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• New logistic regression technique im-
proves accuracy and resolution of local
geogenic radon maps.

• Predicting indoor radon concentrations
using geogenic and geophysical data is ef-
fective.

• Equivalent uranium (EqU) and soil perme-
ability are the most significant explana-
tory variables.

• The model has improved accuracy for the
local region, when compared with na-
tional indoor radon maps.
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In this study, a novel methodologywas investigated to improve the spatial resolution and predictive power of geogenic
radon maps. The data inputs comprise indoor radon measurements and seven geogenic factors including geological
data (i.e. bedrock and Quaternary geology, aquifer type and soil permeability) and airborne geophysical parameters
(i.e. magnetic field strength, gamma-ray radiation and electromagnetic resistivity). The methodology was tested in
Castleisland southwest Ireland, a radon-prone area identified based on the results of previous indoor radon surveys.
The developed model was capable of justifying almost 75 % of the variation in geogenic radon potential. It was
found that the attributes with the greatest statistical significance were equivalent uranium content (EqU) and soil per-
meability. A new radon potential map was produced at a higher spatial resolution compared with the original map,
which did not include geophysical parameter data. In the final step, the activity of radon in soil gas was measured
at 87 sites, and the correlation between the observed soil gas radon and geophysical properties was evaluated. The re-
sults indicate that anymodel using only geophysical data cannot accurately predict soil radon activity and that geolog-
ical information should be integrated to achieve a successful prediction model. Furthermore, we found that EqU is a
better indicator for predicting indoor radon potential than the measured soil radon concentrations.
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1. Introduction

Radon (222Rn), a colourless radioactive gas, is a decay product of ra-
dium (226Ra) which is derived from the radioactive decay of uranium
(238U). Radon exposure is associated with an elevated probability of devel-
oping lung cancer later in life (Ciotoli et al., 2017). Exposure to higher
3
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levels of radon normally occurs indoors (Schmid et al., 2010) and, there-
fore, to address the adverse health effects of radon exposure it is necessary
to identify areas where high indoor radon concentrations are likely to
occur. Exposure to indoor radon and its daughter products kills more peo-
ple in Ireland each year than carbonmonoxide poisoning, fires and road ac-
cidents combined. It accounts for approximately 13 % of all lung cancer
deaths in Ireland (250 annual deaths) (Telecare, 2017). In this regard, the
EU Commission developed Council Directive 2013/59/EURATOM, which
obligates member states to prepare maps that delineate radon-prone areas
in order to protect people from adverse health effects of exposure to ioniz-
ing radiation associated with indoor radon. The developed maps are gener-
ally on a national scale; however, there is a growing demand for enhanced
models which allow better assessment of risk due to exposure to radon by
inhabitants at a local-scale.

222Rn gas originates from natural or so-called geogenic sources mainly
depending on geology, soil properties, and hydrology (Bossew et al.,
2020). Mobilization of radon from source to ground level takes place
through three main processes: a) emanation, radon atoms formed from the
decay of radium escape from the grains (mainly because of recoil) into
the interstitial space between the grains; b) transport, diffusion and advec-
tive flow cause the movement of the emanated radon atoms through the
soil profile to the ground surface; and c) exhalation, radon atoms that
have been transported to the ground surface are then exhaled to the atmo-
sphere (Baskaran, 2016). The presence of joints, faults and fractures, as well
as carrier gases like carbon dioxide and methane, facilitate radon trans-
fer to the surface (Lombardi and Voltattorni, 2010). Radon coming from
soil and geology under building foundations, which is the major con-
tributor to indoor radon (Al-azmi et al., 2018) (Dentoni et al., 2020)
(Aghdam et al., 2021), penetrates the indoor space of buildings through
cracks and joints of the foundations (Ciotoli et al., 2017). In addition,
building and construction materials, water supply, and natural gasses can
all be considered secondary sources of radon in buildings (Dixon, 2005).
Ventilation rates, building design, meteorological parameters, and living
habits (so-called anthropogenic factors) are other parameters that can
significantly affect the concentration of indoor radon (Bossew and
Lettner, 2007).

A Geogenic Radon Potential (GRP) map is a promising tool that gives
the first evaluation of the amount of radon gas delivered from the geogenic
source to ground level (Gruber et al., 2013; Aghdam et al., 2022). Themain
advantage of a GRP map is that it is independent of anthropogenic factors,
and can be produced from existing datasets without site-specific ground-
based measurements (Elío et al., 2017). The data (both qualitative and
quantitative - see Table 1) that can be used to produce a geogenic radon
map may be categorized into two groups, a) parameters related to radon
source and b) factors that are indicators of radon mobility and transporta-
tion from the source to ground level (Ciotoli et al., 2017; Ielsch et al.,
2010) (Scheib et al., 2009) (Omori et al., 2009).

