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Summary

Radon is an environmental health hazard for indoor environments, caves and underground
mines exposure to which is related to an increased probability of developing lung cancer.
Globally, radon is the second leading cause of lung cancer after tobacco smoking, and the
leading cause of lung cancer in non-smokers. Radon is geogenic, in that it primarily originates
from beneath the Earth’s surface. Specifically, radon has several isotopes which form
intermediate decay products from the radioactive decay of uranium and thorium (38U, 23U and
232Th). From a radiological protection perspective 222Rn is the main isotope of interest, given
its relatively longer half-life compared to the other radon isotopes. Ireland has a geographically
weighted average indoor radon concentration (77 Bq m™) and population weighted average
indoor radon (98 Bq m=) which is over twice that of the global average (39 Bq m?), and a
disproportionally high number of radon-related lung cancer cases occur here (ca. 300 - 350
cases per year, which equates to 14% of the total lung cancer cases, compared to the global
range of between 3% to 15%) (Elio et al., 2018, p. 20; Fuente et al., 2020; Long, 2018; Murphy
et al., 2021; World Health Organization, 2009). The high average radon concentrations,
geological diversity, and availability of open access data relating to natural and built
environments make Ireland an ideal case study to better understand the factors contributing to
the concentration and spatial variation of radon.

Although the connection between local geology and radon is widely known, radon maps seldom
utilise information relating to the radon source or pathway through the natural environment;
both factors govern the distribution of indoor radon. For instance, the first national radon map
of Ireland (S.G Fennell et al., 2002) although a major achievement in that it estimated the

probability of indoor radon exceeding a threshold value from 10 x 10 km grids, it had several



shortcomings in that it utilised a limited number of indoor radon measurements, and did not
contain any geological data.

Not only does Ireland have a high average indoor radon concentration, some exceptionally high
indoor radon concentrations have also been found here. In 2003, the highest single measurement
of indoor radon (65,000 Bq m-3) was reported in a house in Castleisland Co. Kerry after several
occupants tragically died of lung cancer, despite being non-smokers. No previous geological
studies have been implemented to investigate the cause of high radon occurring in the area.
This research sets out to investigate the use of geological datasets to map radon. This thesis also
aims to provide decision-making tools that will aid with efficiently choosing appropriate
methods for mapping radon depending on the intended purpose. The primary data collected in
this thesis includes (a) subsoil radon gas concentration, (b) subsoil permeability and (c) topsoil
geochemistry. A number of additional pre-existing data types have been used as part of this
research (e.g. geological maps, geophysical data, geochemical data, indoor radon data).

The work presented here utilizes a background knowledge of geological processes and applies
it to model radon distribution.

Within this thesis, a range of case studies are presented for different spatial scales, and utilising
a range of different datasets. Castleisland in Co. Kerry was chosen as a case study due to the
geologically unexplained high indoor radon occurring in the area. More than one hundred soil-
gas radon and subsoil permeability measurements were collected in a systematic and
representative manner over several geology types. Analysis of major and trace elements is
completed for 92 topsoil samples and compared with soil-gas radon samples collected from the
same locations. In addition, the geochemical data from the topsoils are investigated for
covariance and correlation to determine if certain elements are commonly associated with

geogenic radon. The general geostatistical methodology developed for Castleisland is scaled



and repeated for the Irish Midlands. In this instance various modelling approaches are applied
to 4,131 topsoil samples obtained from the Geological Survey Ireland TELLUS Midlands, and
combined with a previously published national radon potential map, which was derived from
TELLUS radiometric data, and a national subsoil permeability model (Elio et al., 2020).

The main findings demonstrate that geology and geological attributes can offer useful insights
to the distribution and expected concentration of radon. From this research, it is apparent that
different spatial scales of sampling and modelling can result in significantly different radon risk
maps even if the same dataset is used. Soil-gas radon and soil permeability mapping can act as
a rapid method for quantifying the radon risk in relatively small (i.e. 10 km?) areas, but are not
practical for considerably larger areas.

Regardless of spatial scale, integration of topsoil geochemistry into radon models shows
covariance occurring between elements correlated with geogenic radon, thus demonstrating that
chemistry of soils can be indicative of radon prone areas. In this way legacy soil geochemistry
data and geological map data can be utilised to assist efforts to highlight radon prone areas,

without the need to directly measure radon indoors or in soil gas.
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Thesis motivation and structure

1.1.1 Research objectives

The primary research objectives of this thesis are to:

(a) Develop a decision matrix for radon mapping and modelling for the non-specialist, which
takes into account different possible available datasets, and the possible intended purposes
of mitigation measures.

(b) Investigate the use of radon potential and soil geochemistry in determining the radon risk
of a small area (Castleisland, Co. Kerry). Secondary objectives are to assess the assigned
legislative radon risk designation, and investigate the source of radon anomalies in the area.

(c) Develop novel statistical and modelling methodologies to utilise legacy soil geochemistry

and geological map datasets for regional or national scale radon mapping or modelling.

1.1.2 Research questions
Using subsurface geogenic properties, this thesis aims to understand the spatial distribution of
radon in natural and built environments. Research questions are developed in each of the

research chapters as follows:

For chapter 3 — (a) does the spatial resolution of radon risk maps significantly impact the
designation of radon risk for an area? (b) what are the common methods for mapping radon?
(c) does a specific method for mapping radon risk exceed efficiency and performance than
alternative methods? (d) does integrating geological parameters improve radon mapping? (e)

does a radon model exist that addresses both aims of the EU Basic Safety Standards directive



59 of 2013; to inform/protect both (1) individuals and (2) the collective from the harmful effects
of ionising radiation? and (f) can decision making tools be developed to aid policy makers/radon
risk researchers in choosing the most efficient and effective model, taking into account available
datasets in a given country and incorporating variables including (i) cost-efficiency, (ii) time-
efficiency, (iii) protecting individuals, (iv) protecting the collective, and (v) capturing spatial

variability of radon at local scales (<10 km?) and large scales (>10 km?)?

For chapter 4 — (a) does soil-gas radon and indoor radon vary above different bedrock
geologies? (b) is there a significant behavioural trend between soil-gas radon and indoor radon
variance above different bedrock geologies? (c) does the geogenic radon potential (GRP)
method effectively map the naturally available radon in a local area (<10 km?)? and (d) can
geological methods (incorporating bedrock geology maps, soil-gas radon and soil permeability
survey’s) be used to indicate if an area is susceptible to higher risk of indoor radon

concentrations at local scales?

The main research questions of chapter 5 are (a) to what extent does the geochemistry of soil
impact geogenic radon? and (b) are there a combination of specific elements which are
associated with geogenic radon i.e. do ‘radon-prone’ elements exist? (C) to what extent are
radon-prone elements associated with the underlying geology of an area? and (c) can soil

geochemistry be utilized to model geogenic radon risk at local and regional scales?



1.2 Research rationale and motivation

Geology is intrinsically linked with understanding natural environments, and geological
expertise is gaining traction for actively mitigating environmental issues ranging from
developing geothermal energy to carbon capture storage, soil contamination, landslide and
flood risk management (Elders and Moore, 2016; Highland, 2018; House, 2005; Mcllwaine et
al., 2014; McKinley et al., 2013; Raza et al., 2019). However, geological expertise has seldom
been integrated to tackling the environmental issue of radon gas exposure. This thesis utilises
geological knowledge to investigate and validate how geogenic data can be a powerful tool

when combatting radon risk.

Long term exposure to radon gas is recognised as the leading cause of lung cancer in non-
smokers and is a primary motivation underpinning the importance of mapping radon (World
Health Organization, 2009). Considering radon is colourless, tasteless and odourless,
specialised technology is required to detect radon, and individuals are unaware of the levels
they are being exposed to; which is the reason behind radon colloquially referred to as the ‘silent
killer’. The study area focused on in this thesis was partially chosen due to several individuals
in the area dying of lung-cancer; with their house subsequently measured to have extremely

high radon (65,000 Bq m) (Organo et al., 2004).

Additionally, the area around the highest indoor radon measurement in Ireland is designated as
having a low probability of containing radon values over the reference level (200 Bq m) on
the Environmental Protection Agency of Irelands national radon maps (S.G Fennell et al.,
2002Db). As such, there is a need to verify the EPA designation of this specific small-scale area.
Since the study area is rural with spatially sparse indoor radon measurements, it is more feasible
to adopt geological methods, such as soil-gas radon surveys, to investigate the radon variation.
Furthermore, geogenic methods can not only monitor and map radon but if planned correctly,
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can be used to understand the underlying processes causing radon in the area to be produced
and transported. To add, this research also aims to demonstrate the efficiency geogenic radon

potential surveys for assessing the designation of radon priority areas at a local-scale.

The link between radon and geology has been established for many decades. Initially, the
mining industry utilised soil-gas radon surveys for uranium ore and hydrocarbon exploration
(Castillo et al., 2015; Cvetkovi¢ et al., 2021; McCarthy Jr and Reimer, 1986). Also, soil-gas
radon surveys have been used to detect faults and have been adopted to monitor seismic and
volcanic activity (loannides et al., 2003; Padilla et al., 2013; Sun et al., 2018; Zmazek et al.,
2005). Moreover, an international report by the World Health Organisation concludes that soil-
gas radon is the major contributor of indoor radon (World Health Organization, 2007).
However, methods commonly used to map indoor radon don’t typically integrate geological
knowledge despite spatially dense geological datasets being available. As such, the field case-
study area was designed to include multiple samples collected above the bedrock lithology
underlaying the region with the anomalous indoor radon measurement, as well as samples
collected above several different bedrock lithologies and structural geological features. The
inclusion of a range of geology types in the study area is aimed at investigating the variation of

radon with respect to geology.

Consequently, investigating the geochemistry of physical soil samples collected in the same
locations as soil-gas radon measurements may verify the influence of earth surface parameters
on the availability of geogenic radon to become indoor radon. Samples were strategically
collected following the Geological Survey Ireland TELLUS protocol to allow results to be
comparable. Moreover, the midlands TELLUS topsoil geochemistry dataset is studied to

evaluate the feasibility of adopting regional soil surveys to model radon prone areas.



The overall aim of this thesis is to contribute to the existing understanding of radon and how
geological expertise can be integrated to assessing radon riskareas. Whilst the data
demonstrated in this thesis are obtained from specific geological areas in Ireland, the
methodologies are applicable to different geological regions and can be utilised by other
countries evaluating their national radon action plans. By providing rigorous research regarding
methods to model radon, geological approaches could contribute more to understanding where
and how radon occurs naturally in an area, assisting the interpretation of which municipalities
may require prioritised mitigation efforts, and aid in the reduction of radon induced lung cancer

cases.

1.2.1 Chapter 3: A user’s guide to radon priority areas, examples from Ireland

There is an important need for research in Ireland to validate the geogenic parameters
contributing to radon distribution. To elaborate, the average indoor radon concentration in
Ireland is 77 Bg/m?®, which is almost double the European average of 39 Bg/m?® (Environmental
Protection Agency Ireland, 2020; World Health Organization, 2009). Despite geogenic radon
being recognized as the main contributor to indoor radon, geological methods are seldom used

to mitigate radon (World Health Organization, 2007).

The first published paper included in this thesis (chapter 3) focuses on demonstrating different
methodologies and outputs for radon mapping as well as developing a workflow for choosing
the most appropriate methodology for specific aspects of radon mitigation measures. Chapter 3
summarises the various common ways in which radon risk can be mapped, highlighting
different maps may be needed depending on the exact purpose of mapping radon (for
workplaces, building regulation, homes etc). Chapter 3 also introduces the integration of
geospatial and geological expertise into combatting the environmental risk of radon.
Additionally, a tabulation and figures are produced which can aid in the decision-making
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process for determining the more appropriate approach for mapping radon under different

circumstances.

The first published paper (chapter 3) is a valuable and novel contribution to the field of
environmental radon mitigation. The outcome of chapter 3 (a) adds to the efficiency of choosing
the most appropriate type of radon map for effectively mitigating radon in various settings, (b)
highlights the advantages of integrating geological data into radon models, and (c) demonstrates

the effect of spatial resolution when producing a radon map.



1.2.2 Chapter 4: Using geogenic radon potential to assess radon risk area designation, a
case study around Castleisland, Co. Kerry, Ireland.

A national-scale legislative radon-risk map, based exclusively on indoor radon measurements
was published in 2002 (Fennell et al., 2002). The lack of geological data being used to create
the map as well as its 10 x 10 km spatial resolution limit its use in defining radon prone areas
at local (< 10 km?) resolution, and in areas that lack indoor radon measurements. An objective
of the second published paper in this thesis is to demonstrate the spatial variation of radon at a
local scale. For this chapter, the radon prone area of Castleisland, Co. Kerry was chosen as a

case study.

Previous research from the study area reports the highest indoor radon concentrations recorded
in Ireland and Europe (Organo et al., 2004). In 2003, a dwelling named the “Castleisland
House” was discovered to contain radon values up to 65,000 Bq m, despite the fact that
Castleisland is not designated as a high radon area on the legislative national radon risk map
(RPI11 2002). To add, no geological studies have previously been implemented to investigate

the highest known radon area in Ireland.

The main research questions of chapter 4 are (a) can geogenic data constrain the understanding
of radon soil-gas source and distribution at local scales, and (b) can geological data be used as
a proxy to predict indoor radon. The main outcomes are (a) high-spatial resolution radon risk
maps produced for the Castleisland study area, (b) statistical correlation of soil-gas radon and
geology, (c) a research approach that is proven appropriate for testing radon prone areas and

(d) results that are relevant to other regions with similar geology.

The individual datasets used in chapter 4 include: (1) soil-gas radon concentration, (2) soil

permeability, (3) indoor radon (supplied by the Environmental Protection Agency), and (4)



Geological Survey Ireland geological maps. All of the data was collected in the same 6 km?
study area (figure 2 chapter 4). The soil-gas and soil permeability data were collected in short
(less than ten days) field trips during the summer months (July/August) to minimise any
possible temporal affects. The resolution of the soil-gas, soil permeability as well as physical

soil samples are exactly the same as these datasets were collected from the same locations.



1.2.3 Chapter 5: Investigating topsoil geochemical relation to geogenic radon using
multivariate geo-statistics, examples from local and regional scale data.

There are very few published studies which investigate variation of geogenic radon in relation
to a wide range of elements in the topsoil. The research presented in chapter 5 examines the
possibility that certain soil geochemical signatures can be used to delineate radon prone areas.
As such, topsoil geochemical data may be useful in areas which lack indoor radon data to
accurately model radon risk.

The research rationale of chapter 5 is a continuation from that of chapter 4; investigating the
value of geogenic data in delineating radon prone areas. Considering soil-gas radon is the main
contributor to indoor radon, the main research questions of chapter 5 are (a) to what extent does
the geochemistry of soil impact soil-gas radon concentrations and (b) are there a combination
of specific elements which are associated with geogenic radon and (c) can soil geochemistry be
utilized to model geogenic radon.

Chapter 5 contributes a robust and novel analytical approach for extracting useful information
from topsoil geochemical data; the results demonstrate that soil geochemistry is an important
factor in determining radon risk. Furthermore, the modelling approach used for the high-
resolution case study area around Castleisland Co. Kerry is repeated and validated using a
regional scale dataset from the Geological Survey Ireland TELLUS Midlands dataset. The
methodology and results of chapter 5 demonstrate the value that local and regional topsoil

geochemical surveys can have in the management of radon prone areas.



1.3 Thesis structure

This thesis has been constructed following the thesis submission guidelines published by
graduate studies in Trinity College Dublin. There are 5 main chapters, firstly an introduction
(chapter 2), three manuscripts (chapters 3 to 5), followed by a concluding section with future
research recommendations (chapter 6). Each of the manuscripts presented are standalone
research outputs. The format of the two published papers (chapter 3 and 4) have been
reformatted to be consistent with the thesis structure, however their content and layout remains
unchanged from the published versions (see Appendix C). In line with paper format, references
are presented at the end of each chapter. Supplementary material for each manuscript is
presented in Appendix A. Additional data not included in the thesis, but collected and processed

during the project is presented in Appendix B.
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Chapter 2

Introduction

2.1 Radon: An Overview

There are several key events that occurred in the early 20" century which lay the foundation for
understanding radon (Rn). In 1896 Henri Becquerel discovered radioactivity, resulting in the
Sl unit of measurement of radioactivity being named the Becquerel (Bq). The Bq corresponds
to the activity of a quantity of radioactive material in which one nucleus decays per second.
Marie Curie coined the term ‘radioactivity’, and discovered Radium (Ra) in 1898. In 1900
Friedrich Ernst Dorn discovered radon, which was one of the first radioactive elements to be
discovered after uranium, thorium, polonium and radium (Radvanyi and Villain, 2017).
Friedrich Ernst Dorn reported radioactive gas emanating from a radium source, which was later

named radon (Dorn, 1901).

Radon is a naturally occurring radioactive noble gas which is tasteless, odourless, and
colourless. Radon forms as a result of uranium decay and its daughter products emitting alpha
and/or beta particles in order to become more stable (fig.2.1). Uranium has several isotopes
occurring in different abundances, 228U (99.274%), 2°U (0.72%) and 23*U (0.005%). The most
abundant isotope 28U forms 22?Rn (radon) as an intermediate decay product. The isotopes of
25U and 22Th form 2Rn (actinon) and ??°Rn (Thoron) as intermediate decay products,
respectively. The half-life of 228U, 2%°U and 22Th is 4.5 Byr, 700 Myr and 250 kyr. It takes a
few hundred thousand years for 28U to be transformed into 222Rn gas. The ???Rn isotope has a
half-life of 3.823 days. The isotopes of actinon and thoron have half-lives of 3.96 seconds and

55.6 seconds, respectively.
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Figure 2.1 238-Uranium decay chain; ‘This chart shows the decay chain of the 238U series and the half-lives of each isotope
(y = year, d = day, m = minute and s = second). Alpha decays are represented by vertical arrows and beta decays by diagonal
arrows’ (Sutton et al., 1993). Image sourced from Wikipedia (shorturl.at/dmxKU).

The radioactivity of uranium can be attributed to its unstable nucleus. For instance, 238U has a
large number of neutrons (146) compared to protons (92), resulting in uranium having a low
binding energy (i.e., energy holding the nucleus of the atom together) making it unstable.
Similar to other radioactive elements, uranium becomes more stable by losing excess energy.
Energy is lost by stochastic emission of radioactive particles which converts the initial uranium
element into elements with lower mass and higher binding energies. 23U and its daughter
products go through a series of alpha and/or beta decay processes until it is converted to a stable
state in the form of 2%Pp (figure 2.1). During the series of decay processes uranium is

transformed into radium (?°Ra). The ??°Ra isotope is the immediate predecessor of radon gas.

Exposure to radon gas indoors is considered an environmental risk and categorized as a class 1
carcinogen for causing lung cancer (world Health Organisation, 2009). Concisely, when radon

is inhaled while it decays, it can transform into metal isotopes of 2*polonium and/or

16



24polonium. Alpha particles emitted from the polonium isotopes can cause damage to lung
tissue and contribute to the development of lung cancer (Bowie and Bowie, 1991; Degu Belete

and Alemu Anteneh, 2021).

The primary initiative of the International Commission on Radiological Protection (ICRP) is to
protect against ionising radiation. The ICRP recommends the maximum occupational radiation
dose received by a person each year to be in the range of 3 milli Sieverts (mSv) to 10 mSyv,
which is in line with the World Health Organisation’s (WHQO) recommendation of 10 mSv
(ICRP, 2019; World Health Organisation, 2009). The associated higher limits for indoor radon
concentration (IRC) is 300 Bq m™ in workplaces and 200 Bgq m™ in homes, although the WHO
recommends that IRC levels in homes should not exceed 100 Bg m™ (World Health
Organization, 2009). A house in the main study area of this thesis measured an IRC (average
49,000 Bgq m) ca. 250 times greater than the 200 Bq m~ reference level. The resulting annual
radiation dose received by the occupants was estimated to be approximately 1200 mSv (Organo

et al., 2004).

The variation in terrestrial natural radiation is largely dependent on geology (Hamideen et al.,
2020; Tzortzis et al., 2003); as the amount of natural radioactivity in distinct rocks varies in the
earth subsurface (Abed et al., 2022; Al-Khawlany et al., 2018; Alshahrani, 2021; Gaafar et al.,
2021). Radionuclide concentration is generally higher in granitic, gneiss and granulites whereas
sedimentary rocks contain lower concentrations of radionuclides, with the exception of some
phosphatic rocks and shales (table 2.1). Additionally, soils above different lithologies are
characterised by distinct ranges of natural radioactivity (table 2.2). As such, geochemical
analysis of soils can give insight to underlying geological influences impacting natural
radioactivity in soils (Faanu et al., 2011; Ribeiro et al., 2018; United Nations Scientific
Committee on the Effects of Atomic Radiation and Annex, 2000).

17



Table 2.1 Range of natural radioactivity levels in various rock types.

Region

Rock type

Associated natural

radioactivity Bq kg-1

Reference

Wadi El- Mashash, El

Mahamid mines - Egypt

Phosphates

Shales

?%Ra : 665.8 +/- 33.4
282Th : 329.4 +/- 17
40K : 587.6 +/- 29.4
2%6Ra : 85.2 +/- 5.7
2%2Th : 93.3 +/- 5.6

40K :303.1 +/- 15.2

(Abbady et al.,

2005)

Jeronym Mine — Czech

Republic

Granite

28 : 907
22Th : 33

40K : 166

(Kim et al.,, 2021)
(Malczewski et al.,

2021)

Egypt

Gneiss

Granite

Basalt

’2Ra: 28.4 +/- 3
282Th : 37.7 +/- 4

0K : 1167.6 +/- 42

26Ra: 118 +/- 7
22TH : 90.5 +/- 7

40K :2208 +/- 91

226R3a: 59.5 +/- 4
232Th : 67.7 +/- 6

0K 1718 +/- 42

(Harb et al., 2012)
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Sandstone

Siltstone

26Ra: 75 +/-1.5
232Th : 12.54/-3

K :263+/-11

226Ra: 113 +/- 7
232Th : 148.5+/- 12

0K 11672 +/- 55

Larsemann Hills region

— East Antarctica

Granulite

2% : 118 +/- 6.8
22Ra : 56 +/- 5.5
282Th : 451 +/- 13.5

K : 1210 +/- 9.9

(Pal et al., 2021)

Aussois — Modane

region SE France

Quartzite

Marble

Dolomite

Limestone dolomite

Calcschist

26Ra : 9.5 +/- 16
0K :5724/-11
26Ra : 23.7 +/- 25
VK 78 4/-2
26Ra : 27.4 +/- 23
K 1129+4/-3
26Ra : 24.2 +/- 25
K 118+/-1
26Ra: 15.1 +/- 17

0K :392+/-8

(Malczewski

Zaba, 2012)

and
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Table 2.2 Natural radioactivity of soils from various geological regions.

Region Soil type above: Associated natural | Reference
radioactivity Bq kg-1
Ashanti Beslt — SW | Conglomerate and | ?°Ra: 13.61 +/- 5.39 (Faanu et al.,
Ghana pebbly  quartzite, | *°Th:24.22+/-17.15 | 2011)
gold mineralisation | “K:162.08 +/- 63.69
Rio de Janeiro - Brazil | Holocene/Tertiary | *°Ra: 31 (Ribeiro et al.,
sediments ?2Th : 69 2018)
40K : 161
Migmatite “Ra: 37
22Th : 69
40K : 100
2%Ra : 34
Granite, Granitoid
232Th : 59
0K ;112
226Ra : 30
Gneiss, Granulite 22T - 75
40K : 109
Global - UNSEAR - °%Ra : 35 (United  Nations
22Th : 30 Scientific
K 1 400 Committee on the
Effects of Atomic
Radiation and
Annex, 2000)

20



shale

Volcanic region of La | Basaltic and | ?*Ra: 30 (Moreno et al.,
Garrotxa - Spain basanitic #2Th : 22 2014)

0K 377
Gaborone Granite | Primarily  granites | °Ra: 34.8 (Murty and
Complex —  SE | with minor | ®*Th:41.8 Karunakara, 2008)
Botswana dolomite-sandstone- | “°K: 432.7

220Radon (thoron) also impacts indoor radon levels although ?22Radon is the main contributor

(Chen et al., 2015; Vuckovic et al., 2016). The research of thoron contributing to indoor radon

is increasing in recent decades (Bineng et al., 2020; Chen et al., 2010; Ramola and Prasad,

2020). Considering the short half-life of thoron, it may be more of an issue in houses built with

building materials containing thoron parent isotopes or houses located above certain geology

types (Baptista et al., 2022; Chen, 2022). However, the primary focus of this thesis is on

222Radon considering it generally accounts for the most significant portion of indoor radon.
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2.2 Geochemical association of radon
In order to determine where radon gas may be geologically located, the geochemical properties
of its parent isotope uranium must be considered. Uranium is an actinide and lithophile element
which reflects its large atomic and ionic radii as well as its radioactive nature. The large atomic
size of uranium makes it incompatible, meaning that it is prone to remaining in the liquid phase
during magmatic activity. Consequentially, uranium typically resides in late-stage evolved
igneous melts such as granite, with concentrations ranging from dozens to hundreds of parts
per million (ppm) (Bute et al., 2020; Ibrahim et al., 2001). Uranium can also be found in
significantly high quantities (hundreds ppm) in other rocks such as shales and phosphorites
(Cuney, 2008; Liu et al., 2020; Romer and Cuney, 2018). The occurrence of uranium in shales

and phosphorites may be explained by the hexavalent uranium (UO4%) substituting for PO.%,

It may be possible to indicate the likelihood of a mineral being a point source of radon by
examining the presence of radon precursor elements (i.e. uranium and radium) being present in
the mineral. Uranium can occur as the minerals uraninite (UO2) and autunite
(Ca(U02)2(POa4)2+10-12H20). Although, uranium can substitute for elements in other minerals
that share the same valency; such as in zircon where isomorphous replacements occurs
(Holliday et al., 2009). Uranium is more abundant in rock-forming and accessory minerals such
as zircon (ZrSiOs), apatite (Cas(POs)s(F, Cl, OH)), Sphene (CaTiSiOs) and allanite
(Ca(Ce,La,Y,Ca)Alx(Fe2+ Fes+)(SiO4)(Si207)O(0OH)) (Gallagher, et al., 2016). As a decay
product of uranium, radium is also found in association with uranium bearing minerals

(Fabritius et al., 2022). Assuming radon precursor elements within the soil are derived from
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minerals that contain them, it is expected that other elements unique to these minerals will also
demonstrate correlation with geogenic radon.

Geochemical soil samples containing elements associated with uranium accessory minerals
could give insight into the geological and environmental processes causing uranium or radium
accumulation. Such elements include Mo, Si, Ba, Se, As, Au, Zr, V, Ti and Y (Bute et al.,
2020; Chen et al., 2022; Mingxing et al., 2006). Consequently, a soil sample correlated to
geogenic radon that also has a statistical correlation with elements derived from uranium
accessory minerals, may be indicating that the soil geochemistry is acting as a point source of
radon due to the likelihood of uranium accessory minerals being present.

Uranium is reported to be leached from topsoil and redeposited in deeper horizons (Taboada et
al., 2006). Primary mechanisms for uranium redistribution are adsorption to organic matter and
precipitation in secondary mineral phases (Braun et al., 2017). The extent of depletion also
depends on the degree of oxidation which is controlled by the depth of the water table, porosity
of the soil, the rainfall and the absorption capacity of the soils themselves. The absorption
capacity is controlled by the concentration of iron oxides, organics, clays and certain

complexing anions such as phosphates and arsenates (Cumberland et al., 2016).
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2.3 Overview of Pedogenesis

In order to comprehend the natural distribution of radon in soils, it is paramount to understand
how soils are formed; and thus how radon precursor elements may naturally vary in
concentration beneath the earth surface. Soil formation can be conceptualised as the balance
between the production of soil (transformation of parent material or bedrock to soil) and

denudation (chemical and physical loss of soil material).

Fsoil = Psoil — Dsoil Q

where Fsoil refers to the rate of soil formation, Psil is the rate of soil production and Dsoil is the

rate of soil denudation.

Psoil = TPsoil + A+ (O -G) (2)

The Psoil represents the transformed sum of parent material to soil (TPsei). Input from the
atmosphere (i.e. dust) is represented as A, whereas the organic matter net input and decay of

organic matter are characterized by O and G respectively.

Dsoil = Wsoil + Esoil (3)

Denudation (Dsoir) symbolises the sum of erosion (Esoi) and chemical weathering (Wsoil)
(Dosseto et al., 2011; Heimsath et al., 1997). In this manner, the formation of soil is an
intricately dynamic process whereby its present state is a result of integrating past phases of
progressive pedogenesis and regressive pedogenetic phases (Johnson and Watson-Stegner,

1987; Musso et al., 2022).

The theory that provides the foundation for understanding the geochemical component
of soil is researched in the discipline of pedogenesis; particularly in the pedogenesis studies that

investigate the impact of parent material and weathering processes on soil composition. For
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example, granite or gneisses contain many micas and feldspars, thus soils derived from these
parent materials would be expected to contain iron, aluminium, sodium, calcium and silicon
(Egli et al., 2001; Kiczka et al., 2011; Perri et al., 2015). In contrast, soils containing parent
material derived from limestone may be enriched with calcium and magnesium from aragonite
and dolomite minerals (Zupancic et al., 2018). Additionally, ironstone and serpentinite parent
material may add iron, magnesium, nickel and manganese to a soil profile from minerals such
as hematite and chrysotile (Zinn et al., 2020). The parent material composition is intrinsically
linked with the physical and chemical weathering rates (Goodfellow et al., 2009; Riebe et al.,
2003). The processes integrating lithological material into soil form the foundation for applying
soil geochemical data to study environmental radon risk and source distribution. Illustrations

of typical soil profiles can be seen in figure 2.2.

Organic

Stored matter

Organic material & broken Organic matter b

Moss & lichen rock & mineral fragments

A-horizon soil

B-horizon soil

‘... C-horizon'soil . -

Sare

Figure 2.2 Sourced from Steven Earle, Environmental Geology, chapter 10.3 soil formation (book still under development)
Thompson rivers university
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2.4 Subsurface transport routes exploited by radon gas

2.4.1 Soil permeability

Soil permeability is the rate at which a gas or liquid can pass through the soil profile; and
dictates the mobility which radon gas can rise from beneath the earth surface and become indoor
radon. The permeability of soil is governed by natural geological processes i.e. weathering of
rock, transportation and deposition by paleo-environments and modern climate/weather (as well
as anthropogenic activities i.e. ploughing) and is intrinsically linked to soil physiology (Dungca
and Galupino, 2017; Moldrup et al., 2001; Safari et al., 2021; Shepherd, 1989). Soil physiology
refers to physical constituencies of the soil (i.e. soil grains size, sorting, the sphericity of the

grains as well as the level of roundedness of the soil grains).

The physical constituencies of the soil dictate its permeability. Explicitly, if the soil grains form
interconnected pore spaces, then the soil will have effective porosity. High effective porosity
enables liquid and/or gas to move easily in the soil, making it highly permeable. Whereas low
effective porosity inhibits liquid or/and gas from moving with ease throughout the soil profile.
In that capacity, the underlying mechanism of soil permeability is a principal parameter for

understanding geogenic radon risk in an area.

2.4.2 Structural geology

There are a range of structural geology features that gases including radon can exploit to reach
the surface. For instance, eruptive fissures in igneous settings (Neri et al., 2016; Shimoike et
al., 2002)(Padron et al., 2013), karstification in limestone regions (Cucos et al., 2021; Sukanya
et al., 2022), and non-mineralised faults (loannides et al., 2003; Mahajan et al., 2010; Sun et
al., 2018). The underlying characteristics of the structural geology in an area can be a significant
factor increasing radon levels in an area. For example, there are reports of elevated indoor radon

occurring in karst regions which are naturally low in radon precursor elements; the increased
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levels of geogenic radon can be caused by elevated permeability in the subsurface due to

underlying karst bedrock (Long et al., 2016).

2.5 Geology of study area

2.5.1 Geology of primary study area Castleisland Co. Kerry

The study area is 6 km? and located in the south-west of Ireland, around a town named
Castleisland in Co. Kerry (fig.4.1). The Castleisland and surrounding areas are underlain by
Dinantian (359 Ma — 326 Ma) limestones which formed on a continental shelf in a subtidal open
water zone (Sleeman et al., 2004). Geologically, the Castleisland study area is situated between
the Shannon Basin and South Munster Basin which formed after the closure of the lapetus
Ocean. Specifically, the study area is located several kilometres north to the axial plane of an

anticlinal E—W trending fold (Pracht, 1997).

The Rockfield limestones, Waulsortian limestones, Cracoean reef member and Dirtoge
limestones form the bedrock beneath the study area, mainly in the south. Two other lithologies,
the Namurian (326 Ma — 313 Ma) Clare Shales and Carboniferous (358.9 Ma — 298.9 Ma)
Cloone flagstones are located in the north of the study area. The bedrock is overlain by two
main Quaternary geologies; glacial till derived from limestone is mainly present in the south of
the study area, with alluvium occurring in a narrow east-west trend. Whereas, the north of the
study area is largely composed of glacial till derived from Namurian sandstones, siltstones and

shales.

It is commonly accepted that the geology around Castleisland town was deformed at the
northern edge of the Variscan front; resulting in large amplitude anticlines, reverse, normal and
wrench faulting as well as minor parasitic folds and minor faulting associated with buckling

(Brennand, 1965; Pracht, 1997). Extensive karstification features are present in the limestones,
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including Crag cave, the Carrignafeela and Potaley underground stream system and the

Tobermaing sink and rising (Organo and Murphy, 2007).

2.5.2 Geology of TELLUS midlands area.

The TELLUS midlands dataset includes samples collected from counties Galway, Mayo,
Offaly, Roscommon, Longford, Westmeath, Wicklow, Meath, Kildare and Dublin. The geology
of the area consists mainly of a range of limestones that formed during the Carboniferous (Beck,
2010). Specifically, a northward shallow marine transgression caused by tectonic subsidence
coupled with sea-level rise resulted in sea-shelf facies (including dark limestone and shale, dark
cherty limestone, pale grey packstones and wackstones, massive lime-mudstones, cherty and
undifferentiated limestones) to be deposited across the midlands during the Dinantian (Beck,

2010; Hitzman, 1995; Pracht et al., 2015).

The Dublin basin is located to the east of the Midlands dataset and is fault-bounded on its
southern and northern margins (Sevastopulo and Wyse Jackson, 2009). During the lower
Carboniferous, Caledonian structures were reactivated resulting in the development of deeper
water carbonate turbidite facies in the Dublin basin; (Phillips and Sevastopulo, 1986;

Somerville et al., 1992; Strogen et al., 1996).

The Galway porphyritic-megacrystic granites were emplaced in the late Caledonian ( ~400 Ma)
into Grampian metamorphic rocks (~470 Ma metagabbro-gneiss suite in the north and
Ordovician greenschist-facies rocks in the south) (Baxter et al., 2005). Samples from north of
the Leinster granite in Co. Wicklow are included in the TELLUS midlands dataset. The Leinster
granite formed after en-echelon intrusion of five plutons into lower Palaeozoic host rocks
during the Caledonian orogeny (McArdle and Kennedy, 1986; McConnell and Philcox, 1994;

Reavy, 2001).
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2.6 Co-author statement

As the first author on all three papers (chapters 2, 3 and 4), | completed the vast majority of the
work involved; including sample collection, sample processing and preparing for analysis. |
produced most of the tables, figures, statistical and analysis results and led the interpretation

and writing of the manuscripts.

