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Summary

Increased U concentrations in ground and drinking water have been found in the west-
ern part of Switzerland. The focus of the study was set to Mont Vully, 20 km northwest of Berne.
The origin of U was investigated and has been verified to derive from an interface between the
Upper Marine Molasse and the Lower Freshwater Molasse, two stratigraphic units in the Molasse
Basin. During the genesis of this interface, fossils have been deposited and U was adsorbed onto
them due to the reducing environment that has been present. The last glaciation formed the typi-
cally hilly area of the Swiss Plateau leading to the outcropping of the interface with the U-rich
fossils. Oxygen-rich rainwater that infiltrated the water permeable Upper Marine Molasse was
dammed at the Lower Freshwater Molasse which acts as an aquitard resulting in a steady leaching
process of the fossils at the interface. This U-rich groundwater (350 mBq/L 238U) fed wetlands
that were formed at least 8 kyrs ago on an impermeable clay layer in the adjacent land north of
Mont Vully. The reducing conditions that were present in the wetland resulted in an accumulation
of U that was adsorbed onto organic matter. Lasting for thousands of years, the infiltration of U-
rich groundwater generated a peat horizon with up to 500 Bq/kg 238U. In the beginning of the 19t
century, plenty of wetlands were drained in order to create arable land leading to a change in
redox conditions underground. O-rich rainwater was then able to circulate through the peat hori-
zon and oxidized the adsorbed U. The enabling of the leaching processes resulted in increased U
concentrations in the drainage pipes with more than 600 mBq/L 238U. The investigation with air-
borne gamma ray spectrometry that was performed with a helicopter equipped with 4 Nal detec-

tors revealed that further U accumulations in the area around Mont Vully could be possible.

The second study site at the agricultural area around the Lyssbach was chosen for the analysis of
the leaching behaviour of U. Sampling once a month the drainage pipe that drains a peat horizon
with a 238U concentration of 2000 Bq/kg revealed that the leaching process depended on diverse
factors such as the amount of water available and the carbonate content. By combining parame-
ters such as the annual precipitation and the 238U concentration and flow rate of the drainage pipe
revealed an overall leaching rate of 0.3% per year of the total U inventory (600 kBq/m?2). This

implies that leaching has to take place in the same intensity for the next several hundreds of years



Summary

until the peat horizon near the Lyssbach is almost U-free. Additional laboratory experiments in-
cluding a sequential extraction and leaching experiments with varying pH, time and carbonate

content verified this calculation and displayed other scenarios if the leaching conditions change.

The investigation of U uptake by plants was accomplished in four different study sites at the Swiss
Plateau. Analyzing the soil and flooding water revealed some increased U concentrations. The fol-
lowing measurements of rice plants, divided into stems, leaves and panicles, as well as rice crops
yielded minor transfer factors leading to the assumption that the uptake of U is too small to have

an influence on increasing health risks due to the uptake of U by food.
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Chapter 1 Introduction

Alarming incidents in nuclear power plants like the shutdown of a reactor due to precar-
iousness of the reactor building or simply the location of old power plants in a natural hazardous
area severely alienate the broad public and sensibilise people to radioactivity. Not at the latest,
the Chernobyl accident in 1986 or the explosion of the nuclear reactor Fukushima-Daiichi in 2011
court the public's resentment towards radioactivity. But what is often neglected is the fact that
radioactivity, in principle, is a natural phenomenon with the three natural decay series of 238U,
235U and 232Th. As a result, not only artificial radionuclides but also naturally occurring radioactiv-
ity move into focus of the population, sometimes without differentiation. Especially Uranium (U)
is most often associated with nuclear power plants since their fuel rod consists of enriched U. But
it should always be kept in mind that 238U is a primordial nuclide, i.e. it was already present on
Earth while its formation. 238U and its daughters are present all over the world in different forms
and concentrations. The following sections describe the characteristics, applications and occur-

rences of U on Earth.

1.1  Uranium: Properties and Applications

The chemical element uranium is a silvery heavy metal with the atomic number 92. It is a primor-
dial radionuclide with an abundance of 1.8 ppm in the Earth’s crust (Mason & Moore, 1982) and
with three naturally occurring radioisotopes: 238U, 235U and 234U in the isotopic ratios of 99.27%,
0.72% and 0.0054%, respectively (Chabaux et al. 2008). Due to the long half-life of 238U (T, =
4.45*109 years) and its heavy atomic mass of 238.05 g/mol, the specific activity of 238U is rather
low with 12 kBq/g (L’Annunziata, 2012). The half-lives of 234U and 235U are shorter with 2.455*105
years and 7.038*108 years, respectively (Magill et al., 2006). Since the discovery of the element U
in pitchblende by Martin Heinrich Klaproth in 1789 who named it after the planet Uranus (Hiib-
ner, 1989), many studies have been performed until Henri Becquerel discovered the radioactive
properties of U in 1896 (DiGregorio, 2020). The applications of U are manifold: it started with the
use of oxides in glass giving it a slightly yellow to greenish color, then adding U to a ceramic glaze
resulting in orange U tiles (Fig. 1) and finally to the point of the most dangerous application of U

as the utilization for the production of Plutonium used in atomic weapons. Most popular, of course,
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is the use of U as fuel rod for nuclear power plants (Fig 1). For this purpose, natural U has to be
enriched in 235U by centrifugation. The enrichment is typically around 3% to 5% of 235U in 238U.
The depleted U in turn was used as high-density penetrators in ammunition. Nuclear power plants
utilize the heat that is released by the fission of U in order to roll turbines which in turn generate
electricity (Tsoulfanidis, 2018). Although the production of nuclear power releases neither air
pollutants nor greenhouse gases, the lifetime of nuclear power plants is socially limited in many
parts of the world. The reason therefore are on the one hand severe accidents such as the accident
at Chernobyl in 1986 and Fukushima-Daiichi in 2011, which released radioactivity into the envi-
ronment in a way that even today mankind is exposed to it. And on the other hand, used fuel rods
and other radioactive contaminated materials from a power plant have to be kept in intermediate
storages until a radioactive waste disposal is found. This search for deep geological repositories
is still ongoing in all over the world since diffusion experiments and geological studies have firstly
to be performed and evaluated. In Switzerland, the Swiss Federal Nuclear Safety Inspectorate

(ENSI) and the National Cooperative for the Disposal of Radioactive Waste (NAGRA) are in charge

for this overwhelming project (www.ensi.ch and www.nagra.ch).

Fig. 1: Different applications of U. Left side: U glass; Middle: U tile; Right side: Nuclear Power Plant Miihleberg, Switzerland.

1.2 Uranium in the environment: Rocks, soils and water

Beside these civil applications, U occurs in many different environments within various amounts
in rocks, soils and in water. The most common U-bearing mineral in rocks is uraninite, formerly
called pitchblende. It consists largely of UO, with some varying amounts of U30g and some rare
earth elements (Ivanovich & Harmon, 1992). Due to the radioactive decay series of 238U, uraninite
also contains decay products such as Pb-isotopes or Ra. Uraninite is the economically most im-
portant U ore and mined until today especially in Kazakhstan, Canada, Australia, Niger, Namibia

and Russia (Tsoulfanidis, 2018). Exploration of U ores results in mine tailings and thus inevitably

12
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in a pollution of the environment by releasing radionuclides from the contaminated area into wa-
ter sources. Another origin of U can be found in sedimentary environments such as phosphate
rock (Chabaux et al.,, 2008). Phosphate rock (or phosphorite) is predominantly mined for the pro-
duction of phosphate used, amongst others, for fertilizers. The main deposits can be found in Mo-
rocco, China and the USA (Fantel et al., 1985). By the application of fertilizers onto agricultural
fields, small amounts of U can simultaneously be deposited onto the fields (Barisic et al., 1992,
Liesch et al,, 2015, Takeda et al., 2006). Beside this occurrence generated by fertilizers, there is
another origin for the appearance of U in soil: U-bearing minerals. Every soil contains to a certain
extend micro- to nanoscale minerals. These minerals in turn can have U fixed in their crystal lattice
with the most common example zircon (Ivanovich & Harmon, 1992). The mean concentration of
U in soil ranges from 300 pg/kg up to 12 mg/kg (UNSCEAR, 1993). However, solid occurrences
are not the only form in which U can be found in the environment, it can also be dissolved in water
under certain circumstances. For example, the concentration of U in seawater is estimated to

reach 3 ppb what makes U recovery from seawater profitable (Maaz et al., 2020).

The occurrence of U is often not a steady state but a continuous movement within the particular
environments. There is not one situation that is applicable to all over the world. For this reason,

this study illustrates the example of the fate U in the environment for the Swiss Plateau.

1.3 Health risks from Uranium

[t is important to evaluate the behaviour of U in the environment since the health risks for living
beings from U can be severe. The health risk from U derives not only from the radiotoxicity but
also, or even especially from its chemical toxicity (ATSDR, 2013). The uptake of U may occur by
inhalation or contaminated wounds, but the ingestion of U via food and drinking water primarily
accounts for the U exposure of the general public (WHO, 2001). Following health effects include
nephrotoxicity, genotoxicity and developmental defects (Brugge, 2014). The most concerned or-
gans in human bodies are the kidneys. Consequently, the World Health Organization (WHO) rec-
ommends a limit of 30 pg/L in drinking water (WHO, 2001) and the Swiss Federal Department of
Home Affairs followed in 2017 (EDI, 2017). However, there is no legal limit of U concentrations
and other natural radioactive elements in food anymore. For this reason, it is important to survey

at least drinking water for its content of radioactive isotopes.

13
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1.4 Aims of the thesis

The overall aim of this doctoral thesis was to illustrate the manifold occurrences and behaviour -
and thus the fate - of U in different natural environments. The impulse for this investigation was
the discovery of increased U concentrations in ground and drinking water in the western part of
Switzerland with unknown origin (Stalder et al.,, 2012). For this reason, the Swiss Plateau was
chosen as field of study for the thesis. During the elaboration of the thesis, three superior ques-

tions have to be answered.

The first point of interest was the origin of the increased U concentrations in the Swiss Plateau.
The study of Stalder et al.,, 2012 comprised the analyses of more than 5500 water samples from
all over Switzerland for its U concentration. The origin of U in the drinking water, however, was
not covered in the study. This question of the provenance of U is important to understand the
paths of U in nature. Conclusions of the host rock can be drawn if U was found in groundwater.
The frequency and intensity of increased U concentrations in the Swiss Plateau may be deter-
mined during this study. Also important in relation with the origin of U was the behaviour of U in
the groundwater and its further destinations. The goal was to illustrate the whole flow path of U
in ground water from bedrock through potential barriers until it reaches surface water. Conse-

quently, the overall aim of the first part was to identify the sources and sinks for U.

The second goal of this doctoral thesis was to evaluate the behaviour of U if it was stuck some-
where during its way. By accomplishing several leaching experiments, the leaching properties of
U that was adsorbed onto organic matter in a peat horizon may be determined. By combining
results from observations in nature with experiments conducted in the laboratory, a prediction of

the lifetime for U in the special natural environment in the Swiss Plateau may be calculated.

The third and last question for the fate of U in nature covers the transfer of U into food. Rice plan-
tations were chosen as example for the study of U uptake of plants from soil and water. It was
investigated whether rice plants incorporate U from an area with increased U in the soil or in the
flooding water. In this scenario, humans could be exposed to an increased amount of U. Since U is
a toxic heavy metal, it is important to identify the transfer factors from soil to plant in order ac-

complish a risk evaluation for the consumption of such food.

Finally, the overall goal of answering all these questions was to contribute to the understanding

of the fate of geogenic U in nature with the focus on the special environment of the Swiss Plateau.

14



Chapter 2 Materials and methods

The different U and Th series isotopes that were of importance for the study were sepa-
rated and measured by a broad variety of methods. Some of the methods were already briefly
explained in the material sections of Chapter 3, 5 and 6. In this chapter, the collection of samples

is specified and the methods used for separation are explained more in detail.

2.1 Material

2.1.1 Water samples

Water samples from the different study areas were always collected in polyethylene bottles and
subsequently acidified with a few drops of concentrated HNO3 in order to prevent the radionu-
clides to adsorb onto the bottle walls. The amount of the sampled water depended upon the de-
sired isotopes of interest and the following separation procedure. The volume ranged from 20 mL
for the Rn analysis to 2 L if a whole 238U-series isotopes determination was intended. The exact

procedures are explained in detail in section 2.2.

2.1.2 Soil samples

Soil samples were either collected via drilling procedures into 1 m depth by the Cora drilling unit
(Fig. 2) or the soil samples were picked manually from the study area. Each sample was subse-
quently dried in the oven at 105°C for 5 hours and ground to a homogeneous powder with the
help of a porcelain mortar. The final powder was stored in closed bags or boxes until an aliquot
was used for further preparation. If not stated otherwise, about 1 g was used for wet ashing that
was accomplished by boiling the powder in 20 ml concentrated HNO3 under reflux together with
a defined amount of 232U as a radiotracer (Fig. 2). As soon as no nitrous gases were visible any-
more, the solution was evaporated to complete dryness. The residual soil components were

placed into the oven for 15 hours at 500°C for dry ashing. The residue from this step was dissolved
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in 8 M HNOs3 together with 30% H:0 and boiled under reflux and continuous stirring for 2 hours.
After cooling down, the suspension was filtrated in order to separate the liquid from the insoluble
compounds. The resulting solution was used for the further radiochemical separation method ex-

plained in section 2.2.

Fig. 2: Soil samples. Left side: Soil after drilling into 1 m depth; Right side: Boiling an aliquot in concentrated HNOs.

2.2 Radiochemical separation methods

The decay chain of the three naturally occurring radioisotopes 238U, 235U and 232Th are illustrated
in Fig. 3 indicating the half-life, the decay mode and the decay energy. The isotopes that were
analyzed in the water samples of this study with radiochemical methods were 238U, 234U, 226Rga,
222Rp, 210Ph and 21°Po from the 238U decay series, 235U from the corresponding 235U series and 228Ra
and 224Ra from the 232Th series. 223Ra from the 235U series was also analyzed since it was used as a
radiotracer. It is of importance to separate the elements of interest from each other since decay
energies are overlapping which makes it impossible to measure them simultaneously by al-
phaspectrometry. The detailed procedures to accomplish these separations are explicitly de-

scribed in the following sections for each element.
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Fig. 3: 238U, 235U and 232Th decay series indicating the half-life, the decay type and decay energy (Eikenberg 2002).

2.2.1 Uranium

For the analysis of the three naturally occurring Uranium isotopes 238U, 234U and 235U in water
samples approximately 250 mL are needed. A 232U-tracer is added to the sample in order to check
the chemical yield of the following chromatographic extraction. In case of the soil samples, the
tracer was already added before the ashing process (explained in section 2.1.2) and the solution
that was obtained after wet and dry ashing and the following filtration step was used for the chro-
matographic extraction. The first step of this procedure was to evaporate the sample or solution
to complete dryness: in case of water samples the sample water itself and in case of the soil sam-
ples the solution that was obtained after filtration. The residue in both cases is re-dissolved in
3 M HNOs. This solution was passed then through an Eichrom U/TEVA Uranium and TEtraValent
Actinides column, that retains U and other tetravalent actinides and are thus separated from their
matrix. U itself was then separated from Ra, Po and Th by several washing steps with 3 M HNO3, 8
M HNOs and 5 M HC], respectively. Finally, U was eluted from the resin with 0.02 M HCIL. The whole
procedure was adapted from Horwitz et al. (1992) regarding the volumes and concentrations of
the eluate fractions according to an PSI internal standard operating procedure. The eluted solu-
tion together with 0.6 mL H2SO4 and 0.6 mL 1 M NaHSO4 was evaporated to complete dryness and
calcinated for 10 minutes. The residue is dissolved with 4.8 mL 0.125 M NaHSO4 and 5.2 mL 1 M
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Na;S0sand transferred into a plastic vial, which acts as electrodeposition cell. The detailed proce-

dure of the electrodeposition onto a stainless steel disk is described in Bajo and Eikenberg (1999).

2.2.2 Radium

The following separation methods for Ra were only applied to water samples and not to soil sam-
ples.

