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Abstract. Radon is radioactive and its origin in groundwater is princi-
pally linked to the content of its parent element, uranium or radium in
bedrocks. However, an on-going research at the Department of Land and
Water Resources Engineering shows that a number of factors other than
bedrock may potentially influence the radon concentration in groundwa-
ter. These factors include: steepness of the terrain, soil type, distribution
of uranium and the effect of fracture zone. This article presents an ap-
plication of GIS and 3D visualisation to explore the radon problem in
groundwater. After a GIS pre-processing, 3D visualisations of the the-
matic data were produced in order to see if the visual approach would
be useful to preliminary identify possible relationships between the high
concentration of radon and other parameters.

1 Introduction

Geographical Information Systems (GIS) are increasingly being used to under-
stand and analyse a wide range of environmental problems. This article presents
an application of GIS and visualisation in the analysis of the radon problem in
groundwater. The transformations and analysis of data to derive information or
just for visualisation purposes are the most common applications of GIS [1,2].
Visualisation is the graphical communication of information. When exploring
data, humans look for structures, patterns and relationships between data ele-
ments. Such analysis is easier if the data are presented in a visual setting than in
a textual or a numerical form. A visualisation provides an overview of complex
and large datasets, shows a summary of data and helps in the identification of
possible patterns and structures in the data [6]. The graphical representation
should be simple enough to be easily understood, but complete enough to re-
veal all information present in the model. A 3D representation in a 2D display
projects three locational dimensions onto a 2D plane. Using a set of percep-
tual depth cues to reinforce this projection, such as perspective, occlusion and
parallax motion, a new cartographic degree of freedom is added to the visual
representation. This can be done because of the characteristics of the human
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perception to reconstruct genuinely 3D scenes from 2D retinal projections. Be-
cause of this, a 3D visualisation helps the viewer to easily gain knowledge of the
relative layout and distances between objects [6, 24, 26].

There are many methods of representing complex geographical and geologi-
cal data in 3D. Some of the more common ones used in geology and geosciences
include layering [20], fence diagrams [20], solid models [9], wire-frame models [9]
and 3D surfaces [20]. A general approach to produce a 3D surface from geograph-
ical information is to map the two basic geographical dimensions, longitude and
latitude, to the x and y-axis respectively and show the variable of interest on
the z-axis. Over this surface some other type of geographical information can
be draped to provide texture: a thematic map or a satellite image [16]. Tradi-
tionally in geosciences the attribute mapped to the z-axis represents the third
dimension in the real world, the elevation above the sea level (a digital elevation
model) or the depth of the sea bottom. Examples include a 3D surface repre-
senting the bottom of the Baltic sea with added hydrological and environmental
data [17] and satellite images and geomorphologic data draped over a DEM [23].
In some cases, the attribute mapped to the z-axis represents time. This kind
of visualisation is not often encountered in geosciences, but is very common in
time-geography [15] and in transportation studies [18]. The third type of 3D sur-
face is the abstract surface, where the z-axis attribute represents neither a real
geographic dimension nor time, but some other variable of interest. For example,
the z-axis can represent the population density, the temperature [26], the density
of human activity or travel [18], the river/stream flow [5], or, in geosciences, the
magnetic variation [11] or the kriging variance [3].

The 3D surface can be displayed in several ways, either as an isoline map [1],
drawn as a perspective image in so-called 2.5D display [1] or as an interactive
3D model which gives the possibility of interactive navigation, either in a 3D
GIS environment or using VRML [16].

