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Abstract

The Canadian concept for a deep geological repository (DGR) involves multiple barriers to
contain and isolate used nuclear fuel, including an engineered barrier system (EBS). One of
the major features of the EBS is a 100% highly compacted bentonite clay buffer between the
used fuel container and the host rock. Properties of the bentonite buffer include: i) high sorption
capacity, which impedes radionuclide movement; ii) low permeability, which inhibits
groundwater flow; iii) low water activity, which prevents microbial activity; iv) high swelling
capacity, which provides support to the surrounding rock and container; and v) thermal
conductivity capable of transmitting heat to the surrounding rock. This report summarizes the
current understanding of natural organic matter (NOM) in bentonite clay being considered for
use in a DGR and its potential influence on long-term performance. Since groundwater in the
repository host rock will saturate the bentonite buffer, the current understanding of NOM in
groundwater in crystalline and sedimentary rocks was also reviewed.

NOM in the bentonite buffer is recognized as one of the largest inputs of organic matter into the
repository, although the total amount of NOM will be low. Previous studies focusing on
characterization of NOM in clays and groundwater are summarized within this report. To date,
mostly low-resolution techniques were used to characterize NOM and the information gained
did not provide much insight into the composition and potential reactivity of NOM in a repository
environment. Two main NOM considerations for a repository have been identified. The first is
the potential for NOM in bentonite to serve as a substrate for microbial growth and activity. The
second is the potential for NOM in bentonite to form complexes with radionuclides, which could
increase or decrease their mobility. To further assess the potential and implications of these
processes, application of higher-resolution techniques would provide more detailed information
about NOM to determine its structure and potential reactivity.
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1. INTRODUCTION

The Canadian DGR concept for used nuclear fuel involves multiple barriers to ensure the long-
term safety of humans and the environment (NWMO, 2005). The multiple protective barriers
proposed in Canada’s DGR concept include both naturally-occurring (geologic) and engineered
(the used nuclear fuel containers and surrounding clay buffer, seal and backfill materials)
components. Overall, the concept entails a network of tunnels and placement rooms located
approximately 500 m below ground level in either an appropriate crystalline or sedimentary rock
formation, connected by a shaft to the surface. An example of the multibarrier system
conceptual design under consideration for a deep geological repository for Canada’s used
nuclear fuel is shown in Figure 1.
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Figure 1: Deep Geological Repository Conceptual Design (Villagran et al., 2011)



The host rock can provide a natural barrier to radionuclide migration via retardation as a result
of sorption to mineral surfaces or diffusion into the rock matrix via pores or micro fissures. The
current understanding of sorption of radionuclides under the saline conditions expected in a
Canadian DGR in crystalline or sedimentary rock is reviewed by Vilks (2009; 2011). The
engineered barrier system (EBS) involves the use of a long-lived used fuel container (UFC)
surrounded by 100% highly compacted bentonite. The main function of the buffer is to protect
the UFC (Karnland, 2010) by preventing infiltration of groundwater (SKB, 2006; Wilson et al.,
2011). The ideal buffer material will also support the UFC while having a small pore structure
that will minimize microbial activity and promote radionuclide retardation (Kiviranata and
Kumpulainen, 2011).

Bentonite clay has been chosen as the buffer material for many DGR concepts. It is primarily
composed of montmorillonite, a smectite mineral with negatively charged surfaces and large
interlayer spacing (Keto, 2003). These negatively charged surfaces have a high sorption
capacity for cationic radionuclides (Bors et al., 1999; Kozai, 1998) although anionic radionuclide
mobility will be unaffected. The large interlayer spacing also allows for several layers of water
to penetrate between clay units (Hicks et al., 2009) giving the clay a high swelling capacity
(Keto, 2003). Even under very high pressure conditions, at least two layers of water will fit
within the interlayer space (Grauer, 1990). This will ensure that any gaps around the UFC are
filled once the barrier has been in contact with groundwater for sufficiently long to saturate the
bentonite clay (Mariner et al., 2011), thereby providing support for the UFC as well as
separation from the surrounding environment. Bentonite also has high thermal conductivity
once saturated (Ye et al., 2010) as well as being very mechanically stable (Hicks et al., 2009).
Furthermore, bentonite can be a self-healing material when the rate of erosion is less rapid than
the rate of clay swelling (Mariner et al., 2011). High density bentonite clay will also have
sufficiently small pore sizes to discourage unwanted microbial activity in the buffer vicinity
(Stroes-Gascoyne et al., 2010). These properties make bentonite an ideal candidate for the
buffer material in the DGR.

Physical properties of bentonite including thermal, hydraulic and mechanical properties,
swelling ability and cation exchange capacity have been well characterized by the NWMO and
other management organizations who are responsible for the disposal of used nuclear fuel
(Keto, 2003; Villagran et al., 2011; Wilson et al., 2011). However, not much is known about the
composition of the natural organic matter (NOM) associated with bentonite (Hallbeck, 2010).
NOM is found ubiquitously in the environment and is the collective term for the group of
biologically derived organic compounds at different stages of biological oxidation (Baldock and
Skjemstad, 2000). The composition of NOM in bentonite clay may vary depending on the
source of the clay. For instance, bentonite clays found in Wyoming were formed during the
Cretaceous period while European bentonites were mostly formed later during the Tertiary
period (Keto, 2003). MX-80 bentonite mined by the American Colloid Company in Wyoming
has long been the reference clay in the Swedish concept for sequestration of used nuclear fuel
(Svensson et al., 2011) and is also the main clay being considered by the NWMO (Villagran et
al., 2011). However, information regarding NOM composition within other clay deposits is also
important for understanding the fundamental variability in composition that can occur both
within and between clay deposits. Composition of NOM in the deep groundwater that will
eventually infiltrate the repository also requires characterization (Pedersen and Ekendahl, 1990)
since it will saturate the bentonite clay barrier.



In this review, we provide an overview of the presence of organic matter expected in the DGR
and its potential influence on long-term performance. Previous research conducted to
characterize NOM in bentonite and other clays as well as in groundwater is reviewed and
recommendations for future work to characterize NOM in clay and groundwater are proposed.

2. THE GEOCHEMICAL SETTING IN THE REPOSITORY

Groundwater in the sedimentary (Michigan Basin) and crystalline (Canadian Shield) rock
environments in communities engaged in the Canadian site selection process is expected to be
anaerobic and saline at repository depth. Gascoyne et al. (1987) investigated the saline brines
found within several Precambrian plutons of the Canadian Shield and identified a chemical
transition at around 300 m depth marked by a uniform, rapid rise in total dissolved solids (TDS).
For example, pore fluids observed to drain from the unfractured rock matrix in the former AECL
underground research laboratory in Manitoba had a TDS of ~90 g/L (Gascoyne, 2004) and
salinities greater than 200 g/L as TDS have been documented in Canadian Shield mines (Frape
and Fritz, 1982). At depths relevant to the repository, this salinity is mainly due to Ca®*, Na*
and CI ions (Villagran et al., 2011). As such, high salinity waters may limit the swelling ability of
sodium bentonite (Karnland, 1997; Savage, 2005) and thus a restriction has been made by
SKB that the Swedish repository will not be built in a location in which the salinity exceeds 100
g/L (Andersson et al., 2000). Due to this restriction, most of the studies concerned with
processes occurring in the repository have not considered salinities on the order of 100 g/L.
These conditions may be present in the Canadian sites being considered for the repository, and
thus testing of the high salinity case is currently ongoing by researchers at the NWMO
(Villagran et al., 2011). Similarly, high salinity is expected in porewaters from potential
Canadian sedimentary host rocks at repository depth, where elevated total dissolved solids
(TDS) of 200 to 400 g/L have been measured (Hobbs et al., 2011; NWMO, 2011).