The roles of each co-author to the manuscripts forming chapters 3, 4 and 5 are as follows:

Prof. Quentin Crowley — my supervisor at Trinity College Dublin. Prof. Crowley has many
years of experience and expertise in researching radon which helped ensure each manuscript
was designed to bring novelty and value to the geogenic radon community. Additionally, Prof.
Crowley provided feedback, encouragement and direction over the past 4 years that ensured
quality manuscripts were submitted for publication. Quentin has been the main discussion

partner for this project over the past four years, stimulating many learning perspectives.

Dr. Javier Elio — Post-doctorate researcher at Aalborg University Denmark. Dr. Elio is an expert
in modelling radon. Dr. Elio contributed a figure and provided direction and feedback for the
first manuscript (chapter 3). Dr. Elio also reviewed and provided feedback for the second
manuscript (chapter 4). Dr. Elio has been an important discussion partner regarding many

aspects of modelling radon.

Mr. Matteo Cobelli — Ph.D. researcher Centre for Research on Adaptive Nanostructures and
Nanodevices (CRANN), Trinity College Dublin. Mr. Cobelli has many years’ experience in
computational physics. Mr. Cobelli played an important role in overseeing the code used for
the machine learning models in chapter 5. Without Mr. Cobelli’s contribution, the results of the

machine learning models would not be as rigorous. Mr. Cobelli has been an important

29



discussion partner for refining the models. Many different models were tested before deciding

the models presented in chapter 5.
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Abstract

Exposure to radon over time has significant detrimental effects on human health.
Approximately 226,000 annual radon-related deaths have been reported from 66 countries
(Gaskin et al., 2018). Many countries have a radon action plan, in order to reduce the harmful
effects of radon exposure on the general public. Maps are routinely used to assist with
mitigation strategies and delineate areas of priority regulation. Standard regulations in the
European Union include the requirement for workplaces to test and the requirement to have
reduction methods in newly built homes. Such laws are assigned systematically to areas that
are understood to have high values of indoor radon. This article demonstrates that the
boundaries of radon priority areas may vary, depending on the data set and methods used. We
propose a table and a decision matrix to assist in choosing the most appropriate visual aid
according to the purpose for which the map is to be used. We conclude that no single radon
map is suitable to fit all objectives, and some maps are more suitable than others depending on

the purpose.
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3.1 Introduction

Mitigating the level of radioactive exposure to citizens has been the task of many countries for
decades (European Commission, 2013; United Nations, 1958; World Health Organization,
2007). The radioactive exposure mitigated against includes natural (e.g. radon) and
anthropogenic (e.g. nuclear energy and medical x-rays) sources. This article focuses on the
mapping and modelling of radon gas and its possible negative health effects on the general
public, which accounts for approximately 50% of a person’s radiation dose (Monty, 2000).
Radon is a natural gas that poses a negligible health risk when outdoors, with radon
concentrations in the order of 10’s of Bq m~ (Gunning, 2016). However, radon can accumulate
inside dwellings and caves, typically from 100’s of Bq m= to 1,000’s of Bq m™, respectively
(Darby et al., 2005; Duffy et al., 1996). Exposure to higher radon concentrations is linked to
the development of health ailments, the most commonly recognized of which is lung cancer
(Kreuzer etal., 2015; Lorenzo-Gonzélez et al., 2019; Ludewig and Lorenser, 1924; Vahakangas
et al., 1992; World Health Organization, 2009; Yarmoshenko and Malinovsky, 2016). Other
diseases (e.g. skin cancer, non-Hodgkin’s lymphoma, stomach cancer and brain cancer) may be
correlated with radon exposure, and any causative links are still under investigation (Ha et al.,

2017; Lopez-Abente et al., 2018; Monastero and Meliker, 2020; Ruano-Ravina et al., 2018).

Radon (Rn) is the largest contributor of natural radioactivity to the general public. The ?22Rn
isotope is considered the primary radon risk source indoors (Rosario and Wichmann, 2006;
Schwela, 2014; Tommasino, 2005) due to its relatively long half-life (i.e. 3.8 days). ?*?Rn is
commonly used indistinctly in the legislation, and the definitions of radon priority areas (RPAS)
are based on this isotope. Therefore, we use this criterion in the text; however, another natural
radon isotope that may pose a risk in particular circumstances is thoron (i.e. °Rn; half-life of

55.6 s), and it is attracting more attention with the development of the first thoron maps
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(Lucchetti et al., 2019; Pandurang et al., 2014; Vuckovic et al., 2016). ?2Rn, ??°Rn and their
daughter products emit alpha particles, damaging lung tissue if inhaled (Krewski et al., 2019;
Lorenzo-Gonzalez et al., 2019; Samet, 1989; Taylor et al., 1994). ??Rn and 2%?°Rn
concentrations naturally vary geo-spatially, influenced by soil geochemistry, soil permeability
and underlying geogenic factors (Elio et al., 2017; Ferreira et al., 2018; Gallagher et al., 2016;
Je et al., 1999; Young et al., 2016). Furthermore, indoor radon (hereafter referred to as InRn)
accumulation is also influenced by weather/climate, housing and occupancy characteristics
(Akbari et al., 2013; Casal-Mourifio et al., 2020; Lantz et al., 2013; Muntean et al., 2014; Rigby

and La Pointe, 1993).

The issue of radioactivity, including radon, is recognized by the European Union (EU), which
has resulted in the development of an EU Directive (Basic Safety Standards, BSS) that obliges
member states to assign Radon Priority Area’s (hereafter referred to as RPAs). The EU
Directive aims to protect both individuals and the collective from radiation exposure (European
Commission, 2013). The aforementioned directive requires a National Radon Action Plan
(NRAP) to be established, which addresses radon risk in water, domestic dwellings, public
buildings and workplaces from radon ingress, whether from the soil, water or building
materials. Furthermore, this directive requires that effective radon mitigation and prevention
measures are established for new buildings. It legally binds the member states to identify areas
where ‘the radon concentration in a significant number of buildings is expected to exceed the
relevant national reference level’. However, the definitions of ‘a significant amount of
buildings’ and ‘the reference level’ are not clarified, allowing for different methods to be used.
In turn, this can lead to radon risk maps, which are not directly comparable, and different

evaluations needed to assess the success of each Action Plan (Tollefsen et al., 2014).
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Therefore, the Directive obligates EU member states to create radon maps where the spatial
distribution of indoor radon levels is presented. The radon maps are consequently useful for:
(1) predicting regions with non-acceptable levels at home/workplace, (2) targeting public
awareness, (3) estimating radiation dose from radon and (4) studying the health effects of radon.
The tools needed to achieve each objective may be different, and thus, different maps would be
required simultaneously (Elio et al., 2018). The different types of radon hazard index maps

should be distinguished to avoid confusion (Bossew et al., 2020).

In Ireland, the 1997 Building Regulations state that high radon can occur in any part of the
country (Building Regulations, 1997). However, only buildings in high radon areas (HRA) are
legally obliged to include mitigation measures in their construction, for example, a membrane
and a subsurface radon extraction device (i.e. sump) should be provided. In other areas, a
subsurface radon extraction device should be installed in case it needs to be activated at a future
time. Other buildings do not have specific guidance in the 1997 regulations. In relation to
gamma radiation for building materials, the Radiological Protection Act 1991 (Radiological
Protection Act 1991 (lonising Radiation) Regulations, 2019) states, in Regulation 67, that
building materials should not emit more than 1 mSv of gamma radiation per year. Schedule 10
gives an indicative list of building materials with the potential to emit gamma radiation

(Radiological Protection Act 1991 (lonising Radiation) Regulations, 2019).

Building developers and employers in High Radon Area’s (hereafter referred to as HRA) are
legally obliged to prevent, remediate and ensure that their buildings/workplaces are below the
radon Reference Level (hereafter referred to as RL). HRA receive priority regulation, which is
necessary to reduce the harmful effects of natural radiation cost-effectively. The most recently
established national RL decided by the EPA in Ireland should not exceed 300 Bq m~ in homes
as well as workplaces (Radiological Protection Act 1991 (lonising Radiation) Regulations,
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2019). Currently, the EPA decided a more conservative value, which, keeping with legislation,
is 200 Bg m~2 for homes and 300 Bq m~3 for workplaces. As such, in Ireland, HRA for dwellings
are defined as ‘any area where it is predicted that 10% or more of homes will exceed the
reference level of 200 Becquerels per cubic meter (Bq m~=3)’ (Environmental Protection Agency
Ireland, 2020). The initiatives to reduce radon from accumulating in a building could be
considered a primary prevention method, whereas targeting public awareness and mitigation in

HRA could be regarded as secondary and tertiary prevention measures.

3.2 Radon priority areas and mapping

RPAs signify areas that may have a higher radon risk than others. Such sites are prioritised for
public awareness initiatives and are specially protected through the building regulations. RPAs
are legally defined and can be determined using different data and criteria, which can lead to
differing RPA boundaries in the same location (Bossew, 2018). Without appropriate strategy
and communication, such discrepancies can lead to loss in fidelity of information, loss of
credibility, and diminished public trust and interest. Numerous methods have been used by
different countries in Europe (Table 3.1). An in-depth report of natural radiation and the various
techniques can be read in the European Atlas of Natural Radiation (Cinelli et al., 2020). The
studies referred to in Table 3.1 utilize different concepts of radon risk, but all are valid. These
concepts range from an area having a probability of Indoor Radon (InRn) over the RL to the
likelihood of developing lung cancer in a given region. In the following sections, we discuss

the most relevant approaches.
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Table 3.1 Average indoor radon values have been grouped to administrative levels, as seen for Austria and Ireland. Grids of

1 km? have been utilized in Belgium, the UK and Ireland. Austria and Norway used geological units. Several reference levels

operate across the member states. These range from 100 Bq m-3 in Malta, 200 Bq m= in Ireland, Norway and the UK, and

400 Bq m™ in Belgium. Adapted from Ref. (57).

Reference
Country Objectives Methods Resolution Reference
Level
Austria 200and 400 | Divide the country in three | Annual mean radon | Administrative | (Friedmann,
Bgm?3 classes: i.e. average annual | concentration in a | Level (i.e. | 2005)
concentration <200, 200 - 400, | standard situation municipality)
and > 400 Bq m Bayesian  statistics, | Geological (Friedmann and
combining indoor | classes (scale | Grdller, 2010)
radon measurements | 1:500.000)
(standard  situation)
and geology
Belgium 400 Bqm® | Percentage of dwellings above | Moving average | 1kmx1km (Cinelli et al,
(Wallon the R.L. taking into account | between  geological 2011)
region) geological information units
United 200 Bg m? | Percentage of houses above the | Lognormal model, | Grids (Daraktchieva et
Kingdom R.L., taking into account | corrections to account | 1kmx1lkm al., 2015; Miles,
geological information. RPA | for year-to-year and 1997; Miles et al.,
when P[InRn > RL]>1% random variations 2007)
(i.e., Bayesian
statistics)
Norway 200 Bg m?® | Percentage of houses above the | Classify  geological | Geological Watson et al.
R.L. based on indoor radon and | polygons according to | polygons (2017) (Watson et
geological information | local (polygon) al., 2017)
(bedrock and  Quaternary | statistics or national
geology). RPA when P[InRn > | (class) statistics
RL]>20%.
Ireland 200 Bg m? | Percentage of houses above the | Lognormal model Grids Fennell et al.
R.L. based solely on indoor 10kmx10km (2002)
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Reference

Country Objectives Methods Resolution Reference
Level
radon measurements R.P.A.
when P[InRn > R.L.]>10%
200 Bg m? | Percentage of houses above the | Logistic  regression | Grids 1 kmx 1 | Elio et al. (2017)
R.L. based on indoor radon and | model km
geological information (i.e.,
bedrock geology, Quaternary
geology, deeper  topsoil
permeability, and soil
permeability). RPA  when
P[InRn > RL]>10%
- Estimation of radon-related | Dose estimation based | Administrative | Elio et al. (2018)
lung cancer cases on average | level (i.e.,
concentrations  (i.e., | electoral
block averages after | division)
ordinary Kkriging)
Malta 100 Bgm=? | Display the indoor radon | Average of geometric | Grids (Baluci et al,
concentration values mean annual indoor | 5kmx5km 2013)
radon gas
concentration  values
for each sampling
point

3.3 Maps based on indoor radon measurements

Probabilistic map

This method uses the concept that a percentage of houses in a certain area does/does not exceed

a RL. If more than a certain number (i.e. a threshold) of homes in the area are above the RL,

then the site is deemed an RPA (Bossew, 2018). For example, an InRn map of Switzerland
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assigned areas a percentage representing the probability of exceeding the RL of 300 Bq m~3,

and the regions allocated with a higher rate are the RPAs (Kropat et al., 2014).

Average concentration map

The concept of this method is that an area will have an average InRn value resulting from all of
the InRn values for the zone. For example, Estonia averaged the InRn per administrative unit
of communes to visualize the spatial distribution of InRn (Petersell et al., 2004). Another
example is Italy’s map (Bochicchio et al., 2005), which has determined the average InRn
according to region. Austria and Switzerland have other examples where areas with a mean

indoor value above the RL are deemed an RPA (Bossew, 2018).

Radioactive dose map

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

2003) and considered the different types of houses in this process.

3.4 Maps based solely on geogenic factors

Information on geogenic characteristics, such as geology, Quaternary geology, soil type,
permeability, structural geology (faults and fractures) and aquifer type, has been utilized to
improve the predictions of radon mapping (Friedmann et al., 2017; Watson et al., 2017).
Considering that radon arising from the earth is the primary source of InRn (World Health
Organization, 2007), understanding the spatial distribution and variation of geological factors

is useful when mapping radon. Two main concepts are defined regarding the mapping of
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naturally available radon. The first concept is the Geogenic Radon Hazard Index (GRHI), which
incorporates data of available geogenic entities. The second concept is the Geogenic Radon
Potential (GRP), which is radon that is naturally available in an area and is mainly influenced
by the soil properties, hydrology and geology (Bossew et al., 2020). However, the use of GRP
for radon mapping is more limited due to the availability of the necessary data; these concepts

are discussed in detail in (Bossew et al., 2020).

Radon potential maps

GRP mapping aims to define boundaries according to the availability of radon entering a
building. The most commonly adopted method is the ‘Czech method’ (Neznal et al., 2004),
which collects in situ soil-gas radon and soil permeability measurements. The combination of
soil-gas radon information and soil permeability values results in a GRP, giving an index which

represents the potential of finding elevated radon levels in a building on the surveyed site.

3.5 Spatial resolution of radon maps
Many different resolutions of radon maps have been used, each of which have their pros and

cons.

Regular grids

Regular grids are used, for example 500 m? and 5 km? in Montenegro and 10 km? in Albania
(Antovic et al., 2007; Tushe et al., 2016). Many factors may be considered when deciding which
size of a grid to use. For example, if creating a map using InRn data, the number of samples in
agiven areais incredibly relevant. Grids for rural areas may need to be larger to have a sufficient
data set, whereas urban areas inherently have more InRn measurements, allowing for smaller
grids to be used (Antovic et al., 2007). Smaller grids are better at representing the high spatial

variation of radon and should be preferentially used when the size of a data set allows it.
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Administrative boundaries

In other cases, radon is mapped according to municipalities, counties or even electoral divisions
(Andersen et al., 2001; Bochicchio et al., 2005; Ministry of Environment of the Slovak
Republic, 2003; Petersell et al., 2004). In each case, the data for mapping radon risk are grouped
within each boundary type. The chosen boundary type influences each map’s outcome in a
similar way that different grid sizes dictate the outcome. An advantage of this approach is that
it is easier to engage the public to identify with an area. However, difficulties arise in mapping
according to administrative boundaries, especially if using geogenic data. Using administrative
boundaries for mapping makes it arduous to compare neighbouring countries when different

methods and concepts are used, as is the case for all European countries (Tollefsen et al., 2014).

3.6 Ireland as a case study

Maps based on indoor radon values

Probabilistic map

The legislative radon risk map in Ireland is a probabilistic map (Stephen G. Fennell et al., 2002).
It defines an area as radon prone if 10% or more of houses are above the RL (Fig. 3.1a). The
probabilistic radon risk method is useful for defining areas that are generally more prone to
radon. Since InRn measurements from private dwellings were used, it may be unsuitable for
workplaces and other building types due to the differences in radon behaviour in different
building types (Cinelli et al.,, 2019). The advantage of using this mapping style is that
measurements of InRn are used, allowing for a direct representation of an area’s radon category

status.

The Irish Environmental Protection Agency (EPA) protocol for measuring indoor radon

includes taking at least two measurements in two separate rooms of a house using a CR-39
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detector over a 3-month measurement period. The results are then seasonally corrected to an

annual average (Environmental Protection Agency, 2019).

Average concentration map

The average concentration map illustrates the mean InRn level for an area (Fig. 3.1b (Elio et
al., 2018)), allowing the map user to identify zones with higher radon levels. This helps to get
an estimate of the typical InRn value for a specific area. Furthermore, this map is convenient
for linking with health effects and epidemiological studies of lung cancer. An advantage of this
map type is that it uses direct measurements of InRn, which allows for a true and accurate
representation of the radon value in a given area. The mean InRn concentrations were collected
from homes using the EPA protocol (Environmental Protection Agency, 2019). Furthermore,
the measurements were performed mainly from the ground floor of houses, and it is assumed

that the results are representative of multistorey buildings (Elio et al., 2018).

Radon-related lung cancer cases

Maps made to include the radioactive dose due to radon allow for distinguishing areas based
on the expected lung cancer incidence (Elio et al., 2018). In Elio et al. (2018), two models were
analysed, the first being a linear no-threshold model and the second being a dose-effect model,
both of which resulted in similar numbers of estimated lung cancer cases (216— 246, 257-249,
220-251 and 316-317 cases for the linear model and dose effect model, respectively).
Comparably, approximately 300 annual radon-related lung cancer cases were reported by
presenters at Ireland’s 14th and 15th National Radon Forum (Hickey, 2019; Walsh et al., 2017).
This mapping procedure targets the concept that lung cancer incident rates differ between areas.
A map made using this method incorporated information on the population size and distribution

(Fig. 3.1e (Elio et al., 2018)). The resulting map may be useful for initiatives to reduce the long-
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term adverse health effects of radon exposure. Specifically, it could delineate areas designated
as possessing a higher lung cancer incidence rate, therefore identifying where the collective
population at a higher risk are situated. The main advantage is that the long-term aim of the
radon action plan is targeted, which is to reduce the number of lung diseases resulting from Rn
exposure. However, a disadvantage arises: high population areas are more likely to be
designated as an RPA. As a result, this method would only be appropriate for identifying larger

populations at risk and is inappropriate for detecting individuals at high radon risk.

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

smokers is assumed to be the same (Elio et al., 2018).
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Figure 3.1 (a) Legislative indoor radon probability map (Stephen G. Fennell et al., 2002) (b) Indoor radon average
concentration map (Elio et al., 2018). (c) Radon potential map (Elio et al., 2020). (d) Indoor radon probability map (Elio et

al., 2017). (e) Radon-related modelled lung cancer incidence map (Elio et al., 2018).

Adding geogenic data

Maps that integrate geological information utilize the fact that geology impacts radon values
(Fig. 3.1d (Elio et al., 2017)). Radon maps, which include geogenic data, are useful for
improving mapping, especially in areas with a low amount of InRn data. Visual aids made using
this methodology could also be practical for land redesignation in low populated areas. An

advantage of this map type is that it employs information on the radon source and its pathway
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into a building. A drawback of using geogenic maps for radon mapping is that the geological

maps scale may cause deviations of radon designation boundaries.

Maps based solely on geogenic factors

Radon potential map

The concept targeted by GRP maps is that the source and the pathway of radon gas determine
the InRn risk. Such maps are useful for understanding the radon risk in any area. Advantages
include that they are appropriate for any building type: workplace, public and domestic
dwellings. These visual aids are also useful in low populated areas where there may be a lack
of InRn data to make other radon risk map types. An example is shown in Fig. 3.1c (Elio et al.,

2020).

Furthermore, in situ GRP surveys can be done rapidly at a local scale despite being a costly and
arduous task to implement at a national level (Elio et al., 2019). It is important to note that the
GRP map shown in Fig. 3.1c used a method that was created for a local scale and applied it to
a regional/national scale, that is, the method was used differently from how it was designed. In
theory, these maps are independent of building characteristics. However, the building
characteristics do have an influence on the infiltration rate and behaviour of radon within a

house (Bossew, 2014; Cinelli et al., 2019).

3.7 Spatial resolution

The boundaries of the radon risk categories on a map can change significantly depending on
the spatial resolution used. Figure 3.2 demonstrates several probabilistic radon risk maps, with
the only variable for sub-figures (a) to (f) being the spatial resolution. The probabilistic map is
shown on the left side of Fig. 3.2 [sourced from (Elio et al., 2017)]; it was created using InRn

data and several geogenic data sets. Distinctly, the addition of geogenic data reveals areas with
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higher radon, particularly in the southeast of County Dublin. The sub-figures (a) to (c) on Fig.
3.2 illustrate how different grid sizes (i.e. 1 km?, 5 km? and 10 km?, respectively) impact the
radon categories despite the same input data InRn being used. Noticeably, the 1 km? grid shows
that there are areas in the north of County Dublin which have high InRn values. The sub-figures
(d) to (f) on Fig. 3.2 illustrate how radon categories for zones change according to spatial
resolution (i.e. small areas, electoral divisions and county regions) despite the same input data
(i.e. InRn) being used. Importantly, smaller units allow for the spatial variability of radon to be

represented, which is essential for protecting individuals against high radon exposure.

Regular boundaries

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

subsurface transportation routes (faults, fractures and soil permeability).

The use of smaller grids (i.e. 1 km?) permits radon variability in any area to be represented more
accurately. However, a high number of data points would be needed. This would be an issue in
areas with a low population density. However, the need for large amounts of InRn data can be

overcome by using alternative data sets, such as geogenic factors, for the models.
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Figure 3.2. Radon probabilistic map of County Dublin, Ireland. The various maps (a) to (f) in this figure have been made using
the same input data. The spatial resolution varies between the maps. Maps (a) to (c) show how the radon probability boundaries
change from grid sizes of 1 km?, 5 km? and 10 km?2. Maps (d) to (f) show how the boundaries change depending on which
administrative boundary is used, that is, small areas, electoral division and county region. For comparison, the large map of

Dublin on the left is sourced from (Elio et al., 2017) and was created using both indoor radon data and several geogenic data
types.

Administrative boundaries

Choosing to use administrative units for radon mapping makes it easier to link with other
statistics (e.g. cancer registry and population density). This also allows for better public

awareness initiatives as it is easier to identify areas where people live.

As for the case with the gridded areas, larger administrative boundaries, such as municipalities
or counties, make it easier to have a bigger sample set, which is more statistically favourable.

In contrast, smaller areas (areas generally comprising between 80 and 120 dwellings) or
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Electoral Divisions in Ireland are better at representing the spatial variability of radon

concentrations. However, in the latter, a higher density of data would be needed.

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

Geological Surveys may upgrade the geological maps when more information is available.

3.8 Discussion

It is important to mitigate against radon exposure, given that it accounts for the highest
proportion of natural radioactivity to which the general public are exposed (Monty, 2000; World
Health Organization, 2009). Maps as visual aids are a valuable resource and planning tool to
prioritise certain areas to reduce radon exposure to citizens. However, choosing the most
appropriate map is a complicated procedure that reflects the issues intricate nature. There are
many factors to consider when deciding on a national or local radon mitigation strategy. These
include if the purpose is to reduce Rn in workplaces, homes or public spaces, or if the aim is to
reduce the resulting lung cancer incidence from Rn exposure. As well as considering the
purpose of the strategy, the ease of using available data sets may be a determining factor on
which map to use. Considering this intricacy, we attempt to make the decision process simpler

by proposing a table (Table 3.2) and a decision matrix (Fig.3.3) below.

We propose a process, or method, to approach the task of deciding which visual aid to use based

on (a) the purpose and (b) the available data.
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In Table 3.2, the different Rn maps are tabulated according to time and cost-efficiency. We
have indicated if each map type is representative at a local and large scale. Additionally, the
suitability of the maps for protecting the collective or the individual is shown. The last column
of Table 3.2 outlines the suggested use of each map type. The decision matrix (Fig. 3.3)
simplifies the EU and national Rn mitigation objectives. These objectives are rationalized into
several initiatives, available data sets and sources. Finally, considering the above counterparts,

the output options are indicated for the data available.

The decision matrix, however, does not indicate the time and cost-efficiency of each option,
although this is indicated in Table 3.2. Further difficulties are outlined in the decision matrix.
Figure 3.3 does not capture that any data used may be updated over time, which could lead to
discrepancies in the resulting maps. This issue could be accounted for by automating the process
where the data set could be updated every few years or over a set amount of time. Another
disadvantage not depicted in Fig. 3.3 is that the accessibility to building characteristics may be
difficult. The amount of time spent indoors and in different Rn areas has not been integrated
into most of the reviewed maps. The exception is Fig. 3.1e, which assumes that the time spent

indoors is 80% (Elio et al., 2018).

There is compelling evidence of a synergetic effect between radon and smoking in contributing
to lung cancer development (Leuraud et al., 2011; Meenakshi and Mohankumar, 2013).
Smokers in high radon risk areas are more likely to develop lung cancer than smokers in low
radon exposure areas (Li et al., 2020; Park et al., 2020). Furthermore, Li et al., (2020) reported
an 11% increase in lung cancer, with InRn increasing by 100 Bq m~=. Hampson et al., (1998)
surveyed people regarding radon risk perception, noting that 32% of people knew little or
nothing about radon. Butler et al., (2018) suggested that people may perceive a higher risk of
lung cancer when exposure to smoking and radon is combined. Such information (Butler et al.,
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2018) could prove vital in strategising more effective public outreach, engagement and
respiratory health awareness programmes. Explicitly, it may be a practical approach to combine

the public health initiative of smoking awareness with radon awareness.

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

combating respiratory health issues.
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Map type Cost- Time- Captures Rn | Captures Rn | Considers Considers Accurate individual | Useful  for | Useful for | Bestsuggested
effective Effective variability at a | variability at a | Lung various lifestyles | measurements of Indoor | protecting protecting use
large scale | local scale | Cancer and building | radon individuals collective
(>10km?) (<10km?) incidence characteristics

Indoor  radon N N Y N N N Y Y depends on | Y (a) Identifying people

(Probability spatial living with high InRn

Reference level). resolution/data risk. (b) Assessment of

E.g., Fig.3.1a density remediation
effectiveness for homes.
(c) Public
communication
initiatives.

Indoor  radon N N Y Y depends on the N N Y Y Y (a) Evaluate health

(Annual dataset density effects (e.g., lung

Average). E.g., cancer) and detect

Fig.3.1b potential areas with
high collective doses. (b)
Assessment of
remediation
effectiveness for homes.
(c) Public
communication
initiatives.

Radon potential. | Y atalocal | Y at a local | Y ifdata available Y N N N Y depends on | Y (a) For  Building

E.g., Fig.3.1c scale scale spatial regulations reference.

resolution (b) Radon risk mapping

regardless of building
type. (c) Assessment of
maps derived from

InRn data.

64



InRn and | Y if data [ Y Y Y/N depends on the | N N Y Y depends on | Y (@) For Building
geogenic factors | available geological scale spatial regulations reference.
(bedrock used. resolution (b) Increase resolution
geology, aquifer of maps derived from
types, eU InRn (i.e., probability
Airborne data — and average InRn
etc.). E.g., maps).
Fig.3.1d
Lung cancer N N Y Y Y N Y N Y (a) Long-term radon
incidence. E.g., action measures for
Fig.3.1e reducing adverse health
effects (i.e., lung
cancer). (b) Public
communication
initiatives.

Table 3.2. Summary of radon maps tabulated against several categories, including the cost-effectiveness and time efficiency, whether the variability of radon is captured at a local (<10 km?) or
large (=10 km?) scale, and if the radon map type considered the radon-induced lung-cancer incidence. Furthermore, the maps are tabulated to highlight if building characteristics are considered
and if indoor radon measurements are used to create the maps. The last several columns delineate if the maps are useful for protecting the collective. Lastly, the best-suggested use of each map is
given in the final column. To clarify, the reference to ‘spatial resolution’ brings attention to how radon risk boundaries can change even if the grid size of the map changes. Reference to ‘data
density’ highlights that there may be a lack of data for indoor radon at small scales, that is, in rural areas. Disclaimer: An example is given for each of the map types; however, the tabulation

extends to other maps made with a similar process.
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Figure 3.3 Decision matrix to aid in choosing an appropriate radon map best suited to its purpose. Several frameworks and
objectives, as well as initiatives, are indicated in the top half of the decision key. The bottom half gathers the range of data
types available and how they are linked to the various data output options. Difficulties associated with some potential sources
of each data group are given. The different coloured lines are simply to make the connections between categories easier to

observe.

In some cases, this is starting to be done. For example, the World Health Organisation’s
International Agency for Research on Cancer (IARC) has developed an initiative implemented
by the European Commission to inform people how to reduce cancer risk, which includes

reducing exposure to radon (World Health Organization, 2016). As part of the IARC initiative,
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the Irish Cancer Society has included radon on a public communication list of 12 ways to reduce

cancer risk (Irish Cancer Society, 2016).

3.9 Conclusion

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

of how maps are devised, but in how they are used.

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

remediate their homes.

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

induced lung cancer, then choosing a lung cancer incidence map would be appropriate.

Finally, the GRP maps aim to provide information on the amount of soil-gas radon available to

become InRn in the area, which is particularly useful for redesignating land or when
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constructing a new building. Depending on the purpose of which one wants a radon risk map
to be used, one map type may be more favourable than the other, and one visual aid will not be

appropriately suitable to fit all strategies.
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Chapter 4
Using geogenic radon potential to assess radon risk area

designation, a case study around Castleisland, Co. Kerry, Ireland.

Published in Journal of Environmental Radioactivity 2022
Banrion M.H. " Elio J. @, Crowley Q.G. ¥

Abstract

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 km? area.
Both soil-gas radon and indoor radon concentrations ranged from very low (8.8 k Bqgm~3,0.1
Bg m3) to extremely high (1433 k Bgq m™ 3, 65,000 Bq m™ %) 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, deeper topsoil 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
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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.

Keywords

Radon; Geogenic radon map; Indoor radon; Soil-gas concentrations; Geology

Abbreviations

GRP: Geogenic Radon Potential; IRC: Indoor Radon Concentration. SGRn; Soil-Gas Radon.

RPA: Radon Priority Area.
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4.1 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 | 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 identified, 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 (Elio 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 (???Rn) is an intermediate decay product in
the 2%U decay chain. As uranium emits alpha particles, it transforms into a series of different
isotopes before decaying to lead (2°°Pb). The isotopes of 2*°Rn (actinon) and 2?°Rn (thoron) are
intermediate decay products of ?®U and 2?Th respectively. Radon concentrations in the
atmosphere are generally low (typically 5 becquerels per cubic meter (Bqm™2)) (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 kBgm™3) (Abdalla et al.,
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2021; Alonso et al., 2019), or enclosed spaces such as buildings and caves (typically 10's to

100's Bqm ) (Cucos Dinu et al., 2017; Margineanu, 2019; Smith et al., 2019).

As radon decays over a short half-life (3.8 days), it emits alpha radiation (5.5909 MeV) as it
transforms into polonium (**8Po and 24Po). The short half-life of 2:8Po and 2!*Po (164.3us 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 radiation from building materials’, and ‘Indoor exposure to
radon in domestic dwellings’ (Radiological Protection Act, 1991; lonising
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 (Bgm3)” (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 (lonizing Radiation)
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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 Environmental Protection Agency
(Fennell et al., 2002) has a 10 x 10 km? spatial resolution and is based exclusively on indoor
radon concentration (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 Elio et al. (2017),
(Environmental Protection 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 x 10 km? (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 characteristics 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 accumulating indoors (Sundal et al., 2008; Xie et

al., 2015).

Ireland's National Radon Control Strategy targets geographical regions 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

karstified limestones particularly around Castleisland and Tralee in North Co. Kerry (National
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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 km? containing 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 priority area assessment investigated in this study was
tested for the townland of Castleisland, Co. Kerry, South-West Ireland (Fig. 4.1). This area was
chosen considering one of Europe's highest, and Ireland's highest IRC measurement of 65,000
Bgm 3 was recorded here (seasonally adjusted average of multiple measurements of 49,000
Bgm™3; Organo et al., 2004). Furthermore, the highest underground radon concentrations in
Ireland were recorded in Crag Cave, Castleisland (11,285 Bgm™), during

a reconnaissance survey of radon in three show caves in Ireland (Duffy et al., 1996).
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Approximately half of the study site is classified as a high indoor radon area (Fig. 4.1)

(Environmental Protection Agency, 2022; Fennell et al., 2002).
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Figure 4.1 Top left shows the Indoor radon map for Ireland (Fennell et al., 2002). The right map is adapted from (Organo and
Murphy, 2007) wWhich pinpoints the location of the Castleisland study area with consideration to Ireland’s radon map. The

grids are 10 x 10 km2. The map legend shows the estimated percentage of homes likely to exceed the 200 Bq m- reference level.

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. 4.1) 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
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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 population density and limited availability of indoor radon data.

4.2 Materials and methods:

4.2.1 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 concentrations
(mean 10's to 100's mg/kg) of uranium are frequently reported 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(V1) 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 as uranyl carbonate species,
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which allows for dissolved U(VI) to precipitate as U(IV) (Nagarajan et al., 2007; Hyun et al.,

2014).

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 approximately 1 km to the south. The main faults are directed
NS and NW-SE (Fig. 4.2). The limestone is extensively karstified, exhibiting sinkholes, springs
and dolines (www.gsi.ie) and resulting in caves spanning 100's m? (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. 4.2 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. 4.2). 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 deeper
topsoil was too impermeable to obtain a measurement for GRP calculation i.e. in some peaty
areas. 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. 4.2) which correlates

with the townland of Castleisland Co. Kerry.
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Figure 4.2 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.1. 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 Servies under Delegated

Authority from the Controller of Her Majesty’s Stationary Office, © Crown Copyright and database right. CustomerID4104.

Permit number 100132.”
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Figure 4.3. (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.

4.2.2 Deeper topsoil permeability measurements

Deeper topsoil 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 deeper topsoil 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:
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Q =F. (ku). Ap, rearranged as k = (Q. w)/(F. Ap) D

Where: k is the permeability (in m?), F is the shape factor (0.159 m for Radon-Jok), Q is the
flow rate (m%s Ap is the pressure difference (Pa), and p is the dynamic viscosity of air
(1.75 x 10-5Pas @ 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).

4.2.3 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 deeper topsoil 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
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100 ml of atmospheric air (atmospheric air contains negligible radon concentrations, typically
less than 10 Bgm ™) (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 um 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 kBgmand 1400 kBgm3,
respectively. The radon concentration uncertainty is represented by sigma(c), where sigma (o)
is 0.33 x(concentration of radon (kBgm~3))%°, which results in the radon concentration being
reported as concentration of radontsigma. Therefore, the RM-2 device has a radon
concentration measurement uncertainty of less than 20%. Elio 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.