Recently, multivariate regression techniques (e.g., ordinary least square
regression, logistic regression, and geographically weighted regression)
were used by researchers to estimate geogenic radon potential (Ciotoli
Table 1
Examples of data used for geogenic radon mapping, as indicators of radon source and ra
et al., 2022; Elío et al., 2017; Ielsch et al., 2010; Scheib et al., 2009; Omori et al., 2009; Li e

Data sets Description

Radon source Indicators Soil Gas Radon Including in-situ and labor
Geochemical data e.g., soil and stream sedim
Airborne radiometric i.e., EqU, EqTh, K, and tota
Gamma spectrometry Radioelement activity conc
Ambient gamma dose rate e.g., data obtained from SS
Geology/lithology/soil type Sometimes regrouped base
Other Altitude, Electromagnetic F

Radon mobility indicators Porosity and permeability Can be measured directly o
Faults In the form of calculated fa
Secondary permeability Karst features, undergroun
Carrier gas concentrations e.g., CO2, CH4, etc.
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et al., 2017; Bossew et al., 2020; Aghdam et al., 2022; Elío et al., 2017).
Using such methods, accurate predictions of GRP can be made by using a
spatial regression in which a target value (either soil-gas radon or indoor
radon activity concentrations) is considered as the response variable, and
several proxy variables derived from geological, topographic and geochem-
ical data (Table 1) are set as the explanatory input parameters. According to
the geogenic radon risk map of Ireland developed by (Elío et al., 2017), a
combination of indoor radon measurements and relevant geological infor-
mation (i.e. bedrock geology, Quaternary geology, soil permeability and
aquifer type) was utilized to develop a radon potential map. Logistic regres-
sion was used to predict the probability of having an indoor radon concen-
tration above the national reference level of 200 Bq m−3. The map
produced is a good predictor of radon potential on the national scale, how-
ever, a more accurate and high-resolution map will allow a better focus of
resources on mitigation and improve the effectiveness of planning legisla-
tion. This study aims to rebuild the geogenic radon map produced by
(Elío et al., 2017) for a radon priority area where one of the highest indoor
radon concentrations (49,000 Bqm−3) in Europe has been previously mea-
sured (Organo and O'sullivan, 2006). A methodology similar to that study
(Elío et al., 2017)was adopted here, however, data from the Tellus airborne
geophysical survey (i.e. radiometric, electromagnetic and magnetic) were
also included in the prediction model to develop an improved version of
the geogenic radon map. The final goal of this study was to achieve a better
view of the spatial distribution and levels of risk due to radon exposure and
to highlight geographic areas where further measurements or remediation
actions could be implemented to reduce the radon-related dose absorbed by
inhabitants.

1.1. Geological setting and description of the study area

The study area (Fig. 1) is located in County Kerry in southwest Ireland.
It includes three towns; Tralee, Killorglin and Castleisland. The Radon risk
map of the Environmental Protection Agency of Ireland (EPA) identifies
Castleisland as a Medium-High risk area (E. P. A. (EPA), n.d.). Between 5
and 20 % of homes tested within a 10 km grid registered a radon level
above 200 Bq m−3. The recent high-resolution risk map reports a similar
risk level (Fig. 1) with some isolated very high-risk spots (30 % chance of
higher than reference level indoor radon) (Elío et al., 2017).

The survey area is underlain by Devonian sandstones with subsidiary
siltstones and conglomerates, Lower Carboniferous limestones, and middle
Carboniferous (Namurian) shales and sandstones folded in E-W trending
anticlinal-synclinal structures (supplementary file, Appendix A, Fig. A-I-b.
The Quaternary deposits in the region of Castleisland mainly consist of gla-
cial till derived from Carboniferous limestones, Namurian shales and sand-
stones and Devonian sandstones. The limestone is highly karstified with a
large network of caves (e.g. Crag cave) and chambers beneath the surface
providing a route for dissolved radon to travel (Organo et al., 2004;
Appleton et al., 2011). Permeability is generally low for most of the areas
however there are areas with medium permeability which correspond to
the highest radon risk where they overlap limestone karst (Fig. A-I-d).
don mobility (Ciotoli et al., 2017; Aghdam et al., 2021; Gruber et al., 2013; Aghdam
t al., 2023; Zheng et al., 2023; Rääf et al., 2023; Aghdam, 2021; Aghdam et al., 2019).