The presence of NOM in clay is another factor to consider in the DGR. Until recently, organic
matter has been defined as being composed of humic and non-humic substances. Non-humic
substances include compounds such as carbohydrates, proteins, peptides, amino acids, fats
and waxes. Humic substances are operationally defined based on their solubility in acids and
bases (Figure 2) and are found in soils and sediments and the atmosphere. Humin is the
fraction of humic substances that is insoluble in both acidic and basic solutions. Humic acid
and fulvic acid can be separated from humin by dissolution in a basic solution and then further
separated by acidifying the resulting solution to precipitate the humic acid (Sparks, 2003).
However, a recent review by Schmidt et al. (2011) describes how humic substances are now
thought to be composed of organic biomolecules derived from plant, microbial and
anthropogenic sources that have undergone varying extents of decomposition. Schmidt et al.
(2011) also address the long-term persistence of these compounds in the environment which
may be as long as thousands of years. Recalcitrance of NOM in the environment has long been
thought to be a chemical process based on the structure of the compounds in question.
However, evidence now shows that physical protection of these compounds through processes
such as sorption to soil minerals also plays an important role in their environmental persistence
(Schmidt et al. 2011).
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Figure 2: Operational Definition of Organic Matter Components (Adapted from Sparks,
2003)

NOM has been extensively studied in air, water, soils and sediments but not much is known
about its composition in clays or in the deep subsurface (Hallbeck, 2010; OECD/NEA, 2012),
making its long term behaviour in clays or in the deep subsurface more difficult to predict
(Karnland, 2010). In terrestrial environments, clay particles provide many sorption sites for
NOM which may stabilise organic matter by offering physical protection against biological attack
(Baldock and Skjemstad, 2000). Organic matter sorbs to mineral surfaces through ligand
exchange, cation bridging, anion exchange, cation exchange, van der Waals interactions or
hydrophobic bonding (Feng et al., 2005). Interactions between NOM and mineral surfaces will
depend upon the availability of oxygen-containing functional groups in the organic matter.
These interactions will be dependant on pH and have been shown to decrease with increasing
pH (Salman et al., 2007).

21 POSSIBLE SOURCES OF NATURAL ORGANIC MATTER IN THE DEEP
GEOLOGICAL REPOSITORY

The main sources of NOM in the DGR will be introduced during construction of the repository
(Humphreys et al., 2010). A summary of the source and composition of these materials is
provided in Table 1 (Hallbeck, 2010). The input of organic materials during the construction of
the DGR from most of the sources will be unavoidable. The impact from human activities such



as tobacco products and urination in the vicinity of the repository can be minimized but other
potential sources such as building materials may introduce NOM to the DGR (Hallbeck, 2010).

A recent review of the Swedish repository design identified the buffer and backfill materials as
contributing the highest amount of NOM to the repository system (OECD/NEA, 2012). High
levels of radiation have been shown to degrade NOM through cleavage of main or side chain
bonds in organic macromolecules (Schéafer et al., 2009), potentially releasing smaller organic
molecules through this process. Temperatures in the range of 60-90°C may also cause NOM
to be released from bentonite clay (Vilks et al., 1998) thus making it more susceptible to these

degradation processes.

Table 1: Summary of Principal Organic Materials that May be Present in the Geological
Repository (Hallbeck, 2010)

Category Source Organic Materials
Seeds Carbohydrates, proteins, lipids
Ventilation Air Pollen grains Cgllglose, cartinoids, lipids, phyllate
Spores Similar to seeds and pollen grains
Dust A wide array of biomolecules (from living organisms)
Concrete Additives will degrade to low molecular weight organics
Construction Materials Asphalt ; Bitumen (frqm binding agent) —
Bentonite clay Organic matter (environmental contamination)
Wood Cellulose, lignin and tannins
Diesel Alkanes, polycyclic aromatic hydrocarbons, alkyl-benzenes,
Diesel, Emissions and unsaturated aliphatic hydrocarbons, sulphur
Other Vehicle Pars Emissions Incomplete combustion products
Rubber tires Polycyclic aromatic hydrocarbons
Tobacco Propylene glycol, nicotine, other alkaloids, plant cell wall
products materials
Skin and hair Keratin, protein compounds
Human Activities Clothes Synthetic fibres, cotton
Urine Urea, creatinine, ammonia, uric acid, amino acids
Plastics and Polyethylene terephthalate, polyethylene, polyvinyl chloride,
paper polypropylene, polystyrene, cellulose
Blasting and Rock- Blasting Paper and plastic materials, nitrate
drilling Rock-drilling Hydrocarbons

2.2 IMPLICATIONS OF NATURAL ORGANIC MATTER FOR THE ENGINEERED

BARRIER SYSTEM

Potential processes that can occur within the EBS involving NOM are summarized in the

following sections.




2.2.1 Complex Formation of Radionuclides with Natural Organic Matter

Groundwater will eventually saturate and pass through the bentonite barrier, coming into
contact with the UFC. One of the functions of the EBS is to sorb radionuclides in the event that
they are released from the UFC. Due to the high affinity of negatively charged bentonite
interlayers for cations, cationic radionuclides will be sorbed onto bentonite and are not expected
to diffuse through the bentonite barrier (Keto, 2003). The anaerobic conditions that are
eventually expected to prevail in the repository (Villigran et al., 2011) will enhance adsorption of
radionuclides to the bentonite (Mariner et al., 2011). However, the presence of other materials
such as NOM in the repository may decrease the ability of the bentonite barrier to sorb
radionuclides due to competition for sorption sites. Interaction of radionuclides with materials
sorbed to the clay may also have the opposite effect of immobilizing these contaminants.

Dissolved NOM is commonly found in natural waters with concentrations below 1 mg/L to 10
mg/L but may also be present in waters with concentrations of as much as 100 mg/L (Moulin
and Moulin, 1995). Water-extractable NOM present in the bentonite clay itself could also
contribute to the amount of dissolved NOM in porewater in the vicinity of the used fuel
container. Formation of complexes between dissolved NOM and radionuclides can impact
radionuclide mobility (Claret et al., 2003; Moulin and Ouzounian, 1992). For the formation of
these complexes to occur, sorption of radionuclides to dissolved NOM must occur more readily
than sorption to bentonite clay (Wold and Eriksen, 2000). This may be the result of partial
saturation of the sorption sites on the bentonite buffer by radionuclides that had been released
from the copper canister at an earlier point or by other materials present in the repository.

Sorption of cationic species to components in NOM is dependent upon the available functional
groups of NOM. Oxygen-containing functional groups such as carboxyl, hydroxyl and phenolic
groups are normally identified as the main binding sites for radionuclides in NOM (Pedersen,
1996). For instance, Schmeide et al. (2011) found that both Am** and UO,** form complexes
with carboxyl groups in NOM dissolved in porewater, thereby decreasing sorption of these
radionuclides onto clay from the Opalinus formation. As long as the NOM in question remains in
solution, these complexes could be released into the surrounding groundwater. Complex
formation with dissolved NOM has been widely observed with actinides such as uranium
(Moulin and Ouzounian, 1992; Nagasaki, 2001; Vazquez et al., 2008; Mukai et al. 2005) as well
as other cations such as copper (Anirudhan and Suchithra, 2010), nickel (Makela and Mannien,
2009) and iron (Ephraim et al. 1990). NOM that does not contain these reactive sites may be
transformed through chemical and physical processes that could increase its reactivity with
radionuclides. For example, Lehman and Mills (1994) demonstrated that decomposition of
dissolved NOM by microbes may produce byproducts capable of forming soluble organometallic
complexes with copper that exhibit increased mobility compared to copper alone which could
also result in diffusion of these complexes into groundwater.

Sorption of cationic radionuclides such as UO,* to bentonite has also been shown to be
dependent upon pH and ionic strength of groundwater. An increase in the binding constants of
these reactions is observed with increasing ionization of NOM (Olofsson and Allard, 1983).
This is because carboxylic and phenolic groups in NOM become deprotonated at high pH and
act as binding sites for metal cations (Yoshida and Suzuki, 2006). Because of this, the sorption
affinity of bentonite for radionuclides in the presence of NOM may be increased at low pH and
decreased at high pH (Nagasaki, 2001; Ren et al., 2010; Wang et al., 2009; Yang et al., 2009).
In a study of the sorption of NpO," to clay in the presence of NOM, a pH of 8 was found to be
the turning point where the organic matter started to hinder sorption of NpO," (Niitsu et al.