4.2.4 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 (m?) is the soil permeability and CRn is the concentration of radon (k Bqm™3) in the
soil-gas. This method uses both SGRn concentrations (k Bgm™3) and deeper topsoil
permeability measurements (m?) 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
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method as originally defined (Neznal et al., 2004) utilizes at least 15 samples of soil-gas radon
and soil-permeability for a site less or equal to 800 m?, otherwise individual SGRn
and k samples are collected in a 10 x 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 location
(Singh et al., 2010). Additional differences in methodologies include some studies which use
the maximum GRP and others use the median value (Glnay 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 deeper topsoil depth and anthropogenic factors such as
modification of soil profiles, or building developments. 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. 4.5b).

4.3 Results

4.3.1 SGRn measurements

SGRn measurements from the study site range from 8.8 kBgm™ (s1031) to >1433
kBgm™3 (s109). The highest measured value of >1433 kBgm™2is higher than the certified
detection limit of the RM-2 device, so represents a minimum value. One percent of values are
very low (<10 kBgm™3), 17% of values are low (10-30 kBqm™3), 18% of values are moderate
(30-50 kBgm3), 15% of values are high (50-70 kBgm™3), 13% of values are very high (70—
100 kBgm™3), and 36% of values are extremely high (+100 kBgm ) (Supplementary materials).
The dataset used for analysis was log10 transformed (Fig. 4.3). The variogram (Fig. 4.3d)
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.
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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 Elio 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 4.1).

Table 4.1 Daily repeats of SGRn measurements in two localities in 2018 and 2019.

Locality  Date

ID

60 July 14, 2018

July 15, 2018

July 19, 2018

July 20, 2018

July 21, 2018

23 July 16, 2018

July 17, 2018

July 18, 2018

July 19, 2018

July 20, 2018

Replica Rn(kBgm™) Mean

A 408
B 462
C 460
D 488
E 374
A 59.8
B 22.2
C 27.6
D 27.4
E 37.6

(kBam=)

438.4

33.7

RSD

(%)

9.6

37.2

RM-2 uncertainty

(%)

6.8

2.0
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Locality  Date Replica Rn(kBgm™) Mean RSD RM-2 uncertainty

ID (kBgm™) (%) (%)
July 21,2018 F 271.7
67a July 30,2019 A 50.6 55.6 12.7 2.5
67b 112 1.3 3.5
July 31,2019 B 60.6
August 01, A 111
2019
August 02, B 113
2019

From 88 SGRn samples, 28 were collected above Waulsortian limestones, 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. 4.4) illustrates that samples
collected above the Clare Shales contain a higher range of 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 k Bqm™2), whereas 86% of SGRn
samples collected above the Waulsortian limestones measured below 100 k

Bgm 2 (Supplementary data file).

110


https://www.sciencedirect.com/science/article/pii/S0265931X22001473#fig4

@ Bedrock geology ®) Quaternary sediments

MCS BMCF WD Cler MRF WA M TNSSs B TLs

Logis Indoor radon (Bg/m3)

lm: et | o

© Bedrock geology @ Quaternary sediments
WCS BCF BD! BCLe EMRF HMWA W TNSSs BT A

2

S

%

Figure 4.4. 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, DI — 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 Logio normal Indoor radon data grouped to (c) Bedrock geology and (d) Quaternary Sediments.
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Figure 4.5 (a) Soil-gas radon map and (b) radon potential map produced using Inverse distance weighted function in ArcGIS.
The resulting maps have been superimposed on top of the bedrock geology 1:100 k G.S.1. map for the area. Points on the map
signify where samples were collected.

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

4.2).
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Table 4.2 ANOVA table of soil-gas radon effect size due to deeper topsoil permeability, Bedrock geology, and Quaternary
geology. 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.

Factor Df Sum Mean F Pr (>F)

Sq. Sq. value

Deeper topsoil permeability: variance explained 4 4.327 1.082 5.578  0.000501***

21%

Residuals 83 16.096 0.194

Bedrock geology: variance explained 39% 5 7.728 1.546 0.983  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

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 have mostly (59%) extremely high
values of SGRn. In contrast, 38% of samples collected above the till derived from limestones
are greater than 100 kBgm™3. All of the extremely high (>100 kBgm™3) SGRn values result in
a high GRP (35+), although not all of the high GRP values are linked to extremely high SGRn

concentrations.

Examining SGRn measurements in relation to bedrock geology (Fig. 4.5a) indicates higher
concentrations above the Clare Shales in the north of the study area, with lower values generally

above the limestones in the south of the study area. The map (Fig. 4.5a) reveals that higher
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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 to 100 kBgm™3, with the most significant area
(57%) equating to a moderate to high SGRn range (30 kBgm ™ — 70 kBgm3). Approximately

36% of the study area contains extremely high (100+ kBgm™3) SGRn values.

4.3.2 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 (figure 4.5b)
shows 49% of the area has an GRP greater than 35, 50% is medium-high, with 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.

4.3.3 Indoor radon

IRC values within the study area range from 4.4 Bgm ™3 to 49,000 Bgm3. Table 4.3 shows that
the amount of variance explained by geogenic factors using one-way ANOVA tests are 34%
(16% by SGRn, 10% by bedrock geology, 4% by deeper topsoil permeability, and 4% by

Quaternary geology).

Table 4.3 . ANOVA table showing the variance of Indoor Radon measurements due to Bedrock geology, Quaternary geology,
soil-gas radon, and deeper topsoil permeability. The Asterix symbols refer to the level of significance of the results. * equivalent
to a p-value of <0.001.

Factor Df Sum Mean F Pr (>F)
Sq. Sq. value

Bedrock geology: variance explained 10% 7 3.202 0.457 2.779  0.00921**

Residuals 172 28.315 0.165
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Factor Df Sum

Sq.

Quaternary geology: variance explained 4% 2 1222

Residuals 177 30.295
Soil-gas radon: variance explained 16% 5 5.009
Residuals 174 26.508

Deeper  topsoil  permeability:  Variance 4  1.361

explained 4%

Residuals 175 30.157

Mean

Sq.

0.611

0.171

1.002

0.152

0.340

0.172

value

3.571

6.576

1.974

Pr (>F)

0.0302*

1.25e-05

*kk

0.1

The IRC variogram (Fig. 4.6d) 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 on the variogram.
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Figure 4.6. 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.

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 limestones, Cracoean Reef member, Dirtoge limestones, Clare Shales,
Cloone Flagstones, respectively) (table 7.1.6 supplementary materials). Fifteen houses (8%)
have radon levels above the reference level. The probability of exceeding the reference level
(table 7.1.6 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.
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4.4 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 kBgm ™ compared to ranges typically between ca. 10-40 kBgm™ from
other countries (Giustini et al., 2019; Kikaj et al., 2016; Mitra et al., 2021; Nuhu et al., 2021).
In more detail, Table 4.4 summarizes SGRn concentrations which are typically associated with
a range of different lithologies. Analysis of SGRn from Castleisland indicates that 36% of the
measured samples are greater than 100 kBgm ™3, compared to ca. 10% of samples from other
representative studies (Elio 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; Szab0 et al.,
2014). In comparison, the sedimentary lithologies in Castleisland are associated with extremely
high SGRn values (with >46.7% of samples measuring >70 kBgm™3). Although radon
anomalies are sometimes associated with sedimentary rocks (not including placer deposits),
most occurrences of SGRn anomalies (>70 to 4000 kBgm™) 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.
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Table 4.4 Summary of SGRn ranges associated with lithologies in selected regions globally.

Region

Perak state, Malaysia

Celleno

Italy

municipality,

Osun state, Nigeria

West Bengal, India

Iberian

uranium

province, Portugal

Northern Taiwan

Nova Scotia, Canada

Lesser

Pakistan

Himalayas,

Main lithologies in region Range
(kBgm™)
Clays, granites 0.11to 434.5

Potassic lavas, travertine, clay-sandy 6.4 to 253

clay, tuff-tuffite

Gneisses and schists 0.04 to 190

Granites and Gneisses 2.13to0 786

Granites, metasedimentary schists and 5 to 12,850

greywackes

Sandstones  with  silt  alterations, 6.6 to 32.2

sandstones with shales alteration

Metasandstone, slate, granite 0.8 to 154.6

Slate, quartzite, granite, gneiss, 2.3-20.1

limestone, shale

Reference

Nuhu et al.

(2021)

Giustini et al.

(2019)

Esan et al.

(2020)

Mitra et al.

(2021)

Pereira et al.

(2010)

Fu et al. (2017)

O'Brien et al.
(2011)
Khan et al.
(2021)
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Region Main lithologies in region Range Reference

(kBgm~)
Cooley Peninsula Sandstones, shales, granites, marine shelf 3.5to 112 Elio et
Ireland facies (2019)
Estonia Sand, silt, gravel of Baltic sea deposits 1 to 184 Petersell et
Glaciolacustrine clay 24t01801.6 (2015)
Dharamshala, India Sandstones 132t066.2 Kumar et
(2014)
Central Hungary Fluvial sand 1.2 to 24.9 Szabd et
Loess (silt cemented by carbonate) 4.9t044.1 (2014)

In relation to the GRP, several studies categorize 41% or less of an area/dataset as being in a
high class (Elio 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; Pasztor

etal., 2016; Szabo et al., 2014).

The original radon map of Ireland (Fig. 4.1) (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 reference 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. 4.5b) for the same sites is moderate to high with certain zones having a very high
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GRP. Although the 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 resolution 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.
4.1). The higher resolution in the new radon map arises from the inclusion of four geogenic
parameters  (bedrock  geology, Quaternary  geology, aquifer  type and deeper
topsoil permeability) (Elio 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™2 IRC reference level in Ireland (https://www.epa.ie/environment-
and-you/radon/). In contrast, the SGRn and GRP maps developed in this study (Fig. 4.5), depict
the highly anomalous SGRn (greater than 1400 kBgm™2) 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 Bgqm3.

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 demonstrates 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 deeper topsoil permeability (21%) and Quaternary geology (13%) (Table
4.2). It is possible to estimate the variance and concentration of SGRn with reference to bedrock

geology and deeper topsoil permeability. In particular, the Clare Shales have significantly high
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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 kBgm ™3, median 57 kBgm™3) with the highest
values near local faults. More elevated SGRn and deeper topsoil permeability measurements

along fault zones are commonly reported elsewhere (Miklyaev et al., 2021; Xuan et al., 2020).

The IRC results (Fig. 4.4a and 4.4b) and SGRn results share a similar trend (Fig. 4.4c and 4.4d).
Noticeably, IRC data for the study area are mostly (91%) less than 200 Bgqm 3, aside from a
few anomalous results, whereas, the SGRn results are typically (90%) between 10,000 and

350,000 Bgm 3. A similar relationship between SGRn and IRC is noted by Yalim et al. (2018).

Additionally, the variogram ‘range’ for logiosoil-gas radon (Fig 4.3d) and logioindoor radon
(Fig 4.6d) displays the covariance of SGRn samples and IRC samples decreasing after 800 m,
indicating spatial continuity between the IRC and SGRn measurements. As such, future work
could incorporate a sample collection method that results in one sample per 800 meters.
However, more research studies above different geology types that follows the approach set out
in this paper would be needed to clarify if the 800 m variogram range obtained in this study is
representative of soil-gas radon and indoor radon variations above different bedrock geology

types in different areas. 4.4.1 Geogenic influence on indoor radon

The influence of geogenic factors on IRC concentrations is depicted in the ANOVA table
(Table 4.3), 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 measurements. 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 (Akerblom et al., 1984; Chen and Ford, 2017; World Health
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Organization, 2007). Since the SGRn ANOVA results (Table 4.2) 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 deeper topsoil
permeability for influencing indoor radon is 34% (Table 4.3) which compares to 30% reported
for Cooley Peninsula in NE Ireland (Elio et al., 2019). Variance of indoor radon explained by
bedrock geology 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.
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Analysing the variation of IRC with reference to the Quaternary geology indicates that the till
derived from Namurian siltstones, sandstones 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, sandstones 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, sandstones and shales have higher probability of

exceeding the reference level.

4.4.2 The use of geogenic data for mapping indoor radon.

Geogenic data (i.e. SGRn, bedrock and deeper topsoil permeability) sufficiently predict the IRC
categories (i.e. low, moderate, high). Bedrock geology is the main contributor to SGRn (Table
2), whereas SGRn is most strongly associated with IRC (Table 4.3). 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 transportation to homes can be accomplished for regions with higher
resolution 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

deeper topsoil permeability (i.e. GRP) surveys for representative geology types.

GRP surveys provide a substantially quicker alternative at approximately six to ten samples per
day, compared to IRC surveys which requires a three-month measurement period (Elio 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.
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Considering that geological information is freely available online for many countries, there are
several potential benefits for integrating information 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 General 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.

4.4.3 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 temperature and rainfall (Szab6 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
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several studies, it is important to ensure different methodologies are taken into account when

comparing GRP or RP from different study areas.

4.5 Conclusion

An approach to mapping radon-prone areas was investigated by collecting 135 soil-
gas radon (SGRn) and deeper topsoil permeability measurements across approximately 50
locations in a 6 km? 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 Bgqm ™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, deeper topsoil 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 concentrations (39%), although deeper topsoil 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 permeability in non-mineralised fault zones and extensive subterranean karst systems

which are prevalent in the region.

Geological factors (especially SGRn, bedrock geology, and deeper topsoil 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, relevant 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 category assigned
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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 approaches in the study of radon as a natural hazard. The approach used in this study
integrates both relevant field data and geostatistical modelling, 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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Chapter 5

Investigating topsoil geochemistry in relation to geogenic radon
using multivariate geo-statistics, examples from local and regional

scale data in Ireland.

Submitted to the Journal of Applied Geochemistry

Banrion M.H. " Elio J. @, Crowley Q.G. ¥

Abstract

Radon is classified as a Class 1 carcinogen, being the leading cause of lung cancer in non-
smokers. Understanding the prominent sources of radon helps to mitigate against the adverse
effects of radon exposure, and contributes to sustainable development goal three - good health
and well-being. Considering soil-gas radon is the main contributor to indoor radon, it is possible
that soil geochemistry can be used as a proxy for the soil radon emanation potential or geogenic
radon classes for a particular location. This paper investigates the relationship between soil
geochemistry and geogenic radon at a range of spatial scales. A rigorous assessment is
presented to investigate the relationship of geogenic radon and topsoil geochemistry; using
univariate processes (i.e. r2, ANOVA, Pearson r) and multivariate techniques (i.e. PCA, cluster
analysis and machine learning algorithms including Gaussian process regression, logistic
regression and random forest). A small area of 6 km? in SW Ireland was selected due to the
presence of anomalously high indoor radon. A larger area of 17,983 km? from the Midlands of
Ireland was selected to represent a range of geology and radon categories. Here, PCA, cluster
analysis, and machine learning techniques were used to test the ability of soil geochemistry to
predict geogenic radon classes. Data analysis reveals that certain elements correlating with
geogenic radon also covary together within soil, here these are termed “radon-prone elements”.
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From the local scale data, La, V, Ba, Sr, U and Cr correlate with soil-gas radon and exhibit
covariance. Analysis of regional data shows Y, TI, Be, La, V and Cr associated with geogenic
radon and share strong covariance from the PCA and cluster results. Gaussian process
regression classifies samples with the highest precision of 73.9%. The feature importance (i.e.
highest ranking elements for predicting geogenic radon class) from the models emphasises the
association of certain elements with geogenic radon, such as Y, Tl, Be, Ba, La, V and U. Spatial
covariance of radon-prone elements permits soil geochemistry to be used as a tool for
understanding the distribution of geogenic radon. The methodology presented in this paper
provides a comprehensive geo-statistical approach to investigate the relation between topsoil
geochemistry and geogenic radon. This approach could be applied as a diagnostic tool to assist

radon mitigation measures, hence adding value to legacy soil geochemistry datasets.
Keywords:

Geogenic Radon Potential, Radon, Topsoil Geochemistry, Machine learning algorithms,

Principal Component Analysis.
Abbreviations:

IRC: Indoor radon concentration; PCA: Principal component analysis; ML: Machine learning;
SGRn: Soil-gas radon; GPR: Gaussian process regression; RF: Random forest; LR: Logistic

regression; GRP: Geogenic radon potential.

142



5.1 Introduction
The majority (80%) of radiation exposure received by the general public is from natural sources
(United Nations Scientific Committee on the Effects of Atomic Radiation, 2011).
Approximately 53% of natural radiation is caused by the inhalation of decay products from the
uranium and thorium series, of which the isotope 2?Rn accounts for over 90% of these decay
products (United Nations Scientific Committee on the Effects of Atomic Radiation, 2011,
Zohuri, 2020). Radon (Rn) exposure is the leading cause of lung-cancer cases in non-smokers,
with 3-15% of global lung-cancer cases attributed to radon (World Health Organization, 2009).
It is estimated that up to 350 people are affected by Rn induced lung-cancer in Ireland (Elio et
al., 2018; Environmental Protection Agency, 2022). The survival rate after 5 years since lung

cancer diagnosis is between 12% and 25% (Lin et al., 2019; Schabath and Cote, 2019).

Prevention of radon exposure is paramount to reducing radon related lung-cancer cases.
Internationally, several countries have implemented initiatives to reduce the harmful effects of
radon exposure. Some initiatives include setting reference limits for acceptable levels of indoor
radon concentration (IRC), and having prevention measures (i.e. radon barrier, sump,
ventilation) in place for new buildings (Radiological Protection Act 1991 (lonising Radiation)
Regulations, 2019). It is important to note that there is no safe limit of radon exposure (World
Health Organization, 2009). However, countries often decide the ‘safe’ IRC level based on
average background levels and the realistic ability to lower IRCs to a ‘safe’ level (Degu Belete

and Alemu Anteneh, 2021). In Ireland, 200 Becquerels per meter cubed (Bq m) is the reference

Radon is a radioactive noble gas that occurs naturally and is released from soil, water and rocks.
There are three main radon isotopes, 222Rn (radon), 2°Rn (thoron) and 2**Rn (actinon) which
have half-lives of 3.8 days, 55.6 seconds and 3.96 seconds, respectively. Uranium (?*8U) decays
to radon (?*2Rn) as an intermediate daughter product before completely decaying to the stable
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lead isotope (*°Pb). 2*Rn and 2*Rn are products of the *2Th and #°U decay chains,
respectively. Importantly, if radon gas is inhaled while it changes into its daughter radioisotopes
polonium (?**Po and 2*8Po), the charged metal polonium ions can cause significant damage by
emitting alpha radiation directly into lung cells; linking radon exposure to lung-cancer

(Rodriguez-Martinez et al., 2021; Zaga et al., 2021)

Considering soil-gas radon (SGRn) is the prime contributor to IRC (World Health Organization,
2007), understanding the association of soil geochemistry with the natural distribution of Rn
precursor elements (?°Ra, 28U, 22Th) could contribute to determining a soils potential for
being a source of radon. By knowing the spatial variation of Rn precursor elements, one could
gain insights to the geogenic radon available at a given area. Furthermore, it may be possible
to indicate the presence of Rn precursor elements by distinguishing radon-prone elements (i.e.
elements significantly correlated with 22°Ra, 238U, 2%2Th); allowing radon-prone elements to aid
in determining radon-prone areas. As such, it may be possible to determine the radon risk of a

region using reliable soil geochemical data.

In this study, topsoil geochemistry is used to understand the link between soil geochemical data
and radon. The variation of natural terrestrial radiation is largely dependent on geology
(Hamideen et al., 2020; Tzortzis et al., 2003). For example, granite and black shales contain
radon precursor elements (Pereira et al., 2010; Petersell et al., 2015), whereas lithologies such
as limestone generally lack radon predecessor elements being incorporated into the bedrock (Fu
et al., 2017; Khan et al., 2021). As such, the spatial variation of radon coincides with lateral
differences in bedrock geology (Giustini et al., 2019; Petersell et al., 2015). The spatial
correlation of bedrock geology and radionuclides (i.e. ?°Ra, 2*2Th, “°K) in topsoils is reported in
the literature (Faanu et al., 2011; Ribeiro et al., 2018). However, few studies investigate the

association of a wider range of topsoil elements with geogenic radon.
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Mapping geogenic radon variation using soil geochemistry is a viable application of soil
geochemical data; since the geochemical composition of soils should range in concentration of
radon-prone elements. It is possible radon-prone elements covary spatially for several reasons

including association with different lithologies, weathering and mobility of elements.

The main purpose of this study is to test multivariate statistical methods (including PCA, cluster
analysis, and Gaussian process classification) for analysing the relation between topsoil
geochemistry and geogenic radon. The method is tested using high-resolution (1 sample per
approximately 250 meters) in a 6 km? study area surrounding Castleisland, Co. Kerry, SW
Ireland. The method is repeated using a larger topsoil dataset obtained from TELLUS
Geological Survey Ireland (GSI) and compared with corresponding radon categories derived
from Elio et al., (2020). The results demonstrate a correlation between topsoil elements and
geogenic radon. Essentially confirming that topsoil geochemistry provides insight to geogenic
radon risk. The geostatistical approach used in this research confirms the feasibility of using
topsoil geochemistry for assessing geogenic radon risk at a local scale (< 10 km?) and validated

at larger scales (>10 km?).

5.2 Methodology

5.2.1 Collection locations

A 6 km? area around Castleisland, Co. Kerry is utilized as case study for comparing to GSI
TELLUS results for the Irish midlands (including data from counties Galway, Mayo, Offaly,
Roscommon, Longford, Westmeath, Wicklow, Meath, Kildare and Dublin). The Castleisland
area is located above of two main Quaternary geology types; glacial till derived from
Limestones and glacial till derived from Namurian sandstones, siltstones and shales. The
bedrock geology features a range of Dinantian (359 Ma — 326 Ma) limestones, Namurian

(326Ma — 313Ma) shales and Carboniferous (359 Ma — 299 Ma) siltstones.
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The TELLUS data used covers a wider range of Quaternary sediments including till derived
from limestones, cherts, alluvium, Namurian sandstones and shales, blanket peat, Lower
Palaeozoic and Devonian sandstones, Devonian and Carboniferous sandstones, gravels derived
from limestones. The bedrock geology contains various types of limestones, shales, sandstones,
metamorphic and some igneous rocks (detailed description of these geologies can be viewed

on the Geological Survey of Ireland (GSI) online map viewer www.gsi.ie).

5.2.2 Collection method

The soil samples from the Castleisland area were collected based on the TELLUS soil-sampling
method. Each sample is composed of five sub-samples from a 20 m? area; with one sample
taken from each corner and the fifth sample taken from the centre of the 20 m? area. The soil
was taken from the topsoil (0 — 20cm) and placed into a geochemical breathable bag labelled
with the location and the symbol ‘A’ to indicate that the shallow topsoil was sampled. The same
process is repeated except the soil is taken from the deeper topsoil at 35cm 50cm and placed
in a bag labelled ‘S’. Soil-gas radon was collected in the same localities as the physical topsoil
samples for the Castleisland dataset (Banrion et al., 2022). Whereas, the geogenic radon data
for the TELLUS midlands area were derived from TELLUS airborne radiometric surveys (Elio

et al., 2020).

Furthermore, notes were taken on soil characteristics for each sample site. Characteristics
included moisture, texture (particle size and sorting), colour, contamination, clast content and
composition, any change in these characteristics with depth were also noted. Information about
the sample site location was noted including proximity of urban structures (powerlines, roads,
tracks, hedges, ditches) and any streams within 100 meters of the sample site, these structures

and streams were avoided where possible.
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5.2.3 Analysis preparation method

The GSI TELLUS protocol for preparing samples prior to analysis was followed (Young et al.,
2016). Each sample weight was measured before and after drying. The samples were placed in
a foil tray to prevent sample loss and dried in a fan oven at 30 degrees Celsius for two weeks.
Clumps of soil in each sample were broken with a mortar and pestle while avoiding breaking
any clasts/small stones. Then each sample underwent dry-sieve shaking to obtain the <2mm
fraction. A representative soil subsample of the <2mm soil fraction was obtained through the
coning and quartering technique. The representative subsamples were pulverised to the 63um

fraction using an agate ball mill.

Sample data processing

Soil samples collected from Castleisland Co. Kerry were analysed at Bureau Veritas
Commodities Canada using an aqua regia-ICPMS method on 92 (48 topsoil, 33 deeper topsoil
and 11 duplicate) samples for 37 elements (Mo, Cu, Pb, Zn, Ag, Ni, Co, Mn, Fe, As, U, Au,
Th, Sr, Cd, Sh, Bi, V, Ca, P, La, Cr, Mg, Ba, Ti, B, Al, Na, K, W, Hg, Sc, Tl, S, Ga, Se, Te). A
two-acid digest process was used, which doesn’t digest silicate minerals; as such consideration
must be given to mineral representativeness in each sample. The following reference materials

were used during analysis STD DS11, STD OREAS262 and BVGEQOL.

TELLUS topsoil geochemistry was analysed using ICPMS for multiple elements (Al, Ba, Ca,
Cr, Cu, Fe, K, Li, Mg, Mn, Na, Ni, P, S, Sr, Ti, V, Zn, Zr, Ag, As, Be, Bi, Cd, Ce, Co, Cs, Ga,
Ge, Hf, Hg, In, La, Mo, Nb, Pb, Rb, Sb, Sc, Se, Sn, Te, Th, Tl, U, W, Ta, Au, Pd, Pt, Re and
Y). Of the TELLUS top-soil midlands data, 4130 of 4279 samples were used for analysis. The
149 samples not used were not within the boundaries of a radon potential class reported by Elio

et al. (2020), as such they could not be used for investigating the link with geogenic radon
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potential. The specific GSI TELLUS dataset investigated is  ‘6117xxS-

6174xxA_Shallow Topsoil Download’.

Data censoring in geochemistry occurs when the concentration of an element is more or less
than the upper or lower detection limits (dl). There are several ways to treat censored data (i.e.
replacing data with either half the value or third the value of the lower detection limit (Grunsky,
2010). The elements with more than 5% of values under the lower dl were omitted from the
dataset for further analysis. In the Castleisland, Co. Kerry dataset, a total of 11 elements (Ag,
Au, Cd, Bi, B, Ti, W, Tl, S, Se, Te) were removed from the dataset for further analysis due to
5% — 100% of measurements being below the dl. In the Tellus Midlands dataset, the elements
(Ta, Au, Pd Pt and Re) were omitted due to more than 5% of values being below the dl. Values

occurring below the detection limit were assigned Y2 the lower detection limit value.

Data closure

Geochemical data is a subset of compositional data in which the concentrations of elements
represent a proportion of the entire composition, leading to the constant sum (or data closure)
issue (Aitchison, 1982). The isometric log ratio (ilr) transformation is used on data prior to
univariate compositional data analysis i.e. correlation tests including coefficient of
determination, correlation coefficient, and one-way ANOVA tests. The isometric log ratio
transforms a composition from an Aitchison-simplex to D-1 (dimension minus 1) Euclidian
transformed to obtain the original dimensionality of the starting dataset; this was done using

‘R’ software version 4.0.2 and the ‘compositions’ package.

The centred log ratio transformation is used on data to accommodate the data closure restraint,

specifically prior to multivariate compositional data analysis.

equation  ClIr(x) = [log(x/(geomean(x)) ... logxn/geomean(x)]
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Clr-transformation projects the dataset onto Euclidean space, allowing for the interpretation of
geochemical results without the issues of spurious correlation of dependent variables

(Aitchison, 1982; Grunsky and Caritat, 2019; Wang et al., 2021).
Univariate analysis

The coefficient of determination (R:) is a common statistical method used to measure the
strength of the correlation between two variables. The correlation coefficient Pearson (r) is used
to identify patterns between soil elements and SGRn or geogenic radon class. The SGRn and
element compositions for samples collected in Castleisland, Co. Kerry are numerical input data,
which is suitable for the R? and Pearson r calculation. The TELLUS midlands topsoil
geochemistry data are numerical but the geogenic radon potential classes are categorical. As
such, analysis of variance (ANOVA) is used to measure the relative variance of elements with

regards to geogenic radon class.
Cluster analysis

There are many modifications of cluster analysis, in this study an unsupervised hierarchical
learning algorithm is used; which results in variables being partitioned to groups based on the
sum of the squared distances between a centroid and the data points. The resulting cluster
groups of topsoil geochemistry can be applied to testing if elements correlated to radon variation
are associated with one another. The ‘R’ software is used for PCA, cluster analysis and ANOVA
analysis. The ‘cluster’ package and ‘prcomp’ function is used for cluster analysis and PCA

respectively. For ANOVA analysis packages, ‘Ist’, ‘nlme’ and ‘pwr’ are utilized (‘R’ version

4.0.2).
Principal component analysis

Principal Component Analysis (PCA) is an affine geometric transformation technique, which

allows for increased interpretability of a multivariate dataset (Tolosana-Delgado and McKinley,
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2016). PCA is a linear dimensionality reduction technique based on Euclidian methods, that
transforms multiple variables into a smaller number of principal components (PC’s), where
principal component 1 (PC1) represents the direction of maximal variance of the dataset
(Mueller et al., 2020). After PC1 the second principal component (PC2) represents the second

largest variance of the data, and is orthogonal to PC1 (Vermeesch, 2013).

The first several (n) PCs approximate the composition of elements which cause the highest
degree of variation in the dataset. The last PCs explain the least variance, which may correspond
to quasi-constant elements that could be utilized for studying immobile and mobile element
migration if a geospatial/geochemical dataset is used (Tolosana-Delgado and McKinley,
2016). PCA aids in interpretation of elemental variance within a compositional dataset and can

be used in the process discovery phase of research (Grunsky, 2010; McKinley et al., 2018).

Each principal component contains scores/eigenvalues and loadings/eigenvectors, the scores
representing the samples in Euclidian space, and the loadings representing the size and direction
of each variable (i.e. element) (Abdi and Williams, 2010). The positioning and size of each
vector is significant; eigenvectors with small degrees of angels, and similar directions, depict
variables with a higher degree of correlation/covariance. In comparison, eigenvectors with large

differences between them have lower correlation (Demsar et al., 2013).

Machine learning

Many geological and environmental studies have utilised machine learning (ML) for
classification processes, including random forest (RF) for determining mineral prospecting,
determining aggregate provenance and radon mapping (Daviran et al., 2021; Dornan et al.,
2020; Petermann et al., 2021). Gaussian process regression (GPR) has been used for its
powerful interpolation techniques for natural hazard mapping, soil science and investigating

heavy mineral pollution (Colkesen et al., 2016; Pham et al., 2021; Wang et al., 2022). Logistic

150



regression (LR) has been applied to environmental pollution studies, mapping geogenic radon,

and geochemical exploration (Aditya et al., 2018; Elio et al., 2017; Nathwani et al., 2022).

For the purposes of this study, four ML models are compared to investigate the suitability of
using topsoil geochemistry for predicting geogenic radon potential categories. Results from RF,
GPR and LR are compared with a control model which acts as a baseline. The ML algorithms
(RF, LR, GPR) have been chosen in this study due to their robustness and ability to analysis

large (>1000 samples) multivariate datasets.

In simple terms, Random Forest (RF) can be used as a supervised classification algorithm that
aims to predict which group an observation belongs to. RF consists of an ensemble of dissimilar
decision trees, which assigns features at each node that reflect the greatest separation between
observations. As an ensemble ML algorithm, RF uses results from numerous individual
decision trees (‘weak learners’) to form a ‘strong learner’ with the most frequently occurring
features assigned as important for classifying observations (Farhadi et al., 2022; Shang et al.,
2019). A more elaborate explanation of the mathematical theory underpinning RF can be found
in the literature (Biau and Scornet, 2016; Breiman, 2001; Schonlau and Zou, 2020). The
‘RandomForestClassifier’ function in the sklearn library (python version 3.6) was used to

implement the random forest model.

Gaussian Process Regression (GPR), is a nonparametric classification ML algorithm based on
the theory of Bayesian probability. GPR operates by calculating the probability distribution of
all functions fitted to the data. The GPR model initially forms a prior distribution, then uses the
training dataset to reallocate probabilities and form a posterior probability distribution. The test
dataset is used to calculate probabilities with unseen samples. Thorough explanations of the

theory underlying GPR can be found in the literature (Bernardo et al., 1998; Bousquet et al.,
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2011; Kanagawa et al., 2018). The ‘GaussianProcessClassifier’ function in the sklearn library

(python version 3.6) was used to train and test the GRP model.

Logistic Regression (LR) is utilized for binary classification problems which fits independent

variables and log odds to a generalized linear equation (equationl);
log (p/1-p) =f. + fix. + ... + BX equation 1

where p is the predicted probability, B is the regression coefficient and x represents independent

variables. The logistic function (equation 2) builds on the linear equation;
P(Y=1|X) = L/1+ ew s .cp equation 2:

where Y is the binary variable, e is the Euler’s number. The logistic equation is used to predict
the probability of independent variables occurring in a binary class. More details regarding the
LR mathematical model are published in the literature (Hastie et al., 2009; Kirasich et al., 2018;
Sperandei, 2014). Specifically, the sklearn library is used in python (version 3.6), utilizing the

‘LogisticRegression’ function.

The airborne geogenic radon potential (GRP) categories (High, Medium-High, Medium-Low
and Low) published by Elio et al. (2020) are used as response variables in the machine learning
models. The four groups are assigned to two classes to help balance the spatial data. The Low
category is assigned to class 1 and the Medium-Low, Medium-High and High groups are
assigned to class 2. The Low GRP category has significantly less probability (6.93%) of having
indoor radon concentration above the 200 Bq m reference level compared to the remaining

GRP classes (average 16.98%) (Elio et al., 2020).

Cross-validating data is important for determining the stability of model parameters. Spatial
cross-validating aims to eliminate overfitting in the model due to spatial autocorrelation

(Pohjankukka et al., 2017; Talebi et al., 2022). The TELLUS Midlands dataset was spatially
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cross-validated using 5-fold spatial blocking. This was achieved by splitting the dataset into 5
separate spatial blocks, 4 blocks were used for training the model and the remaining block was
used to test the model, and iterated 10 times. To aid in balancing the model, equal amounts of
samples from classes 1 and 2 were extracted during the training and testing process. The 5-fold

cross-validation was repeated 10 times for RF, GPR, LR and a control model.

5.3 Results and Discussion

Two case studies at local and regional scales are utilized to investigate using topsoil
geochemistry for understanding geogenic radon distribution and variation in topsoil. Summary
statistics (i.e. mean, min, max, quartiles 1-3, standard deviation, skewness and Kurtosis) for the
Castleisland, Co. Kerry dataset TELLUS Midlands dataset are included in the supplementary

materials (supp.matt) 7.2.1 and 7.2.2, respectively

5.3.1 Castleisland, Co. Kerry — local scale case study.

The r? and Pearson r are calculated for each element versus every other variable including soil-
gas radon (SGRn) concentration for both ilr-transformed deeper topsoil and topsoil samples
from Castleisland Co. Kerry (supp.matt 7.2.3-7.2.6). There is a relative correlation between
log10SGRn and soil geochemistry in Castleisland. Specifically, , U, Sr, Cu, V, P, Ba, Sh, Mo,
La and Cr have the relatively strongest Pearson correlation coefficients (0.62 — 0.46) and r?
values (0.5 — 0.21) associated with log10SGRn (supp.matt 7.2.3). The r? and Pearson r results
from the deeper topsoil geochemistry report the same top ten elements correlated to 10g10SGRn
(supp.matt 7.2.5-7.2.6). Additionally, heatmaps can aid visualisation of canonical pathways
between variables; heatmaps produced for soil geochemical parameters relating to the

Castleisland case study area are shown in figure 5.1 and figure 5.2.