atory measurement data on radon and thoron levels
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l gamma counts.
entrations obtained from in-situ and laboratory tests
NTD LR-115 detectors
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ield, Magnetic Anomaly, etc.
r estimated in a categorical form (i.e., low to high).
ult density, applying a buffer around the fault and measuring the distance from the fault.
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Fig. 1. Satellitemap of the study area together with the local extract from the national radon riskmap for the Castleisland-Tralee area (Elío et al., 2017). The blue and red dots
indicate the indoor and soil gas radon measurement points, respectively. The red rectangle indicates the boundaries of the soil gas field survey area from (Hughes, 2022;
Banríon et al., 2022). The position of indoor radon testing has not been indicated on the map for Castleisland, due to GDPR considerations.
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The Quaternary map of the area (Fig. A-I-d) expresses that blanket peat
covers much of the higher ground and alluvium, river and glaciofluvial
gravel deposits are located in the valleys. Because peat has low permeabil-
ity and unless drained, remains saturated with water, it is generally associ-
ated with very low radon risk. In Ireland, aquifers are classed according to
their relative groundwater productivity in terms of well and spring yields
(Misstear et al., 2018). According to the map of aquifer types (Fig. A-I-a),
the most dominant type is a poorly to moderately productive aquifer as a
regionally important aquifer.

2. Material and methods

Geogenic data on bedrock and Quaternary geology, aquifer type and
permeability (supplementary file, Appendix A, Fig. A-I), which are avail-
able on the website of Geological Survey Ireland (http://www.gsi.ie/), to-
gether with indoor radon data provided by the EPA and geophysical data
set from the Tellus program (i.e. magnetic field strength, gamma-ray radia-
tion and electromagnetic resistivity (supplementary file, Appendix A,
Fig. A-II. Further details on the measurement procedures and protocols
are available at (Hodgson and Young, 2016))) were employed to build on
prior research (Elío et al., 2017) into mapping the geological risk factors
at a national level by investigating and achieving a better understanding
of the geophysical parameters that influence regional radon potential.
Tellus data were introduced to a set of pre-processing operations to reduce
the anomalies and increase the accuracy before starting the main analysis.
The principal tools for data analysis were the GIS package (both ArcGIS
and QGIS) and the open-source R statistical software. ArcGIS and QGIS
were used to perform geostatistical analysis and create maps. R was used
to analyse the sample values extracted from ArcGIS. The main objective
was to identify a statistically significant correlation between radon levels
and other effective factors mentioned above. To evaluate spatial correla-
tions, a new logistic regression model in R software was developed which
3

integrated a comprehensive set of both geological and geophysical vari-
ables to predict areas with high radon risk.

2.1. Pre-processing of geophysical predictors

As part of the Tellus 2006 pilot program, Castleisland and two other re-
gionswere covered by an aerial survey (Organo andO'sullivan, 2006).Mag-
netic field strength, gamma-ray radiation and electromagnetic resistivity
were measured accordingly (supplementary file, Appendix A, Fig. A-II).
The survey plane flew in North-South orientated lines with 200 m spacing.
Due tofluctuations inwinds, the distance between lines varies from approx.
150 m–250 m. In line with the flight path, magnetic readings were taken
every 6 m, radiometric readings every 60 m and electromagnetic readings
every 15 m. A set of statistical data processing was introduced to the Geo-
physical data in order to make them suitable for analysis. Details about
the data treatment operations conducted on the geophysical data sets can
be found in Appendix B (supplementary file).

2.2. Indoor radon data pre-assessment

The available data on the indoor radon concentrations (IRC) survey
which was provided by the EPA of Ireland (Fennell et al., 2002) was used
in this research. Radon activities were measured by passive alpha track de-
tectors (CR-39), located in homes for a minimum of 3 months and season-
ally adjusted to give an annual value. The average outdoor radon
concentration (i.e. 5.6 Bq m−3) was subtracted from all the data (Fennell
et al., 2002). The average radon concentration of around 12,000 data points
was 89 Bqm−3. It is noteworthy to add the population-weighted average of
Ireland from a larger dataset (30,000 data points) is around 98 Bq m−3

(Elío et al., 2018). 1559 indoor radon readings were available for the
study area (Fig. 1 and see Appendix C, Table C–I for summary statistics of
these measurements). Given the rural nature of the study area, coverage

http://www.gsi.ie/
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is sporadic, however, an experimental variogramwas calculated to find out
the degree of spatial correlation between the observed IRCs. The variogram
of Fig. C–I (Appendix C) which was produced using R software, can justify
the high variations in the levels of indoor radon recorded in the
neighbouring houses. The level of variance between two samples at zero
distance from each other can be explained by a small Sill/Nugget ratio
(known as the “nugget effect”). Sill is the level of variance due to the dis-
tance between two samples. According to Table C-II, although the range
of 2760 m implies that there is a spatial relationship to indoor radon,
more than half the potential indoor variance occurs in neighbouring sam-
ples. It is noteworthy that 23% of the available IRCs from the study area ex-
ceed the national threshold of 200 Bq m−3.