1997). The mobility of these organic matter-radionuclide complexes also increases with
increasing pH compared to the radionuclides alone (Vazquez et al., 2008). An increase in the
ionic strength of the solution decreases the ability of the bentonite clay to sorb radionuclides
(Chen et al. 2011; Wang et al. 2009) which may also contribute to an increase in the mobility of
these complexes. The pH and ionic strength of the groundwater that penetrates the repository
are important factors to consider as they will be capable of changing the interactions of
dissolved NOM with both the radionuclides and the bentonite barrier.

The most common anionic radionuclides, '?I" and *°CI’, will not be sorbed to bentonite clay or
dissolved NOM in the same way as the cationic species which suggests that they may be much
more mobile than their cationic counterparts. However, Lee et al. (2001) have found evidence
that there may be some interaction between **CI” and the low molecular weight fraction of NOM.
They postulate that this may be due to the presence of different functional groups compared to
the high molecular weight fraction of NOM (Lee et al., 2001). This theory has not yet been
tested and the explanation for this observation is still unknown. The mobility of these complexes
through the bentonite clay barrier also has yet to be tested.

It has also been reported that bentonite may act as an effective filter for dissolved NOM (SKB,
2010). Lauber et al. (1998) found that dissolved NOM extracted from clay in concentrations
ranging from 0.1-6.11 ppm C as well as dissolved NOM present in the incoming Mont Terri
groundwater in concentrations ranging from 10-38.4 ppm C did not reduce the sorption of Eu®
to a cation exchange resin. When using Aldrich humic acid dissolved in water, they observed a
decrease in sorption by a factor of approximately 1000 but concluded that the concentration of
organic matter found in the clay and groundwater was too low to have the same result (Lauber
et al., 1998). Glaus et al. (2005) found that the water-extractable organic matter from clay only
slightly decreased sorption of actinides implying that the water-extractable fraction of NOM
present in the clay did not effectively sorb radionuclides. Ozaki et al. (2003) studied association
of Am®*" and Cm*" with biopolymers including cellulose, chitin and chitosan and observed a
delay in the migration of these radionuclides. The conflicting results presented so far in the
literature do not provide a clear insight into the role of dissolved NOM in the transport of
radionuclides in bentonite in the DGR.

Some laboratory studies have reported that dissolved NOM is able to pass through compacted
bentonite and that radionuclides may be transported with NOM as complexes (Wold, 2003).
Wold and Eriksen (2007) demonstrated an increase in apparent diffusivity of Co”* and Eu**
through compacted bentonite in the presence of dissolved soil humic standard from the
International Humic Substances Society. In the field, Kersting et al. (1999) reported the
dissolved NOM-facilitated transportation of Pu through groundwater over distances as great as
1.3 km with groundwater flow velocities ranging from 1 to 80 m/yr over a period of 40 years.
Radiocesium ("*’Cs") has also exhibited increased mobility through clay-rich soils after binding
with dissolved NOM in 100 g/L solutions of these soils (Nakamaru et al., 2007).

The studies discussed in this section were generally conducted in low ionic strength conditions.
This is not representative of the high salinity groundwater conditions that may be present in a
Canadian DGR (Frape and Fritz, 1982; Hobbs et al., 2011). The ionic strength of the
groundwater in which these interactions are taking place is an important factor for the complex
formation between dissolved NOM and radionuclides. A review of studies using higher salinity
conditions by Vilks (2011) found that elements sorbed by coulombic attraction such as Cs”, Sr?
and Ra”* have reduced sorption in high salinity conditions. Czerwinski et al. (1996) also
observed a decrease in the loading capacity of humic acid for actinides with increasing ionic

+



strength. With the presence of other ions such as Na* and ca® competing with radionuclides
for NOM sorption sites, an increase in the concentration of these ions would result in a
decrease in the complexes formed between radionuclides and NOM.

2.2.2 Role of Microbes in the DGR

As discussed in Section 2.1, the DGR will not be a sterile environment following construction
and emplacement of the used nuclear fuel (Hallbeck, 2010). Microbes may survive in an
environment provided that their water, nutrient and energy requirements are met and that they
can tolerate the elevated temperature, radiation and salinity conditions (Stroes-Gascoyne and
West, 1997). Organic matter present in the repository or in the bentonite clay itself may be
available for microbial use provided that it is composed of compounds that are easily broken
down by microbes (Oscarson et al., 1986). Microbiological considerations relevant to a DGR
for used nuclear fuel are reviewed by Sherwood Lollar (2011) and Wolfaardt and Kober (2012)
and summarized here.

Microbial activity in the DGR may lead to microbiologically influenced corrosion of the UFC
(Stroes-Gascoyne and West, 1997). In addition, microbial respiration may produce gas
bubbles in the clay which have the potential to create preferential pathways for gas and fluid
migration in the EBS (Nirex, 2006; Moulin and Ouzounian, 1992; Stroes-Gascoyne and West,
1997). However, it has also been suggested by Yang et al. (2007) that microbes may play an
important role in the consumption of dissolved oxygen, a possible corrosion-causing agent in
the DGR. Dissolved oxygen may be present in small voids in the buffer and backfill materials
and may be consumed by geochemical and microbial processes (Yang et al., 2007). As such,
current research has identified both advantages and disadvantages of microbial activity in the
DGR and further investigation is required to elucidate the composition of NOM in bentonite clay
deposits, and its likelihood to serve as a microbial substrate.

Stroes-Gascoyne et al. (2010) determined that a dry density of 1.6 g/cm® is necessary to
ensure that the activity of water (the amount of unbound, available water) in the buffer is low
enough to inhibit microbial activity. The high density of bentonite, which should limit microbial
activity, will also reduce the rate of production of copper sulphide by sulphate reducing bacteria
(SRB). A highly salinity (>100 g/L) environment will also suppress most microbial activity
(Stroes-Gascoyne et al., 2002) by maintaining the desired low activity of water of <0.96 (Stroes-
Gascoyne et al., 2010). Finally, in highly compacted bentonite clay, the voids are not
considered to be large enough to allow large populations of microbes to survive (Wilson et al.,
2011). Nutrient availability in the DGR is also an important consideration with respect to
microbial activity. While a nutrient-poor environment is expected in the DGR host rock (Stroes-
Gascoyne and Gascoyne, 1998), construction and operation activities have the potential to
introduce organics and nutrients (Hallbeck, 2010; Stroes-Gascoyne and Gascoyne, 1998).

Although the proposed repository conditions should minimize microbial activity in the highly
compacted bentonite, it is possible that activity may occur at the interfaces or in areas where
the density is not maintained (Stroes-Gascoyne et al., 2011). Analysis of both buffer and
backfill materials has identified populations of heterotrophic aerobes, anaerobes and SRB with
increased quantities of microbes at interface locations (Stroes-Gascoyne, 2010).

Microbes can also interact with radionuclides causing changes in their mobility. These
interactions may include processes such as redox reactions or methylation that change the
chemical properties of the radionuclide, thereby varying its mobility. In a more indirect way,



microbes can alter redox conditions and produce degradation products through consumption of
NOM. Bacteria growing in biofilms may decrease the mobility of radionuclides through
adsorption onto cell surfaces, intracellular uptake or via microbially mediated precipitation.
These biofilms are not likely to occur in the buffer due to small pore sizes but may be found in
interfaces between EBS components, for example between the host rock and backfill
(Humphreys et al. 2010; Pedersen et al., 1991).

3. CHARACTERIZATION OF NATURAL ORGANIC MATTER IN CLAY

Characterization of NOM in bentonite clay will provide important information about whether
complex formation with radionuclides or microbial activity will occur in the DGR. As mentioned
earlier, bentonite clay will be one of the major inputs of NOM into the DGR during emplacement
of used nuclear fuel although the total amount of NOM in the repository will be small (Hallbeck,
2010). The research performed to date to elucidate the origin and structure of NOM in bentonite
and other clays does not provide all of the information required to make conclusions about the
fate of this organic matter in the DGR. This work will be summarized and implications for the
repository will be discussed.

3.1 SUMMARY OF PREVIOUS NOM CHARACTERIZATION RESEARCH

Although many countries identify bentonite clay as a potential candidate for the buffer material
in their DGR concepts, the majority of studies which focus on NOM in clay are concerned with
deposits that are being considered as host rock for a DGR. The Callovo-Oxfordian (COXx) clay-
rich sedimentary rock formation in France and the Opalinus Clay formation in Switzerland are
both being considered as potential host rock for construction of a DGR (Johnson et al., 2002).
The host rock in these formations has been the subject of many studies including some
characterization of NOM found in these clays.