Alphaspectrometry of 226Ra and 224Ra via adsorption onto MnO discs

One method to analyze Ra isotopes is by spontaneous adsorption onto a MnO;-coated disk (Sur-
beck, 2000). These discs were produced in house by placing a cleaned nylon disc with 28 mm in
diameter into a 2% KMnOs solution at 70°C and let the MnO; precipitate onto the plate for two
hours under continuous stirring. After this step, the MnO; discs were carefully washed and dried
with a paper towel to remove slightly bound particles. One of these discs was then mounted in a
teflon holder in that way that only one side was in contact with the solution. The pH of 200 mL of
the water sample was set to 7-8 with 1 M NaOH and the disc in the teflon holder was placed into
the sample solution under continuous stirring. After one day exposure time, about 60% of the Ra
is adsorbed onto the MnO; layer and the two a -particle emitting isotopes 226Ra and 224Ra can be
measured via a-spectrometry. For the surveillance of the chemical yield, a special 223Ra generator
was designed which was used as radiotracer. As basis for this generator, an already existing 227Ac
tracer was used. Due to the half-life of 21.8 years and 18.7 days of 227Ac and 227Th, respectively,
the two isotopes are in secular equilibrium with each other after 10 half-lives of the daughter
isotope, i.e. after 187 days. Since the reference date of the 227Ac tracer is in 1993, the secular equi-
librium is approved. A defined amount of the 227Ac tracer was passed through an U/TEVA column,
which retains Ac, Th and Ra. In order to obtain a pure 223Ra tracer, Ra was then eluted using 10
mL 3 M HNO3; whereas Ac and Th remain on the column. The activity of the generated 223Ra tracer
should equal the activity of the 227Ac tracer that was loaded onto the column and decrease with
the 223Ra half-life of 11.4 days. This calculation was checked by measuring the real activity in the
tracer by y-spectrometry (Fig. 4). Due to the 227Ac and 227Th that remains on the U/TEVA column,
223Ra with its relatively short half-life in comparison to their progenitors grows onto the column
and reaches secular equilibrium after approximately 114 days (Fig. 5). After a sufficient ingrowth
time, 223Ra can be eluted again and further used as tracer. This procedure was accomplished sev-
eral times in order to perform an adsorption experiment of Ra onto the MnO; discs. For this ex-
periment, a defined amount of 223Ra tracer was exposed to the MnO; discs for different time peri-
ods, ranging from 1 hour to 50 hours (Fig. 6). The experiment reveals that 24 hours is a sufficient

time for Ra to adsorb about 60% onto the MnO; discs. However, the effective adsorption varies
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with each water sample. For this reason, the 223Ra tracer was added to each real water sample that

was analyzed for its Ra isotopes.
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Fig. 4: Decay of 223Ra tracer (calculated and measured).
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Fig. 5: Ingrowth of 223Ra onto the U/TEVA column after separation from 22Ac and 22’Th.
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Fig. 6: Adsorption experiments of 223Ra onto MnOz2 discs.

228Ra via ingrow of 228Th

The detection of the beta-emitter 228Ra can be accomplished with the same MnO; discs described
above but with a certain delay time after the Ra adsorption. 228Ra with its half-life of 5.8 years
decays to the beta-emitter 228Ac with 6 hours half-life, which in turn decays to the a -emitter 228Th
with a half-life of 1.9 years. 228Ra can thus be measured by a-spectrometry via the ingrowth of
228Th onto the MnO; discs. This method was tested for all water samples that were analyzed with
the help of MnO; discs. However, even after an ingrowth period of approximately three years and
an a-spectrometry measurement time of 7 days, all 228Th values were below the detection limit of
2 mBq/L. This means, that 228Ra was not or only in very small amounts present in the water sam-
ples. The activity concentration of 226Ra did not change significantly after the three years waiting

time due to its half-life of 1600 years.
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LSC-measurements of 226Ra, 224Ra and 228Ra following RadDisc filtration

Another method to determine the Ra isotopes is via filtration of the water samples through a 3M
Empore RadDisc filter (Fig. 7). The detailed procedure of this method is published in Wallner et
al,, 2008). Since activity concentrations of Ra isotopes were expected to be rather low, about 1.5
L of sample volume was needed. The 1.5 L were acidified with 189 mL concentrated HNO3z and
passed through the filter by a vacuum pump with a flow rate of < 50 mL/min. Ra was eluted each
with 5 mL EDTA and mixed with 15 ml Goldstar scintillation cocktail from Triskem. The measure-
ment of the vial containing potentially the a-emitters 226Ra and 224Ra as well as the [3-emitter 228Ra
was executed with an HIDEX 300 SL scintillation counter with simultaneous a/f-counting and
pulse shape analysis. A detailed explanation of this counting method is given in Eikenberg et al.

(2014).

2.2.3 Radon

No special separation method is necessary for the Rn analysis in water. The critical point for a
correct measurement value is the storage of the water sample until analysis. Therefore, the water
was directly sampled in 20 mL glass vials with a gas tight septum in the cap. For the analysis, a 20
mL plastic vial was prepared with 10 mL of the water immiscible scintillation cocktail MaxiLight
from HIDEX. 10 mL of the water sample was injected into the cocktail with the help of a syringe.
The vial had to be shaken vigorously followed by 3 hours waiting time until 222Rn and its short-
lived daughters were equilibrated. The measurement was accomplished with the HIDEX 300 SL
scintillation counter with simultaneous a/f-separation in order to differentiate between the a-

decays of 222Rn, 218Pg and 214Po and the (3-decays of 214Pb and 214Bi in the decay chain.

2.2.4 Lead

210Pb in water samples can simultaneously be analyzed with the RadDisc filtration method used
for the Ra isotopes. The preparation was the same, the only difference was the elution step for Pb
with 5 mL diammonium hydrogen citrate (DHC) prior to the Ra elution. The eluate was mixed with
15 ml Optiphase Hisafe 3 scintillation cocktail from Eichrom and measured with the HIDEX 300

SL scintillation counter.
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2.2.5 Polonium

The activity concentration of 210Po in water samples was determined by spontaneous adsorption
of Po onto a silver disc (Fig. 7; Lee et al,, 2014). Therefore, a defined amount of a 2°°Po tracer
together with 50 mL of concentrated HCl was added to 150 mL water sample. About 1 g of ascorbic
acid was added to reduce potential Fe(IIl) in the sample water to Fe(II). The silver disc with 28
mm in diameter was carefully cleaned with acetone to remove grease residues and mounted into
a teflon holder in that way, that only one side of the silver disc was in contact with the sample
solution. The holder was completely placed into the solution and rests there for about 24 hours
under continuous stirring. After adsorption, the silver disc was washed with deionized water,

dried with compressed air and can be directly measured by a -spectrometry for about one week.

Fig. 7: Different radiochemical separation methods. Top left: UTEVA columns to separate U; Top right: Adsorption of Ra onto an
MnO:2 disc; Down left: Adsorption of Po onto a Ag-planchet; Down right: Filtration of water samples in order to separate Ra form
other radionuclides.
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2.3 Radioactivity measurements

2.3.1 a-spectrometry

The principle of a-spectrometry is based on a specific energy quantum released by each isotope
that disintegrates through o -decay (L’Annunziata, 2012). The energy range of a -emitters is 1 -
10.5 MeV which can be precisely measured using a PIPS (Passivated Implanted Planar Silicon)
detector in a vacuum chamber. It is of importance to separate the elements of interest from their
matrix to prevent overlapping emission energies of different a -decays. For the samples of the
present thesis, this was achieved either by chromatographic separation and subsequent electro-
deposition, or by spontaneous adsorption onto an element-specific material as explained already
in detail in section 2.2. It is also necessary to add a radiotracer that behaves chemically the same
in order to verify the chemical yield of the separation or adsorption process. The a -detector used
for all measurements in this thesis was the Octéte PC from ORTEC in combination with the Inter-
winner 7.1 program for computation. The half-life as well as the decay energies of all isotopes that
have been measured by a-spectrometry together with the corresponding radiotracer are listed in
Tab. 1.

Tab. 1: a-decay energies with the highest transition probabilities of the analyzed isotopes in water samples and corresponding radio-
tracers. All values from Magill et al,, (2006). Counts from energies with lower transition probabilities were added to the higher ones.

Isotope Half-life Decay energy [MeV]
232J 68.9 years 5.320
238]) 4.468 - 109 years 4.198
2357) 7.038 - 108 years 4.398
234 2.455 - 105 years 4.775
223Rq 11.43 days 5.716
226Rq 1600 years 4.784
224Rq 3.66 days 5.685
210Pg 138.38 days 5.304
209Pg 102 years 4.881
230Th 7.54 - 104 years 4.687
228Th 1.913 years SRR
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2.3.2 Liquid scintillation counting

The principle of liquid scintillation counting (LSC) is based on the emission of photons that are
detected by a photomultiplier. The liquid samples transfer their decay energy to the cocktail. The
cocktail emits photons that can be detected by the scintillation counter (L’Annunziata, 2012). It is
possible to detect a- and (-particles simultaneously by o/3-separation. Therefore, the regions of
interest (ROI) have to be defined and the pulse length index (PLI) has to be determined. For the
simultaneous measurement of 226Ra (o) and 228Ra ([3), the ROI were set to 500-900 and 10-800,
respectively. The PLI, which separates a- and {3- particles according to the deactivation of the ex-
cited state of the particle, was set to 5. The ROI for 222Rn measurement was 700-950 for «, 200-

900 for  and the PLI 10.

2.3.3 y-spectrometry

Some of the soil and peat samples from Mont Vully were measured directly by y-spectrometry
without radiochemical treatment. Therefore, the dried and grounded powder was filled into 50
ml plastic bottles and measured with a high purity Ge detector. Some isotopes could be measured
directly by their decay energies if the transition probability of the y-line is high enough and if there
is no interference with the decay energy of another isotope. For example, 235U can be directly
measured by its decay energy of 186 keV. The transition probability is high enough with 53%, but
the decay energy of 226Ra is almost the same. So there is an overlapping of the signals of the two
isotopes and a correction has to be made. If secular equilibrium can be assumed, then 43% of all
impulses from the 186 keV line can be attributed to 235U and 57% of the impulses can be attributed
to 226Ra (Giles, 1998). However, this assumption cannot be applied to all environmental samples
and has to be reviewed for each single case. Furthermore, 226Ra can be measured via its progenies
214Ph and 214Bi. However, this is only possible if they are in secular equilibrium with 226Ra. The
problem is that the noble gas 222Rn is in between that constantly emanates out of the sample. To
prevent this, the soil or peat sample can be packed gas-tightly into a 50 ml glass vial and rested
for 3 weeks until secular equilibrium was established. After this waiting time, the activity concen-
trations of 214Pb and 214Bi can be measured vie its decay energies that now represent the concen-
tration of 226Ra in the sample (Tab. 2). However, the results of the gamma measurements for 235U
and 226Ra were not given in this thesis for two reasons: (i) it was not possible to verify the gas-

tight packing of the samples and (ii) there was no adequate calibration available for the glass vials.

The two U isotopes from the 238U decay series can also only hardly be determined by y-spectrom-
etry since they don’t have well detectable y-lines. 238U can be determined by measuring its decay

24



Materials and methods

product 23¢4Th via its 63 keV line (Tab. 2). But due to this low energy and the possible occurring
self-adsorption of 234Th, this method is as well not suitable for all samples. 234U was not measured
via y-spectrometry. In the case of the soil and peat samples analyzed during this study, the activity
concentrations for the U isotopes were all used from the a-analysis since these results were more
reliable than the results from the y-spectrometry where some more uncertainties and assump-

tions were included.

Tab. 2: Isotopes that were determined by means of y-spectrometry indicating the isotope of interest and the isotope that can be
measured as substitute. The values of half-lives are from Magill et al. (2006), values of decay energies and transition probabilities are
from L’Annunziata (2012).

Isotope of Isotope Half-life Decay energy Transition probability
interest measured [keV] [%]
2351 235y 7.038 - 108 years 186 53
238J 4,468 - 109 years 50 0.07
234Th 24.1 days 63 4
226Rq 226Ra 1600 years 186 4
214Pb 26.8 minutes 351 37
214Bj 19.9 minutes 609 46
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Chapter 3 Uranium in the Swiss Plateau

The following chapter mostly consists of the in 2019 published paper in the Journal of
Environmental Radioactivity. Therefore, section 3.1. to 3.7. was integrated literally from the paper
into this thesis. Merely section 3.8. was not published since it describes supplementary infor-

mation in connection with the work of the paper.
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Uranium in the Swiss Plateau

3.1 Abstract

Increased Uranium (U) concentrations are found in certain ground and surface waters of the Swiss
Plateau. Analysis of more than 100 public fountains revealed that increased 238U concentrations
frequently occur close to the interface between the Lower Freshwater Molasse and the Upper Ma-
rine Molasse, cropping out in the western part of the Swiss Molasse Basin. Out of these locations,
Mont Vully, situated ca. 20 km west of Berne, was studied in detail. As this hill consists of the two
aforementioned stratigraphic Molasse units, it represents an ideal case study. Two springs at the
northern slopes of Mont Vully exhibit the highest 238U concentrations with more than 300 mBq/L
and were thus monitored for almost two years in order to screen possible seasonal variations.
Further water samples were collected from spring captures, creeks and drainage pipes. The pipes
drain the farmland north of Mont Vully showing 238U concentrations with more than 600 mBq/L.
In order to discover the reason for the duplication in concentration, gamma dose rate measure-
ments were accomplished on the farmland, revealing elevated dose rates of up to 160 nSv/h.
These are located above ancient pathways of creeks that originated from Mont Vully. At these lo-
cations with elevated dose rates, three shallow sediment drill cores were taken and analyzed for
their U content. The sediment cores can essentially be divided into three parts: (i) an upper soil
with common U concentrations of about 30 Bq/kg 238U, (ii) an U-rich peat horizon with concen-
trations of up to 500 Bq/kg 238U, and (iii) an impermeable clay unit that acts as an aquitard with
again minor 238U concentrations. Radiocarbon dating of the U-rich peat horizon reveals ages
younger than 8.1 kyrs. This study suggests that a wetland was formed on top of the impermeable
clay layer after the last glaciation during the Holocene. The stream waters with 238U concentra-
tions of more than 300 mBq/L originating from Mont Vully contributed significantly to the water
supply for the development of the wetland. Due to the reducing conditions that are present in
wetlands, the dissolved U in the incoming streams was reduced and adsorbed onto organic matter.
Accordingly, an entrapment for U was generated, persisting for at least 6 kyrs - a sufficient time
to accumulate up to 500 Bq/kg. In the course of the last century, numerous wetlands in Switzer-
land were drained by capturing streams and installing drainage pipes to make the land suitable
for agriculture. This kind of melioration was also done at the wetlands north of Mont Vully result-
ing in a subsequent change in redox conditions within the soil. The solubility of U depends on its
oxidation state and U can be oxidized by oxygen-rich rainwater. The rainwater leached the U ad-
sorbed on the peat yielding 238U concentrations of more than 600 mBq/L. Consequently, the du-
plication of 238U concentrations in the drainage water as compared to the original concentration
that creeks brought into the ancient wetlands has been clarified during this study. Twenty of the
analyzed public fountains in the Swiss Plateau exhibited a 238U concentration of more than 50

mBq/L. All of them could have contributed to the formation of a wetland after the last glaciation,
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which leads to the assumption that the situation at Mont Vully is not a singularity in the Swiss

Plateau.