2.3. Logistic model setting

The logistic regression method is frequently used to evaluate the proba-
bility of the occurrence of binary variables; this is achieved bymatching the
log odds and explanatory variables to a linear model (James et al., 2013).
The independent predictor variables can be either continuous (i.e. geophys-
ical data) or categorical (i.e. geogenic factors)

log
P Y ¼ 1jXð Þ

1 � P Y ¼ 1jXð Þ
� �

¼ β0 þ β1X1 þ . . .þ βnXn (2)

where Y= (0,1) is the binary variable, X= (X1,…, Xn) are “n” explanatory
variables, and β = (β0, …, βn) are the regression coefficients to be esti-
mated based on the data. The probability of occurrence is predicted by
the logistic function as follows:

P Y ¼ 1jXð Þ ¼ 1
1þ e � β0þβ1X1þ...þβnXnð Þ (3)

In this study, the binary variable (Y) is the indoor radon concentration
(equals to 1 if it is higher than the Reference Level (RnRef) and 0 if not),
modelling the probability of having an indoor radon concentration above
the reference level (i.e. 200 Bq m−3) given the explanatory variables (e.g.
n = 7; aquifer type, permeability, bedrock and Quaternary geology as
well as magnetic field intensity, equivalent uranium content and electro-
magnetic resistivity). Using the glm package in R, with binomial logistic re-
gression options, three models were produced. The first model was the null
model, using only the RnRef value (i.e. a value of 1 if the indoor radon level
exceeded 200 Bq m−3 and 0 otherwise). This model is a horizontal line
through the mean. As 23 % of indoor radon readings exceeded the refer-
ence level, the mean of RnRef is 0.23 – corresponding to the logit (Log
Odds) value y-axis intercept of −1.167.

The second model integrates the full set of combined geophysical and
geological parameters (seven independent variables) to calculate a new
radon risk map for the Castleisland region. The third model used only the
four geologic parameters employed to generate the national high-
resolution risk map – but was restricted to regional category populations.
This model was used as a reference to see whether any difference to the na-
tional model is because of the influence of the geophysical parameters or
the regionalization of the simpler, geology-only model. For each model,
the AIC score and the prediction accuracy were calculated and compared
to assess the model efficiency and select the model with the highest success
rate for the production of the revised geogenic map.

2.4. In-situ soil gas sampling

A field survey (Hughes, 2022; Banríon et al., 2022) including 87 soil
radon (see Table C-II for summary statistics) and permeability measure-
ments was considered to investigate the root cause of extreme indoor
radon readings observed near the Castleisland area (Fig. 1) and to assess
whether soil data can further improve the model and increase the risk
map resolution at a local scale.

The RM-2 manufactured by Radon v.o.s. (www.radon.eu/rm2) was
used to measure the radon activity of collected soil gas samples. A 1 m
4

hollow tube, with a ‘lost tip’ attached to the bottom, was hammered verti-
cally into the soil, and the tip was ejected at 80 cm to permit the extraction
of a soil-gas sample. Soil-gas permeability was measured by the RADON-
JOK device which uses negative pressure created by the pull of a known
weight on a diaphragm of known volume to draw air through a probe of
a known aperture inserted into the soil. Thus soil-gas flow and thus the
gas permeability is calculated from the time taken to fill the volume and
using Darcy's equation as follows:

Q ¼ F:
k
μ

� �
:Δp ((4)

k ¼ Q:μ
F:Δp

(5)

Where Q is the flow rate (m3 s−1), F is the shape factor (0.159 m for
RADON-JOK), k is the permeability (m2), μ is the dynamic viscosity of air
(1.75× 10−5 Pa s @ 10C°) and Δp is the pressure difference (Pa). Q is cal-
culated from the time taken to fill the 2 l volume of the diaphragm. The
pressure is provided by one of three possible options; no weight, one or
two weights, applying the pressure values of 0, 2160 or 3750 Pa, respec-
tively. The geo-referenced recorded values of soil gas radon were imported
into QGIS and using the Kriging tool, and a spatial distribution of soil gas
radon was obtained (Fig. C-II, Appendix C).