A summary of studies that have focused on characterizing NOM in bentonite and other clay
deposits is provided in Table 2. Most studies have used low-resolution techniques such as
ultraviolet-visible spectroscopy (UV/VIS) and Fourier transform infrared spectroscopy (FT-IR)
that are useful for elucidating functional groups or relative amounts of humic and fulvic acid in
the sample.

Overall, the information provided by these studies indicates that the NOM found in bentonite
and other clays has some oxygen-containing functional groups. The presence of these groups
indicates that NOM may be able to form complexes with radionuclides. However, the low
amount of water-extractable organic carbon relative to the total amount of organic carbon in the
clay indicates that much of the NOM in the clays is not removed by extraction with water.
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Table 2: Natural Organic Matter in Bentonite and Other Clays

Extraction Analysis s
Reference Sample Extractant Method Method Findings
1
ODJNHI\ie?Ool-rl 500 g clay in Functional groups:
Vilks et al. Avonlea ' resin to ’ 1500 mL water, Acid-base carboxylic acids, B-
entonite shake for itration icabonyls, enols,
(1996) bentonit extract hake for 24h titrati dicabonyl I
humi then centrifuge alcohols, phenolic acids
umics
S:L? ratio of 100 .
. g/L or 1000 g/L, Carbon [DOC™1=4.62 - 18.84
Lalzt;ggse; al. Opgl;\nus DI H,O shaken for 7 analyzer, ppm, fraction of humic
y days then uvvIS® and fulvic acid
centrifuged
S:L ratio of 1000
Glaus et al. Opalinus g/L, shaken for 7 Relative amounts of
(2005) Clay DI'H;0 days then UVIVIS humic and fulvic acid
centrifuged
Oxfordian series:
Claretetal. | COx argillite . terrestrial biomarkers,
(2003) clay rock Biomarker methods Callovo series: marine
biomarkers
Opalinus International . .
Claretetal. | Clayand | 0.5N NaOH Humic UVNIS, Functional groups:
- AFFFF>, C=C, phenol, aliphatic,
(2005) COx argillite under Ar Substances NEXAFS®
; carboxyl, carbonyl
Clay rock Society protocol
S:L ratio of 500 TOC LC- [DOC]= 3.9 - 8.0 ppm,
DI H,O or g/L, 1000 g/L, OCfDS molecular weight
Courdouan et Opalinus 0.1M NaOH | 1500 g/L or 2000 HPLCé distribution, [acetate]=
al. (2007) Clay or synthetic g/L, shake for 1- NEXAFS 203uM, [formate]=
porewater 10 days then 10 2uM, [lactate]=9 uM,
. and FT-IR : -
centrifuge [propionate]=27 uM
Extraction with
hot chloroform,
Elie and Opalinus Hot separation of GC-MS"
Mazurek pCIa chloroform aliphatics and (aliphatic Terrestrial biomarkers
(2008) y aromatics on fraction)
silica
microcolumn
S:L. ratio of 500 Functional groups:
DI H20 or g/L, 1000 gL, LC-OCD acetate sggarg .
COx argillite | 0.1M NaOH | 1500 g/L or 2000 ! ! '
Merz (2008) . NEXAFS alcohols, aldehydes,
clay rock or synthetic g/L, shake for 1- !
and FT-IR ketones and amino
porewater 10 days then .
; acids
centrifuge
* Dissolved organic carbon. ° Asymmetrical flow

chromatograph¥
spectroscopy.

"Deionized. ? Solid to liquid. S Ultraviolet-visible spectroscopy.

field-flow fractionation. ° Near-edge x-ray absorption fine structure spectroscopy. "Total organic carbon. 8 Liquid
-organic carbon detector. o High-performance liquid chromatography. "% Fourier transform infrared

'Gas chromatography-mass spectrometry.
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3.2 IMPLICATIONS FOR THE ENGINEERED BARRIER SYSTEM

Information about the relative amounts of humic and fulvic acid in the sample is not as
important as the composition of either of these fractions. Determining the composition of the
natural organic matter present in the clay will provide clues as to whether or not this material is
being physically protected through interactions with the clay surface. Protected organic matter
will be more difficult for microbes in the buffer vicinity to access. The concentration of dissolved
organic carbon extracted from Opalinus Clay was found to be low by Lauber et al. (1998) and
Courdouan et al. (2007) relative to the amount of organic carbon in the clay itself. This
suggests that the natural organic matter is sorbed to the clay sufficiently strongly that it is not
being removed using these water and NaOH extraction techniques. It is encouraging that only a
small amount of organic carbon is easily extractable from the clay because this corresponds to
the amount of NOM that will not be protected by sorption to the clay surface. However,
information about the structure of this organic matter is also needed to further ascertain the
potential of NOM to serve as a microbial substrate.

Studies which identified functional groups were able to provide some of the required structural
information. Merz (2008) identified small molecules in COx argillite clay rock including acetate
and sugars which may be substrates for microbes. The functional group findings from Vilks et
al. (1996) do not clarify whether or not NOM found in bentonite clay will serve as a microbial
substrate. The oxygen-containing functional groups identified are in agreement with the
possibility of physical protection of organic matter by the clay as shown by the low amount of
water extractable NOM. These findings may also provide insight into radionuclide transport
since these sites have been recognized as preferential sorption sites for radionuclides on NOM
(Pedersen, 1996). It can be concluded that these molecules and functional groups will interact
with both the clay and radionuclides and may enhance or reduce mobility of radioelements in
the repository.

Although some of the findings from previous studies are relevant for processes in the DGR
environment, the lack of studies focusing specifically on bentonite clay makes it difficult to draw
any conclusions relevant to this buffer material. A recent review of the SKB repository licence
application suggested that the lack of knowledge about the composition of NOM in the
bentonite clay that will be used as the buffer and backfill is one of the areas that should be
improved upon before construction of the repository begins (OECD/NEA, 2012).

4. CHARACTERIZATION OF NATURAL ORGANIC MATTER IN GROUNDWATER

Once emplacement of used nuclear fuel in the DGR is complete and the DGR has been sealed,
groundwater from the surrounding area will slowly resaturate the repository. Both shallow and
deep groundwaters have been shown to contain some amount of dissolved NOM (Pedersen
and Ekendahl, 1990; Sun et al., 1995). This may act as another potential source of NOM in the
repository. The composition of NOM in groundwater is also largely unknown and thus it is
difficult to determine how it may interact with microbes in the DGR. A summary of the studies
done so far to characterize NOM in groundwater is provided, as well as implications for the
DGR.
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4.1 SUMMARY OF PREVIOUS WORK

NOM found in groundwater may be found in dissolved form, present as particulate matter or in
colloidal form (Pedersen, 1996). A summary of NOM characterization in groundwater is given
in Table 3. Although the Canadian DGR will be located at a depth of approximately 500 m, not
all of the studies presented sampled deep groundwater. The shallow groundwater studies are
included to provide a contrast between the characteristics of deep and shallow groundwaters.
In general, higher concentrations of NOM were found in shallow groundwater compared to the
concentrations found in deeper groundwater. Oxygen-containing functional groups were
observed in dissolved NOM in groundwater, as in the case of NOM from clays, indicating
potential reactivity between NOM and clay.
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Table 3: Natural Organic Matter in Groundwater

