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ABSTRACT

The aim of thiswork wasto investigate the interactions of anionic radionuclides I, ’Se
(as a proxy for "°Se) and **Tc with soil geocolloids under a range of conditions. These
anionic fission products are of specific concern to policy makers regarding human and
environmental risk assessments. Previous research has demonstrated strong links
between soil organic matter (SOM) content and reduced mobility of these radionuclides.
Negatively charged humic substances (HS), such as humic acid (HA) and fulvic acid
(FA), may constitute 80% of organic matter and the mechanisms that allow anionic
radionuclideto interaction with these HSs are not well understood. In the case of al three
radionuclides, speciation plays a significant role in controlling their environmental
mobility, therefore HPLC and SEC coupled to ICP-MS was used to monitor the
speciation changes as the isotopes were progressively incorporated into HA. X-ray
absorption spectroscopy was also employed in order to establish the solid phase

speciation of Se after reaction with soil geocolloids.

Surface charge development of the HA significantly affected reaction with iodate
(**103) and iodide (1*I). lodide added to HA systems demonstrated slow oxidation and
formation of organically bound iodine (Org-1°l) predominantly at higher pH (pH 6).
Conversely 1037, was rapidly transformed to form both I and Org-1. As pH decreased,
the rate of this reduction reaction increased. Increasing HA concentration also increased
the rate of 103" reduction and formation of Org-1. Previous research has suggested that
the most likely mechanism is 103 reduction to |2 or HOI which then binds with phenolic
groups on OM forming Org-I species. However, |O3” was observed to rapidly bind to HA
forming Org-l species with no initial evidence of I" formation; I” concentration then

increased over time as Org-1 decreased. Where Fe?*/Fe** was present increased reduction
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of 103 to I" was observed, mediated by association with HA, resulting in less Org-I
formation overall. Instantaneous reaction of I~ with HA was observed in the presence of
Fe?*/Fe*, with bonding via cation bridging. Some I~ was subsequently re-released as I
likely due to ongoing Fe hydrolysis. Modelling of the systems alone was successful and

will assist the improvement of whole soil assemblage models.

Selenite (Se')) reaction with HA was most rapid at low pH, with minimal/no reduction
occurring at > pH 6. Reduction of selenate (SetV") also occurred but this was less than
for S&M), at low pH. No formation of SeV) from Se!V) was observed, suggesting no
oxidation took place, however some formation of Se') from SetV'!) was observed, aso
the formation of an unknown Se species suspected to be organic in nature. Humic acid
concentration had no significant effect on the rate of Se™) or SetV" reduction, suggesting
that HA itself was not responsible for the reduction. X-ray absorption spectroscopy
(XAS) demonstrated the potential for significant reduction to Se© at pH 4 and bonding
through a Se-O-C chain. Therole of microbial communities on S&) and SeV" reduction
in the HA systems was demonstrated through the use of soil inoculum and glucose
additions in sterile and non-sterile systems. No reduction of S&) or SeV" and bonding
to HA was observed in filter and y-irradiation systems. Additions of inoculum and
glucose increased the rate of reduction. Additions of Fe** did not increase reduction of
SeV) or SeVD when compared to non-sterile HA systems, however XAS anaysis

demonstrated formation of HA-Fe cation bridges.

No reaction of pertechnetate (*°Tc'") with HA was observed in these aerobic systems.
An unknown Tc species was occasionally observed (<0.005 p L) and it is possible that

this is an organic-Tc species. Significant incorporation of Tc into the solid phase was



observed in aerobic soils, with most Tc'" being retained in soils with high OM contents

and low pH.

The mechanisms considered here build upon the basic processes considered in current
biosphere models for | and Se. Assemblage models must be used in order to reliably
model the interactions of elements within soils due to the complexity of the systems. In
order to understand the long-term radiological risks associated with geological
repositories, the fine-scal e mechani sms must be understood geochemically acrossarange
of different soil types and conditions. The effect of | and Se speciation on bioavailability
in soils determines both the potential transfer of radioactive isotopes to the food chain
from GDF s and from aerial sources of contamination. Alongside this, the work aso has
significant implicationsfor advising on cost-effect fertiliser application methods for both

| and Se, in order to tackle nutrient deficiencies worldwide.
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BACKGROUND