3. Results

3.1. Grouping indoor radon data according to geogenic variables and geophysical
relationships

Table 2 shows the results of a regression analysis which represents the
attributed risk scores of the study area, as well as the categories of geolog-
ical parameters classified with respect to the percentage of indoor radon
data that exceed the national reference level of 200 Bq m−3. According to
this table, the percentages of observed IRCs exceeding the reference level
increase for the higher predicted risk ranges. The highest percentage of ex-
ceeding IRCs (29.8 %) amongst different bedrock geologies was found in
Visean limestone and calcareous shale. Differences in the percentage of ex-
ceeding IRCs for various types of Quaternary geology are distinct. Thisfind-
ing is significant in that it means thatQuaternary geologymay be utilized to
distinguish between the radon behaviours of different deposits. Both aqui-
fer type and permeability classes were also found to be useful for differen-
tiating radon properties. The highest percentages of exceeding radon
values were observed in the karst features (29.8 %) and the units with me-
dium permeability (33.2 %) Note that for the high permeability class, the
number of indoor radon data was not sufficient for analysis. The reason
for the occurrence of elevated IRCs in these two parameters is related to
the presence of factors that facilitate radon mobility in these features. In
general, the geology (representative of radon source) together with perme-
ability (as an indicator of radonmobility) were found to be the most impor-
tant contributors to the occurrence of exceeded levels of indoor radon
concentrations. A full discussion of the relationship between radon soil
gas and indoor radon for this specific study area can be found in (Banríon
et al., 2022).

Fig. 2 displays a Pearson's correlation matrix for indoor radon and geo-
physical data. The diagonal axis shows the histogram of each property. The
top right half of the matrix plots each combination of the parameters with a
red trend line. The bottom left half of the matrix computes the Pearson cor-
relation coefficient (PCC), with the text size scaled by value. As shown in
this figure, a PCC value of 0.27, indicates a weak and positive correlation
between indoor radon and equivalent uranium content. This is because in-
door radon is a complex function of various geogenic and anthropogenic
factors and therefore none of the geophysical parameters alone can be
representative of the indoor radon activity. A model that includes effective
parameters, including geological factors, as much as possible would be
preferred.

http://www.radon.eu/rm2


Table 2
Categories of geological parameters classifiedwith respect to the% of indoor radon that exceeded the reference level - Groups highlighted in grey had an insufficient number
of samples and were excluded from the regression analysis.

Site Risk Rating

Very High High Medium Low Total

N ≥ 200 Bq m−3 153 129 62 22 366
N < 200 Bq m−3 243 305 406 231 1185
Radon > Ref 38.6 % 29.7 % 13.2 % 8.7 % 23.6 %
Prediction > 20 % 10 % to 20 % 5 % to 10 % 1 % to 5 %

Bedrock Group
Visean limestone & calcareous
shale

Tournaisian limestone
Namurian shale, sandstone, siltstone &
coal

Sandstone, conglomerate &
mudstone

N ≥ 200 Bq m−3 234 85 45 2
N < 200 Bq m−3 551 286 302 46
Radon > Ref 29.8 % 22.9 % 13.0 % 4.2 %
Prediction 15.33 % 9.35 % 6.01 % 6.86 %

Quaternary Geology
Sandstone till Limestone till Sandstone and shale till Peat Glacio-fluvial

N ≥ 200 Bq m−3 255 88 21 2 0
N < 200 Bq m−3 711 336 108 26 4
Radon > Ref 26.4 % 20.8 % 16.3 % 7.1 % 0.0 %
Prediction 14.92 % 12.32 % 8.62 % 5.54 % 7.35 %

Aquifer Type

Karst
Poorly productive fissured
(Moderate)

Poorly productive fissured
(Unproductive)

Intergranular

N ≥ 200 Bq m−3 260 102 4 0
N < 200 Bq m−3 672 494 18 1
Radon > Ref 27.9 % 17.1 % 18.2 % 0.0 %
Prediction 19.32 % 8.27 % 10.03 % 7.11 %

Permeability
L M H

N ≥ 200 Bq m−3 65 300 1
N < 200 Bq m−3 569 604 12
Radon > Ref 10.3 % 33.2 % 7.7 %
Prediction 13.87 % 14.58 % 6.23 %
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Previous research at the University of Bristol, UK has shown that the
presence of high levels of low-frequency electromagnetic fields near high-
voltage cables can increase the accumulation of radon particles by up to
18 times (Haider et al., 2018). In order to understand the contribution of dif-
ferent levels of equivalent uranium (EqU), resistivity and magnetic field to
the elevated indoor radon levels (i.e. exceeding the reference level), the
IRC data were sorted by each category with the number of samples graphed
against the number of samples exceeding the reference level (Fig. D–I, Ap-
pendix D). Although this display can give a false sense of linearity, it iden-
tifies zones of relatively constant slope. According to this figure, there is
an almost universal increase in the rate of indoor radon samples exceeding
the threshold level with the level of equivalent uranium. This increases from
a rate of almost 10% for low EqU values to over 50% for the upper quartile
of EqU values. The resistivity shows an increasing rate of high radon values
with higher resistivity however the rates are relatively uniform – and rela-
tively close to the overall concentration of indoor radon readings (23 %).
The rates relative to magnetic field strength are complex, with plateaus at
a mid and high level with a low slope – around 10 %.