Reference Depth (m) Location Rock Type Method Findings
Pedersen and 5 : _
Ekendahl (1990) 129 t0 860 | Aspd, Sweden Granite TOC [DOC]=0.5-9.5 ppm
316 . Pleistocene [DOC] =21 ppm,
Sun et al. Richland, outburst TOC
(1995) 1270 WaShlngton ﬂOOd [DOC] =04 ppm
deposits
Franceville Isglrﬁggneighaar\:ve:k Humic fraction, MW
Pedersen (1996) | 6.4 to 105 Gabon Not reported resin, TOC, UV1gand dlstr|bu_t|1o:, [Dn?C] =4
HPLC PP
[DOC]3= 0.5-184 ppm,
Buckau et al. Gorleben, Isolation on XAD-8 [HA’] = 0.001-171
(2000) 21610238 | Gormany | Saltdome resin, TOC ppm, [FAY = 0.13-22
ppm
Hendry et al. Southern Clay-rich 5. . [DOC] = 9-131 ppm,
(2003) O0to43 Saskatchewan aquitard FFF”with UV, TOC mostly fulvic acids
Opalinus Isolation on DAX-8 [DOC] = 1.2-15.8 ppm,
Courdouan et al. 33.9 Mont Terri, %Ia resin, TOC, LC-OCD, molecular weight
(2007) ' Switzerland ( orewgter) HPLC, NEXAFS and | distribution, [acetate],
P FT-IR [formate], [lactate]
Toyama . TOC, isolation on MW distribution, OM
Mahara et al. 280 Prefecture, Sedimentary XAD-8 resin, carbon originated from land
(2007) rock ; . )
Japan isotope ratio analysis plants
[DOC] =6.21-12.28
w i Isolation on DAX-8 ppm, molecular size
Mg"ﬂ?ﬁ::]aégg& 85 Onkalo, Granite resin, TOC, SEC- distribution,
UV®, HPLC-MS homologous series low
MW humic acids
7 T
Caron et al. 108.3 to Canadian Grani FIuoresqence/EEM ‘ ,Ib\mount; of hu.m|c|7i,(
(2010) 649.7 Shield ranite tec mqu;a Wlt' ulvic- and tyrosine-like
PARAFAC® routine components
. . . Structual features:
Huclier-Markai 44510490 | Meuse Haute | COx agrillite 9 10 .
et al. (2010) (core) Marne, France | (porewater) ESI-MS®, APCI-MS fatty acids, aldehydes,
amino acids
TOC, -
Mladenov et al. Araihazar, fluorescence/EEM [DOCl 1 4'5'7'4.'
810 52 Not reported : : ppm, FI'" and amino
(2010) Bangladesh technique with acid-like fluorophores
PARAFAC routine P
[DOC] = 0-11.78 ppm,
Szabo and separation of high,
Tuhkanen 0.8t0 133 Finland Granite TOC, HPLC-SEC intermediate and low
with UV .
(2010) molecular weight
compounds
Borraro et al Canadian . FIuoresgence/!EEM Amounts of hll.lmiC.-
(2012) 650 Shield Granite technique with fulvic- and tyrosine-like

PARAFAC routine

components

" Ultraviolet spectroscopy. * Molecular weight. *Humic acid. * Fulvic acid. ° Field-flow fractionation. ° Size
exclusion chromatography-ultraviolet spectroscopy. " Excitation emission matrix spectroscopy. 8 Parallel factor
analysis. o Electrospray ionization-mass spectrometry. 10 Atmospheric-pressure chemical ionization mass

spectrometry.

" Fluorescence index.
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4.2 COMPARISON OF SHALLOW AND DEEP GROUNDWATERS

Both Pedersen and Ekendahl (1990) and Sun et al. (1995) sampled groundwater over a large
range of depths. Pedersen and Ekendahl (1990) found a lower concentration of dissolved
organic carbon ([DOC]) in deeper groundwaters, as did Sun et al. (1995) who observed 2.1
ppm in a shallow groundwater sample (316 mbgs) and 0.4 ppm in a deeper groundwater
sample (1271 mbgs). In the other studies listed in Table 3, groundwater samples were
generally from shallower sites and there was considerable variation in the [DOC] even between
samples taken from similar depths. In deeper groundwater, there will be a lower input of
natural organic matter because the sources of this material are further away. The NOM that is
observed at increased depths is also likely to be much older than surface NOM. Long-term
diffusive transport of dissolved NOM is observed between shallow and deep groundwaters but
this is not a rapid process (Hendry and Wassenaar, 2005).

4.3 IMPLICATIONS FOR THE ENGINEERED BARRIER SYSTEM

As with the characterization of NOM in clays, most of the methods used to study NOM in
groundwater focus on concentration. While the DOC concentration allows for easy comparison
of shallow and deep groundwaters, the only information it provides regarding the implications
for a DGR is that there will likely not be high concentrations of NOM in the groundwater that
enters into contact with the bentonite clay. This also means that there will not be much NOM
available to form complexes with radionuclides or to be consumed by microbes. However, it is
still unclear how NOM will interact with radionuclides and bentonite clay in the DGR due to the
lack of NOM structural information. Similarly, amounts of humic and fulvic acid do not provide
information on structure. The molecular weight distribution may provide some insight into the
concentration of small molecular weight compounds but any conclusions drawn from this
information would be purely speculative due to the lack of structural information.

As with the clays, some structural features have been elucidated (Hucklier-Markai et al., 2010)
and concentrations of a few low molecular weight organic acids have been determined in
groundwater samples (Courdouan et al., 2007). Once again, not much information is available
regarding potential microbial usage but complex formation may occur between radionuclides
and oxygen containing functional groups or organic acids. Considering that these organic acids
are already dissolved in groundwater, the mobility of radionuclides in complexes with organic
acids will likely be increased. In the study by Makela and Mannien (2008), organic acids were
found in groundwater from granite rock which could be analogous to groundwater from the
Canadian Shield. However, this study focused on samples collected at a depth of 85 m and the
results may not be comparable groundwater from a depth of 500 m, because lower
concentrations are expected at greater depths, as stated above. Borraro et al. (2012), Caron et
al. (2010) and Mladenov et al. (2010) used fluorescence/excitation emission matrix
spectroscopy with parallel factor analysis to study natural organic matter in groundwater. The
amino acid-like fluorophores observed by Mladenov et al. (2010) at depths of 40-52 m are
indicative of material that may be bioavailable (Fellman et al., 2010) and could provide a
microbial substrate in these shallow groundwaters. Caron et al. (2010) demonstrated a change
in the composition of dissolved NOM in groundwater taken from the Canadian Shield with
changing groundwater depth. Groundwater from depths of 620-650 m was found to have less
humic- fulvic- and tyrosine-like components than shallower waters. However, the presence of
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tyrosine-like components at depth (Borraro et al., 2012; Caron et al., 2010) indicates that there
is likely some bioavailable organic matter at depths relevant to a DGR which could potentially
act as a substrate for microbes in a repository.

5. CONCLUSIONS AND RECOMMENDATIONS

The presence of NOM in the DGR may enhance or impede radionuclide mobility or may provide
a substrate for microorganisms in the repository. The composition of NOM in bentonite clays
and in Canadian groundwaters has not been fully elucidated. Low-resolution techniques such
as UV/VIS and DOC measurements have been used so far to attempt to characterize organic
matter. The information provided by these methods does not offer much insight into the fate of
this organic matter and how it may alter processes in the repository.

High-resolution molecular-level techniques could be used to characterize NOM in bentonite
clays under consideration for use in a DGR. Gas chromatography coupled with mass
spectrometry and nuclear magnetic resonance spectroscopy are techniques capable of
providing high-resolution information about the structure and composition of NOM (Feng and
Simpson, 2011; Simpson et al. 2008). Information determined using these techniques will likely
be useful for determining the fate of NOM in the DGR and its potential use as a microbial
substrate. In addition, NOM characterization studies could provide information about the
relationship between organic and clay components in bentonite. This could provide information
that can compliment ongoing radionuclide sorption work (e.g. Vilks et al., 2011), by identifying if
the organic matter contains functional sites conducive to radionuclide sorption.

Groundwater and/or porewater from the host rock will eventually saturate the bentonite clay
barrier and the repository. Groundwater samples will be collected as part of detailed site
characterization activities for a DGR, and analysis of the composition and concentration of
NOM in these groundwaters would provide information about its lability and potential to serve as
a microbial carbon source. However, dissolved organic carbon concentrations will likely be low
in deep groundwater and may require concentration steps prior to analysis, and therefore, some
method development will likely be required.



16

REFERENCES

Andersson, J., A. Strom, C. Svemar, K. Aimen and L. Ericsson. 2000. What requirements
does the KBS-3 repository make on the host rock? Geoscientific suitability indicators and
criteria for siting and site evaluation. Swedish Nuclear Fuel and Waste Management
Company Technical Report TR-00-12. Stockholm, Sweden.

