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INTRODUCTION 

In Finland, indoor radon concentrations are among the 
highest in the world. The reasons of the high concentrations are 
the cold climate, the foundation construction and air tightness 
of buildings, elevated uranium concentration in the soil and 
bedrock and permeable sand and gravel areas. From the annual 
average radiation dose of the population more than 50 percent 
is due to indoor radon (Arvela, 2002). The mean radon 
concentration is usually the highest in areas where houses are 
built on permeable soil types. On the basis of indoor radon 
measurements, the most radon-critical landforms in Finland are 
the eskers. These long and narrow, steep-sided ridges formed 
by glacial rivers are composed of stratified sand and gravel, 
making them permeable to water and air (Mäkeläinen et al., 
2001). Less than 20 % of the houses are built on eskers and 
other permeable soil types in Finland. However, about 40 % of 
the cases, exceeding limit are found in areas consisting of sand 
and gravel. In the most radon-prone area the percentages are 
about 30 % and 50 %, respectively (Weltner et al., 2002). 
Therefore, more detailed measurements in the area are 
necessary.  

In the thesis the behaviour of natural radionuclides (mainly 
U-series) and chemical fronts in the geo-environment as a basis 
for assessment of radon emission were studied. Understanding 
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the natural weathering processes in rock and overburden which 
cause mobilisation, migration and, eventually, subsequent 
immobilisation of uranium and its decay products is 
indispensable for the evaluation and quantification of safety 
risks caused by radon emission. Furthermore, observations on 
primary and secondary U-bearing minerals in overburden in 
natural geological settings are necessary to understand and 
quantify the process mechanisms and the spatial and time 
scales involved. Therefore, three sampling sites were selected 
in southern Finland in order to study the vertical (Askola and 
Olkiluoto) and horizontal (Palmottu) migration and to identify 
the features which effect the migration. 