Prior to constructing a 3D visualisation and performing any analysis within
a GIS, accurate raster surfaces need to be produced or acquired [19]. Very often,
phenomena under investigation are characterised by scattered point data and
interpolation or approximation methods are necessary to predict values at un-
sampled locations [1, 2]. For interpolation of the data in this study the following
two methods were considered: Inverse Distance Weighted interpolation (IDW)
and kriging (geostatistical approach). The former is based on the assumption
that the value at an unsampled point can be approximated as a weighted aver-
age of values at points within a certain cut-off distance, or from a given number
of the closest points [19]. Kriging is based on a concept of random functions: the
surface or volume is assumed to be one realisation of a random function with
a certain spatial covariance [2]. Kriging also forms weights from surrounding
measured values to predict values at unmeasured locations as with IDW inter-
polation, but kriging weights come from a semivariogram that was developed
by looking at the spatial structure of the data [3,12]. In simple mathematical
formula, kriging can be described as
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where Z(s) represents the investigated phenomena, p(s) deterministic trend and
e(s) a random autocorrelated error. Different types of kriging are based on mod-
ified versions of the above formula [2].

The present study focuses on the problem of radon in groundwater. Radon
is radioactive and its origin in groundwater is principally linked to the content
of its parent element, uranium or radium in bedrocks [13,25,28]. Among the
different rock types that exist, granites are most problematic since they contain
increased concentrations of uranium [10]. Previous studies involving the use of
GIS to investigate the radon problem are few and have mainly been focused
on radon as an indoor hazard [8,14,27]. In [21] GIS and geostatistical analyses
were used to study the spatial correlation between radon in groundwater and
bedrock uranium. The hypothesis of an ongoing research project [22] states that
a number of other factors (natural as well as technical) may be accountable for an
increased radon concentration in groundwater. These factors include: bedrock,
soil type, slope of a terrain, the occurrence and distribution of uranium in soils
and the effect of fracture zone near a well.

This article presents an application of a 3D surface visualisation of geologi-
cal and other thematic data related to the radon problem. The objective is to
investigate if a relationship between high radon concentration and other factors
can immediately be deduced through visualisation. A 3D surface visualisation
was chosen as a potentially useful way to see if there are any obvious spatial
connections between high radon values and different thematic data. The interest
was in detecting a relationship between two variables that are both locationally
dependent. In a traditional 2D map, these two variables would both be repre-
sented by graphical symbology, but in a 3D visualisation, one variable can be
represented as the new degree of freedom and the other one with graphical sym-
bology of the draped thematic map. The relationship between the two variables
can therefore be detected by comparing the location of the graphical clues of the
second variable to the relative position of the characteristics features (peaks or
valleys) on the surface produced by the first variable.

2 Study area

The study area was located in the central part of Stockholm County (fig. 1).
The spatial extent ranged from 6599975 to 6625025 in the north direction and
from 1624975 to 1650025 in the east direction, i.e. an area of approximately 25
x 25 km. A total of 293 drilled wells located in the study area have been subject
to investigation.

3 Data and methodology

Thematic maps of soil, bedrock, elevation, fracture distribution as well as ura-
nium occurrence were used for visualisation (table 1). Data were provided by
the Swedish Geological Survey (SGU) and the Swedish National Land Survey.
Radon concentrations for private wells were provided by municipalities. Data
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Fig. 1. Study area in Stockholm County.

were obtained in various formats, but most of them were converted into raster
format with 50m spatial resolution for the purpose of visualisation.

Table 1. Data used for visualisation

Thematic map |Original format

elevation raster file

soil shape file - polygon

fracture distribution shape file - line

bedrock shape file - polygon

relative altitude within 200m|raster file (derived from elevation)
slope raster file (derived from elevation)
uranium ASCII file

radon concentrations ASCII xyz

Radon data were obtained from municipalities. Samples were collected by ei-
ther health officers or property owners and were sent to laboratories for analysis.
No information about sampling techniques or measurement accuracy is available
and thus the authors of this paper are in no position to discuss the various un-
certainties involved. By visual inspection, the samples are considered to be well
spread in the study area but data distribution is positively skewed with about 15
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points considered to be outliers (exceeding 2000 Bq/1). The outliers were how-
ever not excluded in the analysis since high radon values can actually occur in
reality and were instead considered to be an interesting case study.