153



0
As

'
Fe

! L A A . . O P SR - - PR s < e
A . s :
ghex2eggsatgtghesge

w

Mn

Mg-

TIEA

Var1

Figure 5.1 Canonical heatmap ilr transformed Castleisland shallow topsoil.
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Figure 5.2 Canonical heatmap ilr transformed Castleisland shallow topsoil.
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With regard to PCA, there are (n-1) PCs in an analysis. The PCs of interest are the ones that
explain more variance than an individual variable would explain if the variables explained equal
variance; i.e. if the 26 variables contributed equally to the variance, they would each explain
3.8% (100/26) of the variance. PC5 is the cut off for analysis as it is the last component that
explains more than 3.8% of the variance. Table 5.1 summarises the loadings for PC1-5, as well
as the standard deviation, proportion of variance and cumulative variance. The first 5 PCs
explain 84% of the dataset variance, with the first two PCs accounting for 63% of the variance.
The most influential loadings are highlighted in bold for positive correlation and underlined to

indicate a negative correlation.

Table 5.1 Loadings values for PC1 to PC5 of Clr-transformed shallow topsoil geochemistry Castleisland, Co. Kerry.

Loading PC1 |PC2 |PC3 |PC4 |PC5
Hg 0.083 |-0.121 | -0.369 | 0.458 | 0.106
Sr 0.078 |-0.344 | 0.082 |-0.098 | -0.116
U 0.05 -0.308 | -0.09 | 0.092 | 0.191
Ca 0.043 |-0.098 | -0.428 | 0.076 | -0.405
\Y 0.035 |-0.357 | 0.149 | 0.047 | 0.026
Sb 0.021 |-0.283 | -0.03 |-0.299 | 0.213
P 0.008 |-0.353 | -0.034 | 0.059 |-0.008
Cu 0.006 |-0.312|-0.018 | -0.01 |-0.249
Pb -0.015 | -0.117 | -0.272 | 0.379 | 0.213
Mo -0.068 | -0.288 | 0.057 | -0.253 | 0.356
La -0.114 | -0.26 | 0.097 |-0.081 | -0.385
Ba -0.121 | -0.312 | 0.141 | 0.184 | -0.104
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Na -0.211 | 0.044 | 0.193 | 0.374 |-0.031
Mn -0.218 | -0.004 | -0.243 | -0.262 | -0.087
Ga -0.225 | 0.066 | 0.296 | 0.252 | 0.093
K -0.231 | -0.046 | 0.342 | -0.035 | -0.174
As -0.233 | -0.129 | -0.143 | -0.167 | 0.358
Cr -0.254 | -0.148 | 0.06 | 0.205 | 0.067
Co -0.27 |0.063 | -0.272 | -0.102 | 0.015
Ni -0.271 | 0.034 | -0.257 | -0.104 | -0.135
Zn -0.273 | -0.072 | -0.153 | -0.037 | -0.204
Th -0.278 | 0.005 | 0.144 | -0.093 | -0.062
Fe -0.284 | 0.046 | -0.078 | -0.073 | 0.289
Mg -0.285 | 0.102 | -0.065 | -0.032 | -0.027
Al -0.292 | 0.004 | 0.087 | 0.201 | 0.067
Sc -0.296 | 0.041 | -0.087 | 0.04 | -0.066
Standard deviation 3.118 | 2583 |1.61 |1.283 |1.093
Proportion of Variance | 0.374 | 0.257 | 0.1 0.063 | 0.046
Cumulative Proportion | 0.374 | 0.631 | 0.73 |[0.794 |0.84

PC1 accounts for 37% of the total variance. The highest loadings (>0.005) relate to the elements
Hg, Sr, U, Ca, V, Sh, P and Cu (table 5.1). The PC1 score map shows the lowest scorings
occurring above the Rockfield limestones and the eastern boundary of the Clare shales and
Dirtoge limestones (fig.5.3). The lowest scores are located above the Waulsortian limestones
and the western boundary of the Dirtoge limestones and Cracoean reef member (fig.5.3). The

lowest loadings (<-0.25) are associated with the elements Sc, Al, Mg, Fe, Th, Zn, Ni, Co and
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Cr. The deeper topsoil PCA results display a similar trend of the same elements associated with

high and low PC1 loadings (supp.matt 7.2.7).

PC2 accounts for 27% of the total variance. The highest loadings (>0.005) relate to the elements
Mg, Ga, Co, Fe, Na, Sc, Ni, Th and Al. The highest scores are associated with samples collected
from the west of the study area as well as above the Waulsortian limestones. The lowest
loadings (<-0.25) are associated with the elements V, P, Sr, Ba, Cu, U, Mo, Sb and La. The PC2
score map shows the lowest scorings occurring above the Clare Shales. There is spatial
correlation between high PC1 scores and low PC2 scores with the high geogenic radon potential

in the same area reported by Banrion et al. (2022).

The score maps (supp.matt 7.2.8) for PC3, PC4 and PC5 don’t appear to strongly correspond
with any variation in geology or geogenic radon potential as reported by Banrion et al., (2022).
Nonetheless, PC3 accounts for 10% of the total variance. The highest loadings (>0.08) relate to
the elements K, Ga, Na, V, Th, Ba, La, Al and Sr. The elevated PC3 scores mostly occur in the
north and east of the study area. The lowest loadings (<-0.14) are associated with the elements
Ca, Hg, Co, Ni, Mn, Pb, Zn and As. Some of the lowest PC3 scores are observed above the till
derived from limestones, especially in close proximity to a local NW-SE fault (Banrion et al.,

2022).

PC4 accounts for 6.3% of the total variance. The highest loadings (>0.18) relate to the elements
Hg, Pb, Na Ga, Cr, Al and Ba. The majority of high PC4 scores occur above the limestones east
to the NW-SE fault with lower scores located to the west to the NW-SE fault. The lowest
loadings (<-0.08) are associated with the elements Sh, Mn, Mo, As, Ni, Co, Sr, Th and La. The

PC4 score map shows lowest scorings occurring mostly in the west of the study area.

PC5 account for 4.6% dataset variance. The high scores of PC5 occur in the centre and in the

NW and NE of the study area, with lower scores occurring in the rest of the area. High PC5
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loadings (>0.19) are associated with As, Mo, Fe, Sh, Pb and U. Negative PC5 loadings (<-0.1)

are linked to Ca, La, Cu, Zn, K, Ni, Sr and Ba.

PC1 Score Map Castleisland Co. Kerry (clr) PC2 Score Map Castleisland Co. Kerry (clr)
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Figure 5.3 Principal component score maps for PC1 (left) and PC2 (right) shallow topsoil Castleisland, Co. Kerry dataset.

The cluster analysis groupings are almost identical to the PCA variable clusters. Specifically,
the elements clustered to the left (low PC1 and high PC2) of the PCA graph (Mg, Na, Co, Sc,
Th, Al, Ni, Mn, K, Zn, Ga, Fe, As and Cr) are all grouped together on the right of the cluster
analysis graph (fig.5.4). Similarly, the elements clustered with low PC2 scores (La, Ba, Mo,
Cu, P, Sh, U, V and Sr) are all grouped together to the left of the cluster analysis graph. The
exceptions are Pb and Hg which are clustered together on the PCA graph but are end members
on cluster analysis graph. The deeper topsoil analysis depicts a similar pattern of elements
correlated with radon covarying together with the PCA and cluster analysis results (supp.matt

7.2.9).
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Figure 5.4 PC1 vs PC2 plot for shallow topsoil Castleisland Co. Kerry data.

The Pearson r correlation and r? results show that shallow topsoil elements (including P, Sr, Ba,
V, Mo, U and Cu) have a correlation with SGRn in Castleisland, Co. Kerry (supp.matt 7.2.3).
Elements correlated with SGRn (including La, Ba, Mo, P, Cu V and U) group together on the
PC1 vs PC2 biplot (fig.5.4). The concept of elements associated with high SGRn covarying
with one another is reinforced by the PCA results; the biplot depicts elements related to higher
SGRn covarying together, with low PC2 scores and moderate-high PC1 scores (fig.5.4a). The
aforementioned results support the hypothesis that elements associated with geogenic radon

exhibit covariance within the earth surface.

The PC2 score map (fig.5.3) is superimposed on the bedrock geology map for the Castleisland
area, which visually depicts low PC2 scores occurring above the spatial boundaries of the Clare
shales. The low PC2 associated elements (P, Sr, Ba, V, Mo, U and Cu) underpins elevated
SGRn considering low PC2 scores are spatially restricted to the anomalously high SGRn
reported above the Clare shales (fig.5.4) (Banrion et al., 2022). These elements may be a

geochemical signature of high SGRn in Castleisland. The occurrence of low PC2 scores above
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the Clare shales, as well as the presence of radon’s parent isotope, uranium, reinforces that the

Clare shales may be acting as a source of radon in the Castleisland area.

Furthermore, high PC2 scores (fig.5.4) coincide with lower SGRn reported in the Castleisland
area (Banrion et al., 2022). The elements associated with high PC2 loadings (including Fe, Mg,
Co, Ni, Sc and Mn) depict a negative correlation with SGRn (supp.matt 7.2.3). Overall, the
local scale case study in Castleisland, Co. Kerry shows topsoil elements sharing geospatial
covariance, as well as correlation to SGRn in the earth surface. The results presented here

validate that earth surface geochemistry can give insight into geogenic radon potential.

Adapting local scale data to investigate geogenic phenomena comes with the risk of not being
able to extrapolate results to other geological areas. In order to validate the multivariate
analytical approach of investing geogenic radon presented in this study, we tested the methods

on regional data from the Irish midlands.

5.3.2 Ireland midlands (TELLUS, GSI) — regional case study.

The ANOVA method was used to investigate the relative correlation/covariance of geogenic
radon class with topsoil geochemistry in the TELLUS Midlands Clr-transformed dataset
(supp.matt 7.2.10). A relative covariance can be observed between geogenic radon categories
and the topsoil elements. One-way ANOVA results demonstrate elements including S, Na, Sr,
Cr, Ni, Co, Al, V, Sc, Zr, Se, Y, Fe, La, Hf, Rb, Li, Ce, and Tl (Be, Hg, Th, Ga, Ta, Mn)
significantly (equivalent p value <0.005) explain relatively more variance in RP class (11-29%)
opposed to other elements analysed (supp.matt 7.2.10). Canonical heatmaps are shown below
for the soil geochemical parameters measured in the TELLUS Midlands study area, using ilr-

transformed data (fig.5.5 and fig.5.6).
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Considering PCA, each of the 47 variables would explain 3.1% (100/47) of the variance if they
contributed equally. The top 4 PCs each explain more than 3.1% of the variance (table 5.2), as
such PC4 will be the cut-off threshold for further analysis. The initial 4 PCs explain 80% of the

dataset variance.

PC1 accounts for ca. 60% of the total variance. The highest loadings (> -0.025) relate to the
elements S, Na, Se, Sr, Ca and Hg (table 5.2). The PC1 score map shows the highest scorings
occurring above granitic bedrocks in the west and east of the Irish Midlands (fig.5.7). High PC1
scores are also observed above undifferentiated Visean limestones, dark limestones and shales,
as well as oolitic and packstone limestones (fig.5.7). The lowest scores in the west are observed
above dolomitic and peloidal limestones and calcareous shales. Low PCL1 scores are also seen
above some Waulsortian limestones as well as dark limestone and shales in the east of the
Midlands (fig.5.7). The lowest loadings (< -0.17) are associated with the elements Be, V, Cr,

Al, Sc, Co, La, Ce, Ga, Li, Tl, Ni, Rb, Y, Fe and Th (table 5.2).

PC1 Score Map TELLUS Midlands TS (clr)
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Figure 5.7 PC1 score map of TELLUS Midlands topsoil data, superimposed onto the bedrock geology (1:100k) GSI map. The
PC score map was made in ARCGIS using the Inverse-distance weighted geostatistical function (grid output size = 50 m, major
and minor semiaxis = 50000, smoothing factor = 0.2).
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PC2 accounts for 9.5% of topsoil geochemistry variance. The highest positive loadings (> 0.18)
are associated with Se, Hg, Sb, Sr, S, Pb, Ca, Cd, Sn, Bi and Ge (table 5.2). Positive PC2
loadings occur above the Shannapheasteen and Galway Granite and Wicklow Granite
(supp.matt 7.2.12). Higher PC2 loadings also occur scattered in the middle and east of the study
area with no apparent constraint to geological parameters. The most negative PC2 loadings (<
-0.06) are linked to Rb, Li, Cs, Th, Th, Ce, Al, K, Ga, La and Cr (table 5.2). Low scores are
found above the undifferentiated Visean limestones, dark fine-grained limestone and shale, as

well as in proximity to black mudstone, siltstone and greywacke (supp.matt 7.2.12).

PC3 accounts for 7.5% of the topsoil variance. The highest PC3 loadings (> 0.8) are associated
with Ca, Sr, U, Zr, Cd, Y, Hf, Se, Ni, Mn, S and Mo (table 5.2). High PC3 scores generally
occur in dark limestones, fossiliferous limestones and shales between the Galway and Wicklow
granites (supp.matt 7.2.12). The most negative loadings (< -0.11) are linked to Bi, Pb, Na, Sn,
In, W, Ge, Ti and K (table 5.2). Low PC3 scores distinctly occur above the Galway and
Wicklow granites as well as in the mudstone, siltstone conglomerate and sandstone in the south

of the study area (supp.matt 7.2.12).

Highly positive PC4 loadings (> 0.08) are linked with Mg, Na, Ca, Sr, Ba, K, Zn, In and Ge
(table 5.2). High PC4 scores are concentrated in the northeast of the study area, especially in
the proximity of calcareous red-mica greywacke, and black mudstone and greywacke
(supp.matt 7.2.12). Low PC4 loadings are associated with Ag, Hg, U, Sn, Pb, Bi and Cd (table
5.2). Low scores are found above dark limestones and shales, Visean limestones and pale

skeletal limestones (supp.matt 7.2.12).

Table 5.2 Principal component analysis eigenvector (loading) results for PC1-PC4 of Clr-transformed shallow topsoil
TELLUS GSI Midlands, Ireland.

Eigenvectors PC1 PC2 PC3 PC4

S 0.123 0.275 0.096 0.025
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Na 0.054 0.132 -0.27 0.466
Se 0.023 0.365 0.134 -0.018
Sr 0.011 0.277 0.323 0.193
Ca -0.016 0.211 0.383 0.194
Hg -0.025 0.363 -0.052 -0.196
Pb -0.082 0.256 -0.284 -0.121
Mg -0.087 0.057 -0.088 0.63

Sb -0.096 0.28 -0.104 -0.01

W -0.102 0.105 -0.164 -0.089
Sn -0.106 0.19 -0.259 -0.13

Bi -0.108 0.188 -0.312 -0.102
Ti -0.117 -0.053 -0.125 0.077
U -0.123 0.075 0.229 -0.147
Mo -0.123 0.119 0.094 -0.026
Cd -0.131 0.2 0.156 -0.099
Ge -0.132 0.18 -0.131 0.09

In -0.14 0.094 -0.19 0.093
Ba -0.141 0.052 0.043 0.191
P -0.148 0.092 0.054 -0.082
Te -0.151 0.146 -0.023 0.046
As -0.152 0.112 0.058 -0.067
Zn -0.154 0.087 -0.002 0.111
Cu -0.157 0.067 0.075 -0.059
Ag -0.157 0.089 -0.1 -0.209

164



Mn -0.162 -0.041 0.101 0.042
Nb -0.164 -0.047 -0.073 0.033
Hf -0.165 -0.032 0.153 0.006
K -0.165 -0.096 -0.124 0.124
Zr -0.169 -0.017 0.174 -0.002
Cs -0.169 -0.116 -0.084 -0.08
Th -0.171 -0.114 0.071 -0.032
Fe -0.171 -0.025 0.063 0.029
Y -0.172 -0.022 0.155 -0.064
Rb -0.174 -0.141 -0.076 0.022
Ni -0.175 -0.003 0.134 0.071
TI -0.175 -0.045 0.015 -0.088
Li -0.175 -0.123 0.023 0.034
Ga -0.177 -0.082 -0.11 0.029
Ce -0.178 -0.099 -0.003 -0.033
La -0.178 -0.082 0.026 -0.044
Co -0.179 -0.045 0.079 0.057
Sc -0.179 -0.043 0.053 0.057
Al -0.18 -0.099 -0.053 0.021
Cr -0.181 -0.067 0.034 0.041
\% -0.182 -0.041 -0.003 -0.01
Be -0.182 -0.015 0.034 0
Standard deviation 5.296628 | 2.106877 | 1.876334 | 1.237675
Proportion of Variance | 0.5969 0.09445 | 0.07491 | 0.03259
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Cumulative Proportion | 0.5969 0.69134 | 0.76625 | 0.79884

PCA biplot
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Figure 5.8 (a) PC1 vs PC2 bhiplot and (b) hierarchical dendrogram for TELLUS Midlands topsoil data. PC score results are
grouped to geogenic radon potential reported by Elio et al. (2020). The 'R' software was used, specifically the prcomp library
with the centre and scale argument set to true.

Elements with stronger ANOVA effect size related to geogenic radon (i.e. Cr, Ni, Co, Al, V,
Sc, Y, TI) consistently group together on both PCA and cluster analysis, reinforcing the
covariance and correlation of grouped elements (fig.5.8). Additionally, elements including Sr,
S and Na explain relatively strong variance in RP class and group together in the top-right of
the PCA (fig. 5.8). Specifically, elements corresponding to low PC1 and low PC2 values on the
biplot are also grouped together on the cluster analysis (supp.matt 13). The PCA and cluster
analysis results indicate that radon-prone elements have geospatial restraint, suggesting topsoil

geochemistry can be used as a tool to understand the geogenic radon potential in an area.
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Explicitly, if a topsoil sample contains elevated concentrations of radon-prone elements (Cr,

Ni, Co, Al, V, Sc, Y, Tl)), then it may correlate with higher geogenic radon potential.

Furthermore, areas with high PC1 scores compare with low GRP areas reported by Elio et al.
(2020). In detail, positive scores are observed above the Galway granite in the west and above
the Wicklow granite in the east of Ireland, which also corresponds to low GRP values in the
same area reported by Elio et al. (2020). The lowest PC1 scores (fig.5.7) generally correspond
with high to medium GRP values reported by Elio et al. (2020). Significant (<0.05) ANOVA
results show 33% of GRP variance is explained by PC1 score distribution, which is greater than
the 0.5% - 1.1% variance explained by PC2 — PC4 (supp.matt 7.2.14). Additional ANOVA
results show that bedrock lithology explains PC1 variance by 14% (supp.matt 7.2.14),
highlighting that the variation within PC1 is related to GRP distribution more than bedrock

lithology spatial distributions.

High PCA loadings (S, Na, Se, Sr, Ca and Hg) occur above various limestones including the
Waulsortian limestones, Croghan limestone Formation, Ballymore limestone Formation, Cong
canal Formation and the majority of the Burren Formation. The association of high PCA
loadings and limestones with low geogenic radon is reasonably understood by the naturally low
uranium content in limestone lithologies. However, some of the highest PCA loadings (S, Na,
Se, Sr, Ca and Hg) also occur above the Devonian granites in Co. Galway and Co. Wicklow,
where a higher concentration of uranium and radon prone elements would be expected (i.e if
soil formed from the underlying bedrock and little chemical and physical weathering occurred).
The lack of radon prone elements in soils above the Devonian granites indicates that (a) the soil
did not form from the underlying bedrock or (b) weathering has occurred that has mobilised

radon prone elements to be deposited above different bedrock geologies.
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The positive correlation between low PCA loadings (i.e. Be, V, Cr, Al, Co, Ni, La, Li, Tl, Rb,
Y) and geogenic radon potential is depicted in Tukey boxplots (section 7.2.11). The lowest
PCA loadings share a similar geospatial trend, with the relative concentrations of these elements
being consistently lower in soils above some bedrock lithologies (i.e. 1. Argyll Group;
Psammitic and pelitic schist and 3. Granite and granodiorite) while higher relative
concentrations are present in soils above bedrock lithologies including 2. Marine shelf facies
(limestones and calcareous shale) and 4. Marine basinal facies (Lucan and Tobercolleen

Formations) (section 7.2.11).

The negative correlation between high ranking PCA elements (i.e. S, Na, Se, Hg) and geogenic
radon potential can be observed on the Tukey box-plots (section 7.2.11). The high ranking PCA
elements share a similar geospatial trend, with their concentrations relatively higher in soils
above certain bedrock groups (i.e. 1. Argyll Group; Psammitic and pelitic schist and 3. Granite
and granodiorite) and relatively lower concentrations in bedrock groups including 2. marine
shelf facies (limestone and calcareous shale), 4. marine basinal facies (Lucan Formation and
Tobercolleen Formation — dark-grey argillaceous and cherty limestone and shale), and 11. Deep

marine turbidite sequence (mudstone, greywacke and conglomerate).

Low PCA loadings (including Be, V, Cr, Co, La, Y, TIl, Ni, Li and Rb) are observed above
Namurian (undifferentiated) sandstones, siltstones and shales, as well as in soils above
siltstones and sandstones in the east of the study area including the Balrickard Formation
(Namurian sandstone and shale), Walshestown Formation (Namurian shale, sandstone
limestone), Denhamstown Formation (Silurian greywacke sandstone and siltstone) and
Clatterstown Formation (Silurian siltstone and sandstone). Low PCA loadings also occur in
soils above the limestones and shales located in the north east of the study area (i.e. Mornington
Formation, Crufty Formation, the Lucan Formation, the Loughshinny Formation (dark micrite
and calcarenite and shale), Clontail Formation (calcareous red-mica greywacke).
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There is a more subtle geospatial trend observable for the high ranking PCA elements;
specifically, highly ranked PCA elements have relatively low concentrations in soils above
bedrock groups 11 to 13 (11. Deep marine turbiditic sequence (mudstone, greywacke and
conglomerate), 12. marine greywacke and shale, Ordovician — Silurian) Moffat shale facies and
13. Navan group (dark-grey limestone, mudstone, sandstone and minor evaporite). To add, the
concentrations of these elements gradually increase in soils above bedrock units 6 to 8 (i.e. 6.
Marine, shelf and ramp facies (argillaceous dark-grey bioclastic limestone), 7. Waulsortian pale
grey massive limestone, 8. Basalt, trachyte, syenite, tuff and gabbro, dolerite and diorite, and

9. continental redbed facies).

In contrast, the lowest ranking loadings decrease in relative concentration above bedrock
groups 6 to 8 (i.e. 6. Marine, shelf and ramp facies (argillaceous dark-grey bioclastic
limestone), 7. Waulsortian pale grey massive limestone, 8. Basalt, trachyte, syenite, tuff and
gabbro, dolerite and diorite), and decrease in concentration above bedrock groups 10 to 12
(i.e. 10. Fluvio-deltaic and basinal marine (turbiditic) shale, sandstone, siltstone and coal),
11. Deep marine turbiditic sequence (mudstone, greywacke and conglomerate) and 12.
marine greywacke and shale, (Ordovician — Silurian) Moffat shale facies. The trends
described above indicate the presence of an inverse trend for elements grouped as high or
low ranking in the PCA results. There is clear preliminary evidence for elements within the
soil having an affinity and covarying above the various bedrock geology groups across the
midlands study area which will be elaborated at the end of the discussion section. Machine
Learning

The TELLUS midlands dataset is large enough to justify using machine learning (ML)
techniques to test if geogenic radon class can be predicted using topsoil geochemistry. Four ML
algorithms are tested, for Random Forest (RF), Logistic Regression (LR), Gaussian Process

Regression (GPR) and a control model.
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Model performance

The accuracy, precision, recall, f1-score and ROC-AUC results for RF, LR, GPR and the
control machine learning model are reported in table 5.3. The GPR model is the most accurate
(74.1%), followed by LR (73.9%) and RF (73.3%), although the accuracies of these models are
within uncertainty of one another (table 5.3). The GPR, LR and RF models are significantly

more accurate compared to the control model accuracy (50.2%).

Table 5.3 Accuracy, Precision, Recall, f1-score and ROC-AUC results for Random Forest, Logistic Regression, Gaussian
Process Regression and the control machine learning model. Values reported in parentheses ‘(' )’ refer to the standard
deviation.

Model type Accuracy Precision | Recall F1 - | ROC-
(Stdev) % score AUC
Random Forest 73.3 (4.3) 748 (4.4) | 73.3 72.9 0.81 (0.05)
(4.3) (4.5)
Logistic Regression 73.9 (3.6) 76.4(3.8) | 73.9 73.3 0.8 (0.04)
(3.6) (3.6)
Gaussian Process | 74.1 (3.6) 755(3.9) |74.1 73.8 0.81 (0.04)
Regression (3.7 (3.7)
Control 50.2 (2.8) 50.2 (2.8) | 50.2 50.2 0.5 (0.0)
(2.8) (2.8)

The average true positive, true negative, false positive and false negative results from each
model were used to compute a simplified confusion matrix (table 5.4). The type | and type Il
error percentages are reported in the parentheses in table 5.4. Type | errors (false positives)
represent samples that were mistakenly classified in a high GRP class. Type Il errors (false
negatives) occur when a model misclassifies a high-risk GRP sample as being in the low-risk

GRP class.
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The type I error is lowest in the LR model (22%), followed by GPR (23%) and RF (32%). The
control model has the highest rate of type | and type Il errors (49.9%). The RF model has the
lowest rate (23%) of type Il errors followed by GPR (29%) and LR (29.4%). Overall, the
percentage of correctly classified samples is consistently higher in the GPR model (73.9%), LR
(73.7%) and RF (72.8%) algorithms compared to the control model (50.1%) (table 5.4). Models
chosen for low type I errors would minimize the amount of resources spent on targeting low
geogenic radon areas which are mistakenly classified as high. Whereas a model with the lowest
type 11 error, would be the most effective for targeting areas associated with a higher geogenic
radon potential probability. There are pros and cons to using each model. However, the GPR

model overall has a stronger classification performance.

Table 5.4 Confusion matrix results for Random Forest, Gaussian Process Regression, Logistic Regression and a Control
model applied to classifying topsoil samples into Geogenic Radon Potential class 1 (representing an average 6.1% probability
of indoor radon concentration being above the 200 Bq m~ reference level) and class 2 (representing an average 16.9%
probability of indoor radon concentration being above the reference level). The asterix “*Type I’ refers to the percentage rate
of false positives, while “**Type I’ refers to the percentage rate of false negatives.

Model Confusion Predicted GRP class 1 | Predicted GRP class
matrix 2
Random Forest GRP class 1 13330 (68%) 6170 (32%) *Type
|
GRP class 2 4424  (23%) **Type | 15076 (77%)
I

Percentage of samples correctly classified: 72.8%

Gaussian Process | GRP class 1 13198 (77%) 3886 (23%)

Regression GRP class 2 6302 (29%) 15614 (71%)

Percentage of samples correctly classified: 73.9%

GRP class 1

Logistic Regression

12930 (77.8%)

3682 (22.2%)

GRP class 2

6570 (29.4%)

15818 (70.6%)
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Percentage of samples correctly classified: 73.7%

Control model

GRP class 1

13742 (50.1%)

13670 (49.9%)

GRP class 2

13498 (49.9%)

13570 (50.1%)

Percentage of samples correctly classified: 50.1%

Feature importance
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Figure 5.9 Feature importance for each of the four machine learning models, random forest, gaussian process regression, the
control model and logistic regression.

The feature importance is calculated for each of the four models using sklearn libraries in

python (fig.5.9). The LR, RF and GPR models show a pattern of elements that rank among the

most important features in at least two models (fig.5.9); these elements include Y, Tl, Mn, Sc,

Ba, Sh, Th, Cr and Ca. Some elements are ranked as important features in individual models.

For instance, random forest also ranks Pb, U, Zn, Sr, P and Zr among the important features,

gaussian process regression additionally ranks Co, Cu, Be highly, whereas logistic regression

includes Al, Rb, Li among its most important features (fig.5.9). There are several elements
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which are consistent with ANOVA results showing positive correlation to geogenic radon class
such as Cr, Co, Y, TI, Al, Rb, Sr, Se. Furthermore, the feature importance results output
elements that consistently covary and correlate together on univariate and multivariate analysis;

reinforcing that the topsoil geochemistry is intrinsically linked to geogenic radon variation.

5.3.3 Irish midlands (TELLUS) - regional data used to test local scale data from
Castleisland Co. Kerry.

The Irish midlands topsoil dataset was adjusted to contain only the elements present in the
Castleisland, Co. Kerry dataset; in order to test the viability of using a model trained on regional
scale data from the Irish midlands, to test topsoil data from a different geological region in
Castleisland, Co. Kerry. Two of the highest accuracy machine learning models, logistic
regression and Gaussian process regression are chosen for this purpose (table 5.5). The same

ML process is followed using 5-fold spatial cross-validation repeated 10 times.

Model performance

The average model performance of logistic regression and Gaussian process regression is
marginally less accurate when omitting elements that are not present in the Castleisland dataset
(table 5.5). However, the average model performance is still within standard deviation of the
models trained using the complete TELLUS dataset. The ROC-AUC is greater than 0.8 for both
logistic regression and Gaussian process regression (supp.matt 7.2.15). To add, the rate of type
I and type Il errors and percentage of correctly classified samples are within margin of the

models trained using the complete TELLUS topsoil geochemistry dataset (table 5.6).

Table 5.5 Accuracy, Precision, Recall, f1-score and ROC-AUC results for Random Forest, Logistic Regression, Gaussian
Process Regression and the control machine learning model. Values reported in parentheses ()’ refer to the standard
deviation.

Model type Accuracy Precision | Recall F1 - | ROC-

(Stdev) % score AUC
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Logistic Regression 72.3 (5.3) 75.2(8.1) |72.3 71(7.5) | 0.8 (0.06)
(5.3)

Gaussian Process | 73.1 (4.9) 749 (4.3) | 731 72.5 0.81 (0.05)

Regression 4.9 (5.5)

Table 5.6 Confusion matrix results for Random Forest, Gaussian Process Regression, Logistic Regression and a Control
model applied to classifying topsoil samples into Geogenic Radon Potential class 1 (representing an average 6.1% probability
of indoor radon concentration being above the 200 Bq m reference level) and class 2 (representing an average 16.9%
probability of indoor radon concentration being above the reference level). The asterix “*Type I’ refers to the percentage rate

of false positives, while “**Type Il refers to the percentage rate of false negatives.

Model Confusion Predicted GRP class | Predicted GRP class
matrix 1 2

Gaussian Process | GRP class 1 13170 (75.4%) 4298 (24.6%)

Regression GRP class 2 6330 (29.4%) 15202 (70.6%)

Percentage of samples correctly classified: 72.7%

Logistic Regression

GRP class 1

12208 (78.7%)

3308 (21.3%)

GRP class 2

7246 (31%)

16146 (69%)

Percentage of samples correctly classified: 72.9%

Feature importance
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Figure 5.10 Mean feature importance from models trained on TELLUS Midlands shallow topsoil geochemistry limited to
elements measured in Castleisland Co. Kerry. (a) Logistic regression (LR) and Gaussian process regression (GPR).
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Both logistic regression and Gaussian process regression models include elements Al, La, Cr
and Mn among the most important features (fig.5.10). Logistic regression also ranks K, Sh, Ba
and Cu highly; whereas Gaussian process regression also includes Sc, Th, U, V and Ca as

important features (fig.5.10).

Comparing the TELLUS ANOVA results (supp.matt. 7.2.10) with the importance features
above demonstrates that the commonly ranked elements (Cr, Al, La and V) are relatively highly
correlated to geogenic radon. GPR includes more elements correlated to geogenic radon (Th,
Sc and V)) than the LR model , when only considering the elements ranking in either LR or
GPR. Several elements such as La, Ba, V, U, Cu, Sb are consistent with elements highly
correlated with soil-gas radon in Castleisland, Co. Kerry. To add, the important features Ca, K,
Th and Cr are negatively correlated with soil-gas radon measured from Castleisland, Co Kerry.
The result of certain elements consistently reoccurring when testing for geochemical link to
geogenic radon demonstrates that the geochemical composition of soil may be indicative of
geogenic radon class. Specifically, if there is a relatively higher concentration of radon-prone
elements (i.e. La, Ba, U, V, Cu, Sb) in a soil sample then the soil may be acting as a source of
radon. Conversely, if elements negatively correlated to geogenic radon (i.e. Ca, K, Th, Cr) are
present in higher concentrations in the soil then it would be expected that the soil geochemistry

is not acting as a source of radon.

Model verification

The Castleisland topsoil dataset was tested on the highest accuracy model which is the Gaussian
process regression model (73.1%). To elaborate, topsoil samples from Castleisland were input
to the model where each sample was assigned to class 1 or class 2 according to the Gaussian
process regression model trained using the TELLUS midlands topsoil geochemistry. The
average soil-gas radon for the Castleisland topsoil samples predicted to be in class 1 or class 2
are significantly different, 74.8 k Bqm= and 174.4 k Bqm respectively (supp.matt 7.2.16). The
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aforementioned result indicates that a model trained using data from a certain geological region,
(i.e. Irish Midlands), can be extrapolated and used to classify soil samples collected from a
different geological region, (i.e. SW Ireland). However, the model could be improved since it
only obtains 73.1% accuracy and misclassification occurs as reported in the confusion matrix

(table 5.6).

