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ABSTRACT 

This thesis presents a method for predicting radon (222Rn) levels in groundwater on a general 
scale, within an area of approximately 185 x 145 km2. The method applies to Swedish conditions, 
where 222Rn is the main contributor to natural radioactivity. Prediction of radon potential in 
groundwater is complex because there are many different factors affecting radon content, includ-
ing geochemical and flow processes. The proposed method is based on univariate and multivari-
ate statistical analyses and investigated the influence of different factors such as bedrock, soils, 
uranium distribution, altitude, distance to fractures and land use. A statistical variable based 
method (the RV method) was used to estimate risk values related to different radon concentra-
tions. The method was calibrated and tested on more than 4400 drilled wells in Stockholm 
County. The weighted index (risk value) estimated by the RV method provided a fair prediction 
of radon potential in groundwater on a general scale. The RV method was successful in estimat-
ing the median radon concentration within 12 subregions (at a local scale, each of area 25 x 25 
km2), based on weighted index values obtained from half of all wells tested. A high correlation 
between risk values and median radon concentrations was demonstrated. The factors bedrock, 
altitude, distance to fracture zone and distribution of uranium in bedrock were found to be sig-
nificant in the prediction approach on a general scale. Visual data mining, which comprised analy-
sis of 3D images, was a useful tool for data exploration but could not be used as an independent 
method for drawing conclusions regarding radon in groundwater. Results of a field study based 
on 38 drilled wells on the island of Ljusterö in the Stockholm archipelago showed that 222Rn 
concentrations in groundwater were weakly correlated to the parent elements (226Ra and 238U) in 
solution. 

Key words: Radon; Groundwater; GIS; RV method; Multivariate statistics

INTRODUCTION 

Natural radioactivity comes from various 
sources in the environment. Radon gas (Rn) 
is the main contributor to natural radiation 
in Sweden (Åkerblom et al., 2005). Accord-
ing to previous investigations (Axelson, 
1984; SSI, 1998; Åkerblom et al., 2005), 
long-term exposure to radon, principally via 
inhalation, increases the risk of developing 
lung cancer, with smokers most at risk. 
Radon exists as isotopes and that of interest 
in this context is 222Rn, with a half-life of 3.8 
days. It is formed as a result of a series of 
radioactive decays, with radium (226Ra) as the 
immediate parent element and uranium 
(238U) as the original parent. The natural 
source of 222Rn (and of 226Ra and 238U) in the 
environment is geological material. 238U is 
present in varying concentrations in various 
mineral components of rocks and soils. In 
an indoor environment, a person can be 
exposed to 222Rn from three sources: 1) as 
soil gas emanating from geological materials 
underneath house foundations, 2) from 
construction materials and 3) from ground-

water extracted and used for different pur-
poses. This project focuses on the problem 
of radon in groundwater. 
The Swedish regulatory limit for 222Rn in 
drinking water is set at 1000 Bq/l and it 
applies to both private and public water 
supplies (Östergren et al., 2005). Water with 
concentrations above this limit is unsuitable 
for domestic use and remedial action is 
necessary. Studies have shown that occa-
sional ingestion of water containing high 
levels of 222Rn is not a problem unless such 
high concentrations persist and the water is 
used for consumption on a daily basis 
(Kendall, 2004). High concentrations of 
222Rn in groundwater become a problem 
when the water is used in different domestic 
activities involving heat and turbulence 
(Bowring and Banks, 1995). 222Rn is volatile 
and transfers easily from water to air. This 
radon release can significantly increase 222Rn 
concentration in the indoor environment, 
thereby increasing the inhalation risk. Åker-
blom et al. (2005) estimate a contribution of 
100 Bq/m3 of 222Rn in air from a source of 
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water containing 1000 Bq/l. Groundwater is 
extracted from different sources and 
groundwater from bedrock aquifers (drilled 
wells) has a greater potential of containing 
an enhanced concentration of 222Rn than 
groundwater extracted from soil aquifers in 
dug wells (Åkerblom and Lindgren, 1997).   
In bedrock aquifers, groundwater occurs and 
flows in fractures. Radium-rich minerals 
present along the surfaces of fractures decay 
and release 222Rn atoms into groundwater. 
Since the recoil distance as well as the diffu-
sion length of 222Rn is small (Tanner, 1980), 
it is widely accepted that only those minerals 
lying on the surfaces of fractures, in direct 
contact with the groundwater, contribute to 
increased 222Rn levels in the water. Changes 
in groundwater chemistry can lead to differ-
ent mineral fluid interactions (Siegel and 
Bryan, 2004). 238U is affected by redox con-
ditions. When an oxidising environment 
prevails, 238U enters solution and is trans-
ported along with the water and is eventually 
precipitated in a reducing environment 
(Schumann and Gundersen, 1996). 226Ra 
occurrence and distribution in groundwater 
is guided by its production from its immedi-
ate parent isotope thorium (230Th) and its 
removal from solution is governed by the 
adsorption or cation exchange properties 
(Herczeg et al., 1988). The re-deposition of 
238U and 226Ra along the walls of a fracture is 
known as secondary mineral enrichment and 
contributes to significantly increasing the 
concentration of 222Rn in groundwater 
(Åkerblom and Lindgren, 1997). 
The above-mentioned microscopic proc-
esses combined with the heterogeneity of 
fractures in a rock matrix often make it 
difficult to quantify transport of radioactive 
elements in a bedrock aquifer. Not all frac-
tures are hydraulically significant - only a few 
are hydraulic conductors and facilitate fluid 
flow (NRC, 1996; Olofsson et al., 2001). 
However, despite the complexity of the 
bedrock aquifer system, there is still a need 
to predict radon potential in groundwater. In 
Sweden and other countries, a large number 
of people depend on groundwater extracted 
from bedrock aquifers for their daily water 
needs, implying long-term exposure to ra-