3.2 Introduction

Uranium (U) is a toxic heavy metal that is present in most of the Earth’s crust with an average
abundance of 1.8 ppm (Mason & Moore, 1982). It occurs in the form of three natural radioisotopes:
238]J, 235U and 234U with isotopic ratios of 99.27%, 0.72% and 0.0054%, respectively (Chabaux et
al,, 2008). U has four different oxidation states, U(III), U(IV), U(V) and U(VI). U(IV) and U(VI), with
their corresponding oxides UO; and UQ3, are the most common ones. UO», which is barely soluble
and occurs in hydroxides, phosphates and fluorites (Keith et al., 2015), is the predominant species
in reducing environments. Under oxidizing conditions, as encountered in surface and shallow
groundwater, U(IV) is oxidized to U(VI), forming the easily soluble uranyl cation UQ,2* which
forms different complexes with carbonates, sulphate ions and organic ligands (Chabaux et al,,
2008). Due to the long half-life of 238U (T1/2 = 4.45*10° years) and its heavy atomic mass of 238.05
g/mol, the specific activity of 238U is rather low with 12 kBq/g (L’Annunziata, 2012). The radio-
toxicity of U only plays a minor role compared to its more serious chemical toxicity (ESFA, 2009).
Since U exposure to the general public predominantly occurs by ingestion via food and drinking
water, it can cause critical damage to the human body, especially the kidneys (ATSDR, 2013). Con-
sequently, the World Health Organization (WHO) recommends a limit of 30 pg/L U in drinking
water (WHO, 2001). In 2017, the Swiss Federal Department of Home Affairs introduced its limit
for U in drinking water to 30 pg/L as well (EDI, 2017). This critical value equals 372 mBq/L 238U
in terms of activity concentration. The dimension of ingesting U by liquid food depends strongly
on diverse factors, e.g. environment of the catchment area or even personal consumption behav-
ior. Already in 1930, Sale (1930) conducted a first survey on salts and radioactive nuclides in min-
eral water. Since then, studies were regularly performed all over the world in order to quantify
concentrations of naturally occurring radioactivity in drinking and groundwater (Cothern and
Lappenbusch, 1983, Vesterbacka, 2007, Walsh et al.,, 2014, Bajwa et al.,, 2017, Godoy and Godoy,
2006, Shin et al.,, 2016, Wu et al., 2014, Baradacs et al., 2001, Birke et al., 2010, Baertschi and Keil,
1992). All of these studies demonstrate increased radionuclide concentrations in drinking water,
but the reason for it is usually not specified in detail. A comprehensive survey for Switzerland was
presented by Stalder et al.,, (2012), who analyzed more than 5500 water samples from most can-
tons of Switzerland to illustrate the geographical distribution of U concentrations in drinking wa-
ter. The published map shows increased U levels along the alpine arc where crystalline bedrock

with naturally enhanced U concentration in minerals is common. The map interestingly highlights
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another area in the western part of the Swiss Plateau, where elevated U contents cannot simply
be explained by an underlying crystalline basement. Some cantons of particular interest, e.g. the
Canton of Berne, were not covered in the study of Stalder et al,, (2012). These data gaps and the
fact that the U source in the Swiss Plateau remains rather unclear, represent the main motivation
for the present study. U in groundwater, together with Radon (Rn), usually occurs as major frac-
tion within the group of natural radionuclides. But other elements like Radium (Ra) or Polonium
(Po), even in lower concentrations, contribute as well to the dose rate. Therefore, certain daughter
isotopes of the 238U decay chain such as 226Ra, 222Rn, 210Pb and 210Po are also determined. Since
naturally occurring radioactive isotopes rarely display an equilibrium state in water (J. I. Osmond
etal.,, 1983), the relations between the individual isotopes were examined during the study. How-
ever, groundwater is not the only hydrological unit susceptible to elevated U concentrations.
Werthmiiller et al.,, (2015) found extraordinarily high U concentrations in drainage pipes under
an agriculturally used area ending up in the Lyssbach creek (10 km northwest of Berne, Switzer-
land). The reason for these elevated concentrations in the surface water is an U accumulation in
peat ca. 0.5 m below the soil surface that is constantly leached by rainwater. One reason that was
considered as U source has been the occurrence of Allalin gabbro in the area around the Lyssbach.
This material which commonly contains U ores can be found in the Swiss Plateau due to glacial
transportation from the Alps. Another possible explanation are coal beds with enhanced gamma
dose rates that can also be found close the Lyssbach area. However, the actual origin of the U ac-
cumulation at the Lyssbach area remains unclear. Several authors assumed phosphate fertilizers
containing natural U to be responsible for similar accumulations but could not definitely prove
this theory (Barisic et al., 1992; Bigalke et al., 2018; Liesch et al., 2015). Another general explana-
tion is the uptake of diverse metals and trace elements that can occur in wetlands as described,
amongst others, by Gonzalez et al., (2006), Schumann et al. (2017), Krachler et al. (2004), Li et al.
(2015), Li et al. (2014) and Banning et al. (2013). This would indeed explain the process of accu-
mulation but again does not clarify the origin of U in peat found in the Swiss Plateau. Consequently,
the overall goal of this study was to explain the correlation between increased U concentrations
in groundwater appearing at the slopes of Mont Vully and the U accumulation that occur under-
ground of the farmland in the north of it. Another objective was to verify the origin of the increased

U concentrations in groundwaters that can be found in wide parts of the Swiss Plateau.
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3.3  Study area: Swiss Plateau

3.3.1 Geological outline

The Swiss Plateau geologically belongs to the tertiary Molasse basin, which traverses Switzerland
on approximately 300 km between Lake Geneva in the SW and Lake Constance in the NE (Fig. 8).
The basin is bordered to the SE by the Alps and to the NW by the folded Jura Mountains and has
mostly a hillocked morphology. The development of the Swiss Plateau started in the Oligocene
when the Alpine orogeny caused the formation of a foreland basin that was successively filled with
sediments (Pfiffner, 2014). Although the sedimentary infill is heterogeneous, Studer (1853) clas-
sified the Oligocene and Miocene sediments of the Swiss Molasse into four groups: (i) Lower Ma-
rine Molasse (UMM); (ii) Lower Freshwater Molasse (USM); (iii) Upper Marine Molasse (OMM)
and (iv) Upper Freshwater Molasse (OSM), for which the conventional German abbreviations
(brackets) are used in this paper. The four groups themselves are classified into two lithostrati-
graphic megasequences, UMM/USM and OMM/OSM. Both megasequences display the change
from a marine to a continental environment, each one coarsening, thickening and shallowing up-
ward (Sinclair, 1991). Of particular interest for the present study is the transition between the
two megasequences, i.e. the interface between USM and OMM. In the middle of the Oligocene,
freshwater lakes started to become shallower ending up in a dry area that are now the sediments
of the USM. During this process, dying organic material accumulated on large conglomerate and
sandy alluvial fans (Matter, 1980) leading to reducing conditions in shallow water. Consequently,
dissolved U species in water originating from granitic and metamorphic clasts precipitated as U02
(uraninite) owing to the anoxic environment at the latest stage of the USM in mainly clayey to
marly sediments (Cumberland et al., 2016; Schott & Wiegand, 2003). The transgression of the
Burdigalian Sea in Miocene buried the deposited UO2 under glauconitic marine sandstones, leav-
ing behind an interface between USM and OMM partially loaded with U-rich fossils (Schott & Wie-
gand, 2003). According to Keller (1922), the UMM, USM and OSM act as aquitards with some spo-
radic water-bearing layers, whereas the OMM represents the only aquifer in the Molasse se-
quence. In the Pleistocene, the ice of the Wiirm glaciation locally eroded the OSM, leading to an
exhumation of the OMM aquifer that now crops out as the uppermost unit in certain areas (Ram-

seyer, 1952).

30



Uranium in the Swiss Plateau

300000 400000 500000 600000
s T T T
= _
-
(=
(=4
(=
S+ -
=
N
n
(=
=
(=3
S - -
=4 P >
o il A g
0 25 50 75 100 A
L L 1 1

Fig. 8: Shaded relief map of Switzerland indicating the dimension of the Swiss Plateau (yellow), the area of the broader sampling
campaign (rectangle) and the location of the intensively studied site Mont Vully (circle).

3.3.2 Case study Mont Vully

Mont Vully, located ca. 25 km west of Berne, was chosen as our main study site to investigate the
relationship between increased U concentration in groundwater and accumulated U in soils of the
Swiss Plateau (Fig. 8). The site comprises the hill of Mont Vully itself and the adjacent farmlands
to the north (Fig. 9). Mont Vully has a height of 653 m a.s.l (the elevation of the surrounding plat-
eau is 430 m a.s.l) and is composed of an USM-OMM sequence (Fig. 10a). Its detailed geology has
been extensively studied earlier (Antenen, 1936; Becker, 1973; Ramseyer, 1952; Schott & Wie-
gand, 2003). Of particular importance for this study is that rainwater infiltrates the OMM aquifer
until it is dammed by the impermeable USM. The convex interface between the USM and OMM at
Mont Vully acts as a reservoir for the incoming rainwater and consequently leads to the occur-
rence of several springs at the slopes of the hill (Ramseyer, 1952). The discharged water accumu-
lates to small creeks that have been existing since the last glaciation (Becker, 1973). The continu-
ous supply of water in combination with an underground impermeable layer led to the formation
of wetlands north of Mont Vully. At the beginning of the 19t century, numerous wetlands in Swit-
zerland were drained in order to create arable land for agriculture (Klaus, 2007). Commonly, this
was accomplished by perforation of the impermeable layers and installation of drainage pipes that

allowed runoff of the excess water to leave a dried peat layer underground behind. In the case of
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Mont Vully, there are two drainage pipes that feed the Broye Canal north of the hill (Fig. 9). Most
of the springs that formerly fed the wetlands are nowadays captured for water supply and only
some little creeks are left. Changes in the flow paths of the creeks can be traced in the “Journey

through time - maps” provided by the Swiss Federal Office of Topography (2019).
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Fig. 9: Shaded relief map of the study site Mont Vully (Source of lidar data: GIS Competence Centre, Department of Land-Registry and
Geomatics, Canton Fribourg). a) Four different water sampling types at Mont Vully indicating the 238U concentration of each water
sample. Numbers 1-14 correspond to the numbers listed in table 1. Crosses show the location of the 3 sediment cores. b + ¢) Detailed
map of the gamma dose rate measurements north of Mont Vully showing the exact location of the sediment cores in related to the
dose rate.
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Fig. 10: Schematically drawn cross-section illustrating different stratigraphic units at Mont Vully and the farmland north of it. Not
drawn to scale. a) Oxygen-rich rainwater infiltrates OMM, leaches U adsorbed onto fossils and becomes U-rich groundwater that
accumulates in the reducing environment of the developing wetland. b) Oxygen-rich rainwater infiltrates drained wetland and
leaches accumulated U in a peat horizon before ending up in surface waters.
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3.4 Material and Methods

3.4.1 Collection of water samples

In the course of this study, 103 water samples were taken from a broad area in the Swiss Plateau,
concentrated along the USM/OMM interface (Fig. 11) in order to map increased U concentrations.
Most of the sampling points are public fountains. Formerly used as drinking troughs for farm an-
imals, they can be found in the majority of old parts of towns and villages in Switzerland. The
fountains are usually fed by sources from the close vicinity and are not treated by the local water
supply facilities. The sampling campaign was accomplished in October 2017 as well as in July,
October and December 2018. For each sampling site, one 250 mL polyethylene bottle was com-
pletely filled with water and subsequently acidified with a few drops of concentrated nitric acid
(HNO3) to prevent adsorption of radionuclides onto the bottle walls. Filtration was not necessary
since there was no suspended matter visible. However, it was tested for several samples and the
results in the filtered and unfiltered aliquots were identical within uncertainties. Only U isotopes

were analyzed in these water samples.
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Fig. 11: Geological map of the Molasse basin indicating the areas where USM (pink) and OMM (brownish) are outcropping. Colour-
coded dots show the water sampling locations with their according U activity concentrations.
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At Mont Vully, the following sites were sampled for radionuclide analysis (Fig. 9): (i) 3 creeks, of
which one was sampled at two locations: at the top and at the foot of Mont Vully, (ii) 6 sealed
spring captures that are only accessible with the permission of authorities, (iii) 2 drainage pipes
that are installed under the farmland north of Mont Vully and (iv) 2 public fountains. The two
public fountains (No. 1: Fontaine Maryléne in the west and No. 2: Fontaine du Stand in the north
of Mont Vully) were continuously sampled in a monthly interval for two consecutive years in or-
der to screen possible seasonal variations. A complete radionuclide analysis of 238U, 234U, 226Ra,
222Rp, 210Pb and 219Po was accomplished for these samples. Two 1L polyethylene bottles were
completely filled and acidified with a few drops of concentrated HNOs. For the 222Rn measure-
ments, special 20 mL glass vials with a gas tight septum in the cap were used in order to preclude
the gaseous Rn to degas out of the water. The vials were overfilled and carefully closed in such a
way that no air bubbles remained inside the vial. For the public fountains, electrical conductivity,
pH and temperature of the outflowing water were immediately determined in the field using a
handheld meter (HI98129 COMBO Tester from HANNA Instruments Switzerland AG). Further-
more, the flow rates of the two springs were measured in order to evaluate the radionuclide con-
centration after subsequent laboratory analyses. Only 250 mL were needed for the remaining 12

sampling locations at Mont Vully (No. 3-14) since they were simply analyzed for their U content.

3.4.2 Laboratory water sample analysis

Determination of 238U and 234U

For the analysis of two of the three naturally occurring U isotopes, 250 mL of the water sample
were acidified with 5 mL concentrated HNO3 and evaporated to complete dryness. Chemical yield
was checked by adding 232U as radiotracer. The residue was re-dissolved, filtrated through a 0.45
um cellulose nalgene filter and passed through a Triskem U/TEVA column to separate U from Ra,
Po and Th. The procedure of the chromatographic extraction was adapted from the procedure of
Howrwitz et al. (1992). The resulting concentrated U solution was used for electrodeposition onto
a stainless steel disk. The detailed electrodeposition procedure is described in Bajo and Eikenberg

(1999). The disk was measured using an Octéte PC a-spectrometer from ORTEC.

Determination of 210Po

The activity concentration of 210Po was determined by spontaneous adsorption of Po onto a silver

disk. The chemical yield of the adsorption process was controlled by adding a defined amount of
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209Po tracer. The water sample was acidified with concentrated HCl. Ascorbic acid was added to
reduce potential Fe(1II) to Fe(II). A silver disk with 28 mm in diameter was mounted into a teflon
holder in that way, that only one side of the silver disk was in contact with the solution. The holder
was completely placed into the solution for approximately 24 hours under continuous stirring.
After adsorption, the disk was directly measured by a-spectrometry for one week. The procedure

was adapted from Lee et al. (2014).

Determination of 226Ra and 219Pb

226Ra was analyzed together with 210Pb by means of a 3M Empore Rad Disk filter. The procedure
was adapted from Wallner et al. (2008). Since activity concentrations were expected to be ex-
tremely low, 1.5 L of sample volume was needed to reach an appropriate detection limit of 50
mBq/L. Pb was extracted from the Rad Disk filter with 5 mL di-Ammonium hydrogen citrate
(DHC) and mixed with 15 mL Optiphase Hisafe 3 scintillation cocktail from Perkin Elmer. Ra was
eluted with 5 mL alkaline EDTA solution and mixed with 15 mL Goldstar scintillation cocktail from
Meridian. Liquid scintillation counting was performed using an HIDEX 300 SL scintillation counter
with simultaneous a/B-counting and pulse shape analysis. A detailed explanation of this counting

method is given in Eikenberg et al. (2014).

Determination of 222Rn

Radon was also analyzed by means of liquid scintillation counting. With the help of a syringe, 5
mL of the immiscible liquid scintillation cocktail MaxiLight from HIDEX were carefully sublayered
with 10 mL of sample water in a 20 mL scintillation vial. After vigorously shaking the vial, 222Rn
and its short-lived daughters are equilibrated during 3 hours and measured with a HIDEX 300 SL

for 1 hour with o/[3-separation.

3.4.3 Gamma dose rate measurements

In order to discover potential U accumulations below the recent farmland at Mont Vully, gamma
dose rate measurements were conducted either with a handheld 2”x2” Nal(TI) detector (a modi-
fied Gate Frisker from Ludlum) or with a large plastic scintillator (BDKG-32 from Atomex). These
measurements were accomplished by walking grid-wise along the farmland, carrying the detector

together with a GPS 1 m above ground. The count rate for the energy region from about 100 to
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1000 keV was converted to approximate dose rates by calibration with an Automess 6150 AD-
6/H connected to a large plastic scintillator 6150 AD-b/H. The detector records the total gamma
radiation, which mainly originates from the decay products of 226Ra such as 214Pb or 214Bi and
quantifies the measurements with a sensitivity of 1 cps per nSv/h. Since these dose rate measure-
ments a not precise enough, the results cannot be used for absolute quantification of U concentra-
tion in the underground, but they give an indication where U accumulations occur in the soil. Due
to the fact that the area north of Mont Vully is intensively used for agriculture, the dose rate meas-
urements were restricted to two small fields where it was possible to walk without destroying
any crops (Fig. 9). On the basis of these measurements, locations with elevated dose rates were

selected for soil sampling.