In Table 3, the percentage of indoor radon values exceeding the reference
level of geophysical variableswas classified according to the zones identified
in Fig. D–I, Appendix D. According to this table, for the resistivity and total
magnetic field parameters, it was not possible to distinguish between the
per cent of IRCs greater than the reference value. However, the occurrence
of exceeded indoor radon activities was found to increase by shifting the
equivalent uranium concentration. About 54 % of values >200 Bq m−3

were observed where uranium activity exceeded 2.04 ppm. A threshold
EqU value of 2.04 ppm could therefore be used as an initial indicator
when searching for radon-prone areas, especially given that the estimated
average soil U concentration for Ireland is approximately 1 ppm (mg/kg).

3.2. Logistic regression model

Table 4 expresses the AIC score and the prediction accuracy for the
three models introduced in Section 2.3. The new regional model has a
5

slightly higher successful prediction rate of 77.9 % compared to the predic-
tion accuracy of the national geology-only model (76.5 %). Re-calculating
the model using the same factors as the national model (e.g. no geophysical
variables) but limiting the calculation to the regional area has a successful
prediction rate of 76.2 %, marginally worse than the national model. This
could be due to the limited number of samples within some geological cat-
egories when restricted to the local region.

Based on these results, the full geogenic model was selected as the best
model. The full parameters for this model are listed in Table 5. The attri-
butes with the greatest statistical significance are EqU and soil permeabil-
ity. These attributes also have the largest coefficients indicating the
greatest influence on the predicted indoor radon level.

The intercept value of 257.5 is unusual as this logit value equates effec-
tively to a probability of “1”, indicating 100 % odds of exceeding the radon
threshold. It has a much greater magnitude than the other coefficients. The
reason for this is the very high values of magnetic field strength (approx.
48,000), which with a negative coefficient means that a high magnetic
field will act to reduce the overall radon risk. The significance (P-value)
of this field is also low.

3.3. The revised version of the geogenic radon map and comparison with the
national radon map

Using the full geogenic model parameters (Table 5), a new raster
map (Fig. 3) was created in ArcGIS which combined the coefficients
based on the underlying geological categories and scaled geophysical
categories on a 20 m*20 m grid. The values were converted from log-
odds (L) back to probability score (P) using the inverse log-odds
(Eq. 3).

The newmapwas validated by calculating a confusionmatrix (Table 6),
using a model that predicts the likelihood of an outcome (e.g. radon above
200 Bq m−3) and a threshold for making a decision (e.g. if P > 0.5, then
TRUE). Any change in the threshold of decision alters the ratios of the con-
fusion matrix. Based on this, the Receiver Operating Curves (ROC) of the



Fig. 2. Pearson correlationmatrix of Indoor Radon (Rn) and geophysical attributes (AR25 – Resistivity@ 25Khz, EqU – equivalent uranium and RTPMag, correctedmagnetic
field strength).
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new regionalmodel and the original national indoor radon riskmodel were
plotted (Fig. 13). The area under the curve (AUC) of the two graphs is 0.77
for the regional full geogenic map and 0.68 for the national risk map, indi-
cating that the new regional model improves the national risk map in
the area.

The new regional map shows a significant improvement in risk
prediction compared to the national risk map. Using the QGIS and the Ras-
ter calculator tool, the percentages of difference between new risks scores
(Fig. 3-left) and the risk levels from the national radon map (Fig. 1) for dif-
ferent areas of the study were calculated in Fig. 3- right. According to this
Table 3
% of IRCs exceeding 200 Bq m−3 within each group of constant slope for geophys-
ical attributes. Groups refer to regions divided by green bars in Fig. D–I, Appendix D,
considering an increasing group order from left to right.

Group 0 1 2 3

Resistivity (Ω.m)
Lower limit – 92 168 407
Upper limit 92 168 407 –
N ≥ 200 Bq m−3 84 61 118 103
N < 200 Bq m−3 352 297 281 255
Radon > Ref 19.3 % 17.0 % 29.6 % 28.8 %

Equivalent uranium concentration (ppm)
Lower limit – 1.2 1.59 2.04
Upper limit 1.2 1.59 2.04 –
N ≥ 200 Bq m−3 34 70 73 189
N < 200 Bq m−3 308 448 263 166
Radon > Ref 9.9 % 13.5 % 21.7 % 53.2 %

Total magnetic field strength (nT)
Lower limit – 48,697 48,707 48,728
Upper limit 48,697 48,707 48,728 –
N ≥ 200 Bq m−3 34 28 275 29
N < 200 Bq m−3 116 250 572 247
Radon > Ref 22.7 % 10.1 % 32.5 % 10.5 %
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figure, less than a 15 % difference is predicted for most of the areas and
the maximum difference range is about 34–38 %.