Anirudhan, T.S. and P.S. Suchithra. 2010. Humic acid-immobilized polymer/bentonite
composite as an adsorbent for the removal of copper(ll) ions from aqueous solutions and
electroplating industry wastewater. Journal of Industrial and Engineering Chemistry 16:
130-139.

Baldock, J.A. and J.O. Skjemstad. 2000. Role of the soil matrix and minerals in protecting
natural organic materials against biological attack. Organic Geochemistry 31: 697-710.

Borraro, V., R. Riopel, F. Caron and S. Siemann. 2012. Laboratory study on the impact of pH
and salinity on the fluorescence signal of natural organic matter (NOM) relevant to
groundwaters from a Canadian Shield sampling site. Water Quality Research Journal of
Canada 47: 131-139.

Bors, J., S. Dultz and B. Riebe. 1999. Retention of radionuclides by organophilic bentonite.
Engineering Geology 54: 195-206.

Buckau, G., R. Artinger, S. Geyer, M. Wolf, P. Frizt and J.I. Kim. 2000. Groundwater in-situ
generation of aquatic humic and fulvic acids and the mineralization of sedimentary
organic carbon. Applied Geochemistry 15: 819-832.

Caron, F., K. Sharp-King, S. Siemann and D.S. Smith. 2010. Fluorescence characterization of
the natural organic matter in deep ground waters from the Canadian Shield, Ontario,
Canada. Journal of Radioanalytical and Nuclear Chemistry 286: 699-705.

Claret, F., T. Schafer, A. Bauer and G. Buckau. 2003. Generation of humic and fulvic acid
from Callovo-Oxfordian clay under high alkaline conditions. Science of the Total
Environment 317: 189-200.

Claret, F., T. Schafer, T. Rabung, M. Wolf, A. Bauer and G. Buckau. 2005. Differences in
properties and Cm(lIl) complexation behavior of isolated humic and fulvic acid derived
from Opalinus clay and Callovo-Oxfordian argillite. Applied Geochemistry 20: 1158-1168.

Courdouan, A., I. Christl, S. Meylan, P. Wersin and R. Kretzschmar. 2007. Characterization of
dissolved organic matter in anoxic rock extracts and in situ pore water of the Opalinus
clay. Applied Geochemistry 22: 2926-2939.

Czerwinski, K.R., D.S. Rhee, F. Scherbaum, G. Buckau, J.I. Kim, V. Moulin, J. Tits, |. Laszak,
C. Moulin, P. Decambox, O. De Ruty, A. Dierckx, J. Vancluysen, A. Maes, G. Bidoglio, V.
Eliet and I. Grenthe. 1996. Effects of humic substances on the migration of
radionuclides: Complexation of actinides with humic substances. ECSC-EC-EAEC EUR
16843. Luxembourg.

Elie, M. and M. Mazurek. 2008. Biomarker transformations as constraints for the depositional
environment and for maximum temperatures during burial of Opalinus clay and Posidonia
shale in northern Switzerland. Applied Geochemistry 23: 3337-3354.



17

Ephraim, J., A. Mathuthu and J. Marinksy. 1990. Complex forming properties of natural
organic acids. Part 2. Complexes with iron and calcium. Swedish Nuclear Fuel and
Waste Management Company Technical Report TR-90-28. Stockholm, Sweden.

Fellman, J., E. Hood and R. Spencer. 2010. Fluorescence spectroscopy opens new windows
into dissolved organic matter dynamics in freshwater ecosystems: A review. Association
for the Sciences of Limnology and Oceanography 55: 2452-2462.

Feng, X., A.J. Simpson and M.J. Simpson. 2005. Chemical and mineralogical controls on
humic acid sorption to clay mineral surfaces. Organic Geochemistry 36; 1553-1566.

Feng, X. and M.J. Simpson. 2011. Molecular-level methods for monitoring soil organic matter
responses to global climate change. Journal of Environmental Monitoring 13; 1246-1254.

Frape, S.K. and P. Fritz. 1982. The chemistry and isotopic composition of saline groundwaters
from the Sudbury basin, Ontario. Canadian Journal of Earth Sciences 19: 645-661.

Gascoyne, M. 2004. Hydrogeochemistry, groundwater ages and sources of salts in a granitic
batholith on the Canadian Shield, southeastern Manitoba. Applied Geochemistry 19: 519-
560.

Gascoyne, M., C.C. Davison, J.D. Ross and R. Pearson. a1987. Saline Groundwaters and
Brines in Plutons in the Canadian Shield. Atomic Energy of Canada Limited Report
AECL-9277. Manitoba, Canada.

Glaus, M.A., B. Baeyens, M. Lauber, T. Rabung and L.R. Van Loon. 2005. Influence of water-
extractable organic matter from Opalinus clay on the sorption and speciation of Ni(ll),
Eu(lll) and Th(IV). Applied Geochemistry 20: 443-451.

Grauer, R. 1990. The chemical behaviour of montmorillonite in a repository backfill: Selected
aspects. National Cooperative for the Disposal of Radioactive Waste Technical Report
88-24E. Baden, Switzerland.

Hallbeck, L. 2010. Principal organic materials in a repository for spent nuclear fuel. Swedish
Nuclear Fuel and Waste Management Company Technical Report TR-10-19. Stockholm,
Sweden.

Hendry, M.J., J.R. Ranville, B.E.J. Boldt-Leppin and L.I. Wassenaar. 2003. Geochemical and
transport properties of dissolved organic carbon in a clay-rich aquitard. Water Resources
Research 39: SBH91-SBH910.

Hendry, M.J. and L.l. Wassenaar. 2005. Origin and migration of dissolved organic carbon
fractions in a clay-rich aquitard: "*C and 5'°C evidence. Water Resources Research 41:
1-10.

Hicks, T.W., M.J. White and P.J. Hooker. 2009. Role of bentonite in determination of thermal
limits on geological disposal facility design. Galson Sciences Limited Technical Report
0883-1. Oakham, Tutland.

Hobbs, M.Y., S.K. Frape, O. Shouakar-Stash and L.R. Kennell. 2011: Regional
Hydrogeochemistry — Southern Ontario. Nuclear Waste Management Organization
Report NWMO DGR-TR-2011-12 R000. Toronto, Canada.



18

Huclier-Markai, S., C. Landesman, H. Rogniaux, F. Monteau, A. Vinsot and B. Grambow. 2010.
Non-disturbing characterization of natural organic matter (NOM) contained in clay rock
pore water by mass spectrometry using electrospray and atmospheric pressure chemical
ionization modes. Rapid Communications in Mass Spectrometry 24: 191-202.

Humphreys, P., J. West and R. Metcalfe. 2010. Microbial effects on repository performance.
Quintessa Technical Report QRS-1378Q-1. Oxfordshire, UK.

Johnson, L., J. Schneider, P. Zuidema, P. Gribi, G. Mayer and P. Smith. 2002. Project
Opalinus clay: Demonstration of disposal feasibility for spent fuel, vitrified high-level waste
and long-lived intermediate-level waste. Nagra NTB 02-05. Wettingen, Switzerland.

Karnland, O. 1997. Bentonite swelling pressure in strong NaCl solutions: Correclation between
model calculations and experimentally determined data.Swedish Nuclear Fuel and Waste
Management Company Technical Report TR 97-31. Stockholm, Sweden.

Karnland, O. 2010. Chemical and mineralogical characterization of the bentonite buffer for the
acceptance control procedure in a KBS-3 repository. Swedish Nuclear Fuel and Waste
Management Company Technical Report TR-10-60. Stockholm, Sweden.

Kersting, A.B., D.W. Efurd, D.L. Finnegan, D.J. Rokop, D.K. Smith and J.L. Thompson. 1999.
Migration of plutonium in ground water at the Nevada Test Site. Nature 397: 56-59.

Keto, P. 2003. Natural clays as backfilling materials in different backfilling concepts.Posiva Oy
Working Report 2003-79. Eurajoki, Finland.

Kiviranata, L. and S. Kumpulainen. 2011. Quality control and characterization of bentonite
materials. Posiva Oy Working Report 2011-84. Eurajoki, Finland.