3.4.4 Soil sampling and analysis

In March 2018, three sediment cores (S1 - S3) were drilled into 1 m depth at the previously iden-
tified locations north of Mont Vully by means of vibrocoring with the portable drilling unit “Cobra”
of Atlas Copco (Fig. 9). The cores with an inner diameter of 6 cm were cut into 5-10 cm pieces and
packed into plastic bags for protection. In the laboratory, the samples were unpacked, dried in the
oven at 105°C for 15 hours and ground to a homogeneous powder. An aliquot of each sample was
wet and dry ashed and leached by boiling the residue in 8 M HNO3z and 30% H0; for 1 hour. The
suspension is filtrated to separate the leached fraction from insoluble compounds. Afterwards, U

was analyzed identically to the procedure already used for the water samples (section 3.4.2).

3.4.5 14Cdating

Dating of the peat horizons from the sediment cores was accomplished by the 14C method. Poten-
tial fractions of carbonate and humic acids were removed from an aliquot of the samples using an
acid-base-acid treatment. Subsequently, the residue was completely combusted and then trans-
formed into graphite targets. Measurements were conducted with the accelerator mass spectrom-
eter (AMS) MICADAS at the LARA laboratory at the University of Bern. The detailed procedure is
given in Szidat et al. (2014). The measured 4C ages were calibrated using IntCal13 to provide the
calendar ages of the samples (Reimer et al., 2013). The lower and the upper part of the peat hori-
zons from the drilling cores of the former wetland were used for dating in order to estimate the
beginning and the end of the peat deposition period and to verify if the sediment cores still show
an undisturbed sequence at least below the tillage depth. For the first sediment core (S1), two
peat horizons extend from 45-60 cm depth and from 80-90 cm depth, while one peat horizon is
located each in sediment core 2 (S2) and sediment core 3 (S3) in 75-100 cm and 65-100 cm depth,

respectively.
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3.5 Results

3.5.1 Extended sampling campaign in the Swiss Plateau

The U concentrations in water samples of the extended sampling campaign range from 4 * 2
mBq/L for 238U and 5 + 3 mBq/L for 234U to 239 * 35 mBq/L for 238U and 298 + 43 mBq/L for 234U
(Fig. 12). Twenty of the 103 samples display a 238U activity concentration of more than 50 mBq/L
and 10 of more than 100 mBq/L. Due to the protection of data privacy, the exact values and loca-
tions of the extended sampling campaign are not specified. The highest value in the here studied
part of the Swiss Plateau was found for one sampling date at Mont Vully with 395 mBq/L 238U.
This was the only sampling location that exceeded the Swiss EDI limit for U of 30 pg/L, which
corresponds to 375 mBq/L 238U.

3.5.2 U-series disequilibrium in water at Mont Vully

The two public fountains at Mont Vully were continuously monitored once per month over a two-
year period from 2016 to 2018, allowing for a detection of seasonal effects. The sampling cam-
paign for Fontaine Maryléne (No. 1) started in June 2016 with a total of 20 water samples; sam-
pling of Fontaine du Stand (No. 2) was initiated in November 2016 with a total of 17 water sam-
ples. For these two sampling points at Mont Vully, the flow rate depended upon the amount of
precipitation in the catchment area. The monthly and annual precipitation can be tracked at the
corresponding maps of MeteoSwiss, which show that a dry period leads to a lower flow rate ap-
proximately 6 months afterwards (Swiss Federal Office of Meteorology and Climatology Meteo
Swiss, 2019). For both springs, the water temperature was directly coupled with the seasonal out-
side air temperatures: highest water temperatures were found in September 2017 with 20 °C;
lowest in January 2017 with 5°C. The pH of 7.4 + 0.1 as well as the electric conductivity of 610 +
15 uS/cm were constant throughout the whole sampling campaign. The activity concentrations
exhibit a complete disequilibrium within the 238U decay series, but the concentrations within one
particular isotope in the decay chain are fairly constant (Fig. 12). The highest values were found
for 222Rn with a mean of 32000 + 4000 mBq/L and 31000 + 3000 mBq/L for Fontaine Maryléne
and Fontaine du Stand, respectively. Lowest concentrations were found for 210Po with 3 + 2 mBq/L
for Fontaine Maryléne and 2 + 1 mBq/L for Fontaine du Stand. 210Pb activity concentration for all
samples were below the detection limit of 50 mBq/L. But due to the rather short half-life of 210Po
(T1/2 = 138 days), 21°Pb and 219Po should be in secular equilibrium and the activity concentration

of 210Pb can be expected to be in the same range as 219Po. A mean of 62 + 8 mBq/L for both springs

38



Uranium in the Swiss Plateau

was detected for 226Ra. The activity concentrations of the two U isotopes lie within the same range
for both fountains: Fontaine Maryléne exhibited mean values of 319 + 26 mBq/L and 346 * 25
mBq/L for 238U and 234U, respectively, and Fontaine du Stand displayed mean values of 308 + 22
mBq/L and 333 + 18 mBq/L for 238U and 234U. The activity ratio (AR) of 234U /238U was equal with
1.08 + 0.04 for both fountains. All activity concentrations were constant within uncertainties over
the whole sampling period, regardless of seasonal variations like temperature or precipitation.

The results of the U analysis for all sampling locations at Mont Vully are listed in Tab. 3.

Tab. 3: 234U and 238U concentrations and AR in different water samples at Mont Vully (uncertainties 20). The numbers in the first
column correspond to the numbers in figure 2.

No. in Type 238 + 234 * AR
fig.- 2 [mBq/L] [mBq/L]

1 public fountain 319 26 346 25 1.1
(mean value)

2 public fountain 308 22 333 18 1.1
(mean value)

3 spring capture 36 7 31 7 0.8

4 spring capture 32 7 28 7 0.9

5 spring capture 82 18 88 18 1.1

6 spring capture 86 15 75 14 0.9

7 spring capture 100 17 88 16 0.9

8 spring capture 290 30 301 30 1.0

9 creek 37 8 39 8 1.0

10 creek 60 11 65 12 1.1

11 creek 361 56 327 51 0.9

12 creek 204 23 193 22 0.9

13 drainage pipe 402 58 361 53 1.1

14 drainage pipe 626 88 648 90 1.0
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3.5.3 Gamma dose rates at Mont Vully

Gamma dose rate measurements on the farmland north of Mont Vully revealed increased gamma
dose rates of up to 160 nSv/h including background radiation. In other parts of the area north of
Mont Vully, only 80 nSv/h was detected (Fig. 9). The locations with elevated dose rates were se-
lected as sites for percussion drilling, since they offer the highest probability of finding an U accu-

mulation.

3.5.4 Uranium content of soil samples

All three sediment cores can essentially be divided into three parts: (i) an upper part that consists
of soil and loam with common U concentrations of about 30 Bq/kg 238U, (ii) an U-rich peat horizon
with concentrations of more than 500 Bq/kg 238U, and (iii) an impermeable clay unit that acts as
an aquitard with again minor 238U concentrations (Fig. 13). However, the sediment cores differed
from each other in their total U content as well as in the depth where the U-rich peat horizons
were located. S1 exhibited the highest 238U concentrations of all sediment cores at a depth of 55-
60 cm with 543 + 75 Bq/kg. S2, which was taken only 45 m away from S1, showed values of 313
+ 36 Bq/kg 238U at 95-100 cm depth. The highest concentrations in S3 were found at 90-100 cm
depth with an activity concentration of 437 + 49 Bq/kg 238U. The 234U /238U AR in all peat samples
was 1.06 + 0.03.

3.5.5 14Cages of peat at Mont Vully

Radiocarbon dating of the peat yielded slightly different ages for all three sediment cores. The
lower part of the first peat horizon of S1 in 55-60 cm depth was dated to 3765 * 20 years, the
upper partat40-45 cm depth to 1875 + 20 years. The second peat horizon of S1, that extends from
80-90 cm depth, was dated to 7180 + 25 years at the lower end. S2 revealed similar ages of 3415
+ 20 years and 1815 + 20 years for the lower (95-100 cm) and upper (75-80cm) part of the peat
horizon, respectively. S3 showed higher ages of 5230 + 20 years at 90-100 cm depth and 2765 +
20 years at 60-70 cm depth. From these 14C ages, the following calibrated age ranges of the peat
horizons were deduced (Fig. 13): S1: 1.8-1.9 to 7.9-8.0 kyrs, S2: 1.8-1.9 to 3.6-3.8 kyrs, S3: 2.8-3.0
to 6.0-6.1 kyrs. As these calibrated age ranges only allow an estimation of the duration of the peat

formation (see below in the Chapter Discussion), they are given in centennial resolution.
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3.6 Discussion

In the following, we present our model for the increased U concentrations in soil, ground and
drinking water in the Swiss Plateau as a four-stage process of U accumulation and leaching. The
first two steps - originally suggested by Schott and Wiegand (2003) - comprise the accumulation
of U at the USM/OMM interface in Oligocene and the ongoing leaching of U-rich fossils by infiltrat-
ing rainwater at this interface (Fig. 10a). The third and fourth step are findings of the present
study and include the accumulation of U in bogs and wetlands and anew leaching processes that

started in the 19th century, when wetlands were drained (Fig. 10b).

As already explained in section 2, fossils encrusted with U can be found at the interface between
USM and OMM along the western part of the Swiss Plateau (Ramseyer, 1952). Since the USM rep-
resents an aquitard, rainwater with high oxygen content infiltrates the OMM and is retained at the
interface between the two Molasse units where U-rich fossils occur (Fig. 10a). The study of Schott
and Wiegand (2003) identified the following process: At the USM/OMM interface, the rainwater
oxidizes the precipitated insoluble U(IV) to soluble U(VI) resulting in a constant leaching process
of the fossils. The rainwater with dissolved U migrates along the impermeable USM until the in-
terface reaches the surface. At these points, springs of groundwater with increased U activity con-
centrations are welling out of the hills. Extended sampling on the basis of geological maps accom-
plished by the present study highlights the frequency of enhanced U concentrations along the
USM/OMM interface (Fig. 11). The characterization of the water samples that are in connection
with the interface is based on the stratigraphy of the two Molasse units, i.e. the OMM (brownish
in Fig. 11) lies above the USM (pink in Fig. 11). For water samples that are located only in the OMM
it is impossible to pass the interface and therefore cannot leach potential U accumulations. None
of these samples in the OMM show increased U concentrations. Water samples that derive from
an area where the interface could have been passed show moderate to increased U concentration.
Certainly, there are water samples that are located at the interface and do not show increased
concentrations. These samples either pass the interface at an area where there is no U accumula-
tion or the interface is not passed at all in spite of its vicinity. This correlation can be seen more in
detail at Mont Vully. The sample locations which derive only from the OMM on top of the hill (No.
3,4 and 9 in Fig. 9) exhibit nearly no U content in comparison with the water samples that are
located below the USM/OMM interface (No. 1, 2, 8, 11, 12 in Fig. 9). Waters sampled on the slopes
between the top and bottom of Mont Vully show intermediate concentrations (No. 5, 6, 7, 10 in
Fig. 9). The creek that was sampled at two locations is the best example in that regard: The 238U
concentration doubles in value from the very top (No. 9 in Fig. 9) of Mont Vully until the foot

(No0.10 in Fig. 9). This implies that there is a groundwater flow with increased U concentration
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into the creek before it reaches the second sampling location. The two springs with water origi-
nating from the USM/OMM interface that were selected for a detailed investigation of U concen-
trations are Fontaine Marylene (No. 1 in Fig. 9) and Fontaine du Stand (No. 2 in Fig. 9). It is known
from the municipal water supply responsible Mr. Biolley (personal communication, January 2017)
that they originate from one source deriving from the U-rich interface but cover different dis-
tances until they reach the surface. For this reason, the two sources are considered as one in the
following explanations. The fairly constant values throughout the whole sampling campaign (Fig.
12) demonstrate that the water of the fountains is rather groundwater that, in comparison with
surface water, is not quickly prone to changes in geochemical conditions. As well as Shchott and
Wiegand (2003) we assume steady oxidizing conditions at the USM/OMM interface that allow U
to be leached (Ivanovich & Harmon, 1992). Therefore, U occurs in increased activity concentra-
tions in the water, whereas its decay products remain unleached. 226Ra is rarely soluble under
oxidizing conditions (Faure & Mensing, 2005) and is measured only in small amounts of maximum
80 mBq/L. The same is true for 21°Po, which is poorly soluble (Ivanovich & Harmon, 1992) and
therefore does not even allow the detection limit to be reached in some of the water samples.
However, speciation taking into account that radionuclides may not only be transported as dis-
solved ions or complexes but also attached to colloids (inorganic and organic matter, e.g. extracel-
lular bacterial material (Larock et al, 1996; Ram et al,, 2019) was not covered in this work.
Transport by colloids might explain the 210Po values found in some of the water samples but fur-
ther investigation needs to be done. The radionuclide that exhibits highest activity concentrations
is 222Rn with almost 40000 mBq/L. This is obvious since Rn is the only gaseous element in the 238U
decay chain and can be transferred into water much easier than solids. The mean AR of 234U /238U
was 1.08 £ 0.04. The reason for these increased values of 234U in comparison to 238U in water is
preferential leaching from the solid phase, enabled by radiation damage of the crystal lattice. This
damage is the result of recoil that breaks the bond which retains the nuclide inside the crystal
lattice resulting in a better leachability of the following isotopes in the decay chain (J. K. Osmond

& Cowart, 1976). Consequently, the leached solid phase should exhibit depletion in 234U.

The next part in this four-stage process is directly connected to the U-rich groundwater found in
certain parts of the Swiss Plateau. After the end of the last glaciation and later during the Holocene,
bogs and wetlands had developed on top of an impermeable clay layer north of Mont Vully due to
the constant supply of water from the USM/OMM interface on the one hand, and a lack of possi-
bilities to runoff on the other hand (Fig. 10a). Dying organic material and microbial degradation
led to a reducing environment in the wetlands and cumulated organic matter was deposited in the

peat horizon on top of the clay layer. The solubility of U is very sensitive to redox conditions. When
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dissolved U species in groundwater deriving from the USM/OMM interface enter the anoxic envi-
ronment in the wetland, the soluble U(VI) is reduced to insoluble U(IV) and adsorbs onto organic
material (Wang et al., 2014). Accumulation over thousands of years led to a considerable amount
of U in the wetland peat, although the concentration of the input water was comparably small.
Measurements of gamma dose rates on the farmland north of Mont Vully already indicate an ac-
cumulation of U in a peat horizon underground, as evidenced by gamma radiation that is highly
increased with respect to normal background values. Rybach et al. (1997) reported an average
total dose rate of 147 nSv/h in Switzerland combining artificial, cosmic and natural terrestrial
dose rates. However, this value considers all parts of Switzerland including highly enhanced dose
rates originating from the Alpine region with natural terrestrial dose rates that reach a maximum
of 368 nSv/h (Rybach et al.,, 1997). Considering the average total dose rate in the area of Mont
Vully, values above 80 nSv/h are clearly enhanced in comparison to the normal background
(Rybach et al.,, 2002). As these values are no absolute values and vary with depth of the U-rich peat
horizon, verification had to be done by analyzing the soil itself. The results of the cores confirm
that the peat horizon has accumulated a considerable amount of up to 543 + 75 Bq/kg 238U (this
value equals 43.8 ppm 238U) in spite of the rather low U concentration of the incoming water with
only approximately 350 mBq/L 238U (this values equals 0.03 ppm 238U) - assuming these concen-
trations were constant over the Holocene. Radiocarbon dating of the organic material at the lower
end of the peat horizons revealed an onset of the peat formation of around 4-8 kyrs ago (Fig. 13).
This verifies the assumption that the wetlands began to form after the Wiirm glaciation, when an
excess of water was available. Sediment core S1 revealed, however, that there is more than one
peat horizon, separated from each other by a 15 cm thick clay layer. This indicates that there have
been several peat accumulation cycles, which were not covered by the soil cores into 1 m depth.
It is very likely that there are more peat horizons below 1 m and that the real onset of peat for-
mation started earlier. We therefore assume that the onset started at the earliest 16 kyrs ago when
the Wiirm glaciation terminated (Ndiaye et al., 2014). The development of the uranium-accumu-
lating peat in sediment core S1 started during the onset of the mid-Holocene summer maximum
~8 ky ago. The maximum U concentrations in all 3 sediment cores are in 4 kyrs old peat layers.
This coincides almost with the highest level of the mid-Holocene summer maximum in Central
Europe which was ~6 ky ago (Davis et al., 2003). According to the dating results, the end of peat
accumulation seems to have occurred 2-3 kyrs ago. We assume, however, that peat formation dis-
continued only a few centuries ago after a land-use change from near-natural wetland to an inten-
sively managed grassland. This change typically involves a decrease of the water table, which pro-

motes aerobic decomposition of sub-surface peat so that the 14C age of the top peat layer appears
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to be older than the date of the land-use change (Kriiger et al., 2015). Since then, the former wet-
land was covered with a soil layer of up to 70 cm thickness. The upper soil was not infiltrated with
U-rich groundwater and therefore does not show increased U values. The concentrations lie in the
normal range for a common soil of around 30 Bq/kg 238U due to its original mineral components.
Dating the upper and lower part of the cores also confirms an undisturbed sequence of the sedi-

ments.

