary geology. The Asterix symbols refer to the level of sig-
nificance of the results. * equivalent to a p-value of 0.01, ** equivalent to a p- 
value of 0.001 and *** equivalent to a p-value of <0.001.  

Factor Df Sum 
Sq. 

Mean 
Sq. 

F 
value 

Pr (>F) 

Subsoil permeability: 
variance explained 21% 

4 4.327 1.082 5.578 0.000501*** 

Residuals 83 16.096 0.194   
Bedrock geology: variance 

explained 39% 
5 7.728 1.546 9.983 1.74e-07 *** 

Residuals 82 12.695 0.155   
Quaternary Sediments: 

Variance explained 13% 
2 2.642 1.321 6.315 0.00726 ** 

Residuals 85 17.780 0.209    

Table 3 
ANOVA table showing the variance of Indoor Radon measurements due to 
Bedrock geology, Quaternary geology, soil-gas radon, and subsoil permeability. 
The Asterix symbols refer to the level of significance of the results. * equivalent 
to a p-value of 0.01, ** equivalent to a p-value of 0.001 and *** equivalent to a p- 
value of <0.001.  

Factor Df Sum 
Sq. 

Mean 
Sq. 

F 
value 

Pr (>F) 

Bedrock geology: variance 
explained 10% 

7 3.202 0.457 2.779 0.00921** 

Residuals 172 28.315 0.165   
Quaternary geology: 

variance explained 4% 
2 1.222 0.611 3.571 0.0302* 

Residuals 177 30.295 0.171   
Soil-gas radon: variance 

explained 16% 
5 5.009 1.002 6.576 1.25e-05 

*** 
Residuals 174 26.508 0.152   
Subsoil permeability: 

Variance explained 4% 
4 1.361 0.340 1.974 0.1 

Residuals 175 30.157 0.172    
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3.3.1. Geogenic context of indoor radon results 
A total of 180 houses were sampled in the area. Specifically, 144, 18, 

8, 3, 4, and 3 indoor radon measurements were collected above several 
different bedrock lithologies (Waulsortian limestones, Rockfield lime-
stones, Cracoean Reef member, Dirtoge limestones, Clare Shales, Cloone 
Flagstones, respectively) (table 6 supplementary materials). Fifteen 
houses (8%) have radon levels above the reference level. The probability 
of exceeding the reference level (table 6 supplementary material) is 8% 
(11 of 144 houses) for the Waulsortian limestones, 6% (1 of 18 houses) 
for Rockfield limestones, 12% (1 of 8 houses) for the Cracoean Reef 
member, 33% (1 of 3 houses) for the Dirtoge limestones, 25% (1 of 4 
houses) for the Clare Shales and 0% (0 of 3 houses) for the Cloone 
Flagstones. 

4. Discussion 

Indoor radon concentrations from the study area in Castleisland, SW 
Ireland are amongst the highest recorded within Europe (Organo and 
Murphy, 2007), and are in the upper range of those recorded globally 
(World Health Organization, 2007). The SGRn, as might be expected 
from this context, are also high compared to the published literature. 
The median SGRn in Castleisland is ca. 66 kBqm− 3 compared to ranges 
typically between ca. 10–40 kBqm− 3 from other countries (Giustini 
et al., 2019; Kikaj et al., 2016; Mitra et al., 2021; Nuhu et al., 2021). In 
more detail, Table 4 summarizes SGRn concentrations which are typi-
cally associated with a range of different lithologies. Analysis of SGRn 
from Castleisland indicates that 36% of the measured samples are 
greater than 100 kBqm− 3, compared to ca. 10% of samples from other 

representative studies (Elío et al., 2019; Haruna et al., 2020; O’Brien 
et al., 2011). Globally, and in general terms, very low to moderate (<10 
to 70 kBqm− 3) SGRn values are associated with sedimentary lithologies 
(Fu et al., 2017; Khan et al., 2021; Kumar et al., 2014; Szabó et al., 
2014). In comparison, the sedimentary lithologies in Castleisland are 
associated with extremely high SGRn values (with >46.7% of samples 
measuring >70 kBqm− 3). Although radon anomalies are sometimes 
associated with sedimentary rocks (not including placer deposits), most 
occurrences of SGRn anomalies (>70 to 4000 kBqm− 3) are associated 
with granites, gneiss, or uranium-bearing deposits (Esan et al., 2020; 
Kemski et al., 2001; Mitra et al., 2021; Pereira et al., 2010), which 
contrasts with the present study area. 