dioactive 222Rn in some cases. At municipal 
level, prediction of radon potential in 
groundwater is important for the planning 
of new housing areas, as well as the consid-
eration of remediation measures for existing 
houses. In order to make realistic prediction 
of 222Rn levels in groundwater, influencing 
factors should be studied in a holistic way. 
Many studies conducted on radon in the 
natural environment are principally surveys 
and involve sampling and measurements of 
radon in groundwater. Such studies are 
performed for different reasons, including 
searching for uranium deposits, searching 
for thrust and faults, searching for seismic-
related changes and also for better knowl-
edge of the spatial distribution of radon 
(Monnin and Seidel, 1992; Choubey et al. 
2001; Porsani et al., 2005; Schubert et al., 
2005; Ishikawa et al., 2005). Such surveys are 
necessary steps in the reconnaissance of an 
area prior to more detailed analyses regard-
ing influencing factors. Other studies focus 
mainly on geological aspects, such as bed-
rock composition and uranium occurrence 
and distribution in bedrock. Åkerblom and 
Lindgren (1997) investigated bedrock and 
soil data in Sweden with the aim of mapping 
the groundwater radon potential. Choubey 
et al. (2000) investigated hydrogeology and 
found that the groundwater flow characteris-
tics influence the concentration of radon in 
springs. Other studies related to bedrock 
and distribution of uranium include the 
work of Lidén et al. (1995), Ståhl (1997), 
Choubey and Ramola (1997) and Salih et al. 
(2002). Studies on temporal variations in 
radon in groundwater are few. Knutsson 
(1977) studied seasonal fluctuations for dug 
wells and found large variations depending 
on type of soil aquifer. Nilssen (2001) ob-
served large fluctuations in 222Rn concentra-
tion in drilled wells from granite rocks.  
Regarding radon and groundwater chemis-
try, only a few correlation studies have been 
performed (Lewin Pihblad, 1998; Lewin and 
Simeonidis, 1998; Salih et al., 2004). Most of 
the research work related to groundwater 
chemistry focuses principally on the parent 
elements of 238U and 226Ra (Waite et al., 
1994; Schumann and Gundersen, 1996; 
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Glaus et al., 2000; Chen and Yiacoumi, 
2002). 
As stated above, most previous studies relate 
to geology and attempts to make prediction 
levels for 222Rn in groundwater are princi-
pally based on bedrock studies. In the 1990s, 
the Swedish Geological Survey (SGU) in 
collaboration with the Swedish Radiation 
Protection Agency (SSI) developed a gener-
alised groundwater risk map. This map was 
based on airborne radiometric measure-
ments, bedrock studies, chemical analyses 
and experiences from the mining industry 
(Åkerblom and Lindgren, 1997). High radon 
concentrations in groundwater were associ-
ated with young granites and pegmatites, 
which have enhanced concentrations of 
uranium and thorium minerals. However, 
Knutsson and Olofsson (2002) observed 
that high concentrations of radon could still 
be encountered outside the problematic rock 
types of granite and pegmatite. They also 
observed that the use of wells and technical 
installations influenced 222Rn levels in water. 

Hypothesis 

Based on the above-mentioned studies and 
other research related to radioactive ele-
ments (including studies conducted in con-
nection with nuclear repository sites), it can 
be stated that the variation of 222Rn levels in 
groundwater cannot be explained by geo-
logical conditions alone. The hypothesis was 
thus developed that the 222Rn concentrations 
in groundwater are governed by geochemical 
and flow processes, which are related to a 
number of factors including geology (soils, 
bedrock, distribution of fractures), hydro-
geology, chemistry of groundwater, topog-
raphical conditions and technical factors. An 
understanding of the influence of these 
natural and technical factors may facilitate 
the formulation of a radon prediction meth-
odology.  

Objectives 

The overall aim of this study was to develop 
a methodology based on the evaluation of 
multiple variables that could be used to 
predict radon levels in groundwater on a 
general scale. The factors bedrock, soil geol-

ogy, altitude, land use, uranium distribution 
in rock and distance to fracture zones were 
investigated as regards their influence on the 
222Rn concentration in groundwater. How-
ever, the study did not include research on 
groundwater chemistry and flow and trans-
port processes at this stage. The specific 
objectives of the study were:  
 A review of the mechanisms guiding 

the formation and migration of radon 
in groundwater (Paper I) 
 The exploration of thematic data and 

radon data through 3D surface visuali-
sation using GIS (Paper II) 
 The development and testing of a 

prediction methodology for the as-
sessment of radon problem areas (Pa-
per III) 
 The application of the methodology 

to regional geographical data using 
GIS (Paper III) 

BACKGROUND 

The factors investigated in this study have 
spatial coordinates, which allows them to be 
treated within a Geographical Information 
System (GIS). Transformations, analyses and 
visualisations of data are the most common 
applications of GIS (Bonham-Carter, 1998; 
Burrough and McDonnell, 2000). Previous 
studies involving the use of GIS to investi-
gate radon problem are few and focus 
mainly on radon as an indoor hazard (Geiger 
and Barnes, 1994; Kohli et al., 1997; Kraak 
and Koussoulakou, 2004). Salih et al. (2002) 
used GIS and geostatistical analyses to study 
the spatial correlation between radon in 
groundwater and geochemical characteris-
tics. In the present project, besides using 
GIS to spatially analyse thematic maps, 3D 
visualisation was considered as a tool to 
explore radon and other spatial data. Data 
analysis becomes complex when several 
variables are involved. Multivariate statistical 
techniques of factor analysis, principal com-
ponent analysis, regression analysis and 
others are increasingly being used to analyse 
water quality data (Vega et al., 1998; Stet-
zenbach et al., 1999; Petersen et al., 2001; 
Kim et al., 2004; Singh et al., 2004). Investi-
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gations of various influencing factors affect-
ing 222Rn in groundwater can be based on 
multivariate statistical analyses. In the fol-
lowing section, the underlying principles of 
principal component analysis, visual data 
mining (3D visualisation) and the risk vari-
able method (the RV method) are outlined. 