Kozai, N. 1998. Section 1.4: Sorption characteristics of americium on buffer material. JAERI
Review 98-014. Tokai-mura, Japan.

Lauber, M., A. Schaible and S. Haselbeck. 1998. Interactions of organic matter extracted from
Mont Terri Opalinus clay with Eu(lll): Effect of organic matter on the sorption behaviour of
Eu(lll) on DOWEX. Paul Scherrer Institut Internal Report TM-44-98-12. Villigen,
Switzerland.

Lee, R.T., G. Shaw, P. Wadey and X. Wang. 2001. Specific association of 36Cl with low
molecular weight humic substances in soils. Chemosphere 43: 1063-1070.

Lehman, R.M. and A.L. Mills. 1994. Field evidence for copper mobilization by dissolved
organic matter. Water Research 28: 2487-2497.

Mahara, Y., T. Kubota, R. Wakayama, T. Nakano-Ohta and T. Nakamura. 2007. Effects of
molecular weight of natural organic matter on cadmium mobility in soil environments and
its carbon isotope characteristics. Science of the Total Environment 387: 220-227.

Makela, J. and P. Mannien. 2008. Molecular size distribution and structure investigations of
humic substances in groundwater. Posiva Oy Working Report 2008-36. Eurajoki,
Finland.



19

Makela, J. and P. Mannien. 2009. Complex formation of humic substances isolated from
ONKALO, olkiluoto.Posiva Oy Working Report 2009-116. Eurajoki, Finland.

Mariner, P., J. Lee, E Hardin, F. Hansen, G. Freeze, A. Lord, B. Goldstein and R. Price. 2011.
Granite disposal of U.S. high-level radioactive waste. Sandia National Laboratories
Scientific Report SAND2011-6203. Albuquerque, New Mexico.

Merz, A. 2008. Nature and reactivity of dissolved organic matter in clay formations evaluated
for the storage of radioactive waste. (Unpublished Doctor of Sciences). ETH Zurich,
Switzerland. (ETH No 17723)

Mladenov, N., Y. Zheng, M.P. Miller, D.R. Nemergut, T. Legg, B. Simone, C. Hageman, M.M.
Rahman, K.M. Ahmed and D.M. McKnight. 2010. Dissolved organic matter sources and
consequences for iron and arsenic mobilization in Bangladesh aquifers. Environmental
Science and Technology 44: 123-128.

Moulin, V. and C. Moulin. 1995. Fate of actinides in the presence of humic substances under
conditions relevant to nuclear waste disposal. Applied Geochemistry 10: 573-580.

Moulin, V. and G. Ouzounian. 1992. Role of colloids and humic substances in the transport of
radio elements through the geosphere. Applied Geochemistry 179-186.

Mukai, M., M. Ueda, D. Inada, K. Yukawa, T. Maeda and Y. lida. 2005. Influences of humic
substances, alkaline conditions and colloids on radionuclide migration in natural barrier.
Japan Atomic Energy Research Institute 2005-007. Ibaraki, Japan.

Nakamaru,Y., N. Ishikawa, K. Tagami and S. Uchida. 2007. Role of soil organic matter in the
mobility of radiocesium in agricultural soils common in Japan. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 306: 1-3.

Nagasaki, S. 2001. Sorption of uranium(VI) on Na-montmorillonite colloids - effect of humic
acid and its migration. Studies in Surface Science and Catalysis 132: 829-832.

Niitsu, T., S. Sato, H. Ohashi, Y. Sakamoto, S. Nagao. T. Ohnuki and S. Muraoka. 1997.
Effects of humic acid on the sorption of neptunium(V) on kaolinite. Journal of Nuclear
Materials 248: 328-332.

Nirex. 2006. Potential areas of future geosphere research. United Kingdom Nirex Limited
Technical Note 494794. Didcot, Oxffordshire.

NWMO, 2005. Choosing a way forward: The future management of Canada's used nuclear fuel
- Final Study. Nuclear Waste Management Organization Report #APM-REF-00680-
23833. Toronto, Canada.

NWMO, 2011. OPG’s Deep Geologic Repository for Low and Intermediate Level Waste:
Geosynthesis. Nuclear Waste Management Organization Report NWMO DGR-TR-
2011-11 R0O00. Toronto, Canada.

OECD/NEA. 2012. The post-closure radiological safety case for a spent fuel repository in
Sweden - an international peer review of the SKB licence-application study of March
2011. Orginisation for Economic Co-Operation and Development Peer Review NEA No.
7084,



20

Olofsson, U. and B. Allard. 1983. Complexes of actinides with naturally occurring organic
substances - literature survey. Swedish Nuclear Fuel and Waste Management Company
Technical Report TR-83-09. Stockholm, Sweden.

Oscarson, D.W., S. Stroes-Gascoyne and S.C.H. Cheung. 1986. The effect of organic matter
in clay sealing materials on the performance of a nuclear fuel waste disposal vault.
Atomic Energy of Canada Limited Technical Report AECL-9078. Pinawa, Manitoba.

Ozaki, T., S. Ambe, T. Abe and A.J. Francis. 2003. Effect of humic acid on the bioavailability
of radionuclides to rice plants. Analytical and Bioanalytical Chemistry 375: 505-510.

Pedersen, K. 1996. Bacteria, colloids and organic carbon in groundwater at the Bangombe
site in the Oklo area. Swedish Nuclear Fuel and Waste Management Company Technical
Report TR-96-01. Stockholm, Sweden.

Pedersen, K. and S. Ekendahl. 1990. Distribution and activity of bacteria in deep granitic
groundwaters of southeastern Sweden. Microbial Ecology 20: 37-52.

Pedersen, K., S. Ekendahl and J. Arlinger. 1991. Microbes in crystalline bedrock. Assimilation
of CO2 and introduced organic compounds by bacterial populations in groundwater from
deep crystalline bedrock at Laxemar and Stripa. Swedish Nuclear Fuel and Waste
Management Company Technical Report TR-91-56. Stockholm, Sweden.

Ren, X., S. Wang, S. Yang and J. Li. 2010. Influence of contact time, pH, soil humic/fulvic
acids, ionic strength and temperature on sorption of U(VI) onto MX-80 bentonite. Journal
of Radioanalytical and Nuclear Chemistry 283: 253-259.

Salman, M., B. EI-Eswed and F. Khalili. 2007. Adsorption of humic acid on bentonite. Applied
Clay Science 38: 51-56.

Savage, D. 2005. The effects of high salinity groundwater on the performance of clay barriers.
Swedish Nuclear Power Inspectorate SKI Report 2005:54. West Bridgford, Nottingham.

Schafer, T., P. Michel, F. Claret, T. Beetz, S. Wirick and C. Jacobsen. 2009. Radiation
sensitivity of natural organic matter: Clay mineral association effects in the Callovo-
Oxfordian argillite. Journal of Electron Spectroscopy and Related Phenomena 170: 49-
56.

Schmeide, K., C. Joseph, S. Sachs, R. Steudtner, B. Raditzky, A. Glinther and G. Bernhard.
2011. Joint project: Interaction and transport of actinides in natural clay rock with
considerations of humic substances and clay organics. Characterization and
quantification of the influence of clay organics on the interaction and diffusion of uranium
and americium in the clay. Helmholtz-Zentrum Dresden-Rossendorf Scientific and
Technical Report HZDR-017. Dresden, Germany.

Schmidt, M., M. Torn, S. Abiven, T. Dittmar, G. Guggenberger, |. Jansses, M. Kleber, |. Kogel-
Knabner, J. Lehmann, D. Manning, P. Nannipieri, D. Rasse, S. Weiner and S. Trumbore.
2011. Persistence of soil organic matter as an ecosystem property. Nature 478; 49-56.

Sherwood Lollar, B. 2011. Far-field microbiology considerations relevant to a deep geological
repository - State of science review. Nuclear Waste Management Organization, Technical
Report, NWMO TR-2011-09. Toronto, ON.



21

Simpson, M.J., A. Otto and X. Feng. 2008. Comparison of solid-state carbon-13 nuclear
magnetic resonance and organic matter biomarkers for assessing soil organic matter
degradation. Soil Science Society of America Journal 72; 268-276.