3.4. Correlation of soil radon and geophysical properties

As shown in Fig. 4, all possible pair combinations of the soil radon read-
ing, the apparent resistivity @ 25 kHz (AR25), equivalent uranium (EqU)
and total magnetic field strength after RTP correction (RTPMag) were eval-
uated using a Pearson's correlation matrix. There is a significant (p-value
<0.05) correlation between the measured soil radon value and the EqU
and an inverse correlation to the RTPMag value. The correlation is weaker
between soil radon and AR25 but still statistically significant (P= 0.026).
It can be understood that high soil radon values are concentrated in areas
with lower resistivity readings however, there are insufficient samples in
high-resistivity areas to draw a strong conclusion (for additional informa-
tion see the supplementary file Fig. D-II and Fig. A-II. There is also amoder-
ate positive correlation (0.57) between resistivity and magnetic field. The
correlation coefficient between indoor and soil radon was 0.41, indicating
a moderate positive correlation, though statistically significant with a p-
value of the order of 10−5. This is a weaker relationship than might be ex-
pected and suggests that EqU is more important in predicting indoor radon
than a measured soil radon value.

There are insufficient samples in the different geological categories to
break down the in-situ samples and attempt logistic regression including
geological information. Instead, linear models were calculated using
Table 4
Summary of results for model selection.

Model AIC Prediction accuracy

Null Model 1687.6 50 %
Full, Regional Geogenic Model 1443.4 77.9 %
Regional Geology Only Model 1531.2 76.2 %
National Geology Only Model – 76.5 %



Table 5
Model parameters of the recalculated logistic regression model incorporating Geogenic (Bedrock geology, Quaternary geology, Aquifer type and Permeability) and Geophys-
ical data (Resistivity @ 25 KHz, RTP corrected magnetic field strength and equivalent uranium).

Coefficient Parameter Estimate Std. Error z value Pr(>|z|)

β0 (Intercept) 257.5 170.5 1.511 0.1309
β1 AR25 0.0001912 0.0000958 1.996 0.0459*
β2 EqU 1.179 0.1349 8.735 <2e-16***
β3 RTPMag −0.005389 0.003498 −1.541 0.1234
β4 Bedrock geology ORS, sandstone, conglomerate & mudstone 0 – – –

Namurian shale, sandstone, siltstone & coal 0.3752 0.8139 0.461 0.6448
Tournaisian limestone 1.797 0.8003 2.246 0.0247*
Visean limestone & calcareous shale 1.05 0.8112 1.295 0.1955

β5 Aquifer type Poorly productive fissured (Unproductive) 0 – – –
Poorly productive fissured (Moderate) 0.7744 0.6502 1.191 0.2336
Karst 0.3518 0.6735 0.522 0.6014

β6 Permeability class L 0 – – –
M 0.9108 0.1795 5.074 3.90E-07***

β7 Quaternary geology Peat 0 – – –
Sandstone and shale till −0.6006 0.8324 −0.722 0.4706
Limestone till −0.9059 0.7847 −1.155 0.2483
Sandstone till −0.3646 0.7716 −0.473 0.6365

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1.

Fig. 3. Revised version of the geogenic radon map for the Castleisland area (left) and Difference plot of new risk score versus national risk score. The map shows the
uncertainty of prediction while comparing the new map and the original radon map for the study area (right).
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combinations of resistivity, equivalent uranium andmagnetic field strength
as independent variables. Polynomials up to 3rd order were tested however
3rd order polynomials produced only a marginally better fit compared to
2nd order polynomials (based on Akaike information criterion, AIC)
(Eq. 7).

Soil Radon ¼ β0 þ β1∗ Eq:Uð Þ2 þ β2∗RTPMag þ β3 RTPMagð Þ2 (7)

Where β0 = 2.87E+09, β1= 3.24E+01, β2 =−1.18E+08 and β3=
1.21E+06. The fitted polynomial models excluded resistivity as an inde-
pendent variable.

According to Fig. D-III, the residuals of the model are poor, indicating a
poor fit for the data in general. The magnitude of the residuals is the same
magnitude as the measured values. Hence, the model using only geophysi-
cal data cannot accurately predict soil radon despite the apparent correla-
tion. Therefore, EqU (and perhaps equivalent thorium) survey data could
Table 6
Sample confusion matrix with a decision at threshold 0.5.