Principal Component Analysis (PCA) 

Principal Component Analysis (PCA) is a 
multivariate statistical technique that in-
volves the computation and analysis of the 
variance-covariance structure of a set of 
variables through a few linear combinations 
of these variables (Davis, 2002; Johnson and 
Wichern, 2002). The method often high-
lights information that is not easily deci-
phered using univariate statistics. PCA has 
often been conducted for the following 
purposes (Johnson and Wichern, 2002): 
 Data reduction and structural simplifi-

cation to make interpretation easier 
 Sorting and grouping whereby groups 

of similar variables are created 
 Investigation of the dependence 

among variables 
 To predict relationships among vari-

ables 
 For hypothesis construction and test-

ing 
Few attempts were made in previous studies 
to investigate radon problems using multi-
variate techniques.  In a recent study, a mul-
tivariate analysis technique based on partial 
least squares was used by Salih (2003) and 
Salih et al. (2004) to evaluate the impact of 
fluoride and other water components on 
radon concentration. In order to make 
proper interpretations, there is a need to 
understand the underlying principles of the 
method and also understand its strengths 
and weaknesses. 
In algebraic terms, principal components are 
linear combinations of p random variables 
X1, X2,…….Xp. Translated into geometric 
terms, these linear combinations represent 
the selection of a new coordinate system 
obtained by rotating the original system with 
X1, X2, ……..Xp as the coordinate axes. The 
new axes represent the orientations with 

maximum variability and provide a simpler 
description of the covariance structure 
(Johnson and Wichern, 2002). 
As stated above, PCA involves the forma-
tion of linear combinations, which are re-
ferred to as principal components, and much 
of the variability in the original data can be 
accounted for by a first few principal com-
ponents (Thalib et al., 1999; Johnson and 
Wichern, 2002). Since PCA is applied to a 
sample, linear combinations explain maxi-
mum sample variance. 
If S = {Sik} is a p x p sample covariance 
matrix with eigenvalue-eigenvector pairs (λ1, 
e1), (λ2, e2),………………..(λp, ep), k is the 
number of principal components and the ith 
sample principal component is given by: 
Yi = eix = ei1x1 + ei2x2 +…..+ eipxp      [1]  
 
where x = any observation on the variables 
X1, X2,…..Xp 
 i = 1, 2,………p  
Additional details on PCA principles can be 
found in Davis (2002) and Johnson and 
Wichern (2002). Only quantitative variables 
can be analysed using PCA. Prior to analysis, 
standardisation of the various data according 
to equation [2] is necessary to ensure that 
each variable has the same influence in the 
analysis. 

ii

ii
i

XZ σ
µ )( −

=                   [2] 

where Zi = standardised variable, 
Xi = original variable 
µi = mean 
σii = variance 
 

Risk Variable Methodology 

The risk variable methodology (RV method) 
is a structurised variable-based method for 
identifying independent variables and their 
importance for a dependent variable. It has 
previously been used for analysis of variables 
affecting the salinity of groundwater in 
coastal areas (Lindberg et al, 1996; Lindberg 
and Olofsson, 1997), vulnerability assess-
ment for drawdown of groundwater due to 
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tunnelling at Hallandsås, SW Sweden 
(Olofsson, 2000) and vulnerability assess-
ment for contamination of groundwater 
along roads (Gontier and Olofsson, 2003). It 
comprises statistical analysis of various vari-
ables using e.g. PCA and ANOVA (analysis 
of variance) for a suitable selection of influ-
encing variables, sub-grouping of the vari-
ables based on univariate statistics and fi-
nally formulation of a variable-based model. 
The latter is usually based on the statistical 
method of regression analysis. The method 
predicts values of one or more response 
(dependent) variables from a collection of 
predictor (independent) variable values. A 
classical linear regression model takes the 
following form  (Johnson and Wichern, 
2002): 
Y    =   β0 + β1Z1 + β2Z2+…+ βrZr   +    ε       [3] 
[Response] = [mean (depending on Z1, Z2,… 
Zr)] + [Error] 
 
where Z1, Z2,… Zr are predictor variables 
 Y = response variable 
 ε = random error 
Similarly, the RV method, which ends as a 
simplified regression model, generates a 
numerical index that is derived from ratings 
and weights assigned to each significant 
model parameters. The RV index takes the 
form:  

∑
=

n

i
iiRV

1

= FRV (Final risk value)      [4]  

where Vi= a risk value for a specific variable 
class (-2 to +2) 
Ri = the weight of the variable (1 to 3) 
The RV method also permits calculation of 
an uncertainty index, which can be com-
puted as: 

∑
=

n

i
ii RU

1
= FUV (Final uncertainty value)      [5]  

where Ui= the uncertainty (negative values 
indicate high uncertainty) 
Ri = the weighting of the variable.  
The RV method generates risk values, which 
should not be confused with the risks de-
fined in traditional risk analysis studies, 

meaning that the RV method does not in-
clude the consequences of the increased 
radon concentrations. 
All significant factors (qualitative as well as 
quantitative) are subdivided into classes, and 
these are rated from (–2) to (+2), based on 
how they influence radon concentration in 
water. Negative ratings (or risk values) imply 
increased probability of groundwater con-
taining high radon concentrations, while 
positive values mean that this probability is 
decreased. Each variable is then evaluated 
with respect to the others in order to deter-
mine the relative importance of each variable 
and is assigned a relative weight, ranging 
from 1 to 3. The most significant variables 
are given a weight of 3, while the least sig-
nificant ones receive a weight of 1. The 
weights can be set either from the operator’s 
expert knowledge and experience or, if there 
are enough data available, on a statistical 
basis.  