The research presented here forms part of the Transfer Exposure and Effects (TREE)
project as funded by the Natural Environment Research Council (NERC), the
Environment Agency (EA) and Radioactive Waste Management Limited (RWM) under
the Radioactivity and the Environment (RATE) program. The aim of the TREE project
is to reduce the uncertainty surrounding radioactive risk assessments for humans and
wildlife through understanding the underlying processes and mechanisms that lead to
exposure. Research within the programme has focused on: the biogeochemical behaviour
of radionuclides in soils, radionuclide transfer from soils-plants, exposure mechanisms
for humans and wildlife, and prediction of the long-term environmental fate of key
radionuclides. The research presented here forms a significant part of the investigations
into the biogeochemical behaviour of radionuclides in soils, the aim of which is to be
ableto predict the behaviour of 12°I, 7°Se, ®Tc¢ and U isotopesin soils. From thisthe hope
is that short term measurements, over 2.5 years, could be used to validate models to
predict the long-term behaviour. A soils incubation experiment included 20 soils from
the UK, and 10 soils from the Chernobyl Exclusion Zone (CEZ), with a range of
characteristics (pH, OM content, Fe/Mn oxide content) from various land uses
(woodland, grassland, arable). The field-moist soils were spiked with 29I, °Se, *Tc¢ and
238U, incubated under aerobic conditions at 10°C, and sampled 15 times over the course
of 2.5 years. At each time point the four analytes were fractionated and speciated. The
data presented in this thesis report on the interactions between 2|, °Se and *Tc and
selected soil geocolloids (Humic and fulvic acid; Fe oxide) to complement the soils
experiment. Working with single isolated geocolloids provided greater certainty in
elucidating the interactions involved and enabled comparison of biotic and abiotic

reaction mechanisms. Understanding the underlying reactions between radionuclides and
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soils will enable further development of comprehensive soil assemblage kinetic models

and thereby improve the validity of long-term predictions of radionuclide fate.
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1. INTRODUCTION

1.1 RADIATION HAZARD

Radioactive waste has accumulated in the UK from a number of sources, the most
predominant being the operation of nuclear power stations to generate electricity. In
2008 the UK government began a process to find a suitable underground location to
store legacy waste in a Geological Disposa Facility (GDF) based on the initia 2008
White Paper titled “Managing radioactive waste safely — A framework for
implementing geological disposal” (DEFRA and BERR, 2008). Many radiotoxic
elements found in nuclear waste repositories invoke relatively little concern, due to
their low mobility. However there are a number of radionuclides that are highly mobile
and able to reach the biosphere, thus contributing to long-term exposure risks
(Grambow, 2008). Release from GDF' sis one way in which high risk radionuclides can
enter the environment, other pathways include release from historic weapons testing
and with the widespread development of nuclear power comes the inevitable, yet rare,
nuclear accident. The world's most serious nuclear accident occurred in the Ukraine at
the Chernobyl Nuclear Power Plant on 26 April 1986.The subsequent discharge
resulted in the contamination of large areas of the northern hemisphere including
Belarus, Russia, Poland, Norway, Sweden and parts of the UK (Collier & Davies,
1986). Across these countries soil types and properties vary, resulting in different
environmental mobilities and therefore bioavailabilites of deposited radionuclides (Bell
and Shaw, 2005). The fission and activation products that are of primary concern tend
to be anionic radionuclides as migration times and distances can be large, these include;
129 Se and *°Tc (Grambow, 2008; Marivoet and Wesetjens, 2012). Each of these
radionuclides have long half-lives; 1.57 x 107, 3.27 x 10° and 2.13 x 10° respectively,

and this combined with their high inventory in radioactive waste make them of specific
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concern due to their environmental persistence and contribution to human and animal
dose rates. Upon release from GDF s mobile anionic radionuclides can migrate to the
surface where soil conditions pH, redox status, clay content, organic matter (OM)
content and metal oxide content will play an important role in determining their

mobility in the terrestrial environment.