In relation to the GRP, several studies categorize 41% or less of an 
area/dataset as being in a high class (Elío et al., 2019; Giustini et al., 
2019; Nuhu et al., 2021) which is lower than the 49% area (64% of 
samples) classified as high in this present study. The GRP in Castleisland 
reaches a maximum value of 1778, which is considerably higher than 
the limit of 35 which is conventionally considered to be high (Neznal 
et al., 2004). For comparison with other countries, “extreme” GRP 
values of ca. 40–280 have been reported elsewhere (Ciotoli et al., 2017; 
Pásztor et al., 2016; Szabó et al., 2014). 

The original radon map of Ireland (Fig. 1) (Fennell et al., 2002) 
classifies the east, and south-east, of the study region as having high 
radon priority (with between 10% and 20% of houses above the refer-
ence level); this is in agreement with the GRP mapping carried out in this 
study. The NW and SW of the survey site are deemed as a high radon 
priority on the EPA map. The GRP (Fig. 5b) for the same sites is mod-
erate to high with certain zones having a very high GRP. Although the 

Fig. 6. Indoor radon log10 transformed data distribution. (a) BoxCox (b) Histogram (c) QQ-Plot and (d) Variogram. The variogram (d) uses the “Exp” model with a 
nugget of 0.08, range of 800 m and psill of 0.25. 
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EPA radon map of Ireland and the geogenic GRP map presented here are 
found to be in general agreement, the GRP map has higher spatial res-
olution and allows for more accurate representation of areas with lower 
population density where IRC measurements may be lacking. 

The new EPA indoor radon (Environmental Protection Agency, 
2022), has higher resolution and shows greater spatial variation of 
radon compared to the original radon map of Ireland (Fig. 1). The higher 
resolution in the new radon map arises from the inclusion of four geo-
genic parameters (bedrock geology, Quaternary geology, aquifer type 
and subsoil permeability) (Elío et al., 2017; Environmental Protection 
Agency, 2022). The new EPA map indicates houses above the Clare 
Shales north of Castleisland have a low probability of exceeding the 200 
Bqm− 3 IRC reference level in Ireland (https://www.epa.ie/environmen 
t-and-you/radon/). In contrast, the SGRn and GRP maps developed in 
this study (Fig. 5), depict the highly anomalous SGRn (greater than 1400 
kBqm− 3) and GRP (up to 1778) occurring above the Clare Shales and in 
the vicinity of the demolished house which measured an average IRC of 
49,000 Bqm− 3. 

The difference in designation of radon risk between the new EPA 
radon map and the maps created in this study, likely signifies the 
anomalous nature of the Clare Shales in Castleisland. Carboniferous 
shales from other parts of Ireland are not necessarily associated with 
such elevated SGRn and IRC values. In this respect, our study demon-
strates that small-scale studies are useful to examine local exceptions to 
national-scale models. 

ANOVA tests illustrate that bedrock geology explains the highest 
portion of the SGRn variance (39%), followed by subsoil permeability 
(21%) and Quaternary geology (13%) (Table 2). It is possible to estimate 
the variance and concentration of SGRn with reference to bedrock ge-
ology and subsoil permeability. In particular, the Clare Shales have 
significantly high SGRn values compared to other bedrock geology types 
within the study area. SGRn values from samples collected over the 
Carboniferous limestones display higher than generally expected from 
such lithologies (range 9–472 kBqm− 3, median 57 kBqm− 3) with the 
highest values near local faults. More elevated SGRn and subsoil 
permeability measurements along fault zones are commonly reported 

elsewhere (Miklyaev et al., 2021; Xuan et al., 2020). 
The IRC results (Fig. 4a and 4b) and SGRn results share a similar 

trend (Fig. 4c and 4d). Noticeably, IRC data for the study area are mostly 
(91%) less than 200 Bqm− 3, aside from a few anomalous results, 
whereas, the SGRn results are typically (90%) between 10,000 and 
350,000 Bqm− 3. A similar relationship between SGRn and IRC is noted 
by Yalım et al. (2018). 