Visual Data Mining 

Data mining is the process of identifying or 
discovering useful and as yet undiscovered 
structure in the data (Demšar, 2004). Large 
datasets are usually examined in data mining 
and since the project targets 4439 wells, data 
mining is considered to be an appropriate 
tool. The underlying principle of visual data 
mining is the presentation of data in some 
visual form, allowing the user (human) to get 
insight into the data, draw conclusions and 
directly interact with the data (Fayyad et al., 
2002). Visual data mining in the form of 3D 
visualisation helps the viewer to easily gain 
knowledge of the relative layout and dis-
tances between objects (Fayyad et al., 2002; 
Burrough and McDonnell, 2000; Gahegan et 
al., 2002). A general approach to produce a 
3D surface from geographical information is 
to map the two basic geographical dimen-
sions, longitude and latitude, to the x and y-
axis respectively and to show the variable of 
interest on the z-axis. The process of visual 
data mining is often promoted as a hypothe-
sis generating process; the user generates a 
hypothesis about the relationships and pat-
terns in a dataset after first gaining insight 
into the data (Demšar, 2004). When the 
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hypothesis is already formulated, visual data 
mining is nevertheless considered to be an 
excellent exploratory technique that can 
potentially reveal other new structures or 
confirm the formulated hypothesis. 

DESCRIPTION OF STUDY AREA 

This study of radon problems in groundwa-
ter was conducted in east-central Sweden. 
There are more than 500 000 drilled wells in 
Sweden (SOU, 1994), about half of which 
are used on a permanent basis. High concen-
trations of 222Rn are a concern in many of 
these drilled wells since the predominant 
geology in Sweden is Precambrian bedrock, 
consisting of granites, acid gneisses and acid 
volcanics with a high content of uranium 
(Knutsson and Olofsson, 2002). More spe-
cifically, analyses of data were made for the 
County of Stockholm (Fig. 1). A total of 
4439 private wells located outside Stock-
holm City were used. The spatial coordinates 
of the study region are: north min-6507719, 
north max-6691319, east min-1582230, east 
max-1725680. The altitude varies between 0 
and 70 m above sea level. The geology is 
variable in the Stockholm County; old grani-

toids exist along the coastal zone and north-
ern region, together with stretches of 
metavolcanites and a local massif of mafic 
rocks. The central part consists mainly of 
gneiss-granites and gneiss, while the south-
ern part consists of Precambrian metasedi-
mentary rocks. Field measurements were 
conducted on Ljusterö, an island in the 
Stockholm archipelago on which 1700 peo-
ple are permanent residents and where ra-
don concentrations show extreme variations, 
with very high peaks and low values in al-
most the same vicinity. 

DATA AND METHODS 

The methodology principally involved the 
development of a prediction approach for 
radon levels in groundwater on a general 
scale (an area of approximately 185 x 145 
km2). For that purpose, large amounts of 
data were collected and processed, literature 
reviews were performed and data were sta-
tistically and visually analysed. The literature 
reviews had three main objectives: First, to 
understand the processes guiding the forma-
tion and migration of 222Rn and to determine 
how 222Rn is coupled to its parent elements 

Island of 
Ljusterö 

Fig. 1: Locat on o  the wells investigated in S ockholm County.i f t
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(226Ra and 238U) in both geological materials 
and groundwater; second, to analyse ap-
proaches that have been used in the predic-
tion of 222Rn in groundwater; and third, to 

review some important concepts in the field 
of spatial data analysis since the project 
involved the treatment of different spatial 
data. A field study involving sampling and 
analysis of groundwater from 38 private 
wells was performed on Ljusterö island in 
the Stockholm archipelago. Whether on a 
general scale or a detailed scale, the data 
collected necessitated pre-processing. In the 
following sections, clarifications on data 
used and the specific methods adopted for 
the various analyses are presented. A flow-
chart of the methodology is illustrated in 
Fig. 2. 

Data used 

For analyses on a general scale (Papers I and 
II, the same data were used as input. Data 
obtained from the Geological Survey of 
Sweden (SGU) consisted of soil, bedrock, 
fracture distribution (derived from a linea-
ment map) and airborne radiometric meas-
urements of uranium along flight lines 
spaced at 200 m and with measurements 
every 40 m. Elevation data and land use data 
were obtained from the Swedish National 
Land Survey (Lantmäteriet). Radon concen-
trations in groundwater for 4439 private 

wells were provided by Stockholm County 
and various municipalities. Table 1 provides 
additional information about the data used. 
Elevation is an important variable since it 

provides a gross indication of the flow of 
groundwater in the subsurface. Bedrock data 
provide information on the average uranium 
concentrations that different rock types can 
potentially contain, as well as the flow possi-
bilities given by the lineament pattern, the 
hydraulic conductivity and the kinematic 
porosity. Soils overlying bedrock provide an 
indication of recharge potential. Fracture 
zones are often enriched e.g. in uranium-
containing minerals. Proximity to such frac-
tures can result in high radon concentrations 
in groundwater and thus distance to mapped 
lineaments, such as fracture zones, was also 
investigated as an influencing factor.  

   Table 1  Data used in analyses, their sources and formats 
Data Units Original format Desired format 

Radon concentration Bq/l ASCII xyz Shape files - Points 

Elevation m a.s.l Standard ASCII file Raster file 
50 m x 50 m pixel size 

Soil  - Shape files- polygons 
Scale: 1:50 000 

Raster file 
50 m x 50 m pixel size 

Uranium ppm 
ASCII file 

 
Raster file 

50 m x 50 m pixel size 

Land use - Shape files – polygons 
Scale: 1:50 000 

Raster file 
50 m x 50 m pixel size 

Bedrock  - Shape files- polygons 
Scale: 1:50 000 

Raster file 
50 m x 50 m pixel size 

Fracture distribution - Shape files- lines 
1:50 000 Shape files- Lines 

 