1.2HUMIC SUBSTANCES

Carbon stored in soil organic matter (SOM) is thought to exceed the amount stored in
living vegetation by a factor of 2-3 (Schlesinger, 1990). Soil organic matter is
predominantly composed of humus, 80% of which can be accounted for by
macromolecular and colloidal humic substances (HS). The rate of formation of HS
(humification) is determined by factors including climate, vegetation, parent material,
topography and cropping (Tipping, 2002; Zech et al., 1997). Humification results in
dark-coloured, biologically refractory, heterogeneous organic compounds produced as
by-products of microbial metabolism of plant and animal remains in soils (Sposito,
2008). Therefore HS structural composition varies significantly depending upon the
nature of the organic inputs to the humification process. Humic substances can be
divided into three operationally defined fractions. humin, humic acid and fulvic acid
(Goure-Doubi et al., 2014). Humin isinsoluble in both acid and alkaline conditions and
contains fibrous plant material and mineral-occluded hydrophobic constituents. Humic
acid (HA) is the akali-soluble fraction that is insoluble under acidic conditions and
bridges the molecular-to-colloidal divide with an apparent molecular weight range of
100-700 kDa (Perminova et al., 2003). The fulvic acid (FA) fraction has a lower
molecular weight range (1-5 kDa) and is highly substituted with oxy-acid functional

groups (more hydrophilic than HA) and so is soluble in both acidic and alkaline
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conditions (GUngor & Bekbdlet, 2010; Kamei-Ishikawa et al., 2008). Humic and fulvic
acids differ in quantity and chemical composition; consequently this heterogeneity
makes chemically defining their structure and reactivity challenging (Traversa et al.,
2014). Infrared spectroscopy (IR) and nuclear magnetic resonance (NMR) can be used
to investigate the functional groups present and the three-dimensional properties of HA
and FA, which aids understanding of their behaviour in terrestriad and aquatic
environments. In the same context the acid-base equilibrium of HA and FA is also
important, as it provides useful information on the complexing abilities of HA. The
proton equilibria of HA can be investigated by interpretation of potentiometric titration
data, which provides information on the dissociation of functional groups with pH and
can be extremely useful in modelling HS environmental behaviour. Humic substances
participate in a variety of electron transfer reactions. Lovley et al. (1996) established
that humic substances can act as electron acceptors for anaerobic microbial oxidation of
organic compounds and, by also acting as an electron shuttle, can enable microbial
humic-mediated reduction of metals. This functionality is due to the high proportion of
oxygen-containing functional groups; i.e. phenol, hydroxyl, ketone and hydroquinone
groups, which are capable of interacting with metal ions, metal oxides/hydroxides and
minerals (Kerndorff and Schnitzer, 1980). By measuring the formal electrode potential
of 3 standard humic acids, during titration with I, Struyk & Sposito (2001) were able to
demonstrate that the oxidation capacity of a HA was positively correlated with the
stable free radical (semiquinone) content. The structure of HS plays an important role
in the functionality of the soil ecosystems as awhole, and is considered instrumental in
determining the bioavailability of organic and inorganic substances therein (Piccolo,

2002).
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1.310ODINE IN THE ENVIRONMENT

lodine is an essential nutrient for humans and animals, and severe deficiency can lead
to iodine deficiency disorders (IDD) the most common of which is goitre; the
hypertrophy of the thyroid gland (Fordyce, 2013; Fuge, 2005; Johnson, 2003b). The
average stable iodine content of surface soils (top 15 cm) worldwide is quoted as c. 5
mg kg (Fuge and Johnson, 1986; Johnson, 2003). Whitehead (1984) suggests UK
soils have a mean concentration of 9.2 mg kg™ due to proximity to the coast, high
amounts of rainfall and relatively high SOM contents. However due to the skewed
nature of the data Johnson (2003) suggests the geometric mean is probably closer to 3.0
mg kg for the UK. Atmospheric iodine inputs are considered to be the most important
factor that determines soil iodine concentrations (Whitehead, 1984). Most
environmental iodine originates from the oceans, and following volatilisation, rainfall
can then wash it out of the atmosphere (Fuge, 1996; Leblanc et al., 2006). Due to the
high inventory of oceanic iodine, coastal areas tend to have higher soil iodine
concentrations than inland areas due to sea inundation of land, sea spray and rainfall
(Bowley, 2013; Q. Hu et al., 2009). The importance of rainfall can be demonstrated by
the presence of ‘rain shadows where each side of a mountain receives different rainfall
patterns that correlate directly with soil iodine concentrations (Fuge & Johnson, 2015;

Slavin, 2005).