In the beginning of the 19t century, plenty of wetlands were drained in the Swiss Plateau in order
to create arable land (Klaus, 2007). This comprehensive melioration was accomplished on the one
hand by capturing incoming streams to reduce water supply (Swiss Federal Office of Topography,
2019b) and on the other hand by perforating the impermeable clay layers to install drainage pipes
beneath. These measures effected runoff of the retained water in the bog (Fig. 10b). Breaking up
the soil combined with infiltrating oxygen-rich rainwater caused a change in redox conditions
from anoxic to oxic. This led to an oxidation of U(IV) to U(VI), which is adsorbed onto soil particles
and organic matter. Since then, continuously seeping rainwater resulted in an ongoing leaching
process within the U accumulation in the soil. This process yields even higher U concentrations in
the resulting drainage water (650 mBq/L 238U of no. 13 in Fig. 9) than those that have been intro-
duced into the ancient wetlands via the creeks (360 mBq/L 238U of no. 11 in Fig. 9) during the
accumulation period ~2-8 kyrs ago. All the activity concentrations in groundwater, surface water
and water of the drainage pipes under the farmland north of Mont Vully as well as the results of
the peat horizon reveal that the described processes are perfectly applicable to Mont Vully: The
sampled water of the pipes is rainwater that percolated through the soil and peat horizons before
ending up in the Broye canal. This whole process can be traced by the AR of three different sta-
tions: the water originating from (i) the USM/OMM interface, (ii) the peat itself and (iii) the drain-
age pipes. All of them exhibit an AR of 1.1. The initial AR of 1.1 that can be measured through the
whole 2 years sampling period at the public fountains at Mont Vully is due to the preferential
leaching of 234U in comparison to 238U. Once released from the mineral, 238U and 234U show the
same chemical behavior. This means that the accumulation of U in the peat exhibits the same AR
ratio of 1.1 as the incoming water since the adsorption processes onto the organic matter is chem-
ically equal for all U isotopes. The same is true for the leaching processes from the peat into the
drainage water where the AR again is 1.1. Although this track of AR is associated with some un-
certainties, it nevertheless helps to illustrate the fate of U in the whole accumulation and leaching

process.

Other U origins like phosphorous fertilizers can be excluded since the highest U concentrations

occur at 50 to 100 cm depth while the upper top soil - where fertilizers are applied - does not show
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any increased values (Fig. 13). The results of the 14C dating also controverts fertilizer as origin
because the age of the horizons with highest U concentrations show ages of several thousand
years. It is rather unlikely that the U accumulation took place only recently because decay prod-
ucts of 238U such as 234Th, 230Th or 226Ra were determined qualitatively. Due to inaccurate meas-
urements, it was abandoned to publish the quantitative data. However, by considering the rough
ingrowth of these 238U daughters, the U accumulation must have started some thousand years ago.
This verifies the assumption that the U accumulation and the peat formation happened simulta-

neously.

The presented study helps to clarify the situation at the Lyssbach creek where an U accumulation
with unknown origin was found in a peat horizon (Werthmiiller et al., 2015). Although there is
currently no USM/OMM interface in the direct vicinity, it is still likely to be the origin since the
OMM was only removed by erosion, leaving the USM behind. The two other possible reasons for
the U accumulation that have been proposed by Werthmiiller et al., (2015) have been considered
to be unlikely. Both, the Allaline gabbro as well as the coal beds, can effectively result in increased
U concentrations. However, Jouvet et al. 2017 elaborated a model to estimate the diversion of er-
ratic boulders by the Valais glacier and came to the result that nearly no boulders were trans-
ported to the Solothurn lobe. The rareness of Allalin gabbro and coal beds in the Swiss Plateau can
also be checked by consulting the corresponding geological maps (Swiss Federal Office of Topog-
raphy, 2019a). This leads to the assumption that the frequency of Allalin gabbro occurrence is too

low than having a high enough impact to lead to these increased concentrations.

As a final risk evaluation it has to be mentioned that most of the indicated U concentrations in
ground and surface water are still below the Swiss regulatory guideline relating to drinking water
(EDI, 2017). U concentrations in groundwaters of the studied part of the Swiss Plateau exceed the
limit of 372 mBq/L 238U only at one location at Mont Vully and this fountain is declared as no

drinking water.
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3.7 Conclusion

Increased U concentrations in groundwaters deriving from the USM/OMM interface have been
confirmed by an extended sampling campaign in the Swiss Plateau. The origin of U accumulated

in peat horizons is verified to originate from this interface. The whole process can be explained in

the following four steps:

a) Adsorption of U onto fossils during the development of the USM/OMM interface.
b) Leaching of U by infiltration of O-rich rainwater into the OMM aquifer.

c) Accumulation of U in a peat horizon due to reducing conditions in wetlands.

d) Leaching of U after drainage of the wetland.

The situation and history at Mont Vully are applicable to other localities in the Swiss Plateau
where (i) wetlands were drained and (ii) increased U concentrations are measured in groundwa-

ter near the USM/OMM interface. We therefore suggest further investigation of these sites.
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3.8 Supplementary information

All further measurements and results that were made in direct correlation with the studies at
Mont Vully as well as with the sediment cores drilled at the agricultural fields north of it and which
were not mentioned in the publication above are explained and discussed in the following sec-

tions.

3.8.1 Sediment cores 4 and 5

Beside sediment cores 1, 2 and 3, two further sediment cores were drilled at the agricultural fields
north of Mont Vully which are 10 m and 20 m, respectively, north of sediment core 3 in the same
arable field. They were drilled close to each other in order to figure out possible differences in
small distances. In Figs. 14a and 14b, the activity concentration of 238U in Bq/kg is plotted against
depth for sediment cores 4 and 5, respectively. The y-axis further represents the classification of
the soil that was found at the corresponding depth. In sediment core 4, the 238U concentration was
constant in the soil and loam components with approximately 30 Bq/kg until a depth of 80 cm. At
this depth started the onset of the peat layer and the 238U concentration increased to a maximum
of 172 Bq/kg. The last 5 cm of the drilled sediment core (i.e. in depth of 95 - 100 cm) there was
again a clay layer where the 238U concentration decreased to 124 Bq/kg. Although only 10 m from
sediment core 3 away and in the same depth, there was a difference of 340 Bq/kg in the maximum
2381 concentration. Sediment core 5 also displayed another characteristic. In the first 60 cm the
238 concentration was likewise constant at 30 Bq/kg in soil and loam. The peat horizon at this
core started at a depth of 63 cm and the maximum 238U concentration was reached at a depth of
82 cm with 225 Bq/kg. After the peat horizon, a clay layer was found at a depth of 85 - 90 cm with
a decreased 238U concentration of 120 Bq/kg. But unlike sediment cores 3 and 4, there was another
peat horizon that started at 90 cm depth with increasing 238U concentration up to 255 Bq/kg.
However, it is not excluded that underneath the end of the sediment cores 3 and 4 started another
peat horizon with again increased 238U concentrations. But to proof this assumption, further sed-
iment cores have to be drilled until a greater depth. Drilling this two further sediment cores close
to sediment core 3 was important to illustrate how large the differences can be in a very short
distance. This verifies the assumption, that the U accumulation is a very local phenomenon and

cannot be extrapolated to other areas without verification.
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Fig. 14: Two supplementary sediment cores that were drilled close to sediment core 3. The 238U concentration is plotted against
depth with illustration of the soil components beside the y-axis. a) Sediment core 4 b) Sediment core 5.

3.8.2 Gamma measurements of the sediment cores

Determination of U concentration in the sediment cores via a-spectrometry is very time consum-
ing since the sample preparation is quite extensive. Therefore, the samples from sediment core 1
were additionally measured by y-spectrometry to see whether the extensive sample preparation
is necessary. The dried and ground soil samples were packed into 50 ml polyethylene bottles and
measured for at least 24 hours. The results of the y-spectrometry in comparison to the a-spec-
trometry are plotted in Fig. 15. The values from the y-spectrometry are values that were measured
for 234Th that is in secular equilibrium with 238U. The plot interestingly highlights the discrepancy
in activity concentrations. The values that were determined via 234Th were consistently too low in
comparison to the 238U concentrations that were measured by a-spectrometry. The reason there-
fore is the high self-attenuation of 234Th. Due to its low decay energy of 63 keV, a certain propor-
tion of the energy was hampered by the soil itself and was not able to reach the detector. It is
possible to calculate the percentage that is masked by the self-attenuation. It was not computed
for this these samples because the values of 234U were also of importance for this study. And since
234]J cannot be measured by y-spectrometry, the extensive sample preparation for a-spectrometry

has to be done anyway.
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Fig. 15: 238U activity concentration plotted against depth. The concentrations were either determined directly by a-spectrometry or
via 234Th by y-spectrometry.

It was also attempted to measure 226Ra via its short-lived daughters 214Pb and 214Bi. In order to
achieve a secular equilibrium between 226Ra and 214Pb and 214Bi, the sample has to be sealed gas
tightly because of the intermediate gaseous daughter 222Rn. Unfortunately, it was not possible to
achieve a complete secular equilibrium. This is evident as the results of 226Ra scattered enor-
mously. For this reason, the results were considered to be not reliable and it was resigned from

publishing the measured values.
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3.8.3 Fossils at Mont Vully

During the course of this study, there were several attempts to discover original U-rich fossils that
were mentioned numerous times in the literature (Ramseyer, 1952; Schott & Wiegand, 2003).
Unfortunately, it was unfeasible to find fossils of vertebrates or invertebrates where U could have
been adsorbed onto. Nevertheless, some fossil leaves and wood have been found at the slopes of
Mont Vully. The best example can be seen in Fig. 16. Although no U was adsorbed onto these
leaves, this fossilization gives evidence that the conditions at the time of deposition were adequate
for conservation as can be seen in Fig. 17 where several Molasse layers are outcropping. Since the
appropriate fossils could not have been found in nature, a couple of natural or historical museums
in Switzerland were contacted and visited in order to find them. Different collections of the Natu-
ral History Museum Basel and the fossil collection of the Geological Faculty in Berne were inves-

tigated without success.

Fig. 16: Fossil leave that was found at the slopes of Mont Vully.
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Fig. 17: Top and Down: Outcropping Molasse layers at Mont Vully.
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3.8.4 Measurements of 235U

Although not mentioned in the publication, all water and soil samples with 238U and 234U were
simultaneously analyzed for their 235U activity concentration but were not further used for inter-
pretation. Examples for the 235U activity concentration in the water samples are the mean values
for Fountaine Maryléne and Fountaine du Stand of 12 mBq/L £4 mBq/Land 10 mBq/L + 3 mBq/L,
respectively. Examples for soil samples are the results of the sediment core 1 that are listed in

Tab. 4.

Tab. 4: 235U activity concentrations in sediment core 1 (20 uncertainties).

Depth 235U *

[cm] [Ba/kg]  [Bq/kg]
15-20 2 1
20-25
25-30
30-35
35-40
40-45
45-50
50-55
55-60
60 - 65
65-70
70 - 75
75 - 80
80 -85
85-90
90 - 95
95-100
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Chapter 4 Airborne y ray spectrometry

The airborne y ray spectrometry was established in Switzerland for emergency purposes
by the Swiss Federal Nuclear Safety Inspectorate (ENSI) together with the National Emergency
Operations Centre (NAZ) and the Swiss Army. These purposes can be manifold: for example to
localize a radioactive source or to detect radioactive fallout as a consequence of an atomic bomb
or a nuclear accident. A flight campaign in a certain area in Switzerland is accomplished every
year as exercise for the emergency case. The advantage of the exercise is not only the practice of
the method but also the screening of existing (natural) radioactivity in Switzerland under normal
conditions. In the course of one of these exercises, it was possible to organize an airborne y ray
spectrometry flight above the study area at Mont Vully. The goal of this flight was to find out,
whether the airborne y ray spectrometry is a possible alternative to the detection of the dose rate
by foot which is very time consuming and restricted to accessible areas. With the airborne y ray
spectrometry it is not only possible to detect the dose rate above ground, but also to compute the

activity concentration of certain isotopes such as 238U and 232Th.

4.1 Flight above Mont Vully and adjacent wetlands

The flight above Mont Vully took place on the 30t of May 2018 from 9:12 till 10:43 o’clock. The
helicopter “SuperPuma” was equipped with 4 Sodium Iodine (Nal) detectors which continuously
recorded the y ray spectra (Fig. 18). The helicopter covered 76 km2 gridwise in 25 lines with a line
spacing of 250 m. The pilot maintained a constant height of 90 m and a velocity of 100 km/h (Fig.
19). The results were evaluated online by the operators and graphically illustrated afterwards by

the ground staff.
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Fig. 18: Helicopter equipped with 4 detectors for airborne gamma ray spectrometry.
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Fig. 19: Planned flight above Mont Vully and adjacent wetlands. In purple: lines 25 lines with a line spacing of 250 m.
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4.2 Results and discussion

The results of the flight are shown in Figs. 20 - 23 (note the different units). Fig. 20 illustrates the
dose rate at the region around Mont Vully that ranges from 50 - 150 nSv/h. There are three areas
that stand out in the figure (see circles in Fig. 20). Circle 1 displays the dose rates that are present
at Mont Vully itself (Fig. 21, top). The high rates of up to 150 nSv/h are an effect from the sedi-
mentary rocks Mont Vully consists of (Upper Marine Molasse and Lower Freshwater Molasse; see
section 3.3.1). Although not clearly separated from circle 1, circle 2 represents the dose rates that
originate from the U-rich peat horizon under the agricultural fields (Fig. 21, down, left side). There
are also increased dose rates with values of up to 150 nSv/h in the small band that lies between
Mont Vully and the Broye Canal. These values are in accordance with those rates that were meas-
ured by foot with the Nal-detector. Therefore, the rough localization of areas with increased dose
rates is also possible by airborne y ray spectrometry. The only disadvantage is the low resolution.
Due to the line spacing of 250 m, it is not possible to clearly define the boarders of the increased
dose rate values. This can be seen at circle 3 (Fig. 21, down. Right side): there is an indication of
an area with increased dose rates, but the extension is not that exactly defined as with the detec-
tion by foot. The probability that there is a similar accumulation with a U-rich peat horizon under

the agricultural field is high but cannot definitively be proofed by airborne y ray spectrometry.
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Fig. 20: Dose rates above the area around Mont Vully recorded by airborne y ray spectrometry.
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Fig. 21: Photographs of Mont Vully and the adjacent agricultural fields taken during the flight with the helicopter. Top: Mont Vully.
Down, left side: Agricultural fields north of Mont Vully. Down, right side: Agricultural fields northwest of Mont Vully indicating dark
brown peat on top of the fields.
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The results for the different activity concentrations are more difficult to interpret than the results
of the dose rates. The activity concentrations of 238U that were detected by airborne y ray spec-
trometry around Mont Vully rage from 0 Bq/kg to 90 Bq/kg (Fig. 22). This is a normal range for U
on the Earth’s surface but there is a serious discrepancy to the determined values in the sediment
cores which reach an activity concentration of more than 500 Bq/kg 238U. The reason therefore is
the overburden top soil of up to 1 m thickness that acts as a shielding. The activity concentrations
in the peat horizon measured by airborne y ray spectrometry are underestimated depending on
the depth in which they occur because the software estimates a homogeneous U distribution in
the soil. Consequently, the pattern is barely evaluable due to an almost random distribution. The
same problem appears by considering the 232Th activity concentrations (Fig. 23). The values range
from 0 Bq/kg to 56 Bq/kg which is no abnormality for nature. Since there are no measured values
in the sediment cores available, it is impossible to make a statement concerning the accuracy of

these results.