Methods 

Data pre-processing 
Analyses of the various spatial data (except 
for the distribution of fracture zones and 
radon concentrations) required that the data 
be in raster format, with a spatial resolution 
of 50 m. As observed in Table 1, not all data 
were acquired in that format. A pre-
processing of data was performed using the 
ArcGIS software. Soil maps, bedrock data, 
topography and land use obtained as shape 
files were rasterised to produce continuous 
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surface maps. For airborne uranium concen-
trations in the bedrock, flight-line measure-
ments were transformed from ASCII format 
to a series of point data. An interpolation of 
the point data using the Inverse Distance 
Weighting (IDW) method (Burrough and 
McDonnell, 2000) was performed to pro-
duce a raster map of uranium. Two interpo-
lation methods, namely IDW and simple 
kriging, were applied to the dataset and 
evaluated against their ability to predict a 
known measured uranium concentration. 
The root mean square error was computed 
for each method and it was found that IDW 
method gave the best interpolated results for 
the dataset. IDW preserved the main pat-
terns of variation. 
Radon concentrations available as an ASCII 
file were converted to vector point data. The 
total number of private wells available for 
analysis was 4439. Additional factors were 
derived from original spatial data and these 
included: predominant soil and land use with 
200 m, slope of the terrain and relative alti-
tude within 200 m. The latter two were 
derived from elevation data. For the relative 
altitude factor, the following formula was 
used in ArcGIS: 

100
)()(

)()()(
minmax

min ×
−

−
=

xExE
xExExRA         [6] 

where RA is relative altitude in % 
 E(x) elevation of the current location x 
(pixel) 
 Emin(x) minimum elevation within 200 m  
 Emax(x) maximum elevation within 200 m 
from the current location.  
The minimum and maximum elevations 
within a certain vicinity (e.g. 200 m) were 
calculated using the neighbourhood analysis 
principle.  
For visual data mining, processed data in the 
form of maps and other data layers were 
sufficient for analyses, while for multivariate 
statistical analyses, the corresponding spatial 
data for each well were compiled in the form 
of a database. Extraction of data from each 
thematic map for each well was achieved 
using the principle of zonal statistics and the 

operation was done using the spatial analyst 
function in ArcMap.  

Data analysis 
Visual data mining using 3D images was 
performed using the ArcScene function in 
the ArcGIS software. A radon surface map 
was created as a base 3D using the IDW 
method. Various thematic maps, also proc-
essed as continuous surfaces, were in turn 
draped over the radon surface in order to 
produce a pseudo 3D-model. Visual analyses 
were then made on screen. The RV method 
was applied to the dataset. The method 
involved statistical analyses of data using 
STATISTICA release 6 StatSoft-2001. Basic 
descriptive statistics (including mean, mini-
mum and maximum values, standard devia-
tions and shape of the distribution) were 
evaluated to describe the radon variable. The 
univariate non-parametric test of Kruskal-
Wallis ANOVA by ranks was performed. 
This method caters for both qualitative and 
quantitative variables and is independent of 
the distribution of the variables. Multivariate 
statistical analyses using Principal Compo-
nent Analysis (PCA) were performed and 
data were first standardised according to 
equation [2]. The expert part of the RV 
method involved the choice of variables to 
be modelled, their class subdivisions and 
their weights (Paper I). Computation of risk 
values was performed using the Risk Vari-
able Modelling software (RVM). The model 
was first calibrated using half of the data 
from the 4439 wells, chosen randomly. In a 
test stage, risk indices were calculated for 12 
subregions, each of area 25 x 25 km2. In a 
final stage, calculated risk values were inte-
grated in GIS. Different thematic maps were 
reclassified according to their assigned 
weights and ratings and overlain to develop 
a prediction map.  
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Detailed Study on Ljusterö  

For analyses on a detailed scale (Paper III), 
groundwater samples from 38 private wells 
were collected during summer 2004 on the 
island of Ljusterö, Stockholm archipelago 
(Fig. 1). Several areas on the island exhibit 
wide variations in radon concentrations 
(very low concentrations and very high 
concentrations in the same neighbourhood) 
and these areas were delineated in a prior 
step using GIS. Whereas it was easily de-
cided which areas would be sampled, it was 
difficult to determine which specific wells 
would be the subject of investigation be-
cause the consent of the private well owners 
was needed prior to any sampling.  It was 
ensured that sampling was carried out only if 
water had been in circulation for a satisfac-
tory period of time, hence the water was 
directly extracted from the bedrock. Samples  

 
were sent to an accredited laboratory for the 
measurement of 222Rn, 226Ra and 238U in 
solution. 222Rn was measured using a Lucas 
cell (ZnS scintillation cell). It should, how-
ever, be mentioned that only preliminary 
results of chemical analyses are presented in 
this thesis. Geochemical modelling to under-
stand the influence of chemical processes is 
to be conducted in future work. In this 
detailed study, in addition to analysis of 
airborne uranium measurements collected 
from the Geological Survey of Sweden (with 
a scale of 1:50 000), measurements of 
equivalent uranium (via gamma radiation 
measurements) were performed on outcrops 
(Emell and Moen, 2005). The instruments 
used were a scintillation counter, a gamma 
spectrometer counter and a gamma spec-
trometer with a Bismuth Germanate crystal, 
GR-130BGO. 

 9



Kirlna Skeppström  TRITA LWR.LIC 2032 

GENERAL SCALE 

Radon data 
(Original dataset)

Spatial data 
(Original dataset)

Cleaned data on radon
(Removal of outliers) 

Preprocessed such as:  
 - Interpolation, 
- Rasterisation, 
- Reclassification

Visual data 
mining in 

GIS 

Statistical 
analyses 

Analysis of 
variance 

Principal 
Component 

Analysis

- New hidden patterns? 

- Detection of relationships? 