For the transformation, analysis and visualisation of the data, the ArcGIS
software was used. Soil maps and bedrock obtained as shape files, were raster-
ized with a spatial resolution of 50m to produce continuous surface maps. In
order to estimate the steepness of the terrain, the slope data was derived from
the elevation data. The relative altitude within 200 m was also derived from
elevation data to provide an alternative indication of the steepness of the terrain
as expressed in the following formula:

E(x) — Epnin(x)
Ema:r (l‘) - Emin (l’)

where RA is relative altitude in %, E(z) elevation of the current location z
(pixel), Epin(x) minimum elevation within 200 m and Fyp,q.(2) maximum ele-
vation within 200 m from the current location.

Radiometric data for uranium concentration were transformed from a series
of point measurements along lines and interpolated using inverse distance weight-
ing to produce a surface map. The radon concentration data were transformed
into a point shape file and further interpolated by inverse distance weighting
(IDW) resulting to a radon surface, which served as the basis for all visuali-
sations. The interpolation methods IDW and kriging were compared in terms
of their interpolation power and it was observed that surfaces created by IDW
method are more accurate and better preserve the main patterns of variation.
Similar observations have been made in [21].

A 3D visualisation of radon surface was produced using the 3D part of the
ArcGIS software, ArcScene. In the resulting model, the x and y axes represented
the two geographical directions (east and north respectively), while the z axis
showed the radon concentration values. The 3D visualisation of radon surface,
with indicated locations of wells is shown in fig. 2.

This radon surface was used as a base 3D structure for all other visualisations.
All other thematic maps were in turn draped over this surface in order to produce
a 3D model, which might reveal a potential relationship between the radon values
and the mapped attribute. These visualisations and the conclusions drawn from
each of them are described in the following section.

RA(Q:) = * 1007

4 Results

The visualisations in this section show the 3D radon surface with the maps
of elevation, soil, bedrock, fracture lines, uranium content, slope and relative
elevation draped over it.

4.1 Relationship between radon and elevation

As can be deduced from fig. 3, the wells with high radon values seem to be
situated on low elevations and wells with lower radon values on higher elevations.
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Fig. 2. A 3D visualisation of the surface, interpolated from the radon concentration
measurements. The black dots on the surface mark the position of the wells.

Fig. 3. A raster map of elevation draped over the interpolated radon surface. The
height above sea level is represented using the colours on the map.

Fig.4. A map of soil type draped over the radon surface.
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4.2 Relationship between radon and soil types

From this visualisation (fig. 4) it can be deduced that higher values of radon
correspond to areas with either till or clay. In the area studied, sand as overlying
geology is lacking and thus no conclusion could be drawn with respect to sand.

4.3 Relationship between radon and bedrocks and relationship
between radon and fracture lines

The next visualisation is an example of a multi-dimensional visualisation of five
different variables. As in all visualisations, the three spatial dimensions represent
the two-dimensional geographical extent and the radon concentrations. Addition-
ally the fourth variable, indicated by the colour scheme, gives information on the
bedrock type. The fifth variable is represented by draping the fracture lines data
over the produced model, as shown in fig. 5.

The analysis of the visualisation of bedrock and fracture zones confirmed
the expected geophysical relationship between the radon values and the type of
bedrock. Wells with the highest radon values are situated upon granite and felsic
gneisses. Some of the less extreme but still high concentrations are situated on
the meta-sedimentary rocks.

A closer inspection of the visualisation also revealed some indications about
the relationship between the radon concentrations and the locations of fracture
lines. There seems to be a general trend that wells with high radon values also
lie very near or on actual fracture lines, which are fractures (or faults or cracks)
that exist naturally in bedrocks. Some peaks on the radon surface that indicate
this trend are shown in fig. 6.

4.4 Relationship between radon and uranium

As the visualisation on the fig. 7 indicates, peaks of high radon concentrations
are not necessarily located in regions where the content of uranium is the high-
est. On the contrary, the results are varied. Some peaks are encountered when
the uranium content is exceeding 6 ppm and in other places, high radon concen-
trations are occurring when the uranium is less than 2 ppm

4.5 Relationship between radon and slope and relative elevation

Most of the peaks of high radon concentrations are not located on steep terrains
as can be deduced from fig. 8. That conclusion is however not that obvious for
the relative altitude within 200 m. In fig. 9, high radon concentrations can be
observed at different levels of steepness.