Geochemical soil samples indicate if the soil is prone to being a source of radon. Local and
regional scale topsoil geochemistry is investigated for its viability as a geogenic radon mapping
technique. The soil geochemistry is analysed for indications of radon-prone elements being
statistically and spatially associated using PCA, cluster analysis and machine learning

algorithms including random forest, logistic regression and Gaussian process regression.
Geological meaning of affinities

The affinities between shallow topsoil geochemistry and geogenic radon potential across the
Irish Midlands is influenced by different geological processes. At any given location, the
geochemistry of each topsoil sample is an integration of previous processes involved in rock
formation, weathering processes, glacial processes and soil formation processes, and possibly
anthropogenic processes. It is important to highlight that affinities between elements can change
if chemical and physical parameters change. Starting from formation of bedrock geology areas
underlain by the Leinster Granite are geochemically influenced by magmatic differentiation
and crystal fractionation processes. For example, minerals formed in the Leinster Granites (Co.
Wicklow SE Ireland) include muscovite ((KAI2(AlSiz010(0H)2)), microcline (KAISiz08),
plagioclase feldspar ((Ca, Na)(AlSizOs)), pyroxenes ((Mg, Fe, Li, Ca, Na,)(Al, Fe, Cr, Ti, Mg,
Fe, Mn)(Si, Al, Fe)20e) and accessary minerals tourmaline
((Ca,K,Na)(Al,Fe,Li,Mg,Mn)3 (Al,Cr,Fe,V)s(BO3)3(Si,Al,B)sO18(OH,F)), apatite (Cas(POa)),

zircon (ZrSiO4), titanite (CaTiSiOs), cassiterite (SnOz), beryl (BesAlzSisO1s) and rutile (TiOy)
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(Bruck, 1968; O’Connor and Briick, 1978; Roycroft, 1989). Sunsequent residual magmas of
the Wicklow granites (SE Ireland), with possible addition of water, produced the Leinster
pegmatites with lithium rich minerals that have distinct geochemical signatures compared to
the granitoids; including spodumene (LiAI(SiOs)2), muscovite, alkali feldspar (K,Na)AISizOg),
microcline and high concentrations of Li, Rb and Cs (Barros and Menuge, 2016; Luecke, 1981).
The above minerals formed during development of the Leinster Granite highlighting that certain
elements covary together (i.e. Li and Rb in spodumene, Li, Al, V, Na, Cr, in tourmaline, Ca and
P in apatite, Be and Al in beryl), in magmatic environments. Subsequent chemical weathering,
glacial processes, and soil formation processes may modify geochemical signatures in soil
minerals which contain components of Leinster Granite lithologies. For instance, TELLUS
Midlands topsoils include areas underlain by the Leinster Granite and associated pegmatites,
however the covariation between alkali metals Li and Rb (Pearson r value 0.73) or transition
elements Cr and V (Pearson r value 0.85) found in the topsoils is not diagnostic of the Leinster

Granite.

To elaborate, lithium and rubidium can be adsorbed to clay surfaces in shales or incorporated
by isomorphous substitution of magnesium or iron; and is retained during diagenetic process
changing kaolinite (Al2Si205(0H)a4) to illite
((K,H 30)(Al,Mg,Fe) 2(Si,Al) 40 10[(OH) 2(H 20)]) or chlorite
((Mg,Fe) 3(Si,Al) 40 10(OH) 2:(Mg,Fe) 3(OH) 6) in marine environments (Horstman, 1957;
Reynolds Jr, 1963; Starkey, 1982). Whereas, in granitoids, Li and Rb relate to the fractional
crystallisation of residual magmas creating Li, Rb enriched spodumene and lepidolite minerals
(Barros and Menuge, 2016; Horstman, 1957; Liu et al., 2022). Considering the Li and RDb
correlation with high geogenic radon in the Midlands study area is located above limestone and

shale Formations, it’s reasonable that the covariance of Li and Rb is related to clay minerals
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within shales or impure limestones. However, an investigation of the mineralogy present in the

topsoils would be necessary to confirm this hypothesis.

It is possible that physical weathering and leaching of the granites could be the potential source
of Li, Cs and Rb covariation observed in the high geogenic radon regions (i.e. above the bedrock
Formations in the east of the study area and in tills derived from limestones and tills derived
from Silurian and Namurian sandstones and shales). It’s possible these [Li, Rb, Cs] element
affinities within soils correlating to higher geogenic radon potential areas are due to clay
minerals illite and chlorite, which are reported to incorporate traces of radon precursor elements
uranium and radium by adsorption in phosphorous-rich environments (Benedicto et al., 2014;

Kim et al., 2017; Liao et al., 2020; Mei et al., 2022; Ticknor, 1998).

Confirming the geological meaning of element affinities within the topsoil would require
knowing the minerals present, along with petrographic microscopy to identify textures and
characteristics of minerals, to gain insight to the geological processes and controls responsible
for the geochemical affinities. Elements can covary together within minerals that form in
different lithological settings. For example, chlorite can be found in relation to sedimentary
(e.g. adsorption with sandstone and clay deposits), igneous (e.g. hydrothermal chlorite
alteration of phyllosilicates including biotite) and metamorphic processes (e.g. greenschist
formation) (Liao et al., 2020; Murakami et al., 1996; Worden et al., 2020; Zane et al., 1998).
Future research using XRD to determine mineralogy content would be necessary to progress
understanding of the geological processes influencing covariations between topsoil elements,

and their relation to the geogenic radon.

The affinity between Co with Ni (0.85), Cr (0.68) and V (0.62) in high geogenic regions could
be related to sulphide, ferromagnesian and oxide minerals. For example, Ni and Co can covary

together in Siegenite ((Ni,C0)3Ss), pyrrhotite (Feu-xS) or pentilandite ((Fe,Ni)sSs) as

178



stoichiometric lattice substitutions in hydrothermal sulphide deposits or Ni, Co, along with Cr
and V can be adsorbed onto fine-grained inorganic particles (Jansson and Liu, 2020; Kovalev
etal., 2014; Loring, 1976). As such, it is possible for covariances between Ni, Co, V, Cr and V
to form as a result of different geological processes. However, considering the geology
underlying Co, Ni, V and Cr covariances is dominated by sedimentary lithologies, it is likely
the [Co, Ni, V, Cr] affinity relates to sedimentary processes, namely adsorption onto clay
Formations or shale layers within limestones. However, the Navan Zn-Pb deposit in Co. Meath,
that formed as a result of hydrothermal sulphides interacting with carbonate host lithologies,
could contribute to the Co, Ni and Fe affinity (Ashton et al., 1980; Johnston et al., 2013; Marks
et al., 2017; Yesares et al., 2019). The latter highlights that heterogenous geological processes
across the Midlands study area could be contributing to the affinity between elements.
Considering the primary lithologies that underly high geogenic radon areas are sedimentary,
the covariance between Cr, V, Co and Ni are more likely explained by sedimentary processes,
such as adsorption onto fine grained detrital particles. As such, it is important to consider that
covariance of element pairs are influence by a range of different geological processes, and that
it is not always possible to link covariance of elements in soil with that of the underlying

bedrock geology (especially without mineralogical and petrographic data).

The PC1 Score map superimposed in the 1:100k bedrock map (figure 5.7) displays an affinity
between high loadings (red on figure 5.7) in soils located above various limestone lithologies
in the west of the Midlands study area including the Ballymore limestone Formation (Dark fine-
grained limestone and shale), Undifferentiated Visean limestones and the Boyle Sandstone
Formation (Sandstones and red-green conglomerates), and the highest PC1 loadings above the
Galway granites, the Wicklow granites (figure 5.3). The affinity between low geogenic radon
potential and high PC1l loading elements, including Se, S and Hg may be caused by

heterogeneous mineralization processes linked to underlying bedrock geology.
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For instance, Se, S and Hg can mineralise as HgS (metacinnabar) — HgSe (tiemannite) series in
volcanogenic/seafloor massive sulphide environments (Belogub et al., 2020; Fallon et al., 2019;
Liu et al., 2017; Vasil’ev, 2011). To add, selenium can occur in significant quantities in pyrite
(FeS»), ferroselite (FeSez) marcasite (FeS>), and clausthalite (PbSe) related to shale or sandstone
deposits with sulphide mineralisation, where Se commonly substitutes for S (Coleman and
Delevaux, 1957; Long et al., 2016; Ryser et al., 2005). However, the affinity [of Se, Hg, S] in
soils above the Galway and Wicklow granites is likely related to weathering of iron-rich or
selenide minerals (i.e. biotite (K(Mg,Fe)zAlSizO10(F,0H).), ferroselite (FeSe.), tiemannite
(HgSe)) (Howard 111, 1977; lida et al., 2011; Koljonen, 1976; Malisa, 2001; Wells, 1967). The
Se, S and Hg affinity in soils above the Ballymore Limestone Formation or Boyle Sandstone
Formation, in the west of the TELLUS Midlands, is likely related to sedimentary processes of
adsorption onto fine-grained particles or sorption onto certain minerals during diagenesis,
within shale, sandstone or limestone Formations (lida et al., 2011; Long et al., 2016; McGrath
et al., 2008; Naftz and Barclay, 1991; Ochoa-Gonzélez et al., 2013; Wells, 1967). Selenium
enrichment is reported for the Namurian shales in Ireland, along with covariation of selenium
with radon precursor uranium and trace elements Cu, Cd, Ni, Co, Mo and Te (Armstrong et al.,
2019; Gallagher et al., 2022; Parnell et al., 2016). Black shales from other Formations report

enrichment in Se, Hg, Mo and U (Jiang et al., 2006).

The anomalously high soil-gas radon in the Castleisland study area occurs in soils above the
Clare shales and in the proximity of till derived from Namurian Sandstones, Siltstones and
Shales (Banrion et al., 2022). The affinity between Mo, Ba, V, Cu, U, Sb, P and La in soils from
the high soil-gas radon area in Castleisland, is reasonably related to the underlying Clare Shale
bedrock lithology. Phosphate deposits containing collophane (Ca s(PO 4) 3. (OH,F,Cl)) and
fluorapatite (Cas(POa4)3F) minerals within the Clare Shales may explain the covariation of

phosphate with the area of extremely elevate soil-gas radon (MacDermot et al., 2003). The
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Namurian shales are reported to contain enrichments of redox-sensitive elements including V,
U, Cu, Ba and Mo (Armstrong et al., 2019; Jones and Plant, 1989; Park et al., 2010; Thomson,
1971). Black shales from other Formations contain enrichments of Mo, Cr, U, V, Sbh, Cu, Ba,
Y, Sr and La (Armstrong et al., 2023; Fan et al., 2004; Fyffe and Pickerill, 1993; Jiang et al.,
2006; Yu et al., 2003). The anomalously high soil-gas radon in Castleisland correlates with
elevated U concentrations up to 37.2 mg kg, which is considerably higher than the 2 mg kg™
median value for the Castleisland study area (table 7.2.1). The occurrence of uranium in black
shales can be simplified to two process (a) the deposition of uranium in the ocean and (b) the
redox-conditions of the ocean influencing U sorption (Partin et al., 2010). The affinity for U
with Mo, V, Sb, Ba, P, Cu, Sr, and La likely relates to their tendency to accumulate under anoxic
conditions in Black Shale Formations (Algeo and Maynard, 2004; Elbaz-Poulicheet et al., 1997;

Jiang et al., 2007; Mehta and Kocar, 2019; Wang et al., 2023; Zhongcheng and Guizhi, 1991).

Soil-gas radon samples with the lowest concentrations were collected from till derived from
limestones and above various limestone lithologies, including the Rockfield limestones and
Waulsortian limestones (Banrion et al., 2022). The covariance of Mg, Al, Fe and Na in the low
soil-gas radon areas is likely related to clay or silicate minerals resulting from carbonate
weathering including smectite ((Ca,Mg)oss + Al2 Sizer Aloss O OHz), kaolinite
(Al4Si4010(0H)8), goethite (FeO(OH)) or glauconite ((K,Na)(Fe,Al,Mg)2(Si,Al)a010(0OH)2)
(Massoud et al., 2023; Robinson, 1980; Ross and Hendricks, 1945). Trace minerals including
chlorite ((Mg,Fe) 3(Si,Al) 40 10(OH) 2:(Mg,Fe) 3(OH) ¢), albite (NaAISizOsg) and halite (NaCl)
have been reported for Limestone Formations which could further explain the affinity of these
[Mg, Al, Fe, Na] elements in areas underlain by Carboniferous limestones in the low soil-gas
radon area of Castleisland (Carroll and Hathaway, 1953; Decima et al., 1988; MOLENAAR

and de JONG, 1987; Wunsch et al., 2014).
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To conclude, heterogenous geological controls exists across the two perspective study areas
(TELLUS Midlands and Castleisland, Co. Kerry), which contribute to geochemical affinities
within the topsoil samples and their link to geogenic radon variation. In the Midlands study
area, certain lithologies are more dominant, i.e. Devonian (Galway and Wicklow) granites,
Variscan limestones/Lucan Formation/Waulsortian limestones/Namurian and  Silurian
sandstones and shales, However, there are distinct differences in geological processes involved
in the formation of these different rock types, and there are potentially different controls on
processes influencing topsoil geochemistry occurring at local scales within the study area i.e.
spatially restricted enrichment in Pb-Zn. Due to the fact that areas of high geogenic radon in
the TELLUS Midlands are not spatially associated with the Leinster and Galway granites, it
can be deduced that geological controls on topsoil element covariances to geogenic radon risk
are most likely dominated by sedimentary processes. Specific mineralogical analysis, i.e.
petrography and provenance studies, on bedrock and soil samples from the two perspective
study areas is necessary to verify the geological processes influencing topsoil geochemical

affinities and their link to geogenic radon flux.

Limitations

There are some discrepancies between the feature importance from various models,
highlighting that the feature importance may be calculated slightly differently depending on the
model type. For example, random forest calculates important features using information from
the mean decrease gini/impurity decrease of each feature; whereas, linear models utilize
coefficients from each input variable. Although the machine learning algorithms explored in
this study show promising results for future model development, the model results are based on

the average results of multiple iterations of spatially cross-validated data. Ideally, only one
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model should be used for identifying radon-prone soil samples. However, the results presented
in this study show that machine learning techniques applied to soil geochemistry provide a

viable alternative for understanding radon risk.

5.4 Conclusion

Exposure to indoor radon gas is a major contributor to lung cancer globally (Gaskin et al., 2018;
World Health Organization, 2009), and it is in interest of human wellbeing to provide rigorous
research aimed at understanding natural radon distribution. Considering soil-gas is the main
contributor to indoor radon, our study sets out to investigate if topsoil geochemistry (a) share a
correlation with geogenic radon, and (b) if radon-prone elements covary together geospatially
at local and regional scales. Multiple methods of analysing data are used to investigate the
extent topsoil geochemistry can be used to understand geogenic radon distribution. Elements
that are relatively more correlated with geogenic radon consistently group together when
comparing PCA and cluster analysis results for both local scale (Castleisland, Co. Kerry) and
regional scale data (TELLUS Midlands). The feature importance from several machine learning
algorithms designed to test the relation of topsoil geochemistry to geogenic radon, reinforce the
hypotheses that topsoil geochemistry can be indicative of geogenic radon. In particular, Y, U,
Ba, V, La, Sb, Mo, Cu are elements commonly associated with elevated geogenic radon at local
and/or regional scales. Additionally, Ca, Na, K, S are among elements frequently negatively
correlated with geogenic radon. The results demonstrate the value that local and regional topsoil
geochemical surveys can have in determining radon prone areas. The analytical approach used
in this paper contributes a robust and novel method for extracting useful information from
topsoil geochemical data. Machine learning results demonstrate a rigorous method for testing
and interpreting large datasets (> 1000 samples) applied to geogenic radon studies, although
the methodologies are also applicable to other areas of research such as resource exploration

(i.e. topsoil geochemistry applied to predicting underlying bedrock opposed to geogenic radon).
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Overall, this study contributes to the understanding of geogenic radon distribution in that topsoil
geochemistry varies geospatially in relation to geogenic radon. As such the methods presented

here can be used to map and investigate if an area is prone to geogenic radon.
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Chapter 6

Synthesis

6.1 Summary

The primary research objectives of this thesis are to

(d) Develop a decision matrix for radon mapping and modelling for the non-specialist, which
takes into account different possible available datasets, and the possible intended purposes
of mitigation measures.

(e) Investigate the use of radon potential and soil geochemistry in determining the radon risk
of a small area (Castleisland, Co. Kerry). Secondary objectives are to assess the assigned
legislative radon risk designation, and investigate the source of radon anomalies in the area.

(F) Develop novel statistical and modelling methodologies to utilise legacy soil geochemistry

and geological map datasets for regional or national scale radon mapping or modelling.

The main contribution of this thesis can be compartmentalised to six findings:

Finding 1: Decision making tools: there are various reasons and methods for mapping radon
prone areas. With regard to radon, the primary aims of EU legislation and Irelands Building
Regulations are to mitigate the harmful effects (i.e. lung cancer) caused by long term radon
exposure. As such, strategies for attenuating radon exposure are designed to reduce the amount
of natural radiation received by (a) individuals and (b) the collective. Distinct radon maps are
appropriate depending on the specific scenario for producing the map. The third chapter
demonstrates the various common radon mapping techniques (probability, average, collective
dose) and contributes decision-making tools to efficiently determine which map is most
appropriate depending on the purpose as well as the data available. To add, it is beneficial to

map radon using geological methods considering geogenic radon quantifies the amount of radon
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available to become indoor radon regardless of building type (i.e. house, workplaces); which is

significant when planning actions to reduce radon depending on building type.

Finding 2: The spatial resolution adopted for radon mapping can have a significant impact on
the areas estimated to be radon prone. For example, fig.3.2a in chapter 3 demonstrates that the
smallest spatial resolution (1 x 1 km grids) allows for the highest precision and detailed spatial
variation, when determining radon prone areas. Whereas the larger areas (i.e. county
administrative units (fig.3.2f)) results in the least precise representation of radon in the area. In
contrast, a map with geological data integrated allows for the spatial variation of radon to be
represented more accurately; especially considering the spatial information provided by
geological databases allows radon risk to be determined in areas that lack indoor radon data.
The spatial resolution used for radon mapping should be carefully considered since the
resolution can result in discrepancies in assigned radon priority areas even if the exact same

dataset is used.

Finding 3: Geological processes underpin the radon distribution in Irelands highest known
indoor radon region around Castleisland Co. Kerry. The geogenic method used in chapter four
follows a series of analysis integrating soil-gas radon, soil-permeability and indoor radon
compared with maps of bedrock geology and Quaternary geology. The indoor radon
concentration variation attributed to geogenic factors is 34% with soil-gas radon as the main
contributor (16%). Whereas bedrock geology accounts for 39% of soil-gas radon variance.
Spatial association of black shales (the Clare Shales) with extremely high indoor radon and soil-
gas radon values indicate that these black shales may be providing the geochemical composition
for the overlain soils to act as source of radon. Furthermore, the soil depth is very shallow (<30
cm) above the Clare shales in the location of the highest soil-gas radon measurement;
reinforcing that the bedrock in this specific area may have a greater influence on the soil
geochemical composition.
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Specifically, samples collected above the Clare shales contain the highest geogenic radon
potential (1778) and soil-gas radon (>1443 k Bq m=) measured in the study area which
corresponds with Irelands highest indoor radon measurement (65,000 Bq m3). There is a clear
spatial correlation of extremely high soil-gas radon and the underlying Clare shales bedrock.
Despite the latter, the new EPA radon map delineates the area above the Clare shales as having
the lowest probability of houses containing indoor radon levels over the reference level (200
Bg m3). The inconsistency between the maps produced in this thesis and the new EPA map
highlight the importance of examining the designated radon potential of geological parameters
when producing a radon map; for example, correctly assigning the radon potential of a bedrock
lithology. To elaborate, when using any geological map to model radon, it is paramount all
parameters are assigned a value/category that reflects their ability to either be a source of radon

or provide a transport mechanism for gas to reach the Earth’s surface.

Examining the variation of soil-gas radon above structural geology features, like faults and
karstic bedrock, signifies subsurface deformities may be exploited by radon gas to move within
the local area. The latter is a significant sub-finding as it underscores that an area underlain with
soils that don’t act as a source of radon can still be prone to higher radon levels depending if
there is a source within reasonable distance and a pathway for the radon to reach the receptive
area. The natural transportation of radon gas through subsurface structures is the likely cause
of soil-gas samples collected above limestone lithologies having a mean of 57 k Bq m, with
values elevated near karstic springs (>100 k Bg m®) and reaching up to 472 k Bq m™ in the
proximity of faults. In comparison, soil-gas radon above limestone lithologies reported in the

peer-reviewed literature is typically less than 40 k (Kikaj et al., 2016; Swakon et al., 2005).

Furthermore, the results in this thesis underline the importance of local scale studies to verify
and improve regional scale models. Local scale studies are important to verify regional scale
models because although we can reasonably, with expert advice, use regional geological data
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to model radon, it is best to use primary data that directly measures radon. Understandably, it
is more time and cost efficient to adopt proxy datasets that are already available at national
scales to model radon prone areas. However, it would be best practice to verify a large-scale
model with strategic and localised research; as there may be exceptions to the model as there is

in the case of the Castleisland area.

Finding 4: The mapping approach outlined in chapter 4 is efficient and tactical at investigating
the radon potential at local scales. Measuring the geogenic radon potential (i.e. soil-gas radon
and soil permeability) is a rapid method to determine the availability of radon to the earth
surface. The approach of strategically designing a survey area to include samples collected
above various geological features is proven to be effective at determining the geological impact
on radon variations as well as the distribution of radon in an area. Explicitly, the method of
sampling over several geology classes as outlined from the available geological maps for the
area (fig 4.2), and measuring in a systematic manner (i.e. target sample from each corner and
the centre of 500 m? grid cells) allows for a spatially distributed and representative dataset to

be obtained.

The mapping procedure adopted in chapter 4 goes further than monitoring the radon
concentration in the subsoil gas and aims to investigate if the spatial distribution of soil-gas
radon is statistically associated with geological boundaries. Such a method could be adopted to
investigate radon variation in other areas; and if research is conducted over representative
bedrock/quaternary geology types, then results could be extrapolated to other areas with similar
geology in order to direct resources/research towards areas that may be at risk to higher radon
levels. From the results of this thesis, it is a reasonable interpretation that other areas in the
proximity of black phosphatic shales are prone to radon; especially if there are structural

transport mechanisms for radon in the subsurface or if the depth to bedrock is relatively shallow.
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Finding 5: The soil geochemistry is statistically linked to radon variation. Chapter 5 examines
the covariance and correlation of topsoil geochemistry in relation to radon. Specifically, r?,
Pearson r and ANOVA results indicate the relative correlation of up to 47 elements with
geogenic radon. Elements including La, V, Ba, Sr, U, P, Cu, Mo and Cr are deemed radon prone
from the Castleisland dataset (i.e. r? values range from 0.21 — 0.5 and Pearson r values between
0.46 — 0.62). Whereas, elements including S, Cr, Ni, Co, V and Zr explain the geogenic radon

variance in the region by ca. 15-30% when investigating the TELLUS midlands dataset.

In addition, the covariance tests demonstrate how the radon-prone elements covary together
while non radon-prone elements also share a distinct covariance. Explicitly, Principal
Component Analysis (PCA) and cluster analysis of the Castleisland dataset depict elements La,
V, Ba, Sr, P, Cu, U, Mo and Sb covarying together (figure 5.2). To add, the elements that least
correlate (Mg, Ga, Fe, Na, Sc, Ni and Al) to soil-gas radon also covary together. A similar
pattern of radon-prone elements covarying together is also found when using the regional
TELLUS midlands dataset. Distinctively, some of the radon-prone elements (i.e. Y, La, V, Cr,
Ce and Co) group together on both the cluster analysis and PC1 vs PC2 biplot (figure 5.7).
Whereas, non radon-prone elements (i.e. Na, Se, Ca, Hg, Pb, Sh, Sn and Bi) also distinctly
group together on the cluster analysis and PCA biplots. The aforementioned results reinforce
the hypothesis that elements correlated with geogenic radon are also associated with each other.
Consequently, understanding the spatial variance of radon-prone elements in the earth surface
can advance our understanding where radon prone areas may be located. Indirectly, the research
elaborated in chapter 5 adds to the value of national soil geochemical surveys which can also

be utilised for environmental strategies to mitigate radon.

Subsequently, the TELLUS midlands topsoil geochemistry dataset is trained and tested on
several machine learning (ML) models to investigate the relation of topsoil geochemistry and
geogenic radon. Explicitly, four algorithms (Gaussian process regression, logistic regression,
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random forest and a control model) are adopted to examine the feasibility of using a machine
learning approach to model radon. Aside from the control model, the ML models resulted in ca.
74% accuracy and ca. 76% precision with ROC-AUC values above 0.8. The feature importance
results from the ML models depict a range of elements (i.e. Y, Tl, Be, Ba, La, V and U) that are
positively correlated with geogenic radon. Furthermore, the ML models also identify several
elements (Sh, K, Ca and Pb) that least explain the variance of geogenic radon.The preceding
results further underpin the hypothesis that it is feasible to use soil geochemistry to understand
the spatial variance of geogenic radon. To elaborate, the pattern of radon prone elements
consistently grouping together in various types of analysis (correlation, covariance,
classification/regression) augments the theorem that these elements are indicative of higher

geogenic radon.

Finding 6: The modelling approach used in chapter 5 demonstrates a robust method for
investigating topsoil geochemical link to geogenic radon at local and regional scales.
Conducting a range of correlation and covariance tests (i.e. Pearson r, r?, ANOVA, cluster
analysis and principal component analysis) allows for (a) elements correlated to geogenic radon
to be identified and (b) the relationship between elements correlated to geogenic radon to be
distinguished. Comparing the multivariate analysis results (i.e. PCA and cluster analysis) with
univariate modes of analysis (i.e. Tukey plots, r?) gives insight and allows verification of trends

between elements correlated with geogenic radon.

Furthermore, the machine learning (ML) algorithms explored in chapter 5 of this thesis
demonstrate the potential ML can have for modelling radon. Specifically, the highest accuracy
ML models, logistic regression (73.9%) and Gaussian process regression (74.1%) correctly
rank elements (TI, Y, U, Ba, V, La, Sb, Mo, Cu) correlated to geogenic radon (from r? and
ANOVA results). Model verification was investigated by testing the Castleisland topsoil dataset
on the Gaussian process regression model trained using the TELLUS midlands data. In
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consequence, the average soil-gas radon was calculated for the samples predicted to be in a (a)
high GRP class and (b) low GRP class. On average, the samples predicted to be in the low GRP
class were substantially lower (74.8 k Bgm3) when compared to samples predicted to be in a
higher GRP class (174.4 k Bgm=). Overall, results from both local and regional scales
demonstrate that there is a statistical association of elements within the topsoil samples and

geogenic radon.

Furthermore, machine learning techniques are particularly promising for processing
substantially large (>4000 samples) soil geochemical datasets. Machine learning techniques
like gaussian process regression and logistic regression are powerful algorithms that can aid in
determining the elements that influence geogenic radon. The range of univariate, multivariate
and machine learning techniques utilized in chapter 5 is effective at distinguishing radon prone
elements within the topsoil. Multivariate analysis is undoubtedly effective in aiding
interpretation of intrinsic processes for relatively large datasets. However, univariate analysis
is still a rudimentary and a useful tool for validating results from multivariate analysis. The
aforementioned results reiterate the robustness of the overall methodological process followed

in chapter 5.
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6.2 Suggested further work

6.2.0 Geogenic radon surveys over other areas in Ireland with black shales.

Considering the anomalously high geogenic radon occurring over the parameters of the black
shales in Castleisland, the foremost suggested further work would be to conduct in situ research
in other areas underlain by black shales in Ireland. The presence of black shales are reported in
Co. Cork, Co. Kerry, Co. Clare and Co. Leitrim in the west and north-west (Armstrong et al.,

2019; Brandon, 1972; Wignall et al., 2016).

6.2.1 Airborne radiometric survey

The concept originally behind chapter 5 was to test and compare the feasibility of using
different geogenic datasets (topsoil geochemistry and aerial radiation monitoring (ARM)) for
mapping radon risk at a local scale. A data collection survey was planned involving an
unmanned aerial vehicle (UAV) (aka drone) with an attached CeBrz scintillation radiation
detector and a Nal detector. To elaborate, the feasibility of applying airborne radiometric data
(equivalent 2¥*Bi, 232Th and #*®U) for mapping geogenic radon was going to be tested. The
method would serve as a comparison to the topsoil geochemical results for accuracy, efficiency

and precision.

The main aim of the UAV investigative approach was to validate the practicality and efficiency
of aerial radiation monitoring applied to local areas with suspected high radon anomalies. Sub-
aims include assessing ARM survey data for statistical and spatial correlation with geological
parameters (i.e. TELLUS airborne radiometric surveys (***Bi, 2%2Th and 2*8U) bedrock geology
and Quaternary geology). The possible discrepancies between the TELLUS airborne
radiometric data (collected in 200m lines) and the UAV survey (aimed to be collected in 50m
lines) would be investigated for the Castleisland area. Any statistical correlation of UAV data

and major and trace elemental data would be verified.
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However, the Covid-19 pandemic lockdowns resulted in major delays securing the drone
equipment. Instead, a handheld gamma ray detector (GT-40) was obtained and the field survey
was completed in June 2021. The GT-40 survey resulted in a low resolution geogenic radon
map (Appendix B: 8.1). There are correlations with soil-gas radon and bedrock geology as seen
from the tables and figures included in appendix B. Despite the aforementioned results, we
thought the research could bring more value by aiming to scientifically extrapolate a geogenic
radon modelling method to other geological regions as opposed to validating a radon mapping
technique applied to the same 6 km? local area around Castleisland. As such, it was decided to
reiterate the modelling method using topsoil geochemistry on regional scale data obtained from

the GSI TELLUS midlands survey as elaborated in chapter 5.

6.2.2 Radon transport in water.

Understanding the structural groundwater characteristics are relevant to understanding radon
distribution and transport mechanisms in the subsurface. Radon is slightly soluble in water and
can be transported dozens of kilometres in groundwater (Crandall et al., 1999). Research
conducted by (Elio et al., 2017) reported that the probability of indoor radon is partially
dependent on the type of aquifer system. For example, regionally important karst aquifers
contributed the highest probability of a house having elevated indoor radon compared to the
other aquifer types; whereas regionally important sand/gravel aquifers contributed the lowest

probability of a house having elevated indoor radon (Elio et al., 2017).

Further research could involve measuring the ratio of radon and thoron concentrations within
the ground water to determine if the aquifer system is contributing to the transportation of radon
in the Castleisland study area. Knowing the radon and thoron ratio in the groundwater will
determine if radon (if any) in the groundwater is sourced from more than 55.6 seconds (thoron
half-life) away. There will be uncertainty to the distance which the water has travelled in 56.6
seconds and as such, this experiment will only be able to conclude with certainty the presence
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of radon in the ground water. Further extrapolations would carry little certainty unless

thoroughly investigated.

In theory, the role of karst limestone could be investigated by calculating the Reynolds number,
the hydraulic head, and velocity of water flow (using Darcy’s law), as well by measuring the
drawdown of a pumping well. However, the equations associated with these calculations carry
important assumptions. For example, Darcy’s law assumes that the flow is laminar opposed to
turbulent, that the flow is steady and that the testing temperature is 27 degrees Celsius among
additional assumptions. These make calculating the accurate groundwater flow velocity more

intricate especially if the aquifer is not homogeneous, as is true for karst aquifers.

Hypothetically, further research could include a more in-depth study of the groundwater
behaviour. A tensiometer would be used to measure the soil moisture content to better
understand the relative drainage capabilities of the soil cover in the study area. A better
understanding of the drainage in the study area could be obtained by measuring the spontaneous
potential of the earth surface (Artugyan and Urdea, 2015). The spontaneous potential would be
measured using a voltmeter, this technique typically involves placing one of two electrode
probes into the soil and the other down a borehole or in a sinkhole. The spontaneous potential
can give insight to many parameters including bed thickness, resistivity of a permeable bed and

resistivity of mud.

There is one well-known cave in the study area called Crag cave. Crag cave could be visited
and data on the water level, water temperature and flow direction could be collected.
Groundwater flow rate is commonly measured using Darcy’s law which requires information
on conduit length, height, flow direction and cross-sectional area perpendicular to flow.

However, since karst aquifers are not homogeneous and the karst conduits usually change in
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dimension, the use of Darcy’s law to determine ground water flow rate in Crag cave would be

inapplicable.

Moreover, the topography of the study area would be analysed in order to assist in determining
the hydraulic pressure and gradient. Geomorphology would be studied in order to identify any
potential open or closed sinkholes, springs and minor faults which could all contribute to
groundwater recharge/discharge. Ideally, with sufficient equipment and time, geophysics could
be implemented with the use of ground radar penetration in order to image and confirm the

structure beneath the earth surface.

6.2.3. Spectroscopy for identifying mineral types:

X-ray diffraction is a common non-destructive technique used to investigate the structure of
inorganic crystalline materials, especially for rock samples. However, the XRD technique used
on soil samples results in more intricate patterns considering soil samples are less crystalline
compared to rock samples (Fang et al., 2017; Hong et al., 2014; Yin et al., 2018). Alternatively,
visible and near-infrared reflectance spectroscopy (VNIR, 350-2500nm) can be used to measure
the visible and near infrared light reflected from material surfaces within the soil sample.
Furthermore, VNIR can also be used to investigate multiple mineralogic soil properties
including clay content/composition, mineral alteration/weathering degree (except for quartz

and feldspar due to weak absorption) (Gomez et al., 2008; Zhao et al., 2018).

In order to test the mineralogy type in the soil samples, a methodology as follows may be used
to prepare samples for analysis: Dry-sieve shake to obtain 2mm fraction. Remove organic
matter using 30% H>O> and heating on a hot plate (Nelson and Sommers, 1983). Remove
sesquioxides by heating in a water bath at 70 degrees C. Mount representative samples in petri
dishes and minimise the influence of material roughness by levelling the surface (Coblinski et

al., 2021).
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The data interpretation can be an intricate process requiring continuum removal approaches i.e.
isolate absorption features for identification and remove background noise (Clark and Roush,
1984). Smoothing techniques i.e. averaging spectra, Savitzky-Golay to remove baseline float
and enhance signal to noise ratio, Norris transform to remove effects caused by variance in
particle-size (Norris and Williams, 1984; Savitzky and Golay, 1964; Stenberg et al., 2010).
Derivative algorithms could be used to highlight positions that characterise the spectral

maximum, minimum, and inflection points.

The overall aim of implementing the VNIR or XRD analysis would be to (a) determine the
presence and frequency of mineralogy types and (b) compare the minerology results with the
soil geochemistry and statistically analyse the influence of minerology on element
concentration in the soil samples. For example, based on the covariance of radon prone elements
(such as Y, La, V, Ce, Al, Ni, Co, U, Sb and Mo) as determined in chapter 5, these elements
could be sourced from wuranium accessory minerals such as allanite
(Ca(Ce,La,Y,Ca)Alx(Fez+ Fes+)(SiO4)(Si207)O(0H)) or carnotite (K2(UO2)2(VO4)2-3H20).
Alternatively, pyrite minerals can contain a range of trace elements including Ni, Co, Mo and
Sh. (Gregory et al., 2015; Koglin et al., 2010). In contrast, non radon-prone elements such as
Ca, Na and Mg could be sourced from minerals including calcite (CaCQOs3), dolomite
(CaMg(CO3)») or feldspar (NaAlSizOs). However, explicit analysis would need to be conducted

to determine such a hypothesis.
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Appendix A supplementary materials in thesis chapters

7.1 Chapter 4 supplementary materials

Table 7.1.1 Classification of SGRn concentrations. Modified from Table 1 (Elio et al., 2019).

Classification Measure SGRn | % of samples in each class
concentration [k Bg m]

Extremely High >=100 36

Very High 70 <= Rn <100 13

High 50<=Rn 70 15

Moderate 30 <=Rn 50 18

Low 10<=Rn 30 17
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Table 7.1.2 The number of radon soil-gas samples in each Quaternary geology type which are above/below the extreme radon
category.