Interpretations of principal
components from PCA Risk variable modeling 

Linear regression 
(calibration and valida-

tion) 

Implementation of results in GIS

DETAILED SCALE

Selection of site in GIS

Data collec-
tion

Sampling and analysis of ground-
water in 38 private wells Detailed field data on 

gamma measurements in 
outcrops 

Data on 222Rn, 226Ra
and U in solution 

Statistical analysis 
of data and inter-

pretations 

Fig. 2: Flowchart of methodology. 
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RESULTS AND DISCUSSIONS 

The 4439 private drilled wells analysed in 
this study were found to be irregularly dis-
tributed in Stockholm County, with rela-
tively few wells in the middle and southern 
parts of the county as shown in Fig. 1. An 
analysis of the data revealed that for the 
majority of the wells (73%), 222Rn concentra-
tions varied between 0 and 500 Bq/l and 
11% of all wells exceeded 1000 Bq/l, the 
Swedish regulatory limit for radon concen-
tration in drinking water. The maximum 
concentration recorded was 63 560 Bq/l 
while the minimum was 4 Bq/l. Two other 
wells also had very high radon concentra-
tions in the order of 14 000 Bq/l and 15 000 
Bq/l. The geometrical mean was found to be 
230 Bq/l and a standard deviation of 1227 
Bq/l was computed. The distribution of 
radon values, viewed on a histogram, was 
positively skewed and removal of outliers 
was necessary (except for visual data mining) 
to avoid bias in statistical analyses. Outliers 
were case-specifically defined as radon con-
centrations exceeding 5000 Bq/l and re-
moved. The traditional definition of outliers 
in the one-dimensional case that a point is 
an outlier if its distance from the mean is 
greater than some factor times the standard 
deviation (usually ± 2 standard deviations) 
was not considered, since its application did 
not improve the skewedness of the dataset.  
Radon concentration values exceeding 5000 
Bq/l were observed in 21 wells, constituting 
less than 0.5% of total available wells. High 
radon concentrations can be encountered in 
wells drilled from granite rocks with an 
enriched content of uranium deposited on 
the inner surfaces of fractures. 

Visual data mining 

The visual analysis of 3D images was appro-
priate for the problem since all of the vari-
ables investigated could either be converted 
to surface maps or visualised in GIS. It was 
possible to detect visually whether a rela-
tionship existed between a thematic map and 
the radon concentration in groundwater. As 
mentioned in the methodology section, a 
radon surface needed to be built from point 
data prior to visualisation. In the project, 

radon measurements were not sufficient to 
build a representative surface over the whole 
area. Interpolation of all point data to pro-
duce one surface was found to produce lots 
of  ‘U’ effects (sharp edges) around extreme 
values and this was inevitable because visual 
data mining involves analysis of all data, 
without the removal of outliers. Therefore, 
only a small sample of the study with an 
acceptable distribution of wells was sub-
jected to investigation. 
In the various visualisations, the following 
were observed:  
1) High radon values occurred predomi-
nantly on low elevations and vice versa 
2) Areas overlain with till or clay had high 
radon concentrations in the bedrock 
groundwater 
3) Peaks of high radon concentrations were 
not always located in regions where high 
uranium content in bedrock had been re-
corded in airborne measurements.  
4) Radon concentrations from steep terrain 
were generally not high but no clear-cut 
conclusions could be drawn from the the-
matic map of relative altitude 
5) Granitic rocks were associated with high 
radon values 
6) The shorter the distance between a frac-
ture zone and the bedrock well, the higher 
the concentration of radon in groundwater. 
A multi-dimensional visualisation (Fig. 3) 
involving five different variables was an 
interesting example of how the effects of 
peaks and depressions in a surface combined 
with colour effects allowed the observer to 
get insight into the data, draw conclusions 
and directly interact with the data. In that 
visualisation, the two-dimensional geo-
graphical extent and the radon concentra-
tions constitute three spatial dimensions. 
The bedrock surface draped over the radon 
surface is the fourth variable and finally the 
fracture lines constitute a fifth variable and 
are draped over the last surface produced. 
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N 

Fig. 3: A detailed view of the bedrock-fracture lines-radon v sualisation. The red arrows ind cate
the peaks with high radon values that are  situated near or on fracture lines.
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Statistical analyses of data - Interpreta-
tions 

Univariate analysis using the method of 
Kruskal-Wallis ANOVA by ranks was suc-
cessful in evaluating the relative influence of 
the subclasses of factors investigated in 
relation to the radon concentration in 
groundwater. Compared to visual data min-
ing, quantitative units (median radon con-
centrations) could be computed for the 
various classes (Table 2), as a result of which 
it was easier to interpret the factors. Class 
selection was based on expert judgement 
and the different median values were com-
puted with an appreciable significance level. 
For the bedrock variable, granitic rocks were 
associated with a much higher radon con-
centration (540 Bq/l) than the other rock 
types. This observation tallies very well with 
previous studies on radon and its relation-
ship with geological materials (Choubey and 
Ramola, 1997; Knutsson and Olofsson, 
2002; Przylibski et al., 2004). Granite con-
tains on average a higher concentration of 
uranium, the parent element of radon, and in 
Sweden, granitic rocks can contain more 
than 5 ppm of uranium (Åkerblom and 
Lindgren, 1997). The content of uranium in 
bedrock computed by flight measurements 
provided a rough prediction for radon con-
centrations in groundwater. As can be ob-
served in Table 2, radon concentration in 
groundwater increases with increasing ura-
nium content in the bedrock. However, an 
anomaly was encountered for the highest 
uranium class (> 8 ppm), since the observed 
radon concentration was low. One possible 
explanation could be that the uranium min-
erals are not always located very near to 
groundwater-bearing fractures and hence 
cannot contribute to increasing the radon 
concentration in the groundwater. 
There exists a relationship between the 
altitude of the well and the corresponding 
radon concentration in groundwater. Radon 
concentrations were relatively higher at low 
altitudes than at high altitudes. This observa-
tion could be clarified by the fact that any 
radon emanated at high altitude flows to-
gether with the groundwater by convection 