0 Schweizerische Fidgenossenschaft
Conféderation suisse
Confederazione Svizzera
Confederaziun svizra
570000 575000 580000
S / 6 e ,?% U-238
= Al A 2 LA A< 1l <6Bqg/kg
8 3 : , % [16-12Bq/kg
= 8 = A¢ /| WM 12-18Bq/kg
P\ . . : . [ 118 -24Bq/kg
o] & R ANde > 24 Bq/kg
8 g&' o & < W §
n ;
& S
| : i :éﬁ:
= v
=) \“: 2
v{\< G =
| o e s
{ m % —' I, i
Q. Bl ARG HS
Skl : g
S LA E LA S
NPT . o ; st () X oY et ) Ul
X o s - ;‘
: i S = = e
e 0« el )
. W 3
B N A — G2 s : 4l
e 3 Mu ,
o vl < 8 e A i t o
¢ e i\ VA T e
ST < = S v
tecis | I - ¥ pR—y
57000 575000 580000

Fig. 22: Activity concentrations of 238U at the area around Mont Vully recorded by airborne y ray spectrometry.
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Fig. 23: Activity concentrations of 232Th at the area around Mont Vully recorded by airborne y ray spectrometry.

4.3 Conclusion

As a conclusion it can be said, that the airborne y ray spectrometry is a good tool to localize in-
creased y ray dose rates in a broad area during a very short time. In geological and geomorpho-
logical similar situations, increased rates can be a hint for an U accumulation underground, but it
is no evidence. To proof whether there are increased U concentrations, the soil itself has to be

analyzed.

A possible alternative to the y ray spectrometry by helicopter would be a drone equipped with a
detector. This alternative would diminish the problem of accessibility in comparison to recording
the dose rate by foot. Defining the boarders of a potential U accumulation by flying narrower lines
in less velocity would be an improvement in comparison to the helicopter. However, carrying a
heavy detector is not possible for every simple drone and the weight of the detector reduces the
life time of the battery. Another problem of recording the dose rate by drones is the safety during

the flight. Drones are prone to crashes which inflates the price for such a tool.
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Chapter 5 Leaching experiments

This chapter concerns the chemical mobility of accumulated Uranium from an ancient

wetland peat horizon into the environment covering field studies and laboratory experiments.

5.1 Introduction

Uranium-contaminated areas in the environment are commonly associated with man-made ori-
gins like radioactive waste disposal or U and ore processing sites (Bister et al., 2015; Corcho-Al-
varado et al., 2014; Felipe-Sotelo et al., 2017; Letman et al., 2018). What is often neglected is the
fact, that U is a naturally occurring radioisotope that can occur under certain circumstances in
large amounts in diverse materials. A good example is the U accumulation in an ancient wetland
at Mont Vully (see Chapter 3: Pregler atal., 2019). Increased concentrations in soil or groundwater
can lead to long-term problems in the environment if there is the probability that humans are
exposed to it. There are similar situations like Mont Vully where organic matter accumulated in
the last few thousand years (Campbell et al., 2012; Cumberland et al., 2016; Regenspurg et al,,
2010; Schumann et al., 2017; Zielinski & Meier, 1988). However, these studies focussed not on the
origin of U but on the nature and strength of U bonding and U speciation. The authors also char-
acterized the redox state and mineralogical and microbiological aspects with respect to the pro-
cesses that occur while adsorption of U to organic matter. The aim of the study in this chapter was
to accomplish leaching experiments of U from peat in the laboratory that can be applied to nature
in order to understand the behaviour of U in a special environment. This time the Lyssbach area
was chosen as case study because the U concentration in the ancient wetland there was even
higher than the U concentration at Mont Vully. The leaching behaviour of U at the Lyssbach area
was compared with results that were achieved by leaching experiments of U in the lab. The focus
of these experiments was on the identification of environmental implications. Therefore, it was
reverted to already existing knowledge of separation methods such as sequential extraction pro-
cedures (Pérez-Moreno et al., 2018; Schultz et al., 1998; Suresh et al,, 2014; Vandenhove et al,,
2014). The sequential extraction was performed for the identification of the U speciation that was
present in the peat horizon (section 5.2.6). In order to achieve the most reliable results in the

laboratory that can be extrapolated to nature, some further leaching experiments were accom-
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plished to determine the most adequate leaching conditions (section 5.2.7). Finally, a risk assess-
ment for U in the environment was conducted with the connection of laboratory experiments with

field studies at the Lyssbach area.

5.2 Material and methods

5.2.1 Study site Lyssbach

The area around the Lyssbach, a small stream approximately 10 km north of Berne in the Swiss
Plateau (Fig. 24), is the site for the field studies. It is an agriculturally used valley located between
two hills of the Swiss Molasse unit and filled with Quaternary sediments (Gruner 2012). The
Lyssbach stream drains the area in the middle of the valley towards NW direction. A significant
supply to the stream consists of several drainage pipes that drain the agricultural fields on both
sides of the creek. A first study of this site was conducted by Minkowski and Ryser (2015), Surbeck
et al,, (2015) and Werthmtiller et al,, (2015) by means of aeroradiometry. A drone was equipped
with a 2”x2” sodium iodide (Nal) detector that overflew the agricultural fields in order to localize
U accumulations underground detecting y-dose rates with up to 160 nSv/h. This survey was ini-
tiated because a routine control of water quality conducted by the Laboratory for Water and Soil
Protection of the Canton of Berne revealed U concentrations of more than 400 pg/L in drainage
pipes that end up in the Lyssbach stream (Schmidt, 2013). These investigations provided the basis

of the water sampling that focused on the drainage pipe with highest U concentrations.
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Fig. 24: Area around the Lyssbach indicating the sampling point of the drainage pipe that ends up in the Lyssbach and the area where
increased U concentrations have been found in a peat horizon.
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5.2.2 Sampling

Water sampling of the drainage pipe (see Fig. 24) that ends up in the Lyssbach stream started in
June 2016 and lasted 14 months with a total of 14 water samples in order to screen possible sea-
sonal fluctuations. Two 1L polyethylene bottles were completely filled and acidified with a few
drops of concentrated HNOs in order to prevent the radionuclides to adsorb onto the bottle walls.
Filtration was tested for several samples and the results in the filtered and unfiltered aliquots
were identical within uncertainties. On that account, filtration was not performed anymore. Elec-
tric conductivity, temperature and pH of each water sample was determined immediately during
sampling using a handheld meter (HI98129 COMBO Tester from HANNA Instruments Switzerland
AG). Peat sampling was accomplished during canalization works under a field path on the agricul-
tural land in June 2014. It was possible to collect several samples of a peat horizon that is located
ca. 0.5 m below the earth’s surface (Fig. 25). An aliquot of this sample was used for all following
analyses, i.e. the U analysis in peat, 14C dating of peat, sequential extraction and leaching experi-

ments.

Fig. 25: Collection of peat samples during canalization works in June 2014 (Photo: Heinz Surbeck). Above the peat horizon there is
approximately 0.5 m soil and below there is a clay layer.
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5.2.3 Radionuclide and element analysis in water samples

Each water sample was analysed for six isotopes of the 238U decay series: 238U, 234U, 226Ra, 222Rn,
210Ph and 219Po. The exact procedures for the analysis of each isotope was already explained in

detail in chapter 2.

Additionally to the radionuclide analysis, one sample of the drainage water (from June 2016) has
been measured by means of ICP-OES (inductively coupled plasma optical emission spectrometry)
at the Laboratory of Environmental Chemistry and by means of ion chromatography at the Labor-
atory for Waste Management, both at PS], in order to get an insight of the overall element concen-

tration of the drainage water.

5.2.4 Uranium analysis in peat

Peat samples from the Lyssbach area (Fig. 26) were only analysed for its U content. The procedure

is identically to the analysis described in chapter 2.

5.2.5 14C dating of peat

In order to determine the time of peat formation, the sample from the peat horizon at the Lyssbach
area was dated by the 14C method. After grinding the peat to a homogeneous powder, potential
fractions of carbonate and humic acids were removed from an aliquot using an acid-base-acid
treatment. After the complete combustion of the residue, it was transformed into graphite targets.
Measurements were conducted with the accelerator mass spectrometer (AMS) MICADAS at the
LARA laboratory at the University of Bern. The detailed procedure is given in Szidat et al. (2014).
The measured 14C ages were calibrated using IntCal13 to provide the calendar ages of the samples

(Reimer et al.,, 2013).

5.2.6 Sequential extraction of peat samples

In order to determine the mobility of U from the peat horizon into the surface water, a validated
BCR (in French “Bureau Communautaire de Référence; in English “Community Bureau of Refer-
ence”) sequential extraction procedure for natural radionuclides from Pérez-Moreno et al. (2018)
was applied. The procedure was designed to identify the different speciation of radionuclides that

can be present in the environment. The present study focused on four different fractions but only

64



Leaching experiments

in regard to U isotopes (Tab. 5). The first step is aimed to extract water and slightly acid soluble
as well as exchangeable species. This fraction is the most easily leachable fraction and can there-
fore be seen as most hazardous for the environment. The second step extracts the reducible frac-
tion that is bound to Fe and Mn oxyhydroxides. This fraction can be mobilized under anoxic con-
ditions. The third step was designed for the oxidizable fraction with organic compounds and sul-
phides as nominal target phases. The release of this fraction is enabled if the conditions in the
environment change from anoxic to oxic. The fourth and last step identifies the non-mobile frac-
tion that is considered as residue. It is very unlikely to be released into the environment under
natural conditions since the radionuclides are enclosed in mineral structures. For the analytical
procedure, 1 g of dry peat sample (see section 5.2.4) was mixed with a defined amount of extract-
ant and shaken for a certain time. The specifications are listed in table 5. After shaking, the mixture
was centrifuged for 15 minutes at 4000 rpm and the extractant was decanted. The residue was
washed with 20 mL deionized water, shaken for 5 minutes and again centrifuged for 15 minutes
at4000 rpm. The washing water was decanted and added to the extractant. This solution was then
evaporated to complete dryness and further processed identically to the U analyses of water (see
section 5.2.3). The solid residue was continued with the next extraction step. The last residue after
extraction step 4 was prepared in the same way as the peat was analysed (see section 5.2.4) but
with aqua regia instead on concentrated HNOs. The whole procedure was accomplished four

times.

Tab. 5: Sequential extraction procedure adapted from Pérez-Moreno et al. (2018)
Step Fraction Nominal target Extractant Conditions
phases (1 g of dry solid)
1 Water/acid  Soluble species, car- 40 ml 0.11 M CH3COOH 16 h shaking at RT=

soluble ex- bonates and cation

changeable exchange sites

2 Reducible Iron and Manga- 40 ml 0.5 M NH,OH-HCl 16 h shaking at RT
nese oxyhydroxides (pH 2)

3 Oxidizable Organic matter and 10 ml H20; 1 hatRT, 1 hat85°C
sulphides 50 ml 1 M NH4Oac (pH 2) and 16 h shaking at

RT
4 Residual Non-mobile frac- 20 ml aqua regia 3:1 16hatRT,2 hboiling
tion (HCI:HNO3) under reflux, 15 h at

500°C in oven
aRT = room temperature
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5.2.7 Leaching experiments

Modelling the concentration of species that were present in the drainage water that end up in the
Lyssbach creek using PHREEQC reveals that most U is present as carbonate species (cf. section
5.3.1). In order to identify the leaching behaviour of U in the peat horizon that was shown in Fig.
25, several leaching experiments were accomplished with varying carbonate content (varied with
sodium carbonate (Na;CO3), Fig. 27), pH (accomplished by adding HNO3 (Fig. 28)) and leaching
time (Fig. 29) all listed in Tab. 6. Exactly 1 g of dry peat that was homogenized as described in
section 5.2.4 and 40 mL of extractant was used for each leaching experiment. Shaking was per-

formed in centrifuge tubes with a laboratory shaker.

Tab. 6: Leaching experiments of Lyssbach peat with varying parameters.

Na;CO0s3 concentration pH Leaching time
(at unmodified pH 11; leaching (leaching time 8 h; Na:CO3; (at unmodified pH 11; Na:CO3
time 16 h) concentration 0.005 M) concentration 0.005 M)
0 7 10 minutes
0.1 M 8 1h

0.05M 9 8h

0.01M 10 24 h

0.005M

0.001 M

5.3 Results

5.3.1 Radionuclide and element concentrations in drainage water

The activity concentrations for all measured radionuclides (228U, 234U, 226Ra, 222Rn, 210Po), their
measurement uncertainties as well as the sampling date, flow rate while sampling, temperature,
pH and electric conductivity are listed in Tab. 7. Since the drainage pipes are installed only about
1 m below the surface, the flow rate of the pipe is very sensible to fluctuations in precipitations
and thus varies from 0.1 I/min to 30 I/min as maximum. The same holds true for the temperature
that ranges from 17°C in summer to 5°C in winter. Electric conductivity and pH, however, exhibit
similar values for all seasons with a mean electric conductivity of 819 + 23 us/cm and a mean pH
of 7 £ 0.3. Since the determined isotopes show differences in concentration within three orders of

magnitude, the sampled drainage displays a complete disequilibrium within the 238U decay series.
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Highest values are measured for 222Rn with 37°000 + 1’000 mBq/L in summer and lowest values
with 16’000 = 1’000 mBq/L in winter. Concentrations of 238U range between 827 + 99 mBq/L and
3’226 + 199 mBq/L. 234U concentrations were measured in the same order of magnitude and range
between 1'033 + 122 and up to 4’000 mBq/L. The activity concentrations of both isotopes strongly
correlate with the flow rate, i.e. if the flow rate is high, activity concentration in the water is high
as well and vice versa. 226Ra displays lower activity concentrations ranging from 20 + 5 mBq/L up
to 37 + 12 mBq/L. In each water sample, 21°Pb did not reach the detection limit of 40 mBq/L. 219Po

reached the detection limit of 1 mBq/L with a maximum of 8 mBq/L * 1 mBq/L.

The results of the ICP-OES and ion chromatography measurements of the drainage water from
June 2016 are listed in Table 8. These concentrations were used for modelling the different U spe-
cies in the drainage water using the computation programme PHREEQC. The computation yielded
that most of the U(VI) species are present as carbonate species (e.g. (U02).CO3(OH)s and
CaU02(C03)3%). For this reason, Na;CO3 was used as carbonate species for the leaching experi-

ments.
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Tab. 7: Radionuclide concentration in the water of the drainage pipe at Lyssbach (2¢ uncertainties).
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Tab. 8: Results of the ICP-OES and ion chromatography measurements of the drainage water from June 2016.

element/anion concentration [ppm]
Al 0.013
B 0.039
Ba 0.196
Ca 167
Cr 0.0006
Cu 0.0044
Fe 0.008
K 1.13
Li 0.0049
Mg 14.8
Mn 0.00438
Mo 0.0016
Na 11.2
Ni 0.0108
0.009
S 14.5
Si 3.68
Sr 0.000725
U 0.186
S042 43.52
F 0.18
Cloz 38.29

5.3.2 Analysis of peat

The analysis of 238U was accomplished for 8 aliquots of the sieved a homogenized peat in order to
achieve reliable results of the total activity concentration. The values range from 1’821 * 206
Bq/kg to 2’296 * 287 Bq/kg with a mean value of 2’023 + 173 Bq/kg. Dating of the peat reveals
an age of 6’631 * 47 years before present (LARA Lab Code: BE-7448.1.1.). From these 14C ages, a
calibrated age of 7.5 - 7.7 kyrs was deduced for the peat horizon.
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5.3.3 Results of the sequential extraction

The sequential extraction procedure according to Pérez-Moreno et al. (2018) was performed with
8 aliquots of the sample described in section5.2.2. The following percentages are mean values of
the 8 aliquots and the individual results for each of the 8 aliquots are illustrated in Fig. 30. The
first extraction step for the exchangeable fraction reveals that 1% of the total U in the peat are
soluble species, carbonates or at cation exchange sites. The second extraction step designed for
the reducible fraction accounts for 2% of the total U and is bound to Fe and Mn oxyhydroxides.
The major part is bound to organic matter and sulphides since the third extraction step identifies
that 85% of U in the peat is oxidizable. The fourth and last step comprises the non-mobile fraction

in the residue that makes up 12% of the total U inventory.