SKB. 2006. Long-term safety for KBS-3 repositories at Forsmark and Laxemar - a first
evaluation. Main report of the SR-can project. Swedish Nuclear Fuel and Waste
Management Company Technical Report TR-06-09. Sweden.

SKB. 2010. RD&D programme 2010: Programme for research, development and
demonstration of methods for the management and disposal of nuclear waste. Swedish
Nuclear Fuel and Waste Management Company Technical Report TR-10-63. Stockholm,
Sweden.

Sparks, D.L. 2003. Environmental soil chemistry (Second Edition ed.). San Diego: Academic
Press.

Stroes-Gascoyne, S. 2010. Microbial occurrence in bentonite-based buffer, backfill and
sealing materials from large-scale experiments at AECL's underground research
laboratory. Applied Clay Science 47: 36-42.

Stroes-Gascoyne, S. and M. Gascoyne. 1998. The introduction of microbial nutrients into a
nuclear waste disposal vault during excavation and operation. Environmental Science
and Technology 32: 317-326.

Stroes-Gascoyne, S., C.J. Hamon and P. Maak. 2011. Limits to the use of highly compacted
bentonite as a deterrent for microbiologically influenced corrosion in a nuclear fuel waste
repository. Physics and Chemistry of the Earth 36: 1630-1638.

Stroes-Gascoyne, S., C.J. Hamon, P. Maak and S. Russell. 2010. The effects of the physical
properties of highly compacted smectitic clay (bentonite) on the culturability of indigenous
microorganisms. Applied Clay Science 47: 155-162.

Stroes-Gascoyne, S., C.J. Hamon, P. Vilks and P. Gierszewski. 2002. Microbial, redox and
organic characteristics of compacted clay-based buffer after 6.5 years of burial at AECL's
underground research laboratory. Applied Geochemistry 17: 1287-1303.

Stroes-Gascoyne, S. and J. West. 1997. Microbial studies in the Canadian nuclear fuel waste
management program. FEMS Microbiology Reviews 20: 573-590.

Sun, L., E.M. Perdue and J.F. McCarthy. 1995. Using reverse osmosis to obtain organic
matter from surface and ground waters. Water Research 29: 1471-1477.

Svensson, D., A. Dueck, S. Lydmark and S. Hansen. 2011. Alternative buffer material — status
of the ongoing laboratory investigation of reference materials and test package 1.Swedish
Nuclear Fuel and Waste Management Company Technical Report TR-11-06. Stockholm,
Sweden.

Szabo, H.M. and T. Tuhkanen. 2010. The application of HPLC-SEC for the simultaneous
characterization of NOM and nitrate in well waters. Chemosphere 80: 779-786.

Vazquez, G.J., C.J. Dodge and A.J. Francis. 2008. Interaction of uranium(VI) with phthalic
acid. Inorganic Chemistry 47: 10739-10743.



22

Vilks, P. 2009. Sorption in Highly Saline Solutions — State of the Science Review. Nuclear
Waste Management Organization Technical Report, NWMO TR-2009-18.

Vilks, P. 2011. Sorption of Selected Radionuclides on Sedimentary Rocks in Saline Conditions
- Literature Review. Nuclear Waste Management Organization Technical Report NWMO
TR-2011-12. Toronto, Ontario.

Vilks, P., N.H. Miller, and K. Felushko. 2011. Sorption Experiments in Brine Solutions with
Sedimentary Rock and Bentonite. Nuclear Waste Management Organization Technical
Report NWMO TR-2011-11. Toronto, Ontario.

Vilks, P., M. Goulard, S. Stroes-Gascoyne, S.A. Haveman, D.B. Bachinski, C.J. Hamon and R.
Comba. 1996. Organic material in clay based buffer materials and its potential impact on
radionuclide transport. Atomic Energy of Canada Limited AECL-11706. Pinawa,
Manitoba.

Vilks, P., S. Stroes-Gascoyne, M. Goulard, S.A. Haveman and D.B. Bachinski. 1998. The
release of organic material from clay based buffer materials and its potential implications
for radionuclide transport. Radiochimica Acta 82: 385-391.

Villagran, J., M. Ben Belfadhel, K. Birch, J. Freire-Canosa, M. Garamszeghy, F. Garisto, P.
Gierszewski, M Gobien, S. Hirschorn, N. Hunt, A. Khan, E. Kremer, G. Kwong, T. Lam, P.
Maak, J. McKelvie, C. Medri, A. Murchison, S. Russell, M. Sanchez-Rico Castejon, U.
Stahmer, E. Sykes, A. Urrutia-Bustos, A. Vorauer, T. Wanne and T. Yang. 2011. RD&D
program 2011 - NWMOQO'S program for research, development and demonstration for long-
term management of used nuclear fuel. Nuclear Waste Management Organization
Technical Report NWMO TR-2011-01. Toronto, Ontario.

Wang, S., J. Hu, J. Liand Y. Dong. 2009. Influence of pH, soil humic/fulvic acid, ionic
strength, foreign ions and addition sequences on adsorption of Pb(ll) onto GMZ bentonite.
Journal of Hazardous Materials 167: 44-51.

Wilson, J., D. Savage, A. Bond, S. Watson, R. Pusch and D. Bennett. 2011. Bentonite: A
review of key properties, processes and issues for consideration in the UK context.
Quintessa Technical Report QRS-1378ZG-1. Oxfordshire, UK.

Wold, S. 2003. On diffusion of organic colloids in compacted bentonite (Doctoral Thesis, Royal
Institute of Technology).

Wold, S. and T. Eriksen. 2000. Diffusion of organic colloids in compacted bentonite. Swedish
Nuclear Fuel and Waste Management Company Technical Report TR-00-19. Stockholm,
Sweden.

Wold, S. and T. Eriksen. 2007. Diffusion of humic colloids in compacted bentonite. Physics
and Chemistry of the Earth 32: 477-484.

Wolfaardt, G. and D.R. Korber. 2012. Near-field microbiological considerations relevant to a
deep geological repository for used nuclear fuel - State of science review. Nuclear Waste
Management Organization, Technical Report, NWMO TR-2012-02.

Yang, C., J. Samper, J. Molinero and M. Bonilla. 2007. Modeling geochemical and microbial
consumption of dissolved oxygen after backfilling a high level radioactive waste
repository. Journal of Contaminant Hydrology 93: 130-148.



23

Yang, S., J. Li, Y. Lu, Y. Chen and X. Wang. 2009. Sorption of Ni(ll) on GMZ bentonite:
Effects of pH, ionic strength, foreign ions, humic acid and temperature. Applied Radiation
and Isotopes 67: 1600-1608.

Ye, W. M., Y. G. Chen, B. Chen, Q. Wang and J. Wang. 2010. Advances on the knowledge of
the buffer/backfill properties of heavily-compacted GMZ bentonite. Engineering Geology
116: 12-20.

Yoshida, T. and M. Suzuki. 2006. Migration of strontium and europium in quartz sand column
in the presence of humic acid: Effect of ionic strength. Journal of Radioanalytical and
Nuclear Chemistry 270: 363-368.



	1. INTRODUCTION
	2. THE GEOCHEMICAL SETTING IN THE REPOSITORY
	2.1 POSSIBLE SOURCES OF NATURAL ORGANIC MATTER IN THE DEEP GEOLOGICAL REPOSITORY
	2.2 IMPLICATIONS OF NATURAL ORGANIC MATTER FOR THE ENGINEERED BARRIER SYSTEM
	2.2.1 Complex Formation of Radionuclides with Natural Organic Matter
	2.2.2 Role of Microbes in the DGR 


	3. CHARACTERIZATION OF NATURAL ORGANIC MATTER IN CLAY
	3.1 SUMMARY OF PREVIOUS NOM CHARACTERIZATION RESEARCH
	3.2 IMPLICATIONS FOR THE ENGINEERED BARRIER SYSTEM

	4. CHARACTERIZATION OF NATURAL ORGANIC MATTER IN GROUNDWATER
	4.1 SUMMARY OF PREVIOUS WORK
	4.2 COMPARISON OF SHALLOW AND DEEP GROUNDWATERS
	4.3 IMPLICATIONS FOR THE ENGINEERED BARRIER SYSTEM

	5. CONCLUSIONS AND RECOMMENDATIONS
	REFERENCES


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