to lower terrains, provided the travelling 
distance is short and the radon does not 
decay (within 3.8 days). Alternatively, it 
could instead be argued that parent elements 
of 222Rn (238U and 226Ra) leach into ground-
water at high altitudes, get transported by 
the water and re-deposit on the surfaces of 
the fracture at lower altitudes and continue 
to decay from these spots to increase con-
centration of radon in groundwater. It was 
difficult to interpret the factor of relative 
altitude within 100 m, since varying radon 
concentrations were observed at different 
slopes. 
Another result related to geological proper-
ties revealed that the type of soil overlying 
the bedrock could have some importance. 
One plausible explanation could be the 
influence of the permeability property of the 
soils. Permeable soils allow infiltration read-
ily and this leads to a dilution of the radon 
concentration in groundwater in the subsur-
face. It could therefore be observed that 
sand and gravel are associated with slightly 
lower radon concentrations than clay and 
silt. Another observation made possible 
through univariate statistical analysis relates 
the land use factor to the radon concentra-
tion of the wells. The original land use data 
were classified into summer houses, perma-
nent houses and other land uses, such as 
forests and fields. In the latter a small water 
usage was assumed and it was observed that 
radon concentrations had a tendency to be 
relatively low when water was in continuous 
circulation, such as in permanent houses. A 
similar observation was made by Knutsson 
and Olofsson (2002). Regarding the factor 
of distance from a fracture line or zone, the 
results of univariate statistical analysis were 
difficult to interpret. On the other hand, the 
influence of that factor could be observed in 
visual data mining on 3D images. Fractures 
might be filled with minerals containing 
uranium and therefore the nearer a well is 
located to a fracture zone, the higher the 
probability of the groundwater containing an 
increased concentration of radon. The rea-
son why statistical analysis was less success-
ful at showing the relationship might be 
attributed to the class selections of distance. 
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The assumed fracture zones are also given 
by the lineament maps and the position of 
the zones and their water conducting prop-
erties are uncertain. 
Results of principal component analysis 
(PCA) are presented in Table 3. The method 
analyses only quantitative factors and in 
order to explain 86% of the variance in the 
original dataset, five components (PC) were 
needed. Although it was possible to see the 
various loadings coming from each factor in 
a component, it was often difficult to inter-
pret these components and the interpreta-
tion was to some extent subjective. 
PC 1 was principally loaded by the factors of 
altitude and the relative altitude within 
100 m and 500 m. This component was 
interpreted as a property that guides the 
transport of radon in water. The factor of 
altitude and its derivatives indirectly pro-
vided information about the flow paths and 
flow speed of groundwater. The second 
principal component (PC 2) was moderately 
loaded by uranium content in the bedrock, 
distance to fracture zone and radon concen-
tration in groundwater. PC 2 was interpreted 
as an enrichment of uranium in the fracture 
zones. Uranium content in the bedrock, 
radon concentrations in groundwater and 
difference in altitude carried the highest 
loading in PC 3. That component might be 
an indicator of radon and uranium transport 
in groundwater, as a result of the height 
difference. PC 4 was loaded by a single 
factor and was probably related directly to 
the fracture fillings. The fifth principal com-
ponent (PC 5) was retained as the emanation 
of radon from uranium, since the loadings 
came from these parameters. 

 
Table 2: Results of Kruskal-Wallis ANOVA 
by ranks 

Factors Classes 
Radon 
Median 

value (Bq/l) 

Soil at well loca-
tion 

Clay/Silt 
Till 
Rock 
Sand/gravel 

280 
252 
200 
224 

Bedrock at well 
location 

Metasedimentary 
Felsic gneisses 
Mafic rocks 
Granite 

150 
240 
150 
540 

Land use at well 
location 

Summer houses 
Permanent houses 
Fields, forests 

190 
163 
370 

Uranium content 
(ppm) in bedrock 

0-2 
2-4 
4-6 
6-8 
> 8 

190 
260 
495 
410 
195 

Altitude (m a.s.l) 

0-20 
20-40  
40-60  
>60 

240  
240  
147  
125  

Relative altitude 
within 100 m (%) 

0-20 
20-40 
40-60 
60-80 
80-100 

200 
240 
250 
250 
210 

Distance from 
fracture (m) 

<=50 
50-100 
100-200 
>200 

220 
210 
205 
230 

 

T
b

 

able 3: Principal component loadings for quantitative factors  Significant loadings are marked in 
old 

.

 PC 1 PC 2 PC 3 PC 4 PC 5 

Radon content in groundwater (z1) -0.093  0.493  0.427 0.159 0.723 
Altitude of the well (z2)  0.586 -0.114  0.129 -0.258 0.235 

Relative altitude within 100 m (z3)  0.432  0.280 -0.375 0.331 -0.079 

Relative altitude within 500 m (z4)  0.608  0.238 -0.116 -0.014 -0.007 

Difference in altitude (z5)  0.246 -0.538  0.354 -0.325 0.146 

Uranium content in rock (z6)  0.106  0.370  0.666 -0.045 -0.627 
Distance to fracture zone (z7) -0.140  0.428 -0.280 -0.831 0.011 
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Radon prediction using Risk Variable 
Modelling 

The RV modelling, which was based on 
linear regression, generated risk values asso-
ciated with each group of radon concentra-
tions. Calibration of the model was based on 
half of the wells comprising the database 
(2209 wells) and the result is presented in 
the form of a boxplot (Fig. 4). 
Radon concentrations were classified into 
different concentration ranges based on the 
regulatory limits applicable in Sweden. It was 
observed that risk values became more nega-
tive with increasing radon concentrations, 
although the standard deviations of the 
groups were considerable. 
A test (or validation) of the Risk Variable 
Model was conducted on the other half of 
the dataset, comprising 2209 wells and dis-
tributed in 12 subareas. Risk values associ-
ated with corresponding radon concentra-
tions were computed. The results are 
presented in the form of a scatterplot 
(Fig. 5), in which the median radon concen-
tration prevailing in each area was plotted 
against the corresponding median risk value 
in that area. As can be observed in Fig. 5, a 
high negative correlation (-0.87) existed 
between the two plotted quantities, implying 
that the higher the radon concentration, the 
more negative the risk value. A similar trend 
was observed in the calibration stage. 