5.3.4 Results of the leaching experiments

The leaching experiments with varying Na,CO3 content reveal that the carbonate concentration in
the extractant is a major factor. Carbonate-free water does not leach any U fraction at all from the
peat. Gradually adding Na,COs leads to a continuously improved leachability of U from the peat
resulting in leaching of 93% with 0.1 M Na;COs (Fig. 31). Leaching experiments that were accom-
plished with varying pH demonstrate that the original high pH 11 of the 0.005 M Na»CO3 solution
is the best pH to leach U from the peat. Decreasing pH leads to decreasing leachability (Fig. 32).
Leaching experiments that consider time as a factor illustrate that the longer the duration of leach-

ing is, the more U is leached from the peat into the extractant (Fig. 33).
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Fig. 26: U-rich peat from the agricultural fields around Lyssbach.
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Fig. 30: Results of the sequential extraction according to Pérez-Moreno et al.,, 2018.
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demin H>0
0.001 M NaCOs3
0.01 M NazCOs

0.1 M NazCO3

Fig 27: Centrifuge tubes for leaching experiments with varying carbonate (Na2C0O3) concentration, a pH of 11 and 16 h leaching time.
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Fig. 31: Results of leaching experiments with varying carbonate (NazC0s3) concentration, a pH of 11 and 16 h leaching time.
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Fig. 28: Centrifuge tubes for leaching experiments with varying pH, a Na2CO3 concentration of 0.005 M and 8 h leaching time.
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Fig. 32: Results of leaching experiments with varying pH, a Na:CO3 concentration of 0.005 M and 8 h leaching time.
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Fig 29: Centrifuge tubes for leaching experiments with varying leaching time, a pH of 11 and a NazCO3 concentration of 0.005 M.
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Fig. 33: Results of leaching experiments with varying leaching time, a pH of 11 and a Na2COs concentration of 0.005 M.
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5.4 Discussion

The presented results illustrate that the leaching of U from the peat strongly depends on various
factors taking into consideration the natural leaching and the leaching experiments in the labora-
tory. The results from the drainage pipe show no correlation between the temperature, which is
higher in summer than in winter, and the U concentration in the drainage water, i.e. the leaching
of U is independent of the temperature. The pH remained more or less the same through the sam-
pling year which makes it impossible to define a relationship from the field study for the factor
pH. The electric conductivity as well did not significantly change its value. Hence, for this factor it
is again not possible to deviate a relationship from the nature observations. The only factor during
the field study that varied and seems to influence the U concentration is the flow rate. The flow
rate is the result of rainfall: after a heavy rainfall, the amount of water flowing out of the drainage
pipe is high. On the contrary: there is a small flow rate if there was no or only little rainfall. This
implies that the U concentration does not depend on the flow rate but rather on the amount of
water circulating through the soil with its peat horizon. As can be seen in Fig. 34, the U concentra-
tion apparently reacts upon the amount of water available. When the amount of precipitation is
high, the activity concentration of U in the drainage water is high. For dry periods it is the other
way round and activity concentrations are rather low. The reason for this correlation cannot con-
cludingly be identified. There are two possible explanations: (i) the low U concentration that ap-
pears at low flow rate is the effect of a base flow. This means that the water originating from low
rainfall does not reach the peat horizon with its extraordinarily high U content. The rainwater in
this case either evaporates or incorporates into the plants of the agricultural field. If the rainwater
would be connected to the peat horizon, the reaction time for leaching would be much longer at
low flow rate than at high flow rate and the consequence would be a higher concentration at low
rate. In turn, the high U concentrations at high flow rate only occur after having an intense rainfall.
In this case, the peat horizon is flushed with rainwater and U can be leached resulting in an in-
creased U concentration in the drainage water. This means, that the water coming out of the drain-
age pipe has different origins depending on the intensity of the rainfall: if there is no or only low
rainfall, the drainage water consists of a kind of groundwater that did not percolate through the
top soil. If there is a more intense rainfall, the water percolates through the top soil including the
peat horizon and reaches together with the base flow water the drainage pipe (Fig. 35a). The sec-
ond, but more implausible explanation for the correlation could be the following: (ii) having an
intense rainfall, all soil particles are coated with water and the available U-complexes fixed onto
the particles can be oxidatively leached. If the rainfall event is rather small, only a fractional
amount of the complexes is moistened and thus not the total disposable amount of U can be trans-

ferred into water (Fig. 35b). However, both assumptions are only true until a certain threshold. At
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some point, of heavy precipitation, the whole soil is saturated with water and all available U com-
plexes are in contact with it. At approximately 3’000 mBq/L 238U there is no further leaching pos-

sible (Fig. 36).

The most important factor for leaching of U from the peat horizon is the amount of water that
percolates through the soil, independent which scenario is the truth. This means that a humid
climate with wet seasons promotes the leaching of U in nature. This was the case in the beginning
of the study that started in June 2016. The following months it was still possible to collect water
samples from the drainage pipes and thus to proceed the study. However, one year later in the
middle of 2017, the drainage pipe fell dry and no further sampling was possible. The pipe was
monitored frequently in order to collect a water sample in case the drainage water returned. But
the following months were that dry that the sampling was abandoned. This impressively high-
lights that an arid climate restricts the leaching of U. In the case of the Lyssbach area, no U leached
from the peat horizon reached the Lyssbach though the drainage pipe during this very dry periods.
But even in dry climates there will be rain events although they can be fewer and shorter but with
amore intense rainfall. This means, that the fate of U in this special kind of environment is difficult
to predict. These heavy rainfall events have to be studied more in detail in order to gain a better

understanding of the leaching processes during such events.

Other elements were not considered for the U leaching studies. For example, the concentration of
226Ra in the drainage water is constant through the year of sampling and the mean activity con-
centration of 28 mBq/L = 5 mBq/L is only a fractional amount of the U concentration. One expla-
nation therefore could be that the 226Ra accumulated at the coatings or sedimentations of the
drainage pipes because Ra likely adsorbs onto Fe-oxyhydroxides (Schott and Wiegand, 2003). One
thing that can be deduced is that the mechanisms of Ra leaching are completely different from the
conditions that are suitable for U leaching. But from the results of this study it is impossible to

evaluate the influence of Ra on the leaching behaviour of U.
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Fig. 34: Correlation of the 234U and 238U concentration with the flow rate, i.e. with the amount of water percolation through the soil
with its U rich peat horizon.
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Fig. 35: U-complexes (red dots) that are adsorped onto organic matter (brown). a) Left side: small precipitation does not reach the
peat horizon and only the base flow reaches the drainage pipe. Right side: high precipitation leads to a flush of the peat horizon
where the U can be leached. b) Left side: small precipitation leads to a small amount of water that circulates througth the soil, i.e. not
all particles are covered with water and not all of them can be leached. Right side: high precipitation leads to a huge amount of water
that circulates through the soil, i.e. all particles are in contact with water and can be leached.
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Fig. 36: 238U concentration plotted against the flow rate indicating a threshold at approximately 3000 mBq/L where no further leach-
ing is possible.

The leaching experiments in the laboratory were designed in order to expand the evaluation of
the leaching behaviour of U at the Lyssbach area. The sequential leaching experiments verified the
assumption that most of the U consists of the oxidizable fraction and is bound to organic matter
(85%). Together with the exchangeable fraction (1%) it is easily leachable from the peat and
therefore most available for the environment. The reducible fraction of U is bound to Mn and Fe
oxi-hydroxides and can only be released into the environment if the conditions change from an
oxic to an anoxic state (Pérez-Moreno et al.,, 2018). However, oxi-hydroxides could not have been
formed under the reducing conditions that have been present during the formation of the peat
layer. Consequently, the reducible fraction is only 1% due to this absence and this fraction is ne-
glected for the calculation. The percentage of the residue with 12% is in fact not small, but the U
in fraction is bound to crystalline structures in minerals and therefore not mobile in the natural
conditions of the Lyssbach environment. The analysis of the peat horizon revealed a mean value
of rounded 2’000 Bq/kg 238U in the peat. Taking into account that the reducible fraction is in prin-
ciple not existing and that the residual fraction of U in the peat cannot be leached in a natural
environment, 86% of the total inventory from the peat horizon of the Lyssbach area can be

leached. This yields 1’720 Bq/kg U that is potentially leachable.
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The following laboratory leaching experiments were designed in a natural way, i.e. no extreme
conditions such as boiling the peat in concentrated acid. The only chemical reactant that was
added to the leaching liquid was Na,CO3 since the PHREEQC model revealed that U in the drainage
water is present as carbonate complex. As can be seen in Fig. 31, the higher the carbonate con-
centration, the better the leachability of U from the peat into the drainage water. Since the leaching
experiment with demineralised water yields 0% and 0.001 M Na,COs yields only 1 %, there has to
be a sufficient CO32- concentration in order to form stable complexes with U. Another criterion
that favours the leaching of U is the pH. Fig. 32 shows that U stays adsorbed onto organic matter
unless the pH reaches a higher value. Further, the leaching is time dependent (Fig. 33): the longer
the peatis in contact with water, the more U is transferred from the peat into the extractant. Tak-
ing all these experiments into account, the most favourable condition for leaching U is a liquid
with at least 0.05 M Na;COs content, a pH of 9-10 and a leaching time of 10 hours. However, the
environmental conditions at the agricultural fields around Lyssbach cannot be designed according
to the laboratory results and we assume that the conditions in nature are not too close to the most
promoting scenario for best leaching: (i) the carbonate content in the drainage water derives from
the rain water that dissolves some carbonate species from the upper soil until it reaches the peat
horizon and does not reach too high concentrations; (ii) the measured pH in the drainage water
is constantly around 7; (iii) there is sufficient residence time of the rainwater in the soil but with-
out the other two parameters longer leaching time cannot increase the leaching rate.

Finally, an estimation of the lifetime of U in the environment of peat horizon at the Lyssbach area
was accomplished by calculating the total U inventory and an overall leaching rate. Parameters
used for the calculation are mean values from the year of sampling. The calculation is explained

in the following:

» The mean flow rate of the drainage pipe (5 L/min 2 2°628’000 L/year) is combined with
the mean annual precipitation of the area (1’000 L/m?2) in order to evaluate the extension

of the catchment area of the drainage pipe:

L
year

2628000

Catchment area of the drainage pipe = = 2628m? =~ 50x50m

, L
1’000 W/year

» The thickness of the peat horizon (0.2 m) and the density of dry peat (1.5 g/cm3) yield the

total peat inventory at the catchment area:
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. , kg kg
Total peat inventory: 0.2m -1'500— = 300—
m m

Combing this inventory with the U concentration in the peat (2’000 Bq/kg) yields the total

U inventory at this area:

. kg 000 Ba kBq
Total U inventory = 300— - 2'000— = 600 —-
m? kg m?

The leachable fraction according to the sequential extraction experiments is 86%:

kBq kBq
Total leachable U at Lyssbach = 600 —--86% = 516 —-
m m

Combining the annual precipitation with the mean U concentration in the drainage pipe

(1.6 Bg/L) reveals the leaching rate:

L
1'000 — B kB
m? 60— 16—
year L me- -

Leaching rate =

Taking into account the total leachable U inventory the annual leaching rate can be calcu-

lated:
L6n$??y %
Annual leaching rate = ———== -100% = 0.3
kBq year
516W

The remaining time until all U from the Lyssbach area is leached is computed as follows

(assuming a linear decrease):

51684
m

kBq
m2 . y

Remaining time =
1.6

= 322 years

The total annual U content in the drainage water can be calculated with the 0.3 % leaching

per year:

kBq

MB
Total annual U content in drainage water = 516W. 0.003 - 2628 m? =4 i |

year
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» This calculation can be checked by combining the mean flow rate of the drainage pipe (5 L/min &

2'628’000 L/year) with the mean U concentration of drainage water (1.6 Bq/L):

. , e Bg MBq
Total annual U content in drainage water = 2'628'000—— - 1.6 — =
year L year

Unfortunately, these calculations comprise plenty uncertainties and approximations like the as-
sumption of a homogeneous distribution of the U accumulation or the averaging of the flow rate.
But it is not only questionable whether the accumulation is homogeneously distributed but also
whether the concentration is constant over the whole area. However, it is known from investiga-
tions with a drone that the elongation of the U accumulation is even more widespread than the
50x50 m (Surbeck et al., 2015; Werthmiiller et al., 2015) but the real concentration remained un-
certain. Another large uncertainty concerns the mathematical law of the leaching. The calculation
above assumes a linear decrease of U due to the leaching by rainwater. It is not verified if this
assumption is correct. A more exponential decrease of U in the peat, comparable to a biological
half-life, is also very likely. Nonetheless whether a linear of exponential decrease of U in the peat
is correct, these calculations give a first hint that the U accumulation in this huge amount will
remain for a long time in the environment at the Lyssbach area until all or at least nearly all U is

leached.

The calculated leaching rate of 0.3% of the total U inventory per year is in a good agreement with
the leaching experiments in the laboratory: The leaching experiment where the leaching liquid
varied in pH revealed that leaching is enhanced by a more alkaline pH and at neutral pH, as it is
the case in the drainage water, the leaching percentage is only 1%. This implies that a change in
the pH at the agricultural fields would lead to an increased leaching rate. This scenario is rather
unlikely. The other variable is the concentration of CO32 in the leaching extractant which is also
of importance for the leaching behaviour. This parameter is influenced by the soil above the peat
horizon where the rainwater first circulates and therefore very unlikely to change in a greater
extend. However, there is another big obscurity for the real estimation of the leaching rate: climate
change. The calculation considers a mean annual precipitation of 1’000 L/m2 and year. But the
future prospects for the next some hundreds of years predict a more and more extreme climate
with dry periods but also heavy rainstorms. This makes the evaluation of the leaching rate for the
next 100 years nearly impossible. However, the risk that humans are dangerously exposed to U
concentrations in water followed by leaching from the peat is rather small because (i) there is not
enough U leached from the peat to the drainage pipe, and (ii) if the U concentration increases over

the years, the drainage water is immediately diluted by the Lyssbach itself.
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5.5 Conclusions

This chapter has shown that the leaching of U that is associated with organic materials is a com-
plex issue and depends on diverse factors. Leaching at the agricultural fields around Lyssbach is
a constant process but with varying intensities. The field studies have shown that the leaching
strongly depends on the amount of water available. The more precipitation, the more U complexes
can be leached. The laboratory experiments have shown that the leaching is also strongly con-
trolled by the concentration of CO3% present in the leaching liquid. Other factors are the pH as well
as the leaching time. The field studies and its following calculation of the leaching rate are in good
agreement with the leaching experiments that have been accomplished in the laboratory. The
overall leaching rate at the peat horizon near the Lyssbach is approximately 1% per year. If the
conditions remain the same, it will need more than 300 years until all U is leached. However, there
are several uncertainties within this calculation with the climate as the principle unknown. But
nevertheless, that the U will be transferred into the Lyssbach where it is diluted and finally trans-

ported via the Aare and the Rhine to the North Sea is a fact, it is only a question of time.
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Chapter 6 Uranium in rice

In 2018, Agroscope (Swiss centre for agricultural research, nutrition and the environ-
ment) launched a project about rice cultivation in Switzerland. The goal of this project was to pro-
mote biodiversity in areas which have been wetlands before drainage in the 19t century. A long-
term objective was to identify crop growing conditions for rice in Switzerland since climate
change forces farmers into a new direction of cultivation. One of the seven study sites for the rice
cultivation was an agricultural field north of Mont Vully. As the previous study at Mont Vully has
shown, the probability is high that increased U concentrations in soils occur in this area. That’s
the reason why a collaboration between Agroscope and PSI was initiated to identify whether U

from the fields migrate into rice plants.