4.1. Geogenic influence on indoor radon 

The influence of geogenic factors on IRC concentrations is depicted 
in the ANOVA table (Table 3), which shows that bedrock geology (10%) 
explains over twice the variance of Quaternary geology (4%), both of 
which are significant (p < 0.01); this could reflect the higher resolution/ 
greater range of bedrock types (6) compared to Quaternary types (3). 

SGRn has the most significant influence (16%) on IRC measure-
ments. This result signifies that the greatest contributor to IRC is the 
radon coming from the soil-gas, which is an established concept within 
the literature (Åkerblom et al., 1984; Chen and Ford, 2017; World 
Health Organization, 2007). Since the SGRn ANOVA results (Table 2) 
show that bedrock geology has the most considerable influence (39%) 
on the SGRn concentrations, it can be argued that the bedrock geology 
impacts the IRC measurements indirectly by affecting the SGRn 
concentrations. 

The combined effect of bedrock geology, Quaternary geology, SGRn 
and subsoil permeability for influencing indoor radon is 34% (Table 3) 
which compares to 30% reported for Cooley Peninsula in NE Ireland 
(Elío et al., 2019). Variance of indoor radon explained by bedrock ge-
ology is 10% which is in line with studies from Northern Ireland (12.1%) 
and SW England (10%) (Appleton et al., 2015; Ferreira et al., 2018). 
However, greater variance of up to 20% has been attributed to bedrock 
geology units in Norway, England and Wales (Appleton and Miles, 2010; 
Watson et al., 2017). 

Considering houses with IRC above the reference level for Ireland, 
there is a clear difference between those located over different bedrock 
geology types (table 6 supplementary materials). Assigning each 
bedrock type an “EPA-type category” results in three units (Dirtoge 
limestones, Cracoean Reef member, Clare Shales) classified as high 
radon areas (i.e. greater than 10% of homes surpassing the reference 
level). The Waulsortian limestones and the Rockfield limestones would 
be classified as a medium radon area (between 5% and 10%). Lastly, the 
Cloone Flagstones would be in the lowest radon category (less than 1% 
of homes exceeding the reference level). Dwellings built above the 
Dirtoge limestones and the Clare Shales have significantly higher 
probability of exceeding the IRC reference level compared to other 
bedrock types. IRC samples which exceeded the reference level from 
houses built over the Dirtoge limestones were located along a fault and 
at the Clare Shales boundary, likely explained by their proximity to the 
Clare Shales and coupled with the fact that the houses are located in an 
area with higher radon exhalation rates due to their proximity to a fault. 

Analysing the variation of IRC with reference to the Quaternary 
geology indicates that the till derived from Namurian siltstones, sand-
stones and shales contain a higher percentage of IRC exceeding the 
reference level (table supplementary materials). Precisely, 16% of 
houses located above the till derived from Namurian siltstones, sand-
stones and shales surpassed the reference level, compared to 9% and 3% 
for till derived from limestones and Alluvium, respectively. This result 
reinforces that geogenic information influences IRC concentrations. In 
particular, houses above till derived from Namurian siltstones, sand-
stones and shales have higher probability of exceeding the reference 
level. 

4.2. The use of geogenic data for mapping indoor radon 

Geogenic data (i.e. SGRn, bedrock and subsoil permeability) suffi-
ciently predict the IRC categories (i.e. low, moderate, high). Bedrock 

Table 4 
Summary of SGRn ranges associated with lithologies in selected regions globally.  