Soil-gas | kBqm? | Total | Bedrock

d
;'; Gn;n) Waulsortian | Rockfield | Cracoean | Dirtoge Clare | Cloone
Limestones |Limestones | Reef Limestones | Shales | Flagstones
member
SGRn |<I100 56 |24 13 11 5 2 1
>100 32 |4 6 5 3 13 1
total 88 |28 19 16 8 15 2
Percentage of samples in each bedrock unit below/above the 100kBqm- threshold
SGRn |<100 64% | 86% 68% 69% 63% 13% | 50%
>100 36% | 14% 32% 31% 37% 87% | 50%

Percentage of samples below/above the 100kBqm- threshold across the various bedrock units

SGRn |<100 - 43% 23% 19.5% 9% 3.5% 2%

>100 - 12.5% 18.5% 16% 9% 41% | 3%

Log-normal distribution (K= (In 100 — In GM)/In GSD)

GM 79.8 | 50.32 58.48 71.11 76.45 347 47.33

GSD 3.03 |2.38 24 2.74 2.78 5.73 2.74
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Table 7.1.3. The number of soil-gas samples in each Radon Potential category above/below 100kBg/m3.

Soil-gas | kBqm3 | Total | Radon potential category
Radon
V low M-H H
(<10) (10-35) | 35 +)
SGRn | <100 56 3 35 18
>100 32 0 0 32
total 88 3 35 50

SG Rn

<100

64%

100%

100%

Percentage of samples in each radon risk classification
below/above the 100kBqm3 threshold

36%

>100

36%

0%

0%

64%

threshold

Percentage of samples below/above the 100kBqm-3

SG Rn

in each radon risk classification
<100 - 5.5% 62.5% 32%
>100 - 0% 0% 100%

Log-normal distribution (K= (In 100 — In GM)/In GSD)

GM

79.8

13.8

34.2

160.3

GSD

3.05

1.2

1.7

2.5

Table 7.1.4 The percentage area of each radon potential category in the study area.

Radon Percentage area
potential | (%)

<10 1

10-35 50

35+ 49
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Table 7.1.5. The number of Indoor Radon measurements above/below the reference level is grouped to the different Quaternary

Geology types.

Total | Formation
Indoor Bqm? Till derived Till derived from Alluvium
radon from Namurian
(InRn) Limestones siltstones,
sandstones and
shales
InRn <200 165 118 16 31
>200 15 11 3 |
total 180 129 19 32
Percentage in each Quaternary formation of houses below/above the reference level
InRn <200 92% 91% 84% 97%
>200 8% 9% 16% 3%
Percentage of houses below/above the reference level in each Quaternary formation
InRn <200 - 72% 9% 19%
>200 - 73% 20% 7%
Log-normal distribution (K= (In 200 — In GM)/1n GSD)
InRn GM 34.5 31.5 58.5 36.4
GSD 2.62 2.65 3.5 1.97

Table 7.1.6 The amount of Indoor Radon measurements which are above/below the reference level grouped to the different

bedrock types.
Indoor Bg m™ | Total | Bedrock geology (1:100k) GSI 2019
radon 3 Waulsortian | Rockfield Cracoea | Dirtoge Clare | Cloone
IRC
(IRC) Limestone Limestones n Limestones Shales | Flagstone
Reef >
member
IRC <200 | 165 133 17 7 2 3 3
>200 |15 11 1 1 1 1 0
Total | 180 144 18 8 3 4 3
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Percentage of houses in each radon risk classification below/above the reference level

IRC <200 | 92% 92% 94% 88% 67% 75% 100%
>200 | 8% 8% 6% 12% 33% 25% 0%

Percentage of houses below/above the reference level in each radon risk classification

IRC <200 |- 81% 10% 4% 1% 2% 2%
>200 | - 73% 6.75% 6.75% 6.75% 6.75% | 0%

Log-normal distribution (K= (In 200 — In GM)/n GSD)

IRC GM 34.5 32.78 27.7 58.2 200 62.9 27.2
GSD | 2.62 2.5 2.62 2.37 9.63 3.85 1.59

Table 7.1.7 The number of Indoor Radon measurements above/below the reference level is grouped into different Quaternary

geology types.
Indoor Bgqm?3 Total | Quaternary Geology 1:500k GSI 2017
radon (IRC)
Till derived from | Till derived from | Alluvium
Limestones Namurian
siltstones,
sandstones and
shales
IRC <200 165 118 16 31
>200 15 11 3 1
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Total

180

129

19

32

Percentage in each Quaternary formation of houses below/above the reference level

IRC

<200

92%

91%

84%

97%

>200

8%

9%

16%

3%

Percentage of houses below/above the reference level in each Quaternary formation

IRC <200 - 2% 9% 19%
>200 - 73% 20% 7%

Log-normal distribution (K= (In 200 — In GM)An GSD)

IRC GM 34.5 31.5 58.5 36.4
GSD 2.62 2.65 3.5 1.97
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| Table 7.1.8: Raw data of soil-gas radon, and soil permeability measurements collected from |
Castleisland, Co. Kerry SW Ireland study area. .
Appendix A
Loca | Sam | Date X | Y.l | Wei |Secon |Radon | Soil *Soil Radon
lity | ple T™M | TM | ghts | ds Concent | Permea | Permea | Potenti
Num (Rado | ration bility bility al
ber nJok) | (kBg/m | (k) Categor
3) y
- 2 14/07/ | 499 | 611 |- - 21.7 -
2018 863 | 825
_ 3 14/07/ 499 | 611 |- ~ ~ -
2018 829 | 755
~71 |4 14/07/ | 499 | 611 |2 8 732 7.83E- |h 660.79
2018 726 | 673 12 72451
- 3) 14/07/ | 488 | 611 |2 28 >1433 224E- |m 867.71
2018 739 | 534 12 70648
- 6 14/07/ | 499 | 611 |2 13.95 | 149 449E- | h 107.58
2018 625 | 437 12 88181
- 5 14/07/ | 488 | 611 |2 175 1263 358E- |m 515.90
2018 739 | 534 13 48434
- 7 14/07/ | 499 | 611 |2 14.9 1433 447E- | h 1061.3
2018 | 886 | 626 12 08716
60 8 14/07/ | 499 | 611 |2 1140 408 549E- || 124.84
2018 | 886 | 419 14 45446
71 9 14/07/ | 499 |611 |1 88 1433 1.24E- |m 750.50
2018 | 766 | 631 12 26137
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- 10 14/07/ | 499 | 611 24 159 4.53E- 117.57
2018 091 | 167 12 84889
21 11 14/07/ | 499 | 611 165 268 3.80E- 110.30
2018 139 | 189 13 1707
58 12 14/07/ | 498 | 611 197 390 3.18E- 155.74
2018 897 | 321 13 85394
20 13 14/07/ | 498 | 610 530 295 1.18E- 100.42
2018 | 874 | 968 13 9546
51 14 14/07/ | 499 | 610 92 148 6.81E- 67.837
2018 | 039 | 999 13 6798
- 15 14/07/ | 499 | 610 499 188 1.26E- 64.454
2018 | 186 | 899 13 97547
- 16 14/07/ | 499 | 610 13 148 8.37E- 136.42
2018 391 | 942 12 49735
60 daily | 14/07/ | 499 | 611 1140 462 5.49E- 141.40
(dail |rep.6 | 2018 | 886 |419 14 86857
y 0
repe
at)
57 17 15/07/ | 498 | 611 169 209 3.71E- 85.560
2018 498 | 514 13 22338
64 18 15/07/ | 498 | 611 16 - 3.91E- -
2018 519 | 879 12
~69 |19 15/07/ | 498 | 611 - 270 - -
2018 | 569 | 707
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69 20 15/07/ | 498 | 611 6 472 1.04E- | E 479.97
2018 681 | 653 11 51796
20 22 15/07/ | 498 | 611 198 222 3.16E- |1 88.406
2018 803 | 336 13 55333
42 23 15/07/ | 499 | 609 12 111 9.06E- |h 105.48
2018 439 | 942 12 99642
10 24 15/07/ | 499 | 610 - _ - - -
2018 | 095 | 262
~10 |25 15/07/ | 499 | 610 147 131 4.26E- |m 54.841
2018 179 | 404 13 51836
~53 | 26 15/07/ | 499 | 610 difficu | Redo 2.40E- |1 -
2018 | 949 | 913 It to 13
extract
gas
72 26 15/07/ | 500 | 611 easy to | 160 6.16E- |h 131.34
2018 077 | 689 extract 12 46727
gas
67 27 16/07/ | 499 | 611 easy to | 20 6.16E- | h 15.695
2018 | 852 | 939 extract 12 27535
gas
68 28 16/07/ | 500 | 611 difficu | 73.5 2.40E- |1 27.682
2018 | 327 | 939 It to 13 94616
extract
gas
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23 29 16/07/ | 500 | 611 gasy to | 59.8 6.16E- 48.572
2018 291 | 248 extract 12 74689
gas
61 30 16/07/ | 500 |611 gasy to | 26.9 6.16E- 21.395
2018 452 | 439 extract 12 13851
gas
54 31 16/07/ | 500 | 610 gasy to | 8.8 6.16E- 6.4433
2018 601 | 977 extract 12 23566
gas
~71 | 32 16/07/ | 499 |611 easy to | 754 6.16E- 622.02
2018 773 | 637 extract 12 85443
gas
~71 |33 17/07/ | 499 | 611 mediu | 1433 1.48E- 782.05
2018 | 766 | 623 m to 12 65571
extract
22 34 17/07/ | 499 | 611 easy to | 88.5 6.16E- 72.280
2018 811 | 122 extract 12 87334
gas
53 35 17/07/ | 499 | 610 easy to | 26.5 6.16E- 21.064
2018 | 956 |918 extract 12 71166
gas
16 36 17/07/ | 500 | 610 easy to | 51.4 6.16E- 41.633
2018 | 136 | 766 extract 12 78304
gas
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48 37 17/07/ | 499 | 610 difficu | 67.2 2.40E- |1 25.277
2018 967 | 434 It to 13 3936
extract
gas
49 38 17/07/ | 500 | 610 mediu | 23.8 148E- |m 12.451
2018 457 | 437 m to 12 73848
extract
34 39 17/07/ | 500 | 609 difficu | 36.1 2.40E- |1 13.402
2018 537 | 463 It to 13 36428
extract
gas
4 40 17/07/ | 500 | 609 difficu | 76.9 2.40E- |1 28.981
2018 218 | 463 It to 13 18087
extract
gas
39 41 17/07/ | 500 | 609 easy to | 95.4 6.16E- | h 77.980
2018 537 | 464 extract 12 7365
gas
12 42 17/07/ | 500 | 610 easy to | 54.9 6.16E- | h 44.525
2018 177 | 278 extract 12 01798
gas
23 43 17/07/ | 500 | 611 easy to | 22.2 6.16E- |e 17.512
2018 291 | 248 extract 12 62303
gas
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60 44 17/07/ | 499 | 611 difficu | 166 5.49E- 63.002
2018 886 | 419 It to 14 56712
extract
gas
38 45 18/07/ | 499 | 609 gasy to | 77.8 6.16E- 63.441
2018 951 | 427 extract 12 95512
gas
33 46 18/07/ | 499 | 608 gasy to | 34.7 6.16E- 27.838
2018 952 | 939 extract 12 46208
gas
3 47 18/07/ | 499 | 609 gasy to | 53.4 6.16E- 43.285
2018 697 | 188 extract 12 91729
gas
23 48 18/07/ | 500 | 611 easy to | 27.6 6.16E- 21.973
2018 291 | 248 extract 12 3855
gas
60 49 18/07/ | 499 | 611 difficu | 460 5.49E- 175.26
2018 | 886 | 419 It to 14 16867
extract
gas
31 50 19/07/ | 498 | 608 easy to | 44.5 6.16E- 35.933
2018 | 861 | 891 extract 12 91989
gas
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30 51 19/07/ | 498 | 608 mediu | 25.5 148E- |m 13.380
2018 528 | 891 m to 12 15758
extract
1 52 19/07/ | 498 | 609 difficu | 37.8 2.40E- |1 14.051
2018 720 | 181 It to 13 48164
extract
gas
2 53 19/07/ | 499 | 609 easy to | 38 6.16E- | h 30.564
2018 209 | 183 extract 12 48358
gas
36 54 19/07/ | 498 | 609 difficu | 60.1 2.40E- |1 22.566
2018 919 | 417 It to 13 37404
extract
gas
35 55 19/07/ | 498 | 609 easy to | 85.9 6.16E- | h 70.133
2018 643 | 431 extract 12 09882
gas
5) 56 19/07/ | 498 | 609 easy to | 75.1 6.16E- | h 61.211
2018 694 | 723 extract 12 57388
gas
40 57 19/07/ | 498 | 609 easy to | 13 6.16E- | h 9.9128
2018 | 457 | 929 extract 12 05487
gas
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9 58 19/07/ | 498 | 610 gasy to | 76.3 6.16E- 62.202
2018 714 | 184 extract 12 85443
gas
45 59 19/07/ | 498 | 610 gasy to | 57.2 6.16E- 46.424
2018 441 | 459 extract 12 97236
gas
13 60 19/07/ | 498 | 610 gasy to | 48.9 6.16E- 39.568
2018 681 | 686 extract 12 61523
gas
65 61 19/07/ | 498 | 611 easy to | Redo 6.16E- -
2018 915 | 909 extract 12
gas
66 62 19/07/ | 499 | 611 difficu | 351 2.40E- 133.64
2018 | 405 | 904 It to 13 1809
extract
gas
70 63 19/07/ | 499 | 611 difficu | too hard | 2.40E- -
2018 | 305 | 765 It to|to 13
extract | extract
gas
59 64 19/07/ | 499 | 611 easy to | 81 6.16E- 66.085
2018 | 441 | 393 extract 12 36991
gas
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23 65 19/07/ | 500 |611 gasy to | 27.4 6.16E- |e 21.808
2018 291 | 248 extract 12 17207
gas
60 66 19/07/ | 499 |611 difficu | 488 549E- |1 149.38
2018 886 | 419 It to 14 40129
extract
gas
23 67 20/07/ | 500 |611 gasy to | 37.6 6.16E- |e 30.234
2018 291 | 248 extract 12 05673
gas
46 68 20/07/ | 498 | 610 difficu | 192 2.40E- |1 72.930
2018 979 | 434 It to 13 24436
extract
gas
14 69 20/07/ | 499 | 610 easy to | 104 6.16E- | h 85.084
2018 201 | 705 extract 12 91376
gas
43 70 20/07/ | 499 | 609 difficu | 62.7 2.40E- || 23.559
2018 | 939 | 947 It to 13 14177
extract
gas
11 71 20/07/ | 499 | 610 difficu | 126 2.40E- |1 47.729
2018 | 706 | 203 It to 13 21751
extract
gas
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15 72 20/07/ | 499 | 610 difficu | 59.5 2.40E- 22.337
2018 702 | 679 It to 13 2738
extract
gas
52 73 20/07/ | 499 | 610 mediu | 34 1.48E- 18.022
2018 579 | 965 m to 12 25306
extract
60 74 20/07/ | 499 |611 difficu | 374 5.49E- 308.12
2018 886 | 419 It to 14 30372
extract
gas
A 75 21/07/ | 499 | 611 difficu | Change | 2.40E- -
2018 | 878 | 442 It to | batteries | 13
extract |, redo.
gas
B 76 21/07/ | 499 | 611 easy to | 325 6.16E- 267.64
2018 | 832 | 485 extract 12 57481
C 77 21/07/ | 499 | 611 mediu | 391 1.48E- 212.99
2018 | 902 | 486 m to 12 02635
extract
D 78 21/07/ | 499 | 611 difficu | 400 2.40E- 152.35
2018 | 962 | 502 It to 13 16623
extract
gas
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E 79 21/07/ | 499 | 611 mediu | >1433 148E- |m 782.05
2018 861 | 621 m to 12 65571
extract
F 80 21/07/ | 499 | 611 difficu | >1441 2.40E- |1 549.84
direc 2018 821 | 622 It to 13 05858
tly extract
abov gas
e
dem
olish
ed
hous
e
32 81 21/07/ | 499 | 608 difficu | 62.3 2.40E- |1 23.406
2018 452 1950 It to 13 40827
extract
gas
6 82 22/07/ | 499 | 609 easy to | 40 6.16E- | h 32.216
2018 203 | 685 extract 12 61783
gas
41 83 22/07/ | 498 | 609 easy to | 41.5 6.16E- | h 33.455
2018 957 | 921 extract 12 71852
gas
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7 84 22/07/ | 499 | 609 gasy to | 67.2 6.16E- 54.685
2018 548 | 753 extract 12 6436
gas
54 85 22/07/ | 500 | 610 gasy to | 64.4 6.16E- 52.372
2018 481 | 939 extract 12 65566
gas
23 86 22/07/ | 499 | 610 gasy to | 27.7 6.16E- 22.055
2018 579 | 965 extract 12 99221
gas
47 87 22/07/ | 499 | 610 difficu | 23.4 2.40E- 8.5530
2018 445 | 436 It to 13 75779
extract
gas
70 88 22/07/ | 499 | 611 mediu | 314 1.48E- 170.93
2018 | 208 | 551 m to 12 83396
extract
65 89 22/07/ | 498 | 611 easy to | 23.1 6.16E- 18.256
2018 | 896 | 922 extract 12 08344
gas
G 90 22/07/ | 499 | 611 easy to | 303 6.16E- 249.47
2018 837 | 598 extract 12 22714
gas
H 91 23/07/ | 499 | 611 easy to | 1414 6.16E- 1167.2
2018 | 842 | 564 extract 12 32846
gas
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| 92 23/07/ | 499 | 611 mediu | 210 148E- |m 114.14
2018 877 | 568 m to 12 09361
extract
J 93 23/07/ | 499 | 611 difficu | 444 2.40E- |1 169.15
2018 991 | 620 It to 13 23469
extract
gas
68 1 30/07/ | 500 | 611 420 62.7 1.49E- || 21.829
2019 327 | 939 13 89902
67 2 30/07/ | 499 | 611 62 50.6 101E- |m 24.855
2019 852 | 939 12 41289
71 3 30/07/ | 499 | 611 4 1433 1.57E- |h 1778.4
2019 726 | 673 11 19194
78 4 30/07/ | 499 | 611 29 1205 2.16E- |m 722.88
2019 452. | 673 12 5422
819
5
77 5 30/07/ | 499 | 611 100 1433 6.26E- || 649.97
2019 766 | 631 13 85899
72 6 31/07/ | 500 | 611 38 550 1.65E- |m 307.91
2019 022 | 555 12 95757
53 9 31/07/ | 499 | 610 96 95.3 6.52E- || 43.149
2019 923 | 905 13 58622
22 10 31/07/ | 499 | 611 142 88.4 4.41E- |1 37.105
2019 834 | 140 13 62795

284



Appendix A

60 11 31/07/ | 499 | 611 3 389 2.09E- 570.36
2019 886 | 419 11 11422
76 13 31/07/ | 500 |611 3 48.5 2.09E- 69.825
2019 394 | 168 11 13983
23 14 31/07/ | 500 |611 28 44.8 3.88E- 31.047
2019 316 | 256 12 75527
48 15 31/07/ | 499 | 610 34 26.1 3.20E- 16.788
2019 978 | 442 12 72614
33 16 31/07/ | 499 | 608 14 30.5 4.47E- 21.863
2019 947 | 948 12 55246
75 17 31/07/ | 500 | 609 145 30.3 4.32E- 12.391
2019 027 | 207 13 53446
67 19 31/07/ | 499 | 612 62 60.6 1.01E- 29.866
2019 980 | 053 12 58484
2 20 01/08/ | 499 | 609 73 28 8.58E- 13.065
2019 259 | 198 13 74461
32 21 01/08/ | 499 | 609 111 12 5.64E- 4.8922
2019 | 445 | 021 13 1022
74 22 01/08/ | 499 | 609 4.3 452 1.46E- 539.07
2019 398 | 284 11 52152
31 23 01/08/ | 498 | 608 7 124 8.95E- 117.33
2019 867 | 936 12 86975
1 25 01/08/ | 498 | 609 65 17.8 1.67E- 9.4568
2019 629 | 131 12 75156
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35 26 01/08/ | 498 | 609 4.5 109 242E- | h 175.10
2019 690 | 535 11 16796
5 27 01/08/ | 498 | 609 27 23.8 403E- |h 16.344
2019 681 | 779 12 83895
20 29 01/08/ | 498 |611 1200 187 5.22E- || 56.667
2019 699 | 141 14 04999
45 30 01/08/ | 498 | 610 1200 16.7 5.22E- || 4.7831
2019 566 | 415 14 86478
13 31 01/08/ | 498 | 610 1200 53.4 5.22E- || 15.964
2019 576 | 784 14 2657
12 32 01/08/ | 499 | 611 203 427 3.09E- || 169.67
2019 095 | 266 13 74773
59 35 01/08/ | 499 | 611 289 117 2.17E- || 43.542
2019 917 | 334 13 76987
67 36 01/08/ | 499 | 612 62 111 1.01E- |m 55.122
2019 980 | 045 12 89149
14 37 02/08/ | 499 | 610 200 329 3.13E- || 130.98
2019 157 | 594 13 10266
11 38 02/08/ | 499 | 610 1075 115 5.83E- || 35.244
2019 718 | 216 14 38317
47 39 02/08/ | 499 | 610 97 12.7 6.46E- || 5.3426
2019 497 | 431 13 57928
15 40 02/08/ | 500 | 610 38 30.5 1.65E- |m 16.545
2019 517 | 750 12 76955
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49 41 02/08/ | 500 | 610 132 38.2 4.75E- 16.008
2019 | 408 | 504 13 78987
21 42 02/08/ | 499 | 610 270 21.8 2.32E- 7.8951
2019 198 | 859 13 96562
58 43 02/08/ | 498 |611 4 270 1.57E- 334.07
2019 877 | 509 11 45553
69 44 02/08/ | 498 | 611 93 166 6.74E- 75.979
2019 576 | 862 13 7086
64 45 02/08/ | 498 | 611 75 75.2 8.35E- 35.703
2019 512 | 710 13 78982
36 47 02/08/ | 498 | 609 210 58.7 2.98E- 22.848
2019 879 | 382 13 14808
9 48 02/08/ | 498 | 610 60 49.1 1.04E- 24.276
2019 737 | 214 12 98076
67 51 02/08/ | 499 | 612 62 113 1.01E- 56.125
2019 985 | 046 12 12588

*Due to technical difficulty with the instrument, 45 measurements
were rated according to their relative ease in extracting air from the
soil using the RadonJok set up; these samples were then assigned a

permeability value equivalent to low (2.40E-13 m?), medium (1.48E-

12 m?) and high (6.16E-12 m?) in line with *(Neznal et al., 2004).
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7.2 Chapter 5 supplementary materials

Supplementary materials index

7.2.1

7.2.2

7.2.3

File

(Table) Statistical analysis of Castleisland, Co. Kerry topsoil geochemistry.
File name: 1. ICPMS_TopSoil_Castleisland_Summary_Stats

(Table) Statistical analysis of TELLUS GSI Midlands topsoil Geochemistry dataset.
File name: 2. TELLUSMidlandsRPprojectTS-Summarystats

(Table) Simplified R?, Spearman r and Pearson r for ilr-transformed shallow topsoil
geochemistry Castleisland, Co. Kerry
name:

Simplified_r2_spearmanr_andPearsonr_Log10SoilgasRadon_shallowtopsoil _Castleisland

7124

7.2.5

7.2.6

7.2.7

7.2.8

7.2.9

7.2.10

(Table) R? of Castleisland, Co. Kerry shallow topsoil geochemistry ilr-transformed.
File name: ILR_ShallowTopsoil_r2Table_Castleisland_Co.Kerry

(Table) Coefficient of determination (R?) of Castleisland, Co. Kerry deeper topsoil
geochemistry ilr-transformed.
File name: 5. ILR_DeeperTopsoil_r2Table_ CastleislandCoKerry

(Table) Correlation coefficient (Pearson r) of Castleisland, Co. Kerry shallow and
deeper topsoil geochemistry ilr-transformed.
File name:

ILR_ShallowandDeeper_Topsoil__PearsonsCorrplot_Castleisland_Co.Kerry

(Table) PCA Summary of Castleisland, Co. Kerry deeper topsoil geochemistry Clr-
transformed.
File name: CLR_DeeperTopsoil PCASummary_Castleisland_Co.Kerry

(Figures) PC3 to PC5 score maps of Castleisland, Co. Kerry topsoil geochemistry Clr-
transformed.
File name: PC3 to PC5 Score maps of shallow topsoil Castleisland, Co, Kerry, Ireland

(Figure) (A) PC1 vs PC2 biplot and (B) Cluster analysis of deeper topsoil geochemistry
Clr-transformed Castleisland, Co. Kerry.
File name: PCA biplot and cluster analysis of deeper topsoil geochemistry, Castleisland,

Co. Kerry

(Table) ANOVA of shallow topsoil geochemistry from TELLUS Midlands ilr-
transformed.
File name:

Anova_TELLUS_Midlands_ShallowTopsoilElementsvsGeogenicRadonClass
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7.2.11 (Figures) Tukey-boxplots comparing shallow topsoil geochemistry with (a) geogenic
radon potential and (b) bedrock lithology.

File name:
TukeyBoxplots_ShallowTopsoil_vs_(a)Bedrock and_(b)GeogenicRadonClass_ TELLUS
Midlands

7.2.12 (Figures) PC2 to PC4 score maps of TELLUS Midlands Clr-transformed topsoil
geochemistry.
File name: PC1_4 ScoreMaps_TELLUSMidlands

7.2.13 (Figure) Cluster analysis dendrogram TELLUS Midlands Clr-transformed shallow
topsoil geochemistry.
File name: 13. Cluster analysis dendrogram TELLUS Midlands

7.2.14 (Table) ANOVA PC1-4 vs (a) geogenic radon class and (b) bedrock lithology of Clr-
transformed shallow topsoil TELLUS Midlands.
File name: 14. ANOVA PCA _vs_(a)Geogenicradon_(b)Bedrocklithology

7.2.15 (Figures) Receiving Operator Characteristic and Area Under Curve graphs for (a)
Random forest, (b) logistic regression, (c) Gaussian process regress and (d) control
models using clr-transformed shallow topsoil TELLUS Midlands. As well as ROC-
AUC graphs for (a) logistic regression and (b) Gaussian process regress using clr-
transformed shallow topsoil geochemistry TELLUS Midlands limited to elements
present in Castleisland.

File name: 15. Receiving Operator Characteristic (ROC_AUC) for machine learning

models using Clr-transformed shallow topsoil geochemistry TELLUS Midlands

7.2.16 (Figure) Gaussian process regression model verification (model trained on TELLUS
Midlands data and tested on Castleisland data). Boxplot average soil-gas radon of (a)
predicted low geogenic radon and (b) predicted high geogenic radon class

File name: 16. Boxplot average soil-gas radon of (a) predicted low geogenic radon and (b)

predicted high geogenic radon class
7.2.17 (Figure) Complete canonical heatmap(s) of isometric log ratio transformed TELLUS
midlands data. Heatmap includes all topsoil elements analysed.
File name: TELLUS Midlands ilr canonical heatmapl
File name: TELLUS Midlands ilr canonical heatmap2
7.2.18 (Figures) Canonical heatmap(s) of isometric log ratio transformed shallow topsoil
elements from Castleisland, Co. Kerry, SW Ireland.
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File name: Castleisland Co. Kerry, ilr canonical heatmapl
File name: Castleisland Co. Kerry, ilr canonical heatmap2
7.2.19 Pearson correlation coefficient Tellus Midlands topsoil geochemistry
File name: TELLUS_ Midlands_mgkg_RPproject_ilr_pearsoncorrcoefficient

7.2.20 (Figure) Cluster dendrogram of ilr transformed topsoil data from Castleisland, Co.

Kerry study area

Shallow topsoil and deeper topsoil geochemistry Castleisland

Table 7.2.1 Summary statistics for shallow topsoil geochemistry Castleisland Co. Kerry dataset.

4|0 | 187 | 346 320 | 53.2 | 53.6 | 38. | 252 | Cu 7.7 | 38.0 | 69.2 | 2816 | 53.0 | 389 | 17.4

410 |14 69.7 | 212|321 | 279 |25 | 131 | Pb 14 | 250 | 309 | 101. | 10.0 | 1.78 | 4.61

410 |15 166 44 80 65.8 | 58 309 | Zn 47 | 562 | 753 | 1049 | 324 | 1.01 | 0.85

410 | 46 956 | 134|281 | 243 | 21. | 114 | Ni 21 | 199 | 286 | 221. | 148 | 233 | 8.85

410 |07 285 | 46 | 13 933 | 82 | 438 [ Co |08 | 757 | 110 | 359 |6 0.98 | 1.01

410 |16 3502 | 158 | 624. | 543. | 281 | 255 | Mn | 105 | 330. | 756. | 5272 | 726. | 2.57 | 6.36

7 5] 55 47 91 37 74 046 | 09
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Fe 4100 | 4730 | 209 | 358 | 2750 | 289 | 129 | Fe | 156 | 2434 | 3065 | 1.15 | 1074 | -0.45 | -
0 00 |00 |[426 |00 |270 73 | 938 | 913 | E+0 | 5.09 0.63
0 3 8
As 3 335 |81 | 135|112 | 10. | 530. | As | 08 | 955 | 130 | 352 | 593 | 1.43 | 3.07
5 9 4 |5 7 3 1
] 08 |[372 |13 |29 |345 |2 |162 |U |08 | 181 |508 | 3Ll | 558 | 483 | 25.7
1 4
Th 04 |28 [115]2 156 | 16 | 734 | Th |00 | 139 | 1.74 | 036 |06 |0 -0.9
9
Sr 12 | 310 |16 | 355|402 |22 | 189 |Sr |84 | 231 | 573 | 3377 | 581 | 342 | 11.2
6 2 8 9 2 28 |1 8
Sh 01 |48 [03 |05 [058 |04 | 273 [Sb |01 |033 |[083 |071 | 084 | 366 | 133
2 8
v 25 | 233 [335|55 |50 |39 |23 |V |51 |397 |602 | 1227 | 350 | 343 | 138
0 1 1 9 09 |3 2
Ca 900 | 1530 | 165 | 500 | 4251 | 290 | 199 | Ca | 535 | 3172 | 5329 | 1350 | 3674 | 1.57 | 1.67
0 0 0 06 |0 |800 95 | .25 | .87 | 0379 | .29
P 580 | 7210 | 865 | 156 | 1358 | 111 | 638 | P 150 | 1055 | 1660 | 1064 | 1031 | 4.07 | 195
5 09 |0 |30 47 | 2 97 | 138 | 57 7
La 4 31 7 12 (105 |9 |49 |La |08 |889 | 121 | 306 | 554 | 1.96 | 3.81
1 1 4 5
cr 15 | 43 23 | 305|268 |26 | 126 | Cr |08 | 250 | 286 | 369 | 6.08 | 0.52 | 0.35
3 1 9 4 2 7
Mg 600 | 3900 | 140 | 265 | 2048 | 220 | 963 | Mg | 117 | 1811 | 2286 | 6529 | 808. | -0.01 | -
0 0 9 |0 |00 87 | 68 | .2 88 | 08 0.96
Ba 37 | 281 | 525|795 | 725 | 65 | 341 | Ba | 58 | 609 | 842 | 1579 | 39.7 | 3.43 | 14.2
7 1 4 64 |4 3
Al 6400 | 2700 | 134 | 201 | 1631 | 159 | 766 | Al | 684 | 1493 | 1769 | 2205 | 4695 | -0.17 | -
0 00 |00 |[489 |00 | 800 96 | 613 | 366 | 1295 | .88 0.64
Na 100 | 230 | 125 | 190 | 157. | 150 | 740 | Na | 5.3 | 146. | 168. | 1328 | 36.4 | 0.06 | -
45 0 2 75 |15 |12 |4 1.25
K 400 | 1800 | 100 | 150 | 1255 | 130 | 590 | K | 48. | 1158 | 1352 | 1090 | 330. | -0.55 | -
0 0 32 |0 |00 17 | 36 | .28 |472 |22 0.27
Hg 004 | 028 [008 013|012 |01 |545 |Hg |00 |01 | 013 |0 005 | 1.14 | 0.72
1
Sc 11 |58 |21 |34 |279 |27 |13L |Sc |01 |249 | 309 | 1.04 | 1.02 | 053 | 01
1 5
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Ga

5.23

246

Ga

0.1

4.85

5.62

1.75

1.32

-0.2

0.04
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7.2.2 (Table) Statistical analysis of TELLUS GSI Midlands topsoil Geochemistry

dataset.
File name: 2. TELLUSMidlandsRPprojectTS-Summarystats

Table 7.2.2 TELLUSMidlandsRPprojectTS-Summarystats

N NAs Minimum Maximum 1. Quartile 3. Quartile
4130 0 100 92700 5300 14200
4130 0 5 20 5 10
4130 0 2 2120 30.6 93.3
4130 0 200 250000 2300 8000
4130 0 0.17 148.5 9.9325 25.3
4130 0 0.08 315 9.6525 23.6
4130 0 100 170500 8895 21400
4130 0 50 4300 600 1800
4130 0 0.05 78.8 319 13.5
4130 0 200 33000 1000 2200
4130 0 0.05 15300 154.625 900.75
4130 0 5) 1360 160 270
4130 0 0.19 121 10.2 34.1
4130 0 60 3630 620 1030
4130 0 100 10900 500 1900
4130 0 0.66 578 15.1 31
4130 0 5) 1310 30 60
4130 0 0.2 149.5 154 37.175
4130 0 1.2 9120 34.6 95.775
4130 0 0.03 9.07 0.7925 3
4130 0 5.00E-04 0.65 0.064 0.114
4130 0 0.07 146 4.7425 11.05
4130 0 0.005 17.05 0.28 0.84
4130 0 0.00025 15.55 0.0786 0.136
4130 0 0.014 12.4 0.378 1.275
4130 0 0.128 282 14.55 35
4130 0 0.041 40.2 2.7325 9.5
4130 0 0.0025 27.2 0.344 0.92
4130 0 0.024 17 1.56625 4.07
4130 0 0.0025 0.341 0.032 0.059
4130 0 0.001 0.324 0.022 0.09
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Hg_mgkg_ICPar 4130 0 0.002 9.26 0.077 0.133
In_mgkg_ICPar 4130 0 0.0025 0.334 0.012 0.024
La_mgkg_ICPar 4130 0 0.07 1145 7.46 17.65
Mo_mgkg_ICPar 4130 0 0.04 62.8 0.6 1.56
Nb_mgkg_ICPar 4130 0 0.004 5.82 0.171 0.38275
Pb_mgkg_ICPar 4130 0 0.068 649 16.55 29
Rb_mgkg_ICPar 4130 0 0.026 54.3 4.35 16.25
Sb_mgkg_ICPar 4130 0 0.005 11.55 0.267 0.595
Sc_mgkg_ICPar 4130 0 0.022 10.9 0.94525 3.15
Se_mgkg_ICPar 4130 0 0.013 39.6 0.561 1.38
Sn_mgkg_ICPar 4130 0 0.005 19 0.5225 0.87
Ta_mgkg_ICPar 4130 0 0.0025 0.1 0.0025 0.0025
Te_mgkg_ICPar 4130 0 0.0015 1.835 0.009 0.023
Th_mgkg_ICPar 4130 0 0.001 204 0.4005 141
TI_mgkg_ICPar 4130 0 5.00E-04 2.6 0.097 0.252
U_mgkg_ICPar 4130 0 0.013 109 0.803 1.52375
W_mgkg_ICPar 4130 0 5.00E-04 16.35 0.039 0.083
Y_mgkg_ICPar 4130 0 0.061 132.5 4.95 18.85
Au_mgkg_ICPar 4130 0 1.00E-04 1.285 3.00E-04 9.00E-04
Pd_mgkg_ICPar 4130 0 5.00E-04 0.257 5.00E-04 0.001
Pt_mgkg_ICPar 4130 0 0.001 13 0.001 0.001
Re_mgkg_ICPar 4130 0 1.00E-04 0.1015 1.00E-04 8.00E-04
Continued table.. TELLUSMidlandsRPprojectTS-Summarystats