5 Discussions and future work

3D visualisation has proved to be an interesting tool in analysing the various rela-
tionships that exist between radon concentration in water and other investigated
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Fig. 5. A raster map of bedrock and a vector map of fracture lines draped over the
interpolated radon surface.

Fig.6. A detailed view of the bedrock-fracture lines-radon visusalisation. The red
arrows indicate the peaks with high radon values that are situated near or on fracture
lines.
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Fig. 8. A slope map (in %), derived from the elevation map, on the radon surface.

Fig. 9. A map of relative elevation within 200 m (in %) on the radon surface.
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factors. The effects of peaks and depressions in a surface combined with colour
effects provide an excellent medium for analysis purposes. The relationship be-
tween radon and granite rocks is clear and is as expected. Peaks of high radon
concentrations were located on rocks that contain high uranium concentrations,
the parent element of radon. However, the fact that high radon concentrations
have also been registered in uranium poor areas points to the fact that some com-
plex hydrological transport processes are probably accountable for high radon
concentrations in those areas. The effect of slope influences the direction as well
as the velocity of flow of groundwater. Water tends to flow rapidly from high
altitude to low altitude so that sampled water in relatively flat terrains is ex-
pected to have higher radon concentrations. It has also been observed that peaks
of high radon concentrations occur quite near to a fracture zone, where uranium
enrichment is liable to occur.

There are however some limitations in using 3D visualisation for analysing
the problem of radon in water. The effects of some factors are difficult to per-
ceive through visualisations. Raster surfaces are not always possible to generate
for some factors. In addition, it has also been observed that results of visuali-
sations sometimes contradict established scientific facts. An interesting relation-
ship detected in a visualisation might be coincidental, and a post-applied expert
evaluation as well as a statistical evaluation are therefore crucial.

Table 2. Observed relationship between radon and investigated variables.

Variable Observed relationship Detected by
with radon statistics |visualisation
elevation lower radon values occur yes yes
on higher altitudes
soil type higher radon values on clay /silt, yes partially yes
lower radon values on sand/gravel,
varied on till
bedrock higher radon values on granites yes yes
distance to fracture|radon concentration decreases yes, but not|yes
lines with distance from the fracture line|statistically
significant
uranium positive correlation between radon |yes no, varied
and uranium results
slope not evident no relationship
observed, but
questionable
relative elevation [not evident no no, varied
results

Results of visualisations were compared with statistical results performed in
another study [22] and the comparisons are summarized in table 2. Some of the
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relationships that were clearly detected by statistical analysis were also observed
using the 3D visualisation. However one of the very strong relationships, between
radon and uranium, was not evident from the visualisation. In one case, when
observing slope, visualisation indicated a possible relationship, while statistical
analysis did not result in any evident connection.

The ongoing PhD project at the Department of Land and Water Research
Engineering has used the technique of multivariate analysis of data to investigate
the factors in details. In addition, a risk modelling based on statistics has been
performed and the output was used in GIS to generate prediction maps for areas
at risk for high radon concentrations. Results of the study will be presented
shortly [22].

Another way to detect the complex relationships between radon concentra-
tion and other environmental factors would be by using visual data mining. This
process is based on the human ability to recognise unknown patterns and corre-
lations from a visualisation of the data. The data is displayed in several different
interconnected visualisations (graphs, charts, geographical visualisations, etc.).
In the next step the human user recognizes a pattern, draws conclusions and
interacts with the data. The visual system can also include automatic data min-
ing algorithms for pre-processing the data before the visualisation, in order to
structure the multidimensional data space and make the data easier to under-
stand [4,7]. Visual data mining could be applied to the data from the radon
study and analysed in order to see if there exist any apparent multidimensional
patterns. The results could be compared with the results of the risk modelling
approach and the system should be tested by usability engineering. The aim of
this analysis would be to see if visual data mining could be an adequate tool for
geoscientists to use for approaching this type of environmental problem.
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