Region Main lithologies in region Range 
(kBqm− 3) 

Reference 

Perak state, 
Malaysia 

Clays, granites 0.11 to 
434.5 

Nuhu et al. 
(2021) 

Celleno 
municipality, 
Italy 

Potassic lavas, travertine, 
clay-sandy clay, tuff-tuffite 

6.4 to 253 Giustini 
et al. (2019) 

Osun state, Nigeria Gneisses and schists 0.04 to 190 Esan et al. 
(2020) 

West Bengal, India Granites and Gneisses 2.13 to 786 Mitra et al. 
(2021) 

Iberian uranium 
province, 
Portugal 

Granites, metasedimentary 
schists and greywackes 

5 to 12,850 Pereira et al. 
(2010) 

Northern Taiwan Sandstones with silt 
alterations, sandstones with 
shales alteration 

6.6 to 32.2 Fu et al. 
(2017) 

Nova Scotia, 
Canada 

Metasandstone, slate, granite 0.8 to 
154.6 

O’Brien 
et al. (2011) 

Lesser Himalayas, 
Pakistan 

Slate, quartzite, granite, 
gneiss, limestone, shale 

2.3–20.1 Khan et al. 
(2021) 

Cooley Peninsula 
Ireland 

Sandstones, shales, granites, 
marine shelf facies 

3.5 to 112 Elío et al. 
(2019) 

Estonia Sand, silt, gravel of Baltic sea 
deposits 
Glaciolacustrine clay 

1 to 184 
24 to 
1801.6 

Petersell 
et al. (2015) 

Dharamshala, India Sandstones 13 2 to 
66.2 

Kumar et al. 
(2014) 

Central Hungary Fluvial sand 
Loess (silt cemented by 
carbonate) 

1.2 to 24.9 
4.9 to 44.1 

Szabó et al. 
(2014)  
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geology is the main contributor to SGRn (Table 2), whereas SGRn is most 
strongly associated with IRC (Table 3). As such, investigating geogenic 
maps of higher resolution (1:100 k) can quickly distinguish potential 
areas of elevated IRC. Precisely, pinpointing locations with radon source 
rocks and specific subsurface structures that enhance radon trans-
portation to homes can be accomplished for regions with higher reso-
lution geological maps which are generally publicly available. Utilizing 
geogenic maps for radon mapping can be extended to other bedrock 
units and validated by completing SGRn and subsoil permeability (i.e. 
GRP) surveys for representative geology types. 

GRP surveys provide a substantially quicker alternative at approxi-
mately six to ten samples per day, compared to IRC surveys which re-
quires a three-month measurement period (Elío et al., 2019; 
Environmental Protection Agency, 2019). GRP surveys can be especially 
beneficial in areas rezoned for residential use where no previous IRC 
measurements exist. Another benefit to using this approach is that it 
assesses the amount of radon available to a building regardless of the 
building purpose or design (workplace or home), allowing the method to 
be applied to mapping both the radon risk of homes as well as 
workplaces. 

Considering that geological information is freely available online for 
many countries, there are several potential benefits for integrating in-
formation from existing geological maps into radon surveys. Whereas 
SGRn surveys are weather-dependent, there are no such constraints on 
utilizing existing geological map data. Indoor radon measurements are 
useful for constructing radon hazard maps, however the measurements 
themselves are prone to human error (e.g., radon detectors must be 
installed in specific areas of a house with limited airflow), must take 
place over several months, are very costly and time-consuming, or 
simply may not be available. Using IRC data for mapping RPAs is 
increasingly complex and inefficient due to tighter regulations on Gen-
eral Data Protection Regulations (GDPR). Field surveys which utilize 
existing geological maps can specifically focus on areas where an 
elevated radon risk is suspected, based on the geological attributes. IRC 
measurements could then be collected to confirm the level of IRC in each 
workplace or home. Furthermore, for areas where there is a lack of IRC 
data, it is practical to utilize the available geological data and radon- 
potential surveys for IRC risk mapping. 