A prediction map in GIS 

Raster maps of elevation, bedrock, soil, land 
use and uranium concentration in bedrock 
were reclassified and the different classes 
were assigned their corresponding ratings. 
An overlay operation was performed to get a 
final risk map. Each pixel represents a final 
risk value equivalent to the sum of the risk 
values. The factor distance to fracture zone 
was not included in the map production 
since it was not a surface map. Different 
water bodies (e.g. lakes, rivers) were then 
added to the final map. Three categories of 
risk areas were defined: Low risk for all final 
risk values, FRV > 0; medium risk for all,  
–5 < FRV < 0; high risk for all, FRV < -5. 
The risk map in a sample study area is 
shown in Fig. 6. 
In Paper I, the prediction map based on the 
RV method was compared to the map of 
interpolated airborne uranium concentra-
tions in the bedrock. It was observed that 
some regions with low to moderate uranium 
concentrations in the bedrock were defined 
as high-risk areas in the corresponding RV 
map. However, such observations need to 
be compared with field measurements in 
future work. It should also be mentioned 
that geological materials (bedrock and ura-
nium distribution) used in the various analy-
ses and available on a scale of 1:50 000 do 
not always reflect the geological conditions 
that prevail at a specific site. 
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Fig. 4: Boxplot showing ranges of risk values for different radon concentrations (model calibra-
tion, based on 2209 wells). SE=Standard error, SD=Standard deviation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: Scatterplot showing the relationship between median r sk values and median radon values 
for 12 test areas within the study region (total n = 2209). 

i

 
 
 

 16



Radon in groundwater - Influencing factors and prediction methodology for a Swedish environment 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6: Example of a radon prediction map based on the RV method.
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Detailed study on Ljusterö 

The results of the detailed study are pre-
sented in Fig.7. The observed concentration 
of 222Rn in groundwater tended to increase 
with increasing concentration of uranium 
(total U) and radium (226Ra) in the solution. 
However, the correlations were weak, 0.16 
and 0.18 for 238U and 226Ra respectively. This 
observation supports the concept that radon 
concentration in groundwater principally 
comes from its parent elements (238U and 
226Ra) deposited on the surfaces of fractures 
(Åkerblom and Lindgren, 1997). Regarding 
ground measurements of equivalent uranium 
(eU) made directly on outcrops, it could be 
observed that high radon concentrations 
could occur in bedrock of low to moderate 
uranium content. It was also observed that 
the radon concentration in groundwater did 
not increase with increasing content of ura-
nium in the bedrock. The same observation 
was made for the analysis of 222Rn in 
groundwater and airborne uranium meas-
urements. These observations could be 
explained by the fact that the bedrock identi-
fied by visual inspection above the ground 
surface might not be the same in the subsur-
face where groundwater is extracted. An-
other plausible argument relates to the mi-
gration of radionuclides (mainly 226Ra and 
238U) in groundwater flow. The bedrock 
might originally contain low concentrations 
of actinide but transportation of 238U and 
226Ra can contribute to increasing the radon 
concentration in the groundwater. The local 
conditions are difficult to identify in reality. 
The activity ratio of 226Ra/238U in solution 
varied between 0 and 12, which clearly indi-
cates a state of disequilibrium in the 
groundwater system. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)

(b)

 
 
 
 
 

(c)
 
 
 
 
 
 
 
 
Fig. 7: (a) Relationship between 222Rn and 
uranium in groundwater; (b) Relationship 
between 222Rn and radium in groundwater; 
(c) Relationship between 222Rn in groundwa-
ter and measured uranium in bedrock out-
crops. 
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CONCLUSIONS 

 Radon concentration in groundwater 
was successfully analysed through 
multivariate statistical analyses. The 
risk variable method was useful to 
identify areas with increased radon 
concentrations in the groundwater.  
 Factors of significance for the predic-

tion of radon in groundwater were: 
type of bedrock, type of soil, altitude, 
distance to a fracture zone and the dis-
tribution of uranium in the bedrock.   
 Visual data mining revealed correla-

tion patterns in a preliminary stage of 
data analysis but were not useful as an 
independent method to draw conclu-
sions regarding radon concentrations 
in groundwater. The 3D visualisations 
of the dataset did not show any new 
pattern but instead confirmed the cor-
relations given from statistical analy-
ses.   
 A weak correlation existed between 

222Rn and 226Ra or 238U in the ground-
water, indicating that the main source 
of 222Rn in groundwater was not origi-
nating from its parent elements (as 
ions) in solution. 

FUTURE WORK 

The present research evaluated different 
spatial data for the purpose of developing a 
prediction methodology for 222Rn in 
groundwater on a general scale. However, 
the dynamics of subsurface processes, which 
probably have a strong influence on the 
occurrence and migration of radionuclides 
(222Rn, 226Ra and 238U), were not studied. The 
goals for future work would thus include the 
following issues: 

1. Clarification of groundwater chemis-
try in connection with high natural ra-
dioactivity in groundwater. Geo-
chemical modelling will be carried out 
in order to identify and quantify geo-
chemical processes governing uranium 
mobilisation and fixation and to de-
velop an understanding of the long-
term effects of oxidation-reduction on 

actinide (uranium) behaviour. Addi-
tional chemical data are needed for 
that purpose and a sampling pro-
gramme consisting of water sampling 
and chemical analyses of groundwater 
needs to be carried out.  

2. The variation in radionuclides in 
groundwater over time and season will 
also be investigated. For that purpose, 
about five wells will be sampled 
monthly over a period of one year.  

3. The transport mechanisms of 222Rn 
and its parent elements (226Ra and 
238U) are highly relevant subsurface 
processes that need to be studied. Ex-
isting transport models for these ra-
dionuclides have previously been de-
veloped in connection with investiga-
tions regarding repository sites for 
nuclear waste. These models are often 
very detailed and their applications on 
a general scale have not been tested. 
The goal is to evaluate these models 
and formulate a simplified process-
based transport model for radon in 
groundwater.  

4. In a final stage, an operative method 
for vulnerability assessment of radon 
content in wells based on the outcome 
of the modelling and previous general-
ised studies in GIS will be formulated. 
Such a tool will be helpful in decision-
making processes concerning planning 
of new wells or effective remediation 
measures. 
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