6.1 Radioactivity in food

Previous studies of radioactivity in food are manifold covering natural and anthropogenic nu-
clides in various kinds of agricultural stuffs and from different parts of the world. For example, Al-
Harmaneh et al. (2016) analysed 13 types of vegetables and agricultural crops cultivated in the
northwestern part of Saudi Arabia for its radionuclide content. The highest transfer factor for U
showed beans with 0.16 (for a definition of the transfer factor see chapter 6.3 below). And Chen
et al. (2005) determined the soil to plant transfer of 238U, 226Ra and 232Th for different plants such
as lupines, Chinese mustard, white clover or ryegrass. Sasaki et al. (2002) investigated U, Th, Ra
and Pb in rice, potato, onion, cabbage, mandarin orange, spinach and apple in Japan. The results
of these three studies have shown that the transfer factors of radionuclides were rather small.
Almayahi and Aljarrah (2020) investigated the emission of alpha particle rates from rice and sev-
eral other heavy metals in rice such as Fe and Cd and came to the result, that all values are below
a critical limit for food consumption. Alrefae and Nageswaran (2013) studied the annual effective
dose from rice consumption correlated to the natural radionuclides 238U, 232Th and 4°K as well as
the anthropogenic nuclide 137Cs in Kuwait. The annual effective dose was several orders of mag-
nitude less than the world average of 0.29 mSv/year resulting from the ingestion from natural

sources (UNSCEAR, 2000). The authors concluded that the rice consumption in Kuwait is radio-



Uranium in rice

logically safe. Asaduzzaman et al. (2015) investigated the soil-to-rice grain transfer factors in Ma-
laysia for the radionuclides 226Ra, 232Th and 4°K with the conclusion that the estimated transfer
factors were lower comparing to the values reported by the IAEA (2010). Pulhani et al. (2005)
investigated the uptake of U, Th Ra, and K into wheat in India and found out that most of the radi-
onuclides (54-75%) were concentrated in the roots and only a minor part (16%) were found in
the grains. Further, there are several studies about the uptake of 137Cs to rice or other plants (Choi
et al,, 2011; Uchida et al., 2009) and a lot of studies accomplished especially about the conse-
quences after the accident in Fukushima (Endo et al., 2013; Harada & Nonaka, 2012; Yamada et
al,, 2017). All of them came to the result that the uptake of radionuclides is rather small (transfer

factors of ~ 0.01 from soil to rice), independent of its natural or anthropogenic origin.

Nonetheless, the U concentration in rice produced during the project of rice cultivation in Swit-
zerland was performed to have reliable results even for the special region around Mont Vully

where U concentration in soil were increased.

6.2  Sampling locations, procedure and measurements

Agroscope chose different study sites for rice cultivation which have been former wetlands since
the chances to successfully create a new wetland is high at areas that have been a wetland before
drainage. Six study sites have been selected for the investigation of U in soil: Brugg, Schwadernau,
Witzwil, La Sauge, Bavois North and Bavois South (Fig. 37). The analysis of U in plants has been

accomplished at four of the six sites: Witzwil, La Sauge, Bavois North and Bavois South.

Soil samples from the six study sites where taken in April 2019 when the fields have been pre-
pared for cultivation (Fig. 38). At the same date, samples were taken from water that was used for
watering and filling the reservoirs. In September 2019, rice plants were grown and samples were
taken from each cultivated area (Fig. 39). In the PSI laboratory, the plants were separated to stem,
leaves and rice panicles (Fig. 40). As soon as the rice has been harvested, samples from each field

were sent to the laboratory for further preparation.

Soil and water samples were analysed identically to the water and soil samples from chapter 2.
Samples from the rice plants were first dried at approximately 60°C and afterwards cut into small
pieces of about 1 cm. Then, the samples were transferred into a muffle oven. Temperature was
slowly increased from room temperature to 150°C, then to 300°C and finally the samples rested
at 500°C for 15 hours. The residue was transferred to a beaker and poured with concentrated

HNO3 so that all ash was covered with acid. The beaker was covered with a glass and the solution
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was boiled for 2 hours. Afterwards, the solution was evaporated to complete dryness and again
incinerated at 400°C for 2 hours. The following leaching, filtration and separation step was iden-

tically to the method explained in chapter 2.
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Fig. 37: Areas for potential establishments of wetlands and therefore rice cultivation (www.feuchtaker.ch). Red points indicate the
study sites for U investigation. 1 = Brugg; 2 = Schwadernau; 3 = Witzwil; 4 = La Sauge; 5 = Bavois North; 6 = Bavois South.

Fig. 38: Study fields prepared for rice cultivation. Left side: Witzwil; Right side: Bavois North.
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Fig. 39: Study fields with cultivated rice. Left side: Bavois South; Right side: La Sauge.

leaves

stem

Fig. 40: Final cultivated rice. Left side: Rice plant cluster in the field shortly bevor harvesting; Right side: Single rice plant indicating
the stem, the leaves and the panicles.
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6.3 Results and discussion

The results of the U concentration in soil and water samples are listed in Tab. 9. The soil of the
study sites near Brugg and Schwadernau show very minor U concentrations of <10 Bq/kg for 238U
and 234U. The water used for flooding of the fields is taken at both sites from the river Aare and
was not sampled for analysis. Therefore, no further investigation was done for these two fields
since a whole U determination of rice plants was meaningless if there was no U available in the
direct environment. The soil of the field near Witzwil had a normal concentration of 28 + 3 Bq/kg
and 34 * 4 Bq/kg for 238U and 234U, respectively (mean 238U concentration of soils in Switzerland:
40 Bq/kg (UNSCEAR, 2000)). The field near La Sauge showed again a minor U concentration of
<10 Bq/kg for both U isotopes. The water used for flooding at these sites was water from the Broye
canal. This water has an U concentration of 26 + 5 mBq/L and 30 + 5 mBq/L for 238U and 234U,
respectively which is not increased comparing to the values measured elsewhere in the Swiss
Plateau (cf. chapter 3). However, since the fields were in direct vicinity to Mont Vully where high
U concentration are known, it was decided to do further investigation at these fields, too. The two
fields near Bavois showed moderate U concentrations. Bavois North had a U concentration of 23
+ 3 Bq/kg and 25 * 3 Bq/kg for 238U and 234U, respectively, which again was a normal range for U
concentrations in soils. The only field that had slightly increased U values was Bavois South with
approximately 65 * 6 Bq/kg and 73 + 7 Bq/kg for 238U and 23U, respectively. At these two sites,
water from a pumping station of drainage pipes was used for watering and flooding the field. The
concentrations in the drainage of Bavois North is slightly increased in comparison to the drainage
water from Bavois South: 98 £ 12 mBq/L and 112 + 13 mBq/L in Bavois North and 40 * 6 and 48

+ 7 mBq/L in Bavois South each for 238U and 234U, respectively.

Tab. 9: U concentrations in soils and water used for flooding of different study sites for rice cultivation (20 uncertainties).

Location 238 soil 234U soil 238U water 234U water
[Ba/kg] [Ba/kg] [mBq/L]  [mBq/L]
Brugg <10 <10 - -
Schwadernau <10 <10 - -

Witzwil 28+3 34+4
265 305

La Sauge <10 <10
Bavois North | 23 +3 25+3 98 +12 112 +13
Bavois South | 65+6 737 40+6 48+ 7
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The results of the rice plants and the rice itself are listed in Tab. 10 for 238U concentrations and in
Table 11 for the 234U concentrations. The concentrations scatter fairly for all parts of the rice plant.
The sample preparation was not always successful due to the high starch content which compli-
cated the passing of the sample solution through the U/TEVA resin. These problems resulted in a
low chemical yield which in turn led to the fact that some uncertainties had the same value or even
exceeded the measurement value. Further, it was only possible to accomplish one analysis per
sample. However, these values are listed in the table nonetheless since it gives an indication of the
activity concentration range. Obvious is, that the leaves and the stems from Bavois North, where
the higher U concentrations in drainage water were found, show also higher U concentrations
than the rest. The plants from Bavois South, where U concentrations in the soil were slightly in-
creased, did not reflect this fact. Unfortunately, it was possible to organize only a pool sample of
the final rice from Bavois North and Bavois South (mixing of the final rice already during harvest-
ing by the farmers). This mix of both sites does not show any increased U concentration. The high-
est U concentration seems to be from the field near La Sauge. However, if you consider the large
measurement uncertainty and the fact, that there were only minor U concentrations in the pani-

cles, this value cannot be regarded as verified.

Tab. 10: 238U concentrations in stems, leaves panicles and rice from Witzwil, La Sauge, Bavois North and Bavois South. Rice samples
from Bavois North and South were mixed. All values are single values from an aliquot of a homogenized sample and given in mBq/kg
and 20 uncertainties.

238 [mBq/kg] Stems Leaves Panicles Rice
Witzwil 63+12 22+8 24 +29 8+5
La Sauge 16+6 3016 14 +£11 91 +107
Bavois North 183 £ 23 63 +16 9+6
3016
Bavois South 28+6 289 14 £5

Table 11: 234U concentrations in stems, leaves panicles and rice from Witzwil, La Sauge, Bavois North and Bavois South. Rice samples
from Bavois North and South were mixed. All values are single values from an aliquot of a homogenized sample and given in mBq/kg
and 20 uncertainties.

234U [mBq/kg] Stems Leaves Panicles Rice
Witzwil 76 £13 28+8 24 +£29 12+6
La Sauge 217 11+£10 6+7 61+ 87
Bavois North 176 + 23 77 £18 14+8
43 +19
Bavois South 183 £ 23 63 +16 9+6
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In order to get an evaluation whether U is transferred from soil to the plant, a transfer factor had
to be determined. This factor makes it possible to compare different study sites with each other.
Transfer factors from the soil to the different plant parts are calculated according to the following
equation (Cierjacks & Albers, 2004):

dry weight plant [ﬂ]

kg

dry weight soil [g—g]

Transfer Factor TF =

Transfer factors from the flood water to the different plant parts are calculated according to the

following equation (Cierjacks & Albers, 2004):

dry weight plant [g—g]

Transfer Factor TF = B
water used for flooding [%]

These calculations were done for each study site and in term for each part of the rice plant. The
transfer factors are listed in Tab. 12 for the soil-plant transfer and in Tab. 13 for the water-plant
transfer. It is obvious that the transfer factors from soil to plant are three orders of magnitude
lower than the water to plant factors. The fact that the transfer factors from soil to plant start at
the third decimal place (excluding the factor for rice in La Sauge) confirm, that the U concentration
that is present in soil cannot or only to a very small percentage be transferred to the plant. How-
ever, the U concentrations in the flooding water lies in the same order of magnitude as the U in
plants. This implies that the U that is dissolved in the water can much more easily be incorporated
into the plants. This leads to the assumption that nearly all of the U available in the flooding water
is disposable for the plant. The reason therefore could be, that the U in soil is normally bound in
crystalline structures as explained in section 3.6. Even higher U concentrations than what is pre-
sent in normal soil can be found especially at the area around Mont Vully. In this case, the U is
adsorbed onto organic matter and supposedly buried under half a meter of soil. The probability
that this U is available for the rice plants is rather small because i) the roots of rice plants only
reach a depth of a few centimetres (Barison & Uphoff, 2001) and ii) the U is not leachable under
reducing conditions that are present under the flooded area. Comparing to the sparce results from

the literature, the transfer factors from soil/water to rice grains are rather small.
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Tab. 12: Transfer factors from the soil to the different plant parts.

Witzwil La Sauge Bavois Bavois

North South

Stems ‘ 0.0023 0.0017 0.0081 0.0004

Leaves ‘ 0.0008 0.0033 0.0028 0.0004

Panicles ‘ 0.0009 0.0015 0.0004 0.0002

Rice ‘ 0.0003 0.0100 0.0013 0.0005

Tab. 13: Transfer factors from the flooding water to the different plant parts.

Witzwil La Sauge Bavois Bavois

North South
Stems | 2.4 0.6 1.9 0.7
Leaves | 0.8 1.1 0.6 0.7
Panicles | 0.9 0.5 0.1 0.4
Rice | 0.3 3.4 0.3 0.8

6.4 Conclusions

In conclusion it can be said that the risk of increased U concentrations in rice are rather small. The
literature review has already shown, that the uptake of radionuclides, whether natural or anthro-
pogenic, were marginal. This has been verified by the first studies of U in rice shown in this chapter
although the stated results give only a first hint. In order to proof the results of this pilot study,
further investigations have to be done including analyses of soil, water and plants. Especially the
transfer factor should be determined more precisely. Another interesting question for the culti-
vation of rice in an area with increased U concentrations would be the concentration and distri-
bution of several U daughters such as Ra, Pb or Po. These nuclides have not been analysed during
this study. In the literature, these nuclides were partially covered with the result, that the uptake

and thus the transfer factors were also small.

Considering legal requirements of U in rice in Switzerland, further studies are not necessarily re-
quired since there are no concentration limits of natural radionuclides in food anymore (Eidgeno-

ssisches Departements des Innern, 2016).
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7.1 Conclusion

In the course of the presented work, the fate of geogenic U in the environment has been intensively
investigated with regard to the special situation in the Swiss Plateau. The origin of U in ground-
water of the Swiss Plateau has been verified to derive from two Molasse Units that were constantly
leached. A double stage processes of leaching and accumulation in a peat horizon of former wet-
lands was identified and illustrated in this thesis. This process was investigated in detail at Mont
Vully where extensive field studies have been accomplished. The study sites seem to be a special
case, but if we take into account that the whole Swiss Plateau consists of Molasse Units and that
until the 19t century there have been plenty of wetlands in this area, the probability is high that
similar situations also occur in other locations. A first attempt has been made by recording the y
dose rate with a helicopter. However, the results were not definite but give a first hint where sim-

ilar accumulations occur and following studies can resort to these findings.

Another study area with a comparable situation as it was found at Mont Vully was the Lyssbach
area. At this site, the focus of the study has not been the origin of U but the future of it. The U
accumulation in a peat horizon has been investigated with regard to the leaching behavior of U
under natural conditions. The results of sampling water from a drainage pipe revealed that the
release of U that is adsorbed onto organic material strongly depends on diverse factors such as
amount of water available and the carbonate content of the leaching water. A calculation of a total
leaching rate was elaborated from the observed conditions at Lyssbach. Additionally, laboratory
experiments were performed in order confirm the results from the study site. The fate of U in this
environment was to rest for the next several hundreds of years (or even longer) until it is com-

pletely leached and transported to surface water.

Owing to the analysis of the distribution of U in rice plants, the health risks due to the consumption
of rice from an U rich soil can probably be excluded. The transfer factors from soil and water to
plants are small enough to prevent concerns about this issue. However, the launch of the project
about rice cultivation in Switzerland has shown the importance of knowledge where U can occur

in nature so that potential problems can be avoided in the beginning.
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7.2 Outlook

Within the knowledge of the fate of U in the environment there will always be situations that have
to be investigated. The study site at Mont Vully has now been intensively studied that no further
question to this site remains unexplained. However, the broader sampling campaign in the Swiss
Plateau revealed, that there are more springs with increased U concentrations. These springs
could have also fed ancient wetlands that have been drained in the 19t century in order to create
arable land. Such former wetlands with a high organic matter content are potential sites for simi-
lar U accumulations likewise the arable land north of Mont Vully or the Lyssbach area. A compre-
hensive study of ancient wetlands in the Swiss Plateau regarding its U content would be essential

for the knowledge of U occurrences in nature.

The results from the airborne y ray spectrometry revealed that the helicopter was not the appro-
priate tool for the discovery of small scaled U accumulations with low dose rates. A possible alter-
native could be the survey by means of a drone. A drone that is equipped with a detector could fly
more closely to the fields and with a smaller line spacing than a helicopter. The advantage over
recording the dose rate by foot is the speed and the intactness of potential crops on arable land.
The disadvantage would be short flight times due to the heavy weight of the detector that has to
be carried by the drone and the risk of an accidental crash destroying the expensive detector. Bal-

ancing the pros and cons, a drone would be a suitable way to easily detect U accumulations.

Further investigations about the leaching behaviour of U at the Lyssbach area would be helpful to
precise the leaching rate. The calculation of the rate in this thesis is based on 1 year screening the
drainage pipe once month. A more frequent sampling in combination with a detailed recording of
the precipitation in exactly this region can improve the background for the evaluation. However,
this is only possible if the drainage pipe can be reinstalled in case of a blockage within the pipe. In
combination with an enhanced field study, continuative laboratory experiments could be elabo-

rated to support the findings in nature.

The last continuative study following this doctoral thesis would be a more detailed investigation
of the U uptake of plants. A first direction has been set by analysing U in rice plants but were not
accurate enough. More samples from rice and especially different local plants should be analysed
not only for their U concentration but also for certain decay products such as Ra or Po. Most im-
portant would be analysing plants from agricultural areas that have been constructed onto ancient

wetlands. First example: the Lyssbach area.
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