4.3. Limitations 

Geogenic radon potential mapping is weather-dependent. Several 
days after rainfall should elapse before sampling to ensure that the soil is 
not water-saturated (Neznal et al., 2004). Due to weather conditions, 
atmospheric pressure, wind speed and temperature, SGRn varies on a 
daily basis (Arora et al., 2017; Kulali et al., 2017). Furthermore, SGRn 
varies on a seasonal basis; due to the overall mean differences in tem-
perature and rainfall (Szabó et al., 2013). Considering these factors, it is 
important to ensure that soil gas samples are taken from a sufficient 
depth in the soil profile (usually 80–100 cm (Neznal et al., 2004)). Due 
to the high degree of spatial variation in SGRn concentrations, it is also 
important to collect several samples to obtain representative values for a 
given geology type, or region. Given that the original methodology of 
Neznal et al. (2004) has been adapted and used slightly differently in 
several studies, it is important to ensure different methodologies are 
taken into account when comparing GRP or RP from different study 
areas. 

5. Conclusion 

An approach to mapping radon-prone areas was investigated by 
collecting 135 soil-gas radon (SGRn) and subsoil permeability mea-
surements across approximately 50 locations in a 6 km2 region around 
Castleisland in Co. Kerry, SW Ireland. The area was chosen due to the 
extremely high indoor radon concentrations (average reading of 49,000 
Bqm− 3 from several measurements) previously reported from the region 

(Organo et al., 2004), and due to the fact that there was not a clear 
understanding of the source of such high values. The indoor radon 
concentration (IRC) variance explained by geogenic factors (bedrock 
geology, Quaternary geology, subsoil permeability, and SGRn) is 34%; 
with SGRn as the main contributor (16%). ANOVA tests illustrate that 
bedrock geology has the most substantial influence on SGRn concen-
trations (39%), although subsoil permeability (21%) and Quaternary 
geology (13%) also have significant effects. Results demonstrate that 
spatially restricted black shales, locally known as the Clare Shales, are 
spatially associated with both SGRn and IRC anomalies, and likely act as 
a radon source which may also be transported via enhanced perme-
ability in non-mineralised fault zones and extensive subterranean karst 
systems which are prevalent in the region. 

Geological factors (especially SGRn, bedrock geology, and subsoil 
permeability) sufficiently predict the IRC categories (i.e. low, moderate, 
high). Therefore, investigating the spatial variation and distribution of 
geological units in a given region can help to identify radon priority 
areas, particularly if reliable high-resolution maps are available, rele-
vant radon-related data (e.g. soil properties) exist and lithologies are 
assigned with accuracy regarding their potential for being a point source 
of radon. Such an approach could pinpoint high radon areas in a very 
cost-efficient and time-efficient manner. The radon priority area cate-
gory assigned using geological attributes can be confirmed by carrying 
out a geogenic radon potential survey for smaller representative areas, 
such as that presented in this study. Geogenic radon potential mapping 
can verify if an area is susceptible to high IRC. Such an approach is 
especially useful for areas where population density is low, and where 
few IRC measurements already exist. The methodology presented in this 
study highlights the use of combined experimental and theoretical ap-
proaches in the study of radon as a natural hazard. The approach used in 
this study integrates both relevant field data and geostatistical model-
ling, and is demonstrated to be beneficial in efforts to predict radon 
anomalies. Such an approach ultimately leads to a better understanding 
of radon in both the natural and built environments. Radon potential or 
hazard maps constructed using this methodology add considerable value 
to existing legacy geological datasets. This research also highlights the 
importance of reliable digital geoscience data applied to environmental 
exposure, and when utilized to protect the general public from the 
harmful effects of ionizing radiation. 
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M., Williams, K.H., Long, P.E., Kerkhof, L.J., 2015. Spatial distribution of an 
uranium-respiring betaproteobacterium at the rifle, CO field research site. PLoS One 
10, e0123378. https://doi.org/10.1371/journal.pone.0123378. 
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