Predicted result Actual result

Radon ≥200 Bq m−3 Radon <200 Bq m−3

Radon ≥ 200 Bq m−3 True positive - 142 False positive - 98
Radon <200 Bq m−3 False negative - 224 True negative -1093

7

be possible substitutes for geogenic radon (and perhaps thoron) mapping
if only combined with relevant geogenic variables (e.g. geology).

4. Discussion

As a result of this study, the accuracy and resolution of the national
geogenic radon map of Ireland for the Castleisland/Tralee area were im-
proved. This achievement ismainly because of a) the inclusion of additional
effective parameters such as airborne geophysical data (in particular EqU)
and b) the use of a more detailed scale (i.e. 1:100 K) geological map. For
the national radon map development (Elío et al., 2017), a simplified
1:1 M scale bedrock map of Ireland was utilized. Due to this, some impor-
tant details were lost in the risk analysis. For example, the Clare Shale For-
mation, which was found to pose a significant risk factor due to its elevated
uranium concentration, was merged into the category of Namurian shale,
sandstone, siltstone and coal. The area underlain by Clare shale bedrock
is restricted to a narrow band with a total area of only 11 km2 (of the
1000 km2 investigated). The Quaternary deposits in the area around Tralee
are limestone or sandstone-derived till however, likely, glacial action has
also eroded the Clare shale bedrock and distributed this shale till in the for-
mation. In addition, the karst structures beneath Castleisland and Tralee
may distribute radon generated fromuranium/radium-rich lithologies/sed-
iments some distance from the source. The Clare Shale Formation, although
spatially restricted in distribution, could have a significant impact on



Fig. 4. Comparison of correlation between soil radon and geophysical attributes (AR25 – Resistivity @ 25Khz, EqU – equivalent uranium and RTPMag, corrected magnetic
field strength).
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regional radon. This can be explained by the unique radon characteristics of
shale deposits. Enhanced levels of uranium content (i.e. the parent element
of radon) in these formations (especially black and alum shales) make them
potential radon emitters (Fennell et al., 2002).

A moderate correlation was found between the observed indoor radon
and themeasured soil radon activities. By evaluation of the correlations be-
tween soil and indoor radon, it was found that the EqU integratedwith geo-
logical information is a better predictor of indoor radon level compared to
soil gas alone. On the other hand, a good correlation was obtained between
soil gas radon and EqU. Soil gas radon testing which is known as one of the
ideal ways to produce a GRP map (Kropat et al., 2015) is time-consuming
and sometimes difficult to perform. Soil gas radon results might also
be affected by large uncertainties, due to changing physical conditions
such as soil moisture, temperature and pressure gradients (Lucchetti
et al., 2019). Therefore, where such data are available, airborne radio-
metric data can be utilized instead of soil gas radon testing to produce
GRP maps. It is noteworthy that one of the main advantages of airborne
data provided by the Tellus program is that they are available for free in
high spatial resolution (generally tens of meters) for most of the island of
Ireland. This can provide the feasibility of high-resolution geogenic radon
and thoron mapping on a national scale (e.g. (Aghdam et al., 2021; Elio
et al., 2020)).

5. Conclusion

A novel methodology was introduced here to produce a local scale
geogenic radonmap by integrating both geogenic information and airborne
geophysical data in a logistic regression model in which indoor radon con-
centrations were set as the response parameter. The final model has im-
proved the accuracy of national indoor radon maps (Elío et al., 2017;
Agency, 2020). The equivalent uranium content (EqU) and soil permeabil-
ity were found to be the most significant explanatory variables of the pre-
diction model. It was also found that geological parameters should be
8

considered while the production of any geogenic radon model to achieve
more realistic predictions. Areas with high permeability (e.g. limestone
karst bedrock) and areas underlain by shale formations, in particular the
Clare shale, were found to be radon-prone areas (RPA). Most of the anom-
alies in indoor radon activities correspond with the “EqU” hotspot areas. A
band of shale running through the study area, although spatially and strat-
igraphically limited in extent, was identified as a possible source of en-
hanced radon concentrations in the area.

The inclusion of resistivity and magnetic data resulted in a small im-
provement in the model accuracy while increasing its complexity. There
appeared to be a net benefit to including these parameters when produc-
ing geogenic radon maps but their value in this regard needs further as-
sessment. As an important result of this study, the EqU incorporated
with geological information was found to be a promising tool to predict
the geogenic radon potential of the Castleisland/Tralee area. This meth-
odology can be efficiently expanded to produce an improved version of
the national geogenic radon (or thoron) potential map of Ireland. The
methodology described here could be applied to other countries,
where such datasets are available, as an effective way of producing
geogenic radon maps.
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