1.3.1 Anthropogenic **°lodine

lodine-129 has been released through anthropogenic actions such as weapons testing
(50-150 kg between 1945-1964), nuclear fuel reprocessing or nuclear accidents such as
the Chernobyl accident that released a further 6 kg (Gémez-Guzman et al., 2014; Xu et

al., 2012). The naturally occurring inventory of *?°| has been estimated to be 230 kg,

31



from cosmic-ray spallation of Xe and fission of U in the geosphere (Fabryka-Martin et
al., 1985; Rao and Fehn, 1999). The largest sustained anthropogenic release of ?°| has
been suggested to arise from nuclear fuel reprocessing plants such as Sellafield,
England (GOomez-Guzman et al., 2014). Modelling of historic discharge data from
Sellafield estimates that 1371 kg of *2° was discharged between 1952 and 2004 into
the NE Irish Sea, with a further 182 kg released to the atmosphere (Gomez-Guzman et
al., 2014, 2013; Lopez-Gutiérrez et al., 2004). It is difficult to know the exact amount
released as it wasn't monitored closely in the first few years. Worldwide it is estimated
that 68,000 kg of anthropogenic '?°I has been produced in nuclear power reactors up
until the year 2005, the majority of which is contained in spent fuel (Hou et al., 2009).
This substantial inventory and the long half-life of °I make it an important
radionuclide in the safety case for nuclear waste disposal (Bostock et al., 2003). Also as
aconstituent of thyroid hormones 2| can accumulate in the thyroid gland and has been
linked to increased occurrences of thyroid cancer (Amachi, 2008), for this reason is
recognised as an important radionuclide when considering long-term health effects (Hu

et al., 2012).

1.3.2 lodine species

lodine is multivalent, and depending on the pH and redox status of the environment can
be found in arange of inorganic and organic forms. The chemical form of iodine has a
significant effect on its environmental behaviour and consequently its bioavailability
(Dai et al., 2009; Hu et al., 2012). The primary inorganic species include iodide (1),
iodate (103" and elemental iodine (I2), and when in contact with OM can also be found
as organic-iodine species (Liu & Von Gunten, 1988; Yamada et al., 2002; Yamada et

al., 1999). Although both 103" and I~ are monovalent anions they show significantly
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different sorption mechanisms within environmental compartments, which has been

verified by many laboratory studies and will be discussed further throughout this thesis.

1.3.31odinein soil

The role soils and sediment fractions play in the environmental cycling and fate of
iodine has been widely recognised (Amachi, 2008; Shetaya et al., 2012; Yamada et al.,
1999; Yamaguchi et al., 2010). lodine can be significantly sorbed and accumulated
within soils, however the interaction is strongly affected by various physiochemical
parameters such as soil type, pH, redox potentia (Eh), salinity, metal oxide content,
and OM content. A number of studies have also discussed the interactions of microbial
communities on the speciation and interaction of iodine with soils (Amachi, 2008; Seki

et al., 2013; Sheppard and Hawkins, 1995; Y amaguchi et al., 2010).

1.3.3.1 Effect of soil redox status

Ashworth et al. (2003) found that the redox potential of a soil has a significant effect on
iodine mobility. Through investigating the migration of 2l through soil columns, it
was observed that 12| is mobile throughout the anoxic, saturated, low redox zone of the
soil (bottom of column), but accumulates in the zone between anoxic and oxic soil
where the Eh increases. This demonstrates that a decrease in Eh leads to an increase in
iodine solubility and therefore greater plant availability. Release of iodine from soil to
soil solution under anoxic conditions has been consistently reported with Hansen et al.
(2011) demonstrating greater iodine mobility and availability in anoxic marine

sediments in comparison to oxic sediments.
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1.3.3.2 lodine interaction with OM

It has long been recognised that soils with a high OM content, such as peat soils, often
alongside a low pH, have a strong ability to retain iodine leading to the theory that
iodine can interact significantly with OM, often binding as organic-iodine species
therefore reducing its environmental mobility (Francois, 1987; Seki et al., 2013;
Whitehead, 1984, 1973; Xu et al., 2013; Yamada et al., 2002; Y amaguchi et al., 2010).
Francois (1987) discussed the potential redox reactions that could take place with 10z
and I" in soils, whereby reduction of 103™ and oxidation of I" leads to the formation of
reactive intermediates such as I> and HOI that are then capable of binding with OM.
This was elucidated through the use of a benzenediol, resorcinol, with its two electron-
donor groups it is capable of undergoing eectrophilic substitution with > or HOI
competitively instead of humics. Reduced iodine content in the humics demonstrated
the presence of these electropositive iodine species as reactive intermediates. In
addition to this the formation of 1> and HOI during 103 reduction by OM can be
quantified by the oxidation of leucocrystal violet (LCV), by I> or HOI, to crystal violet
(CV) measured by visible spectroscopy as demonstrated by Steinberg et al. (2008).
Shetaya et al. (2012) also demonstrated the instantaneous conversion of added 2°| from
inorganic into the organic phase when incubated with a range of soils under differing
pH and temperature conditions. The most significant removal of ?°| from solution was
observed in soils at high temperatures, low pH levels and high OM content. Y amaguchi
et al. (2010) used a different approach involving x-ray absorption spectroscopy (XAS),
namely K-edge X-ray absorption near-edge structure (XANES), to investigate the
transformations of inorganic iodine in soils with varying OM contents and found that