Element Mean Median Sum SE Mean LCL Mean
Al_mgkg_ICPar 10066.68 10300 41575400 98.99177 9872.606
B_mgkg_ICPar 7.285714 5 30090 0.039326 7.208614
Ba_mgkg_ICPar 77.0468 57.4 318203.3 1.442967 74.21781
Ca_mgkg_ICPar 10083.22 3550 41643700 325.5335 9444.999
Cr_mgkg_ICPar 18.38518 18.9 75930.81 0.186548 18.01945
Cu_mgkg_ICPar 18.00198 16.475 74348.18 0.221302 17.56811
Fe_mgkg_ICPar 15580.09 15600 64345770 163.472 15259.6
K_mgkg_ICPar 1245.484 1200 5143850 11.5002 1222.938
Li_mgkg_ICPar 9.493935 9 39209.95 0.117626 9.263325
Mg_mgkg_ICPar 1852.76 1400 7651900 2457529 1804.579
Mn_mgkg_ICPar 624.7857 492 2580365 12.91567 599.4641
Na_mgkg_ICPar 225.115 200 929725 1.574826 222.0275

294



Appendix A

Ni_mgkg_ICPar 23.35036 23.7 96437 0.246314 22.86745
P_mgkg_ICPar 834.954 820 3448360 5.684538 823.8092
S_mgkg_ICPar 1367.458 700 5647600 20.6588 1326.955
Sr_mgkg_ICPar 29.73692 20.6 1228135 0511735 28.73364
Ti_mgkg_ICPar 52.80509 40 218085 0.849602 51.13941
V_mgkg_ICPar 26.68419 26.95 110205.7 0.252448 26.18925
Zn_mgkg_ICPar 70.6186 65.4 291654.8 2.298041 66.1132

Zr_mgkg_ICPar 2.00191 1.98 8267.89 0.021621 1.959522
Ag_mgkg_ICPar 0.091439 0.088 377.6415 0.000755 0.089959
As_mgkg_ICPar 8.916056 7.89 36823.31 0.122629 8.675638
Be_mgkg_ICPar 0.590884 0.61 2440.35 0.00722 0576728
Bi_mgkg_ICPar 0.120754 0.105 498.7152 0.003968 0.112975
Cd_mgkg_ICPar 0.950541 0.771 3925.736 0.012886 0.925277
Ce_mgkg_ICPar 25.36665 26.6 104764.2 0.249927 24.87665
Co_mgkg_ICPar 6.450577 6.6 26640.88 0.06813 6.317005
Cs_mgkg_ICPar 0.702913 0.643 2903.03 0.011899 0.679583
Ga_mgkg_ICPar 2.969206 2.89 12262.82 0.030083 2.910228
Ge_mgkg_ICPar 0.047705 0.046 197.0215 0.000386 0.046948
Hf_mgkg_ICPar 0.05919 0.058 244.455 0.000666 0.057883
Hg_mgkg_ICPar 0.117583 0.098 485618 0.002442 0.11279%
In_mgkg_ICPar 0.018779 0018 77559 0.000188 0.01841

La_mgkg_ICPar 12.94213 13.35 53451 0.127187 12.69278
Mo_mgkg_ICPar 1.336167 1 5518.37 0.026871 1.283486
Nb_mgkg_ICPar 031243 0.262 1290.336 0.004396 0.303812
Pb_mgkg_ICPar 25.96872 223 107250.8 0.359379 25.26414
Rb_mgkg_ICPar 10.90318 10.85 45030.14 0.119389 10.66912
Sb_mgkg_ICPar 0.490515 0.395 2025.825 0.006923 0.476943
Sc_mgkg_ICPar 2.164298 2155 893855 0.022366 2.120448
Se_mgkg_ICPar 1.368131 0.82 5650.381 0.029074 131113

Sn_mgkg_ICPar 0.814304 0.68 3363.075 0.011624 0.791516
Ta_mgkg_ICPar 0.002641 0.0025 10.9075 3.20E-05 0.002578
Te_mgkg_ICPar 0.018434 0.016 76.1335 0.000551 0.017354
Th_mgkg_ICPar 0.969363 0.9455 4003.468 0.011907 0.946019
TI_mgkg_ICPar 0.181705 0.183 750.442 0.001985 0.177814
U_mgkg_ICPar 1.668174 1.09 6889.56 0.053657 1562978
W_mgkg_ICPar 0.104502 0.058 431.592 0.007656 0.089492
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Y_mgkg_ICPar 12.89603 11.675 53260.6 0.160919 12.58054
Au_mgkg_ICPar 0.00139 6.00E-04 5.7388 0.000371 0.000661
Pd_mgkg_ICPar 0.001489 5.00E-04 6.148 0.000121 0.001252
Pt_mgkg_ICPar 0.006457 0.001 26.666 0.00059 0.0053
Re_mgkg_ICPar 0.001251 4.00E-04 5.1668 5.80E-05 0.001137
Element UCL Mean Variance Stdev Skewness Kurtosis
Al_mgkg_ICPar 10260.76 40471396 6361.713 0.728633 6.291087
B_mgkg_ICPar 7.362815 6.387226 2.527296 0.312568 -1.25634
Ba_mgkg_ICPar 79.8758 8599.294 92.73238 7.914529 116.1024
Ca_mgkg_ICPar 10721.44 4.38E+08 20920.44 5.928422 46.63964
Cr_mgkg_ICPar 18.75092 143.7245 11.98852 0.916933 5.037822
Cu_mgkg_ICPar 18.43585 202.2645 14.22197 5.458165 76.23371
Fe_mgkg_ICPar 15900.58 1.1E+08 10505.54 2.965189 32.41712
K_mgkg_ICPar 1268.031 546211.7 739.0614 0.45895 -0.34584
Li_mgkg_ICPar 9.724544 57.14185 7.559223 1.621868 8.179424
Mg_mgkg_ICPar 1900.941 2494292 1579.333 5.338062 66.15439
Mn_mgkg_ICPar 650.1074 688943.9 830.0265 8.587477 121.8167
Na_mgkg_ICPar 228.2025 10242.72 101.2063 1.639195 5.655335
Ni_mgkg_ICPar 23.83327 250.5704 15.82942 0.550661 0.819468
P_mgkg_ICPar 846.0988 133456.7 365.3172 0.820626 297741
S_mgkg_ICPar 1407.96 1762627 1327.64 1.888017 4.279955
Sr_mgkg_ICPar 30.7402 1081.536 32.88671 6.028225 60.39281
Ti_mgkg_ICPar 54.47076 2981.128 54.59971 7.989398 118.5132
V_mgkg_ICPar 27.17912 263.2057 16.22361 0.379919 0.654514
Zn_mgkg_ICPar 75.12399 21810.49 147.6838 55.77953 3410.741
Zr_mgkg_ICPar 2.044299 1.930596 1.389459 0.45649 -0.03571
Ag_mgkg_ICPar 0.092918 0.002351 0.048492 1.96427 14.40929
As_mgkg_ICPar 9.156474 62.10599 7.880735 5.672476 61.71711
Be_mgkg_ICPar 0.60504 0.215318 0.464024 11.54916 387.2972
Bi_mgkg_ICPar 0.128533 0.065018 0.254987 53.84426 3243.677
Cd_mgkg_ICPar 0.975805 0.68581 0.828137 3.301074 23.1531
Ce_mgkg_ICPar 25.85664 257.9745 16.06158 1.827203 22.49816
Co_mgkg_ICPar 6.584149 19.17033 4.37839%4 0.552693 1.473653
Cs_mgkg_ICPar 0.726242 0.584798 0.764721 13.50948 382.1651
Ga_mgkg_ICPar 3.028185 3.737538 1.933271 0.743792 1.36927
Ge_mgkg_ICPar 0.048462 0.000616 0.02481 2.779386 20.46345
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0.060497 0.001834 0.042831 0.462709 -0.08893
0.12237 0.024626 0.156928 48.16831 2787.493
0.019149 0.000147 0.012113 7.01641 142.2199
13.19149 66.80901 8.173678 1.145882 9.550463
1.388849 2.982059 1.726864 15.12847 437.6588
0.321048 0.079802 0.282493 5.108419 57.85452
26.6733 533.4029 23.09552 10.17009 189.7051
11.13725 58.86767 7.672527 0.433595 -0.16528
0.504086 0.197917 0.444879 9.19362 166.9385
2.208147 2.066003 1.43736 0.451862 0.033523
1.425132 3.491065 1.868439 6.447675 72.05779
0.837092 0.557988 0.746986 8.636526 134.1327
0.002704 4.00E-06 0.00206 32.66896 1338.599
0.019515 0.001255 0.035425 37.76352 1782.056
0.992706 0.585513 0.765188 4.569341 101.7435
0.185596 0.016268 0.127547 3.638654 57.77457
1.773371 11.8906 3.448275 16.53825 430.5707
0.119511 0.24207 0.492006 22.93134 625.2796
13.21152 106.9455 10.34145 1.634059 8.30295

0.002118 0.00057 0.023873 47.60156 2363.869
0.001725 6.00E-05 0.007747 21.09326 554.0816
0.007613 0.001437 0.037907 16.61179 419.9599
0.001365 1.40E-05 0.003722 10.66353 189.1378
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7.2.3 (Table) Simplified R?, Spearman r and Pearson r for ilr-transformed shallow
topsoil geochemistry Castleisland, Co. Kerry

Table 7.2.3 Shallow topsoil geochemistry coefficient of determination (R2), Spearman r and Pearson correlation coefficients
for Castleisland Co. Kerry dataset.

o =
w

o
w

o _ =
[N
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7.2.4 (Table) R? of Castleisland, Co. Kerry shallow topsoil geochemistry ilr-transformed.
File name: CLR_ShallowTopsoil_r2Table_Castleisland_Co.Kerry

Table 7.2.4 R2 coefficient of determination tabulation for Castleisland, Co. Kerry topsoil data (isometric log ratio transformed).

r2 Mo Cu Zn Mn Th Ca

Mo 1 0.13 0.002 0.001 0.053 0.09 0.002 0.018 0.348 0.632 0.052 0.368  0.497 0.392 0.0002 0.512 0.15
Cu 0.13 1 0.173 0.342 0.006 0.109 0.024  0.259 0.001 0.178 0.066 0.442  0.155 0.588  0.038  0.492 0.48
Pb 0.002 0.173 1 0.005 0.047 0.147 0.047 0.446 0.004 0.052 0.003 0.124 0.128 0.261 0.097 0.213  0.256
Zn 0.001 0.342 0.005 1 0.246  0.097 0.073  0.036 0.00E+00  0.002 0.014  0.046 0.01 0.047 0.017  0.045  0.147
Ni 0.053 0.006  0.047 0.246 1 0659 0.412 1.00E-04 0.005 0.067 3.00E-05 0.039  0.006 0.121 0.024  0.079 0.0005
Co 0.09 0.109 0.147 0.097  0.659 1 0572 0.091 0.031 0.125 0.011 0.146  0.049 0.321 0.001 0.238  0.079
Mn 0.002 0.024  0.047 0.073 0.412 0572 1 0.019 0.188 0.06 0.022 0.017 0.003 0.053 0.0004 0.032 0.006
Fe 0.018 0.259 0.446  0.036 0 0.091 0.019 1 0.053 0.145 0.008 0.244  0.045 0.406 0.392 0.392 0.497
As 0.348 0.001 0.0040.00E+00  0.005 0.031 0188  0.053 1 0112 0.006 0.044 0.225 0.017 0.019 0.057 0.008
u 0.632 0.178  0.052 0.002 0.067 0.125 0.06 0.145 0.112 1 0008 0446 0324 0.422 0.041 0597 0.166
Th 0.052 0.066  0.003 0.014"3.00E-05  0.011  0.022  0.008 0.006  0.008 1 0043 0.034 0.079 0.104 0.013  0.105
Sr 0.368 0.442 0.124 0.046 0.039 0.146 0.017 0.244 0.044 0446  0.043 1 0.282 0.664  0.013 0.742  0.548
Sb 0.497 0.155 0.128 0.01 0.006 0.049 0.003 0.045 0.225 0324 0.034 0.282 1 0.274 0.0002  0.316 0.16
Vv 0.392 0.588  0.261 0.047 0.121 0321 0.053  0.406 0.017 0.422 0.079 0.664 0.274 1 0.026 0.814 0.715
Ca 0.0002 0.038  0.097 0017 0024 0001 00004 0.392 0.019 0.041 0.104 0.013 0.0002 0.026 1 0.077  0.024
P 0.512 0.492 0.213 0.045 0.079 0.238 0.032 0.392 0.057 0.597 0.013 0.742 0316 0.814  0.077 1 0524
La 0.15 048 0256 0.147  0.0005 0.079 0.006 0.497 0.008 0.166 0.105 0.548 0.16  0.715 0.024 0.524 1
Cr 0.058 0.547 0.506 0.047 0.091 0286 0.106 0.517 0.017 0157 0.054 0395 0.144 0664 0.008 0.548 0.537
Mg 0.119 0.031 0.089 0.036 0.166 0.135 0.005 0.019 0.155 0.123 0.14 0.113  0.047 0.125 0.044 0.191  0.051
Ba 0344 0.636 0.215 0.087 0.078 0.229  0.034 0.38 0.012 0451 0.101 0.805 0.244 0.85 0.011 0.813  0.704
Al 0.003 0.048  0.233 0.005 0.041 0129 0.086 0.244 0.073 0.015 0.132  0.082 0.01 0.171 0.104 0.069  0.255
Na 0.001 0.202 0.327 1.00E-04 0.131 0.289 0.157 0.434 0.116 0.003 0.099 0.088  0.005 0.348 0.007 0.142 0.317
K 0.048 0.313 0.176  0.039  0.059 021  0.041  0.286 0.015 0.02 0282 0.209 0.053 0.493 0.008 022 0.612
Hg 0.0003 0.083 0.593 0.013 0.049 0.142 0.064 0.505 0.016 0.069 0.085 0.042 0.026 0.123 0377 0.155  0.066
Sc 0.052  0.0001 0.021 0.03 0202 0.095 0.044 0.117 0.035 0.007 0.248 0.018 0.002 0.0002 0.001 0.015  0.089
Ga 0.004 0.118  0.309 0.003 0.143  0.298 0.11  0.222 0.081 0.0004 0.094 0.074  0.006 0.253 0.054  0.086 0.32
logl0RNC  0.395 0.3 0.043 0.019 0.034 0.049 0.002 0.137 0.136 0.391  0.075 047 0.125 0.428 0.009 0492 0.271

0.058
0.547
0.506
0.047
0.091
0.286
0.106
0.517
0.017
0.157
0.054
0.395
0.144
0.664
0.008
0.548
0.537

0.025
0.639

0.46
0.556
0.491
0.287
0.014
0.546
0.211

Mg
0.119
0.031
0.089
0.036
0.166
0.135
0.005
0.019
0.155
0.123

0.14
0.113
0.047
0.125
0.044
0.191
0.051
0.025

0.1
0.004
0.0004
0.001
0.126
0.093
0.0001
0.075

Ba

0.344
0.636
0.215
0.087
0.078
0.229
0.034
0.38
0.012
0.451
0.101
0.805
0.244
0.85
0.011
0.813
0.704
0.639
0.1

0.196
0.258
0.412
0.083
0.001
0.216
0.454

Al

0.003
0.048
0.233
0.005
0.041
0.129
0.086
0.244
0.073
0.015
0.132
0.082
0.01
0.171
0.104
0.069
0.255
0.46
0.004
0.196
1
0.481
0.37
0.072
0.173
0.678
0.032
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Na Hg Sc
0.001 0.048 0.0003 0.052
0.202 0.313 0.083 0.0001
0.327 0.176 0.593 0.021
1.00E-04 0.039 0.013 0.03
0.131 0.059 0.049 0.202
0.289 0.21 0.142 0.095
0.157 0.041 0.064 0.044
0.434 0.286 0.505 0.117
0.116 0.015 0.016 0.035
0.003 0.02 0.069 0.007
0.099 0.282 0.085 0.248
0.088 0.209 0.042 0.018
0.005 0.053 0.026 0.002
0.348 0.493 0.123  0.0002
0.007 0.008 0.377 0.001
0.142 0.22 0.155 0.015
0.317 0.612 0.066 0.089
0.556 0.491 0.287 0.014
0.0004 0.001 0.126 0.093
0.258 0.412 0.083 0.001
0.481 0.37 0.072 0.173
1 0.664 0.223 0.051
0.664 1 0.022 0.066
0.223 0.022 1 0.002
0.051 0.066 0.002 1
0.682 0.648 0.11 0.052
0.052 0.118 0.057 0.003
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Ga
0.004
0.118
0.309
0.003
0.143
0.298
0.11
0.222
0.081
0.0004
0.094
0.074
0.006
0.253
0.054
0.086
0.32
0.546
0.0001
0.216
0.678
0.682
0.648
0.11
0.052
1
0.017

log10RNnC
0.395
0.3
0.043
0.019
0.034
0.049
0.002
0.137
0.136
0.391
0.075
0.47
0.125
0.428
0.009
0.492
0.271
0.211
0.075
0.454
0.032
0.052
0.118
0.057
0.003
0.017
1
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7.2.5 (Table) Coefficient of determination (R?) of Castleisland, Co. Kerry deeper topsoil geochemistry ilr-transformed.
File name: 5. ILR_DeeperTopsoil_r2Table_CastleislandCoKerry

Log10SC Mo Cu Pb Zn Ni Co Mn Fe As U Th Sr Sb \% Ca P La Cr Mg Ba Al Na K Hg Sc Ga

Mo 1 0.22 0.12” 0.003 0.05 0.02 0.02 0.08 0.7 0.0004 0.11 0.03 0.48 0.23 0.12"1.00E-05 0.16 0.08 0.06 0.12”  0.004 0.12 0.05 0.08 0.01 0.08
Cu 0.22 1 0.2 0.06 0.01 0.05 0.06 0.22 0.03 0.3 0.23 0.03 0.17 0.62 0.35 0.01 0.22 0.23 0.01 0.02 0.05 0.01 0.02” 0.0002 014" 0.001
Pb 0.12 0.2 1 0.07” 0.003 0.01 0.05 0.29 0.01 0.01 0.43 0.01 0.21 0.1 0.07 0.23 0.48 0.08 0.02 0.01 0.070.00E+00 0.07'5.00E-05 0.15 0.01
Zn 0 0.06 0.07 1 0.12 0.1 0.04 0.59 0.05 0.03 0.05 0.46 0.04 0.08 0.34 0.34 0.02 0.62 0.46 0.24 0.59 0.46 0.48 0.52 0.3 0.35
Ni 0.05 001" 0.003 0.12 1 0.79 0.6 0.17 0.14 0.05" 0.002 0.3 0.07 0.01 0.02 0.06 0.08”1.00E-04 0.44 0.76 0.08 0.44 0.28 0.16 0.13 0.4
Co 0.02 0.05 0.01 0.1 0.79 1 0.71 0.15 0.04”  0.002 0.01 0.22 002" 0.001 0.01 0.02 013" 0.001 0.36 0.78 0.06 0.39 0.15 0.14 0.01 0.26
Mn 0.02 0.06 0.05 0.04 0.6 0.71 1 0.04 0.05 0.02” 0.0003 0.2 0.13 0.03 0.05 0.03 0.27 0.01 0.23 0.57 0.06 0.29 0.14 0.05 0.01 0.32
Fe 0.08 0.22 0.29 0.59 0.17 0.15 0.04 1 0.07 0.13 0.19 0.41 0.32 0.24 0.55 0.26 0.16 0.58 0.43 0.19 0.69 0.36 0.39 0.34 0.35 0.33
As 0.1 0.03 0.01 0.05 0.14 0.04 0.05 0.07 1 0.65 0.02 0.43 0.17 0.0004 003" 0.001 0.01"1.00E-06 0.51 0.17 0.07 0.38 0.16 0.28 0.19 0.35
u " 0.0004 0.3 0.01 0.03 005" 0.002 0.02 0.13 0.65 1 0.04 0.24”  0.005 0.07 0.12 0.01 0.01 0.04 0.22 0.03 0.06 0.1 0.1 0.08 0.21 0.21
Th 0.11 0.23 0.43 0.05” 0.002 0.01” 0.0003 0.19 0.02 0.04 1 0.04 0.1 0.01 0.07 0.33 0.19 0.08"3.00E-05 0.01 0.11"7 0.0004 0.23 0.01 0.19 0.1
Sr 0.03 0.03 0.01 0.46 0.3 0.22 0.2 0.41 0.43 0.24 0.04 1 0.01 0.02 0.09 0.26 0.02 0.23 0.81 0.42 0.43 0.78 0.56 0.54 0.39 0.82
Sb 0.48 0.17 0.21 0.04 0.07 0.02 0.13 0.32 0.1” 0.00481 0.1 0.01 1 0.36 039"  0.005 0.46 0.3 0.02 0.08 0.13 0.03 0.01” 0.0001 0.01 0.05
\% 0.23 0.62 0.1 0.08 0.01” 0.001 0.03 0.24” 0.0004 0.07 0.01 0.02 0.36 1 0.38 0.01 0.16 0.31 0.02” 0.002 002" 0.004 0.02” 0.002 0.01 0.02
Ca 0.12 0.35 0.07 0.34 0.02 0.01 0.05 0.55 0.03 0.12 0.07 0.09 0.39 0.38 1 0.04 0.17 0.61 011" 0.001 0.36 0.06 0.07 0.16 0.1 0.03
P 0.00E+00 0.01 0.23 0.34 0.06 0.02 0.03 0.26” 0.001 0.01 0.33 0.26”  0.005 0.01 0.04 1 0.03 0.19 0.14 0.06 0.31 0.21 0.45 0.08 0.38 0.37
La 0.1613 0.22 0.48 0.02 0.08 0.13 0.27 0.16 0.01 0.01 0.19 0.02 0.46 0.16 0.17 0.03 1 0.06 0.01 0.16 0.03 0.03”  0.001"1.00E-08 0.08 0.03
Cr 0.08 0.23 0.08 0.62"1.00E-04” 0.001 0.01 0.58"1.00E-06 0.04 0.08 0.23 0.3 0.31 0.61 0.19 0.06 1 0.14 0.01 0.53 0.11 0.17 0.25 0.18 0.12
Mg 0.06 0.01 0.02 0.46 0.44 0.36 0.23 0.43 0.51 0.22"3.00E-05 0.81 0.02 0.02 0.11 0.14 0.01 0.14 1 0.59 0.33 0.87 0.49 0.65 0.27 0.63
Ba 0.12 0.02 0.01 0.24 0.76 0.78 0.57 0.19 0.17 0.03 0.01 0.42 0.08” 0.002" 0.001 0.06 0.16 0.01 0.59 1 0.14 0.62 0.31 0.31 0.08 0.45
Al " 0.004 0.05 0.07 0.59 0.08 0.06 0.06 0.69 0.07 0.06 0.11 0.43 0.13 0.02 0.36 0.31 0.03 0.53 0.33 0.14 1 0.42 0.51 041 0.35 0.47
Na 0.12 0.01"2.00E-05 0.46 0.44 0.39 0.29 0.36 0.38 01" 0.0004 0.78 0.03” 0.004 0.06 0.21 0.03 0.11 0.87 0.62 0.42 1 0.61 0.73 0.26 0.71
K 0.05 0.02 0.07 0.48 0.28 0.15 0.14 0.39 0.16 0.1 0.23 0.56 0.01 0.02 0.07 045" 0.001 0.17 0.49 0.31 0.51 0.61 1 0.53 0.38 0.69
Hg 0.08” 0.0002"5.00E-05 0.52 0.16 0.14 0.05 0.34 0.28 0.08 0.01 0.54” 0.0001” 0.002 0.16 0.08"1.00E-08 0.25 0.65 0.31 0.41 0.73 0.53 1 0.22 0.39
Sc 0.01 0.14 0.15 0.3 0.13 0.01 0.01 0.35 0.19 0.21 0.19 0.39 0.01 0.01 0.1 0.38 0.08 0.18 0.27 0.08 0.35 0.26 0.38 0.22 1 0.39
Ga 008" 0.001 0.01 0.35 0.4 0.26 0.32 0.33 0.35 0.21 0.1 0.82 0.05 0.02 0.03 0.37 0.03 0.12 0.63 0.45 0.47 0.71 0.69 0.39 0.39 1
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7.2.6 (Table) Correlation coefficient (Pearson r) of Castleisland, Co. Kerry shallow topsoil geochemistry Clr-transformed.
File name: ILR_Shallow_Topsoil __PearsonsCorrplot_Castleisland_Co.Kerry

Table 7.2.6a Pearson correlation table of Castleisland, Co. Kerry, shallow topsoil geochemistry (ilr transformed) and log10 soil-gas radon

Shallow_TMo Cu Pb Zn Ni Co Mn Fe As U Th Sr Sh \% Ca P La Cr Mg Ba Al Na K Hg Sc Ga log1l0RNC
Mo 1 0.36 0.05 0.03 -0.23 -0.3 -0.04 -0.13 0.59 0.79 0.23 0.61 0.71 0.63 0.01 0.72 0.39 0.24 -0.35 0.59 -0.06 -0.03 0.22 -0.02 -0.23 -0.06 0.63
Cu 0.36 1 0.42 0.58 -0.08 -0.33 -0.16 -0.51 0.03 0.42 0.26 0.66 0.39 0.77 0.2 0.7 0.69 0.74 -0.18 0.8 0.22 0.45 0.56 0.29 0.01 0.34 0.55
Pb 0.05 0.42 1 0.07 -0.22 -0.38 -0.22 -0.67 -0.06 0.23 -0.05 0.35 0.36 0.51 0.31 0.46 0.51 0.71 -0.3 0.46 0.48 0.57 0.42 0.77 0.14 0.56 0.21
Zn 0.03 0.58 0.07 1 0.5 0.31 0.27 20.197  -0.002 -0.04 0.12 0.21 0.1 0.22 0.13 0.21 0.38 0.22 0.19 0.29 -0.07 -0.01 0.2 -0.11 0.17 -0.06 0.14
Ni -0.23 -0.08 -0.22 0.5 1 0.81 0.64 -0.01 0.07 -0.26 -0.01 -0.2 -0.07 -0.35 0.15 -0.28 0.02 -0.3 0.41 -0.28 -0.2 -0.36 -0.24 -0.22 0.45 -0.38 -0.18
Co -0.3 -0.33 -0.38 0.31 0.81 1 0.76 0.3 0.18 -0.35 -0.1 -0.38 -0.22 -0.57 -0.02 -0.49 -0.28 -0.54 0.37 -0.48 -0.36 -0.54 -0.46 -0.38 0.31 -0.55 -0.22
Mn -0.04 -0.16 -0.22 0.27 0.64 0.76 1 0.14 0.43 -0.25 -0.15 -0.13 -0.06 -0.23 0.02 -0.18 0.08 -0.33 -0.07 -0.18 -0.29 -0.4 -0.2 -0.25 0.21 -0.33 -0.05
Fe -0.13 -0.51 -0.67 -0.19 -0.01 0.3 0.14 1 0.23 -0.38 -0.09 -0.49 -0.21 -0.64 -0.63 -0.63 -0.71 -0.72 0.14 -0.62 -0.49 -0.66 -0.53 -0.71 -0.34 -0.47 -0.37
As 0.59 0.03 -0.06” -0.002 0.07 0.18 0.43 0.23 1 0.33 -0.07 0.21 0.47 0.13 0.14 0.24 0.09 -0.13 -0.39 0.11 -0.27 -0.34 -0.12 -0.13 -0.19 -0.29 0.37
V] 0.79 0.42 0.23 -0.04 -0.26 -0.35 -0.25 -0.38 0.33 1 0.09 0.67 0.57 0.65 0.2 0.77 0.41 0.4 -0.35 0.67 0.12 0.05 0.14 0.26 -0.08 -0.02 0.62
Th 0.23 0.26 -0.05 0.12 -0.01 -0.1 -0.15 -0.09 -0.07 0.09 1 0.21 0.18 0.28 -0.32 0.11 0.32 0.23 0.37 0.32 0.36 0.32 0.53 -0.29 0.5 0.31 0.27
Sr 0.61 0.66 0.35 0.21 -0.2 -0.38 -0.13 -0.49 0.21 0.67 0.21 1 0.53 0.81 0.11 0.86 0.74 0.63 -0.34 0.9 0.29 0.3 0.46 0.21 -0.14 0.27 0.69
Sb 0.71 0.39 0.36 0.1 -0.07 -0.22 -0.06 -0.21 0.47 0.57 0.18 0.53 1 0.52 0.01 0.56 0.4 0.38 -0.22 0.49 0.1 0.07 0.23 0.16 -0.04 0.08 0.35
\% 0.63 0.77 0.51 0.22 -0.35 -0.57 -0.23 -0.64 0.13 0.65 0.28 0.81 0.52 1 0.16 0.9 0.85 0.82 -0.35 0.92 0.41 0.59 0.7 0.35 -0.01 0.5 0.65
Ca 0.01 0.2 0.31 0.13 0.15 -0.02 0.02 -0.63 -0.14 0.2 -0.32 0.11 0.01 0.16 1 0.28 0.15 0.09 -0.21 0.11 -0.32 0.08 -0.09 0.61 0.03 -0.23 0.09
P 0.72 0.7 0.46 0.21 -0.28 -0.49 -0.18 -0.63 0.24 0.77 0.11 0.86 0.56 0.9 0.28 1 0.72 0.74 -0.44 0.9 0.26 0.38 0.47 0.39 -0.12 0.29 0.7
La 0.39 0.69 0.51 0.38 0.02 -0.28 0.08 -0.71 0.09 0.41 0.32 0.74 0.4 0.85 0.15 0.72 1 0.73 -0.23 0.84 0.51 0.56 0.78 0.26 0.3 0.57 0.52
Cr 0.24 0.74 0.71 0.22 -0.3 -0.54 -0.33 -0.72 -0.13 0.4 0.23 0.63 0.38 0.82 0.09 0.74 0.73 1 -0.16 0.8 0.68 0.75 0.7 0.54 0.12 0.74 0.46
Mg -0.35 -0.18 -0.3 0.19 0.41 0.37 -0.07 0.14 -0.39 -0.35 0.37 -0.34 -0.22 -0.35 -0.21 -0.44 -0.23 -0.16 1 -0.32 0.06 0.02 0.03 -0.36 0.3 -0.01 -0.27
Ba 0.59 0.8 0.46 0.29 -0.28 -0.48 -0.18 -0.62 0.11 0.67 0.32 0.9 0.49 0.92 0.11 0.9 0.84 0.8 -0.32 1 0.44 0.51 0.64 0.29 0.03 0.46 0.67
Al -0.06 0.22 0.48 -0.07 -0.2 -0.36 -0.29 -0.49 -0.27 0.12 0.36 0.29 0.1 0.41 -0.32 0.26 0.51 0.68 0.06 0.44 1 0.69 0.61 0.27 0.42 0.82 0.18
Na -0.03 0.45 0.57 -0.01 -0.36 -0.54 -0.4 -0.66 -0.34 0.05 0.32 0.3 0.07 0.59 0.08 0.38 0.56 0.75 0.02 0.51 0.69 1 0.81 0.47 0.23 0.83 0.23
K 0.22 0.56 0.42 0.2 -0.24 -0.46 -0.2 -0.53 -0.12 0.14 0.53 0.46 0.23 0.7 -0.09 0.47 0.78 0.7 0.03 0.64 0.61 0.81 1 0.15 0.26 0.8 0.34
Hg -0.02 0.29 0.77 -0.11 -0.22 -0.38 -0.25 -0.71 -0.13 0.26 -0.29 0.21 0.16 0.35 0.61 0.39 0.26 0.54 -0.36 0.29 0.27 0.47 0.15 1 0.04 0.33 0.24
Sc -0.23 0.01 0.14 0.17 0.45 0.31 0.21 -0.34 -0.19 -0.08 0.5 -0.14 -0.04 -0.01 0.03 -0.12 0.3 0.12 0.3 0.03 0.42 0.23 0.26 0.04 1 0.23 -0.06
Ga -0.06 0.34 0.56 -0.06 -0.38 -0.55 -0.33 -0.47 -0.29 -0.02 0.31 0.27 0.08 0.5 -0.23 0.29 0.57 0.74 -0.01 0.46 0.82 0.83 0.8 0.33 0.23 1 0.13
log10RNC 0.63 0.55 0.21 0.14 -0.18 -0.22 -0.05 -0.37 0.37 0.62 0.27 0.69 0.35 0.65 0.09 0.7 0.52 0.46 -0.27 0.67 0.18 0.23 0.34 0.24 -0.06 0.13 1

Table 7.2.6b Pearson correlation table of Castleisland, Co. Kerry, deeper topsoil geochemistry (ilr transformed) and log10 soil-gas radon
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Deeper_T Log10SGIMo Cu Pb Zn Ni Co Mn Fe As U Th Sr Sb \% Ca P La Cr Mg Ba Al Na K Hg Sc Ga

Log10SGI 1 0.47 0.35 -0.05 -0.22 -0.15 -0.15 -0.29 -0.32 0.02 0.33 -0.18 0.69 0.48 0.35 0 0.4 0.28 -0.25 -0.34 0.06 -0.35 -0.23 -0.28 0.11 -0.28 -0.39

Mo 0.47 1 0.45 0.25 -0.11 -0.22 -0.24 -0.47 0.18 0.55 0.48 0.17 0.42 0.79 0.59 0.11 0.47 0.48 0.11 -0.16 0.23 -0.08 0.13 0.01 0.37 0.03 -0.08

Cu 0.35 0.45 1 0.26 0.05 -0.09 -0.22 -0.53 -0.09 0.09 0.65 0.12 0.46 0.31 0.27 0.48 0.69 0.29 0.15 -0.11 0.26” 0.004 0.27 -0.01 0.38 0.12 -0.02

Pb -0.05 0.25 0.26 1 0.35 0.31 0.19 -0.77 0.21 0.17 0.22 0.68 0.21 0.28 0.59 0.58 0.12 0.78 0.68 0.49 0.77 0.68 0.69 0.72 0.54 0.59 0.71

Zn -0.22 -0.11 0.05 0.35 1 0.89 0.77 -0.41 0.37 0.22 0.04 0.55 -0.27 -0.1 -0.13 0.25 -0.28 -0.01 0.66 0.87 0.29 0.66 0.53 0.4 0.36 0.63 0.49

Ni -0.15 -0.22 -0.09 0.31 0.89 1 0.84 -0.38 0.21 0.05 -0.1 0.47 -0.15 -0.02 -0.08 0.15 -0.36 0.04 0.6 0.88 0.24 0.63 0.38 0.38 0.1 0.51 0.44