METHODOLOGY 

Gamma-spectroscopic measurements of 238U (234mPa), 232Th 
(228Ra /228Ac/ and 228Th /208Tl/) and 226Ra (by subtracting the 
equivalent 235U from the 186 keV doublet photopeak of 235U 
and 226Ra) contents of bulk samples in Marinelli beakers (535 
ml) were carried out using high-resolution, low-background 
HPGe detectors. Accreditation, based on the standard EN 
ISO/IEC 17025:2005, has been given to the laboratory by the 
Finnish Accreditation Service. The method is modified from 
IEC 1452 standard. These measurements were carried out at 
Radiation and Nuclear Safety Authority (STUK). 
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The method used for emanation rate and emanation factor 
determination was developed by STUK (Turtiainen, 2009). 
Approximately 0.5 kg bulk samples dried in an oven at 105 ºC 
were put into a radon tight container for allowing radon 
emanation from samples and added 5 % of Milli-Q water. A 
liquid scintillation vials were hung into the bottle above the 
sample. The radon emanation was measured at room 
temperature and a moisture content of 5 %. The liquid 
scintillation measurements were carried out with a Guardian 
1414 liquid scintillation counter by Wallac Company. The 
counter is equipped with a pulse-shape analysis (PSA) circuit. 
Other method performed to determine 226Ra-concentration and 
emanation is based on open-closed measurements. Less than 
0.250 mm grain size fraction of the samples were oven-dried 
(105 ºC) and 5 % water was added. Each sample was vacuum 
sealed into a plastic vial and stored for three weeks to allow the 
radon daughters and radium to reach equilibrium. After the 
sealed measurements using gamma spectroscopy (closed 
measurements) the vials were opened and the analysis was 
repeated (open measurements) allowing 4 hours for the radon 
progeny to decay before measurement. The emanation 
coefficient was calculated using the weighted mean of the net 
count rate ratios (the gamma lines of radon daughters 214Pb and 
214Bi) of sealed and open measurements. The measurements 
were carried out at STUK. 
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In order to determine the leachability of different physico-
chemical forms of major and trace elements sequential 
extraction was performed. In each case 3 grams of sample with 
grain size fraction < 0.250 mm were used and the samples were 
dried in oven at 105 ºC. The mineral-to-extraction reagent ratio 
was 1:10. Sequential extraction of major and trace elements 
from the bulk samples was performed according to the 
combination of the methods of Tessier et al. (1979) and 
Quejido (2005) with fewer steps in order to reduce the possible 
overlapping between extraction steps. The performed extraction 
steps are the followings: Step #1 (“exchangeable”): 30 ml 1M 
NH4Cl at pH 7, 20 ºC, 1 hour stirring. Step #2 (“carbonate”): 50 
ml 1M NH4-acetate at pH 5 + 0.05 M EDTA at 20 ºC, 5 hours 
stirring. Step #3 (“oxide”): 30 ml Tamm’s reagent, 0.1 M 
oxalic acid and 0.175 M ammonium oxalate at pH 3 and 20 ºC, 
4 hours stirring in dark. Step #4 (“organics”): 15 ml 0.02 M 
HNO3 + 1 ml 30 % H2O2 at pH 2 and 85 ºC, cooling and add 4 
ml 30 % H2O2 at pH 2 and 85 ºC, 3h stirring then cooling and 
add 10 ml 3.2 M NH4OAc in 20 % HNO3 at 20 ºC, 30 minutes 
stirring. Step #5 (“oxide” in Olkiluoto samples): 30 ml 0.04 M 
NH2OH·HCl in acetic acid at pH 2 and 96 ºC, 6 hours stirring. 
Step #6 (“residual”): 16 ml aqua regia reagent 1HNO3 + 3HCl, 
using microwave digestion. To check the reproducibility of the 
method duplicate samples were used. After each step the liquid 
phase was separated from solid one by centrifugation (30 
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minutes at 10,000 rpm). Before the 6th, microwave digestion 
step, the residuals were put into teflon vials. Digestion was 
made by CEM MARS 5tm microwave. Digestion took 20 
minutes at 55 bar, 165 ºC and 1600 W. Major and trace 
elements of the liquids extracted were analysed by Agilent 
7500ce ICP-MS. Standard solutions used for calibration was 
made from commercial certified standard solutions using the 
solutions what were used for the different extraction. The 
sequential extraction and the ICP-MS analyses of extraction 
solutions were carried out at the Radiochemical Laboratory of 
University of Helsinki (HYRL). 

Major and trace element content of 12 bulk samples (< 
0.250 mm sized grain fraction) were analysed in the laboratory 
of SGS Group Mineral Services, Toronto. For analyses sodium 
peroxide fusion digestion was used. Analyses were made at 
SGS by ICP-MS and ICP-AES using ISO 17025 standard 
which is accredited for specific tests.  

In the leachates 226Ra was measured indirectly (Schonhofer, 
1989). 10 ml of aliquot sample was put into glass LSC vials (22 
ml) and 10 ml of water-immiscible scintillation cocktail was 
added. The vials were closed for 4 weeks to reach the secular 
equilibrium between 226Ra and daughters of 222Rn. After 4 
weeks 222Rn and its daughters were measured by Guardian 
1414 liquid scintillation counter by Wallac Company. The 
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leachates from the 6th extraction step were highly acidic 
therefore, for these leachates the analyses were done by use of a 
membrane method (Ikonen, in prep). Emporetm Radium Rad 
Disks were applied for the complete separation of 226Ra from 
leachates. 15 ml of leachate was filtrated by suction. The 
recovery was defined using 226Ra standard being 70 %. After 
the selective extraction the disks were left to stay 3-4 weeks to 
obtain the secular equilibrium. The content of 226Ra was 
measured by liquid scintillation counting (Quantulus 1220, 
Wallac; Ultima Gold F as scintillation liquid) through 214Po. 
The analyses were carried out at HYRL. 