after 60 days incubation both I and 103" were converted to Org-1 species when the soils



contained a substantial amount of OM, compared to those with limited OM where

added 103” remained unchanged.

The iodination of humic substances is now widely accepted as the mechanism by which
iodine interacts with SOM, yet there is still much to learn about the mechanisms
involved. Schlegel et al. (2006) compared XANES data for naturally iodinated humic
substances to organic iodine reference standards, and found structural features
consistent with electrophilic substitution into organic molecules. The corresponding
extended X-ray absorption fine structure (EXAFS) data indicated that iodine
incorporated into humic substances is surrounded by carbon shells at distances
corresponding to those for aromatic-bound iodine references. Reiller et al. (2006) and
Xu et al. (2011) were both able to demonstrate that an increase in H/C ratio leads to a
corresponding increase in iodination kinetics and organo-iodine i.e. increasing
aromaticity of the OM, again highlighting the probability of a covalent aromatic C-I
bond accounting for organo-iodine species in the field. The mechanisms associated
with these interactions, especialy the pH dependent kinetics, are poorly understood and
there is little quantitative data from which to assess reaction rates and the inherent

stability of the resulting organic complexes.

1.3.3.3 lodine interaction with metal oxides

Metal oxides are also considered important in determining the environmental mobility
of iodine species. Iron oxide and manganese oxide are two of the most important
oxidants in the earth crust, and are highly abundant in natural environments. Not only
are they capable of readily oxidising 1" to reactive intermediates for association with

OM (Allard et al., 2009; Gallard et al., 2009), but they also have positively charged
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surfaces available for association with anionic species (Whitehead, 1984). Kodama et
al. (2006) used K-edge XANES to demonstrate the significant ability of
ferromanganese oxides to selectively incorporate 103~ even when systems received
additions of I, once again highlighting the strong capacity for oxidising I" and I2.
Aluminium, iron and manganese oxides have all been recognised, to differing degrees,
to play an important role in iodine dynamics within soils; for example there is much
evidence describing the role of MnOz in increasing | reaction with OM through driving
required redox reactions (Anschutz et al., 2000). This association of | with meta
oxides/hydroxides is highly pH dependent and sorption with Fe, Al and Mn
hydroxides/oxides generally decreases with increasing pH. Organic matter in the
presence of MnO. demonstrated increased iodination at pH 3-4 than without MnO», and
showed a decrease as pH increased beyond pH 7 (Xu et al., 2011). Hematite
demonstrated significant reaction with 103™ at pH levels below 9, by substitution for
hydroxide ions on the surface, whilst above this showed a decrease (Couture and Seitz,
1983). Thisis due to the increased net positive charge of metal oxide surfaces at low

pH, and decrease at high pH (Fuhrmann et al., 1998).

1.3.3.4 Role of soil microorganismsin iodine mobility

Microorganisms play a vita role in natural iodine cycling and therefore under certain
conditions can determine the mobility and fate of iodine. Often, determining the role of
microorganisms on interactions within soils involves autoclaving to remove all
biological activity to see if this changes the mobility and fate of a specific element.
Muramatsu et al. (2004) discussed the observed effects of autoclaving on both iodate
and iodide sorption in soils, and found that iodide sorption was reduced by more than

80% in autoclaved soils. Thisis attributed to the destruction of microorganisms and the
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products of microorganisms such as enzymes. This has aso been documented by Seki
et al., (2013) whereby autoclaving, heating and y-irradiation were employed to destroy
microorganisms. Both autoclaving and y-irradiation (autoclaving to a greater degree
than irradiation) have been shown to significantly ater the characteristics of OM by
decreasing aromaticity and polycondensation and causing changes to the carbohydrate
and N-akyl regions of OM (Berns et al., 2008). This can make it hard to determine
whether the effects are solely biological. Alongside an inhibition in iodide sorption on
soils it was acknowledged that there was a reduction in soil laccase activity. Upon
addit