Co -0.15 -0.24 -0.22 0.19 0.77 0.84 1 -0.21 0.23 0.13 -0.02 0.45 -0.36 -0.19 -0.22 0.16 -0.52 -0.08 0.48 0.75 0.24 0.54 0.37 0.21 0.1 0.57 0.37

Mn -0.29 -0.47 -0.53 -0.77 -0.41 -0.38 -0.21 1 -0.27 -0.36 -0.44 -0.64 -0.56 -0.49 -0.74 -0.51 -0.4 -0.76 -0.66 -0.43 -0.83 -0.6 -0.63 -0.58 -0.59 -0.57 -0.55

Fe -0.32 0.18 -0.09 0.21 0.37 0.21 0.23 -0.27 1 0.8 -0.13 0.66 -0.32 0.02 0.16 0.03 -0.077  -0.001 0.71 0.41 0.26 0.62 0.4 0.53 0.44 0.59 0.63

As 0.02 0.55 0.09 0.17 0.22 0.05 0.13 -0.36 0.8 1 0.19 0.49 -0.07 0.27 0.35 0.07 0.11 0.19 0.47 0.17 0.24 0.32 0.32 0.29 0.46 0.46 0.35

U 0.33 0.48 0.65 0.22 0.04 -0.1 -0.02 -0.44 -0.13 0.19 1 0.19 0.31 0.11 0.26 0.57 0.44 0.29 0.01 -0.1 0.33 -0.02 0.48 -0.1 0.44 0.32 -0.09

Th -0.18 0.17 0.12 0.68 0.55 0.47 0.45 -0.64 0.66 0.49 0.19 1 -0.11 0.12 0.3 0.51 -0.13 0.48 0.9 0.65 0.66 0.88 0.75 0.74 0.63 0.91 0.83

Sr 0.69 0.42 0.46 0.21 -0.27 -0.15 -0.36 -0.56 -0.32 -0.07 0.31 -0.11 1 0.6 0.63 0.07 0.68 0.55 -0.14 -0.29 0.36 -0.18 -0.1 -0.01 0.1 -0.22 -0.16

Sb 0.48 0.79 0.31 0.28 -0.1 -0.02 -0.19 -0.49 0.02 0.27 0.11 0.12 0.6 1 0.61 -0.08 0.4 0.55 0.14 -0.05 0.15 -0.06 -0.14 0.04 0.1 -0.15 -0.06

\% 0.35 0.59 0.27 0.59 -0.13 -0.08 -0.22 -0.74 0.16 0.35 0.26 0.3 0.63 0.61 1 0.2 0.41 0.78 0.33 0.04 0.6 0.24 0.26 0.4 0.31 0.16 0.29

Ca " 0.003 0.11 0.48 0.58 0.25 0.15 0.16 -0.51 0.03 0.07 0.57 0.51 0.07 -0.08 0.2 1 0.18 0.43 0.37 0.24 0.56 0.46 0.67 0.29 0.61 0.61 0.43

P 0.4 0.47 0.69 0.12 -0.28 -0.36 -0.52 -0.4 -0.07 0.11 0.44 -0.13 0.68 0.4 0.41 0.18 1 0.25 -0.08 -0.4 0.16 -0.18 0.0378.23E-05 0.28 -0.18 -0.13

La 0.28 0.48 0.29 0.78 -0.01 0.04 -0.08 -0.76” -0.001 0.19 0.29 0.48 0.55 0.55 0.78 0.43 0.25 1 0.37 0.11 0.73 0.34 0.41 0.5 0.42 0.35 0.4

Cr -0.25 0.11 0.15 0.68 0.66 0.6 0.48 -0.66 0.71 0.47 0.01 0.9 -0.14 0.14 0.33 0.37 -0.08 0.37 1 0.77 0.57 0.93 0.7 0.81 0.52 0.8 0.87

Mg -0.34 -0.16 -0.11 0.49 0.87 0.88 0.75 -0.43 0.41 0.17 -0.1 0.65 -0.29 -0.05 0.04 0.24 -0.4 0.11 0.77 1 0.38 0.79 0.55 0.56 0.27 0.67 0.65

Ba 0.06 0.23 0.26 0.77 0.29 0.24 0.24 -0.83 0.26 0.24 0.33 0.66 0.36 0.15 0.6 0.56 0.16 0.73 0.57 0.38 1 0.65 0.71 0.64 0.6 0.68 0.66

Al -0.35 -0.08”  0.004 0.68 0.66 0.63 0.54 -0.6 0.62 0.32 -0.02 0.88 -0.18 -0.06 0.24 0.46 -0.18 0.34 0.93 0.79 0.65 1 0.78 0.86 0.51 0.84 0.95

Na -0.23 0.13 0.27 0.69 0.53 0.38 0.37 -0.63 0.4 0.32 0.48 0.75 -0.1 -0.14 0.26 0.67 0.03 0.41 0.7 0.55 0.71 0.78 1 0.73 0.62 0.83 0.76

K -0.28 0.01 -0.01 0.72 0.4 0.38 0.21 -0.58 0.53 0.29 -0.1 0.74 -0.01 0.04 0.4 0.29 0 0.5 0.81 0.56 0.64 0.86 0.73 1 0.47 0.62 0.91

Hg 0.11 0.37 0.38 0.54 0.36 0.1 0.1 -0.59 0.44 0.46 0.44 0.63 0.1 0.1 0.31 0.61 0.28 0.42 0.52 0.27 0.6 0.51 0.62 0.47 1 0.62 0.47

Sc -0.28 0.03 0.12 0.59 0.63 0.51 0.57 -0.57 0.59 0.46 0.32 0.91 -0.22 -0.15 0.16 0.61 -0.18 0.35 0.8 0.67 0.68 0.84 0.83 0.62 0.62 1 0.75

Ga -0.39 -0.08 -0.02 0.71 0.49 0.44 0.37 -0.55 0.63 0.35 -0.09 0.83 -0.16 -0.06 0.29 0.43 -0.13 0.4 0.87 0.65 0.66 0.95 0.76 0.91 0.47 0.75 1
Deeper_Topsoil LoglOSGR | Mo Cu Pb Zn

n

Log10SGRn 1 0.47 0.35 -0.05 | -0.22
Mo 0.47 1 0.45 0.25 -0.11
Cu 0.35 0.45 1 0.26 0.05
Pb -0.05 0.25 0.26 1 0.35
Zn -0.22 -0.11 | 0.05 0.35 1
Ni -0.15 -0.22 | -0.09 | 0.31 0.89
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Co -0.15 -0.24 | -0.22 | 0.19 | 0.77
Mn -0.29 -0.47 | -0.53 | -0.77 | -0.41
Fe -0.32 0.18 | -0.09 | 0.21 | 0.37
As 0.02 0.55 |0.09 |0.17 |0.22
U 0.33 048 | 0.65 |0.22 | 0.04
Th -0.18 0.17 | 0.12 |0.68 | 0.55
Sr 0.69 042 | 046 |0.21 |-0.27
Sb 0.48 0.79 | 031 |0.28 |-0.1
\) 0.35 0.59 |0.27 |0.59 |-0.13
Ca 0.003 0.11 | 0.48 |0.58 |0.25
P 0.4 047 |0.69 |0.12 |-0.28
La 0.28 048 |0.29 |0.78 |-0.01
Cr -0.25 0.11 | 0.15 | 0.68 | 0.66
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Mg -0.34 -0.16 | -0.11 | 0.49 | 0.87
Ba 0.06 0.23 0.26 | 0.77 | 0.29
Al -0.35 -0.08 | 0.004 | 0.68 | 0.66
Na -0.23 0.13 0.27 0.69 | 0.53
K -0.28 0.01 -0.01 |0.72 |04
Hg 0.11 0.37 0.38 | 0.54 |0.36
Sc -0.28 0.03 0.12 0.59 | 0.63
Ga -0.39 -0.08 | -0.02 | 0.71 | 0.49
table
Variable Mo | Cu Pb Zn Ni Co Mn | Fe As U Th Sr Sb V Ca |P La Cr Mg | Ba | Al Na K Hg | Sc Ga | loglORnConc
Mo 1 0.48 | 0.09 | 0.26 | 0.03 | 0.02 | 0.2 | 0.26 | 0.61 | 0.55 | 0.19 | 0.58 | 0.66 | 0.69 | - 0.64 | 045 | 0.35 | O 0.57 | 0.11 | - 0.28 | 0.03 | 0.03 | 0.03 | 0.46
0.04 0.06
Cu 048 | 1 02 | 028 | - - - - 0.09 | 0.61 | - 0.75 | 0.56 | 0.68 | 0.26 | 0.67 | 0.52 | 0.33 | - 0.64 | - - 0.09 | 0.21 | - -0.2 | 0.61
0.01 | 0.12 | 0.01 | 0.18 0.02 0.15 0.09 | 0.11 0.13
Pb 0.09 [ 02 |1 019 [ 009 |01 |01 |0.01] 018|022 | - 0.08 | 0.25 | 0.18 | 0.17 | 0.26 | 0.15 | 0.2 | - 0.23 | 0.08 | 0.02 | - 0.59 | 0.06 | - 0
0.13 0.07 0.15 0.02
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Zn 026 | 028 | 0.19 | 1 085 | 0.79 | 0.72 | 0.71 | 0.61 | - 0.65 | - 0.03 | 001 | 0.24 | 0.17 | 045 | 0.71 | 0.77 | 0.41 | 0.66 | 045 | 054 | -0.1 | 0.75 | 043 | -0.14
0.04 0.06
Ni 0.03 | - 009 | 085 |1 095 | 0.76 | 0.75 | 0.63 | - 0.63 | - - -0.3 | 014 | -0.1 | 0.25 | 0.57 | 0.86 | 0.13 | 0.68 | 0.39 | 0.39 | -0.1 | 0.84 | 0.34 | -0.32
0.01 0.16 0.28 | 0.05
Co 0.02 | - 0.1 079 [ 095 | 1 0.81 | 0.82 | 0.67 | - 0.61 | - 0.1 | - 0.07 | - 0.11 | 0.55 | 0.84 | 0.06 | 0.68 | 0.4 032 | -0.1 | 0.83 | 0.36 | -0.35
0.12 0.17 0.35 0.36 0.15
Mn 0.2 - 0.1 0.72 | 0.76 | 081 | 1 0.63 | 0.62 | - 045 | - 0 - 0.09 | 0.05 | 0.31 | 042 | 0.54 | 0.15 | 0.44 | 0.15 | 0.3 - 0.61 | 0.24 | -0.22
0.01 0.25 0.15 0.13 0.13
Fe 0.26 | - 001 | 071 | 0.75 | 0.82 | 063 | 1 0.79 | - 0.72 | - -01 | - - -0.1 | 0.03 | 0.64 | 0.83 | 0.16 | 0.78 | 0.53 | 0.48 | - 0.81 | 0.57 | -0.35
0.18 0.15 0.35 0.22 | 0.15 0.22
As 0.61 | 0.09 | 0.18 | 0.61 | 0.63 | 0.67 | 0.62 | 0.79 | 1 0.23 | 0.57 | 0.07 | 0.33 | 0.17 | 0.02 | 0.29 | 0.37 | 059 | 0.53 | 0.4 061 | 0.26 | 04 0 0.66 | 0.34 | 0.01
U 055 | 0.61 | 0.22 | - - - - - 023 |1 - 0.7 058 | 0.71 | 0.3 0.72 | 0.28 | 0.24 | - 055 | - - - 043 | - - 0.62
0.04 | 0.16 | 0.17 | 0.25 | 0.15 0.17 0.25 0.08 | 0.18 | 0.19 0.16 | 0.31
Variable Mo | Cu Pb Zn Ni Co Mn | Fe As U Th Sr Sb V Ca |P La Cr Mg | Ba | Al Na K Hg | Sc Ga | loglORnConc
Th 0.19 | - - 0.65 | 0.63 | 0.61 | 045 | 0.72 | 0.57 | - 1 - 0.04 | - - - 0.35 | 064 | 0.79 | 0.35 [ 0.79 | 0.59 | 0.79 | - 0.85 | 0.61 | -0.07
0.02 | 0.13 0.17 0.18 0.08 | 0.19 | 0.11 0.42
Sr 0.58 | 0.75 | 0.08 | - - - - - 0.07 | 0.7 - 1 0.66 | 0.85 | 0.18 | 0.8 058 | 0.11 | - 0.65 | - - 0.01 | 0.18 | - - 0.78
0.06 | 0.28 | 0.35 | 0.15 | 0.35 0.18 0.45 0.25 | 0.24 0.35 | 0.33
Sb 0.66 | 0.56 | 0.25 | 0.03 | - -01 | O -0.1 | 0.33 | 0.58 | 0.04 | 0.66 | 1 0.61 | 0.06 | 0.55 | 0.43 | 0.14 | - 041 | - - 0.02 | 0.07 | - - 0.47
0.05 0.22 0.15 | 0.31 0.12 | 0.34
\Y 0.69 | 0.68 | 0.18 | 0.01 | -0.3 | - - - 0.17 | 0.71 | - 085 | 061 |1 0.09 | 0.87 | 0.61 | 0.32 | - 0.75 | - - 013 | 0.21 | - - 0.66
0.36 | 0.13 | 0.22 0.08 0.38 0.06 | 0.06 0.24 | 0.09
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Ca - 0.26 | 0.17 | 0.14 | 0.14 | 0.07 | 0.09 | - 0.02 | 0.3 - 0.18 | 0.06 | 0.09 | 1 031 | 0.15 | - - 0.06 | - - - 054 | 0.02 | - 0.07
0.04 0.15 0.19 0.12 | 0.08 0.21 | 0.23 | 0.33 0.48
P 064 | 0.67 | 0.26 | 0.17 | -0.1 | - 005 | -0.1 | 0.29 | 0.72 | - 0.8 055 | 087 | 031 | 1 055 | 0.4 - 0.72 | - - 0.04 | 0.34 | - - 0.6
0.15 0.11 0.28 0.03 | 0.09 0.14 | 0.16
La 045 | 052 | 015 | 045 | 0.25 | 0.11 | 0.31 | 0.03 | 0.37 | 0.28 | 0.35 | 0.58 | 0.43 | 0.61 | 0.15 | 055 | 1 041 | 0.05 | 0.73 | 0.32 | 0.09 | 055 | - 031 | 019 | 0.4
0.05
Cr 0.35 | 0.33 | 0.2 0.71 | 0.57 | 055 | 0.42 | 0.64 | 0.59 | 0.24 | 0.64 | 0.11 | 0.14 | 0.32 | - 0.4 041 | 1 0.61 | 0.67 | 0.82 | 0.59 | 0.57 | - 0.66 | 0.62 | 0.05
0.12 0.03
Mg 0 - - 0.77 | 0.86 | 0.84 | 0.54 | 0.83 | 0.53 | - 0.79 | - - - - - 005|061 | 1 0.07 | 0.78 | 0.59 | 0.55 | - 0.85 | 0.56 | -0.37
0.15 | 0.07 0.25 0.45 | 0.22 | 0.38 | 0.08 | 0.28 0.29
Ba 057 | 064 | 023 | 041 | 0.13 | 0.06 | 0.15 | 0.16 | 0.4 055 | 035 | 065 | 041 | 0.75 | 0.06 | 0.72 | 0.73 | 0.67 | 0.07 | 1 042 | 0.34 | 047 | 0.14 | 0.25 | 0.29 | 0.53
Al 0.11 | - 0.08 | 0.66 | 0.68 | 0.68 | 0.44 | 0.78 | 0.61 | - 0.79 | - - - - - 032 ] 082|078 | 042 |1 0.71 | 0.68 | - 0.86 | 0.82 | -0.22
0.09 0.08 0.25 | 0.15 | 0.06 | 0.21 | 0.03 0.17
Na - - 0.02 | 045 | 0.39 | 0.4 0.15 | 053 | 0.26 | - 059 | - - - - - 0.09 | 059 | 059 | 0.34 | 0.71 | 1 0.62 | - 0.58 | 0.68 | -0.18
0.06 | 0.11 0.18 0.24 | 0.31 | 0.06 | 0.23 | 0.09 0.11
Variable Mo | Cu Pb Zn Ni Co Mn | Fe As U Th Sr Sb \ Ca |P La Cr Mg | Ba | Al Na K Hg | Sc Ga | loglORnConc
K 0.28 | 0.09 | - 054 | 0.39 | 0.32 | 0.3 048 | 0.4 - 0.79 | 0.01 | 0.02 | 0.13 | - 0.04 | 055 | 0.57 | 0.55 | 047 | 0.68 | 0.62 | 1 - 059 | 072 | O
0.15 0.19 0.33 0.48
Hg 003 | 021|059 |-01 |-01|-01]- - 0 043 | - 0.18 | 0.07 | 0.21 | 0.54 | 0.34 | - - - 014 | - - - 1 - - 0.18
0.13 | 0.22 0.42 0.05 | 0.03 | 0.29 0.17 | 0.11 | 048 0.15 | 0.29
Sc 0.03 | - 0.06 | 0.75 | 0.84 | 0.83 | 0.61 | 0.81 | 0.66 | - 0.85 | - - - 0.02 | - 0.31 | 0.66 | 0.85 | 0.25 | 0.86 | 0.58 | 0.59 | - 1 0.58 | -0.29
0.13 0.16 035 | 0.12 | 0.24 0.14 0.15
Ga 0.03 | -0.2 | - 0.43 | 0.34 | 0.36 | 0.24 | 0.57 | 0.34 | - 0.61 | - - - - - 0.19 | 062 | 056 | 0.29 | 0.82 | 0.68 | 0.72 | - 058 | 1 -0.28
0.02 0.31 0.33 | 0.34 | 0.09 | 0.48 | 0.16 0.29
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loglORnConc | 0.46 | 0.61 | O = = = = = 0.01 | 062 | - 0.78 | 0.47 | 0.66 | 0.07 | 0.6 | 0.4 | 0.05 | - 053 | - = 0 0.18 | - =

0.14 | 0.32 | 0.35 | 0.22 | 0.35 0.07 0.37 0.22 | 0.18 0.29 | 0.28
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7.2.7 (Table) PCA Summary of Castleisland, Co. Kerry deeper topsoil geochemistry Clr-transformed.
File name: CLR_DeeperTopsoil PCASummary_Castleisland_Co.Kerry

Appendix A

00 |2 |00 |7 |04 |2 |01 |7 |o03 0.29 029 | 014 | 008 | 001 | 007 | 0.13

4 6 4 4

- |02 ]0 |- [o1 ol |- |05 |04 |- 038 | 01 |008 |014 | -01 | 013 | 002 | 005 | - E 012 | 005 | - 002 | 005 | -

01 |5 02 |3 |6 |03 |1 |5 |005 003 | 0.11 0.03 0.02

1 5

- |00 |- [- [o00 |00 |00 |- |- |o014 |- - - 03 | - - - E - E 02 | 004 |- 004 |0 0.01

00 |6 |00 |01 |9 |[8 |5 |00 |00 004 | 037 | 015 043 | 044 | 031 | 0.06 | 0.17 | 0.14 0.36

4 1 4 |4

- |0 [o1]o00 [0l [00 [- |00 |- |- 004 | 002 | - - 007 | - 007 | 026 | 061 | 0.28 | - 028 | - E 005 | -

03 2 |4 |2 |1 |o1|6 |01 |002 001 | 0.15 0.26 0.13 019 | 0.25 0.07

1 8 3

- |- Jo1foz2 o3 [- |- |00 |- |01 [0l |- 026 | - - 006 | - - 005 | 002 | - - - 031 | 019 | -

03 00|21 |6 |3 |00 |01 |3 |o01 0.01 0.02 | 0.01 025 | 0.26 017 | 043 | 0.04 031
4 4 9

- |- Joz2 o2 [o1 [- |- |00 |- [006 |0 026 | 002 | 023 | 0.01 | - 027 |01 |- - 026 | 017 | O 003 | - 0.08

03 | 00 6 |02 |01 |8 |02 0.28 044 | 014 0.15

7 |9 3 |5
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rotation.S | - 00 | - = = = 02 | - 00 |0 - - - 011 | 017 | 019 | - 0.02 | 0.06 | 0.04 | 0.13 | - 002 | 0 - 0.11
b 05 |5 01 (04 [ 00 [03 |8 00 |2 0.09 | 0.28 | 0.02 0.06 0.12 0.06

6 5 7 1 7 6
rotation. = = = 01 | - 02 | - - 0.0 | - 017 | 024 | -04 | - 0.1 017 | - - 017 | - 0.09 | - - - - 0.01
Mo 03 [ 00 [ 00 |8 03 |8 00 (01 |3 0.06 0.06 0.05 | 0.05 0.44 0.18 | 0.26 | 0.01 | 0.14

2 1 3 3 5 8
rotation.P | - 01 ]0 01 | - = 01 | - 0.0 | - 0.2 0.17 | 0.36 | - = 0.14 | - 012 | - 026 | 0.05 | 0.08 | 0.11 | - 0.04 | -
b 02 |8 5 04 |00 |2 01 |5 0.06 0.13 | 0.49 0.09 0.13 0.13 0.06

5 6 4 6
rotation. 00 {03 [ 05 |01 |- = 02 (01 (01 |021 |- = > 0.27 | - 0.12 | 0.04 | - 0.14 | - = = = = = -0.1
Na 7 8 5 8 00 |01 |7 4 7 0.29 | 0.04 | 0.07 0.14 0.06 009 | 0.14 | 0.05 | 0.22 | 0.08 | 0.08

6 9

rotation. = = 00 (01 |O 00 [00 (O 03 | - > 0.03 | - = 028 | - = 0.07 | - 0.07 | 0.13 | 0.27 | 0.22 | 0.06 | -0.3 | -
Ba 00 | 00 |5 5 3 3 8 021 | 0.24 0.04 | 0.05 0.11 | 0.49 0.08 0.36

8 4
rotation. 01 (04 | O 00 (04 |00 |02 |00 |- - 011 | 0.2 - - - 0.2 - 0.07 | 0.13 | 0.05 | 0.31 | 0.04 | 0.18 | - - 0.33
Th 1 O O 1 6 03 | 0.15 0.12 | 0.05 | 0.06 0.28 0.02 | 0.14

1

rotation. - 03 | - 02 (02 |- - - 02 | 015 | - - 0.06 [ 0.04 | O 0.01 | 0.07 | 032 | - - - - - 0.02 | 0.13 | 0.09
K 00 |5 04 19 3 01 |02 |03 |8 0.28 | 0.03 0.02 | 0.07 | 0.03 | 013 | 0.07

5] 2 7 7
rotation. 00 [ 02 |- 01 {00 [01 |02 |- 0.0 | 012 | 0.2 - 0 - 0.31 | 0.04 | 0.37 | - - 028 | 0.36 | 0.16 | - 0.08 | 011 | -
Ga 1 4 00 |3 6 9 7 01 |3 0.13 0.07 0.25 | 0.09 0.22 0.32

8 S
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rotation. | 00 |00 |05 |- ]01 |00 |- |- |00 [015 032 |-01 |02 |- 019 | 0.06 | - 008 | - z 5 0.09 [ 005 [0 z 0.09
Cu 8 |6 0.2 3 |02 053 0.02 013 006 | 0.2 | 0.05 0.06
5 1 |8
rotationP | - |03 |- |- |00 |02 |- |- |- |oil |- 04 |- 5 z 5 005 | - 5 004 | - 008 | 011 | 001 | - 5
01 |6 |00 |04 |4 |1 |01 |00 |o01 0.27 013 | 0.04 | 011 | 0.06 025 | 011 0.23 003 | 0.28
2 7 |8 8 |7 |5
rotation. |- |01 |- |00 |01 |- |02 |- |o1 |- 013 | - 026 | 03 |- - 032 | 02 | 015 | - : - 022 | - - :
cr 00 |5 |00 |2 |4 |o01]6 |00 |8 |o024 0.02 0.02 | 0.29 043 | 017 | 0.02 012 | 0.26 | 0.02
1 8 2 3
rotation. |- |0 |00 |00 |00 |02 |- |- |01 O 006 | - - 007 | - - 0.08 | - - 049 | - - - 004 | - 0.36
Al 01 1 |9 |5 |3 |00 |00 |8 0.09 | 0.08 002 | 011 018 | 0.12 027 | 024 | 0.08 0.54
3 4 |4
rotationS | - |- |00 (02 |01 |01 |- |00 |- |02 |- 204 |- . - 044 | 016 | - 01 |- o 027 | 035 | 01 |- o
c 02 (o1 |6 |2 |4 |7 |o1]|4 o1 0.14 018 | 025 | 0.15 0.06 011 | 0.4 0.05 | 0.02
2 |2 1
rotation. | - |01 |01 |- |00 |01 |03 |00 |00 |- 018 | 0 DY | - 01 |- 007 | 054 | - 003 | - - 006 |01 | 022 |-
Mg 0.0 2 |oo |8 |4 |6 |6 [2 |o014 0.12 0.09 0.32 038 | 013 011
7 4
rotation. | - |- |00 |00 |01 |02 |01 |- |o01 |- - - - 025 | 006 | 02 |- - E 0 009 | - 021 | - 0.38 | 0.09
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7.2.8 (Figures) PC3 to PC5 score maps of Castleisland, Co. Kerry topsoil geochemistry Clr-
transformed.

File name: PC3 to PC5 Score maps of shallow topsoil Castleisland, Co, Kerry, Ireland
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Figure 7.2.8.1 PC3 Score map of Castleisland, Co. Kerry topsoil geochemistry clr and centred.
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Figure 7.2.8.2 PC4 Score map of Castleisland, Co. Kerry topsoil geochemistry clr and centred.
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Figure.2.8.3 PC5 Score map of Castleisland, Co. Kerry topsoil geochemistry clr and centred.
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7.2.9 (Figure) (A) PC1 vs PC2 biplot and (B) Cluster analysis of deeper topsoil

geochemistry Clr-transformed Castleisland, Co. Kerry.
File name: PCA biplot and cluster analysis of deeper topsoil geochemistry,

Castleisland, Co. Kerry.

PC2 (explained variance 24.3%)

Ba
12 As

Mn Zn

Ga

o
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Figure-2 7.2.9 (a) PC1 vs PC2 biplot and (b) cluster analysis of deeper topsoil geochemistry from Castleisland Co. Kerry.
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7.2.10 (Table) ANOVA of shallow topsoil geochemistry from TELLUS
Midlands ilr-transformed.
File name:

ANOVA _TELLUS Midlands_ShallowTopsoilElementsvsGeogenicRadonClass

Table 7.2.10 ANOVA of shallow topsoil geochemistry from TELLUS Midlands (ilr-transformed) versus Radon Potnential

boinary class (eta squared value).

Element Eta p Significance | Element | Eta p Significa
squared | value | code squared | value | nce code

S 0.29 <2e- | *** Pb 0.04 <2e- | ***
16 16

Na 0.24 <2e- | *** Ca 0.04 <2e- | ***
16 16

Sr 0.22 <2e- | *** Sn 0.03 <2e- | ***
16 16

Cr 0.18 <2e- | *** Cs 0.03 <2e- | ***
16 16

Ni 0.18 <2e- | *** K 0.03 <2e- | ***
16 16

Co 0.18 <2e- | *** Sb 0.02 <2e- | ***
16 16

Al 0.15 <2e- | *** Pt 0.02 <2e- | ***
16 16

\Y 0.15 <2e- | *** Nb 0.02 <2e- | ***
16 16

Sc 0.15 <2e- | *** Bi 0.02 <2e- | ***
16 16

Zr 0.15 <2e- | *** In 0.02 <2e- | ***
16 16

Se 0.14 <2e- | *** Re 0.01 <2e- | ***
16 16

Y 0.14 <2e- | *** P 0.01 2.60E | ***
16 -12

Fe 0.14 <2e- | *** Cd 0.01 3.57E | ***
16 -06

La 0.13 <2e- | *** Ti 0.004 2.03E | ***
16 -05

Hf 0.13 <2e- | *** Ba 0.003 0.000 | ***
16 53

Rb 0.12 <2e- | *** Cu 0.003 0.000 | ***
16 61

Li 0.12 <2e- | *** Mo 0.002 0.002 | **
16

Ce 0.12 <2e- | *** Zn 0.002 0.003 | **
16 23

Mg 0.11 <2e- | *** As 0.002 0.004 | **
16 68
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7.2.11 (Figures) Tukey-boxplots comparing shallow topsoil geochemistry with (a) geogenic
radon potential as derived from Elio et al 2020 *, and (b) main lithologies Geological Survey Ireland bedrock geology map 1:500 k.

File name: TukeyBoxplots_ShallowTopsoil_vs_(a) Bedrock_and_(b) GeogenicRadonClass_ TELLUSMidlands
*Elio, J., Crowley, Q., Scanlon, R., Hodgson, J., Long, S., Cooper, M. and Gallagher, V., 2020. Application of airborne radiometric surveys
for large-scale geogenic radon potential classification. Journal of the European Radon Association, 1.

Prepared using ‘R studio’ version 4.0.2, ggplot2
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Legend

27, Argyll Group; Psammitic & pelitic schist,
marble, amphibolite, diamictite

64, Marine shelf facies; Limestone & calcareous
shale

8, Granite, granodiorite

65, Marine basinal facies (Tobercolleen & Lucan
Fms - ""Calp"); Dark-grey argillaceous & cherty
limestone & shale

59, Shallow marine & coastal plain (basal
clastics); Sandstone, mudstone & conglomerate
61, Marine shelf & ramp facies; Argillaceous
dark-grey bioclastic limestone, subsidiary shale
62, Waulsortian mudbank; Pale-grey massive
limestone

56, Basalt, trachyte, syenite & tuff 5, Gabbro,
dolerite & diorite

52, Continental redbed facies; Sandstone,
siltstone & mudstone (base of Dingle Group is in
the Upper Silurian)

71, Fluvio-deltaic & basinal marine (Turbiditic);
Shale, sandstone, siltstone & coal

49, Deep marine turbidite sequence; Mudstone,
greywacke & conglomerate

32, Marine; Greywacke & shale 42, "Moffat
shale™ facies (Ordovician - Silurian); Shale &
greywacke 39, Deep marine; Slate, shale, minor
sandstone & siltstone

60, Shallow & marginal marine (Navan Group);
Dark-grey limestone, mudstone, sandstone,
minor evaporite
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7.2.12 (Figures) PC1 to PC4 score maps of TELLUS Midlands Clr-transformed topsoil geochemistry.

File name: PC1_4 ScoreMaps_TELLUSMidlands

PC1 Score Map TELLUS Midlands TS (clr)

PC2 Score Map TELLUS Midlands TS (clr)
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Figure 7.2.12 (Figures) PC1 to PC4 score maps of TELLUS Midlands Clr-transformed topsoil geochemistry.
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7.2.13 (Figure) Cluster analysis dendrogram TELLUS Midlands Clr-transformed shallow topsoil geochemistry.

File name: 13. Cluster analysis dendrogram TELLUS Midlands

Clr transformed

40 60 80 100 120

20

TELLUS Midlands topsoil

Distances
hclust (*, "ward.D2")

Figure 7.2.13 Cluster analysis dendrogram TELLUS Midlands Clr-transformed shallow topsoil geochemistry

Appendix A
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7.2.14 ransformed shallow topsoil TELLUS Midlands.
File name: 14. ANOVA PCA vs_(a)Geogenicradon_(b)Bedrocklithology

Appendix A

Table 7.2.14 ANOVA results of PC1-PC4 vs (a) Geogenic radon potential and (b) bedrock lithology (1:100k) of Clr-transformed shallow topsoil TELLUS Midlands Ireland.

GRP ANOVA | F-value | Pr (>F) | Principle component | Bedrock (1:100k) ANOVA | F-value | Pr (>F)
33.1% 698 <0.05 |PC1 14% 18 <0.05
1.1% 15 <0.05 |PC2 9% 12 <0.05
0.5% 6 <0.05 |PC3 30% 52 <0.05
0.7% 11 <0.05 PC4 11% 15 <0.05
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7.2.15 (Figures) Receiving Operator Characteristic and Area Under Curve graphs for (a)
Random forest, (b) logistic regression, (c) Gaussian process regress and (d)
control models using clr-transformed shallow topsoil TELLUS Midlands. As well
as ROC-AUC graphs for (a) logistic regression and (b) Gaussian process regress
using clr-transformed shallow topsoil geochemistry TELLUS Midlands limited to

elements present in Castleisland.

File name: 15. Receiving Operator Characteristic (ROC_AUC) for machine learning

models using Clr-transformed shallow topsoil geochemistry TELLUS Midlands

Receiving Operator Characteristic (ROC_AUC) for machine learning models using Clr-

transformed shallow topsoil geochemistry TELLUS Midlands
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Figure 7.2.15a Receiving Operator Characteristic (ROC) for the GRP class 1 vs GRP group 2+3+4 classes. (a)
Random Forest, (b) Gaussian Process Regression, (c) Control model and (d) Logistic Regression.

Receiving Operator Characteristic (ROC) for the GRP class 1 vs GRP group 2+3+4 classes. (a) Random Forest, (b) Gaussian

Process Regression, (c) Control model and (d) Logistic Regression.
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Receiving Operator Characteristic (ROC_AUC) for LR and GPR using Clr-transformed

shallow topsoil geochemistry TELLUS Midlands limited to Castleisland elements

08

True Positive Rate

Average area = 0.8 = 0.06 Average area = 0.81 £ 0.05

0.0 02 04 o6 oa 10 00 02 0 [ [ 10
False Positive Rate False Positive Rate

Figure 7.1.15b ROC-AUC for (left) Logistic regression and (right) Gaussian process regression. Models spatially cross
validated and trained using range of elements present in Castleisland Co. Kerry topsoil geochemistry dataset.
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7.2.16 (Figure) Gaussian process regression model verification (model trained on
Midlands TELLUS data and tested on Castleisland data). Boxplot average soil-
gas radon of (a) predicted low geogenic radon and (b) predicted high geogenic
radon class

File name: 16. Boxplot average soil-gas radon of (a) predicted low geogenic radon and (b)

predicted high geogenic radon class
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Figure 7.2.16 Gaussian process regression model verification (model trained on Midlands TELLUS data and tested on
Castleisland data). Boxplot average soil-gas radon of (a) predicted low geogenic radon and (b) predicted high geogenic radon
class
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TELLUS midlands data.

e T e

P90 B

7.2.17 (Figure) Complete canonical heatmap(s) of isometric log ratio transformed

Figure 7.2.17a Canonical heatmap-1 of ilr-transformed shallow topsoil geochemistry from the TELLUS Midlands
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Figure 7.2.17b Canonical heatmap-2 of ilr-transformed shallow topsoil geochemistry from the TELLUS Midlands
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7.2.18 Canonical heatmap(s) of isometric log ratio transformed shallow topsoil elements from

Castleisland, Co. Kerry, SW Ireland.
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Figure 7.2.18a Canonical heatmap-1 of ilr-transformed shallow topsoil geochemistry from Castleisland case study area.
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Figure 7.2.18b Canonical heatmap-2 of ilr-transformed shallow topsoil geochemistry from Castleisland case study area.
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Pearson correlation coefficient Tellus Midlands topsoil geochemistry
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7.2.20 Cluster dendrogram of ilr-transformed topsoil data from

area
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Figure 2.2.20 Cluster dendrogram of ilr-transformed topsoil data from Cas

tleisland, Co. Kerry study area
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