Heavy mineral assemblage of the finest fraction of soil and 
sediment samples and semi-quantitative elemental composition 
of heavy minerals are analysed by JEOL LSM 5900LV 
scanning electron microscope equipped with an energy 
dispersive X-ray (EDX) analytical system. Preparations were 
made from the heavy fraction of 0.125-0.250 mm and < 0.063 

mm grain size fractions of bulk samples (ρ > 2.8 g/cm3 and ρ > 
3.3 g/cm3, respectively) by mounted them onto a glass slide. 
On hundred randomly selected minerals grain statistics were 
made (Geological Survey of Finland (GTK)). Heavy mineral 
assemblage of Olkiluoto samples were studied by AMRAY-
1860 IT-6 scanning electron microscope operated at 20 kV and 
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0.5 nA at Department of Petrology and Geochemistry of Eötvös 
University, Budapest, Hungary.  

Quantitative chemical composition of selected, partly 
weathered U-Th-bearing minerals, and chemical composition 
of weathered and not weathered part of these minerals were 
measured by electron microprobe analysis. Analyses were 
performed by the wavelength dispersive technique using a 
Cameca SX100 instrument at GTK. Analyses were determined 
using an accelerating voltage of 15 kV. Probe current and beam 
diameter used were 10 nA and 1 micrometer, respectively. 
Natural minerals and metals were employed as standards. 
Analytical results were corrected using the PAP on-line 
correction programme. These measurements were carried out at 
GTK. 

RESULTS 

1) The study revealed that the developed multiple analytical 
methods in order to determine source of 222Rn in special 
glacial sediment is sufficient and none of the steps can be 
neglected. Such a multidisciplinary study dealing with 
radon source identification has not been carried out before. 

2) The results of the sequential chemical extractions are 
pointed out that the exchangeable Ra does not relate 
directly to the finest grain size fraction, it is present on the 
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surface of altered grains in the coarser grain size fractions, 
as well. 

3) Based on the results of the sequential extraction carried out 
on carbonate rich Olkiluoto till samples, it can be stated 
that Ra is tend to present in carbonate complexes in 
oxidative environment and in exchangeable phase in the 
reductive environment. The abovementioned carbonate 
complex is responsible for the slightly higher emanation 
measured in the sample collected from the oxidative 
horizon. 

4) The enhanced secular disequilibrium between 238U and 
226Ra in the sample Palm-384 revealed by γ-spectrometry is 
resulted by a significant downward migration of U and 
effective adsorption of Ra onto weathering products and 
organic matters. The secular equilibrium occurred at the 
outflow of the catchment area indicates the effectivity of 
the peat bog as a filtering media for U and Ra. 

5) The study pointed out that in Palmottu samples the activity 
concentration of 226Ra and the proportion of easily 
removable Ra, for instance exchangeable Ra show very 
good correlation with emanation factors. The high 
emanation factor (> 0.40) measured in sample Palm-C 
indicates the surface presence of Ra atom. In contrast, in 
the sample Palm-362 the emanation factor is only 0.18 
that, and the high proportion of residual Ra (76 %), 
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indicates highly homogenous distribution of Ra within the 
grains. 

6) Emanation measurements of Askola samples revealed 
inverse emanation pattern of the Askola site, that is, the 
bulk sample displays higher emanation factor than the fine 
(< 0.250 mm) fraction, which is because the grains with 
high emanation power generally belong to the coarse grain 
fraction. 

7) Results of the correlation study prepared on weathered U- 
and Th-bearing minerals pointed out that in minerals which 
are resistant for weathering such as monazite and 
xenotime, Th prefer to be present in the weathered part of 
the mineral, whereas U concentration is lower in the 
weathering part where the process is going on. In the less 
resistant minerals (e.g. uraninite, uranothorite) both U and 
Th remain in the weathered part of the minerals. 

8) Among the methods tested for 226Ra determination it is 
recommended to use the Rad Disks method for the highly 
acidic leachetes and the two-phases LSC methods using 
water-immiscible scintillation cocktail for the colourful, 
but not very aggressive ones. The study revealed that for 
measuring emanation coefficients the open and closed 
measurements using vacuum sealer is easy and fast, and 
can be used for low amount of samples. However, if high 
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amount of sample is available the LSC method shoul be 
used. 
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