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“Two roadss diverged in a yellow wood,
And sorry | could not travel both
And be one traveler, long | stood
And looked down one as far as | could

To where it bent in the undergrowth,

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear,
Though as for that the passing there

Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.
Oh, | kept the first for another day!
Yet knowing how way leads on to way

| doubted if | should ever come back.

I shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and |,
| took the one less traveled by,

And that has made all the difference”

Robert Frost The road not taken.

To my family
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Abstract

Deep geological repositories (DGR) are considered an effective long-term solution for
radioactive waste disposal. Sedimentary (argillaceous formations) and crystalline rocks are currently
under investigation worldwide as potential host formations for DGR. Their low porosity (< 1-2 %)
and very low hydraulic conductivity result in diffusion-dominated solute transport. There is a need to
investigate their diffusion properties in detail, the long-established diffusion methods do not allow an
evaluation of the spatial relationship between tracers and the characteristics of the geological
medium. The aim of this project was to measure diffusion coefficients in low-porosity rocks (< 2%)
using X-ray radiography and iodide tracer. The method is a non-destructive technique based on the
principle of X-ray attenuation; it provides temporal- and spatially-resolved information of a highly
attenuating tracer diffusing in a sample. Samples from the Cobourg Formation, an Ordovician
argillaceous limestone from the Michigan Basin, and from the Lac du Bonnet batholith, an Archean
granitic pluton were used in this study. X-ray radiography data from the Cobourg Formation indicate
tracer accumulation occurs on dark argillaceous layers in the rock characterized by clay minerals and
organic matter. It is proposed that the I” tracer solution underwent photo-chemical oxidation,
leading to the formation of I, a highly reactive volatile iodine species and 157, which readily reacted
with humic substances contained in the clay- and organic rich zones in the limestone samples. In the
case of the granitic samples, attempts at measuring diffusion coefficients encountered several
challenges. The results indicate that tracer signal can be detected, however diffusion signal is masked

by imaging errors and noise.
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Chapter 1

INTRODUCTION
1.1. Nuclear waste and the DGR Concept

Nuclear power plants around the world have generated electricity for nearly 60 years and
currently provide 10% of the world’s consumption (IAEA, 2019). The unavoidable byproduct of this
activity is radioactive waste which needs to be managed and safely disposed to protect humans and
the environment from its damaging effects. However, the production of radioactive waste is not
limited to nuclear power plants, waste is also generated in a broad range of facilities that use
radionuclides such as medical, research and defense centres (McGinnes, 2007). The estimated global
inventory of nuclear waste that required some type of storage in early 2000’s was 8.13 x 10° m’
(IAEA, 2008) of low-(LLW), intermediate-(ILW) and high-level waste (HLW; Table 1.1). In Canada,
it is expected that about 5.2 million used CANDU (Canada Deuterium-Uranium) fuel bundles will be
generated when the 20 nuclear power reactors hosted in three plants in Ontario and one in New
Brunswick end operations (Garamszenghy, 2015). This estimate (which includes bundles from two
reactors in one plant in Québec that has reached the end of its life and has started the
decommissioning process) would require a storage facility the size of fifteen hockey rinks.

The international consensus is that deep geological repositories (DGR) can provide an
effective solution to the long-term management of nuclear waste, supplying the prolonged
containment (thousand to million years) required to isolate the residue and to allow radioisotope
decay to innocuous radioactive levels. A DGR (Fig. 1.1) is an engineered facility excavated deep
underground, planned to safely isolate nuclear waste encased in containers placed in a network of
rooms within a geologic formation with a series of surrounding barriers (clay-based and concrete

sealing systems; Guo, 2017). An important aspect in the DGR concept is the stability of the



geological medium which is the ultimate natural barrier. The geosphere should provide mechanical
protection (physical stability) over long timescales, optimal geochemical conditions (e.g. 4 < pH <10,
reducing conditions and low to medium salinity) and negligible groundwater movement to prevent
contact with the biosphere (Bredehoeft et al., 1985; McKinley et al., 2007).

Over the past forty years, many countries (e.g. France, Switzerland, Belgium) have been
developing national programs on the safety and feasibility of repositories hosted mainly in
sedimentary and crystalline rocks (e.g. clay-rich formations and granitic rocks; Altman et al., 2004;
Gimmi et al., 2014; Vilks et al., 2003). It has been found that the low porosity and very low hydraulic
conductivity (on the order of 10" to 10"'° m/s; Beauheim et al., 2014; Wilson et al., 1983) of these

rocks could make them an effective bartier to radionuclide migration.

Table 1.1. General characteristics of nuclear waste and disposal recommendations (modified from McGinnes,
2007). Waste classes defined by the International Atomic Energy Agency IAEA, 2009).

Waste Class Characteristics Disposal options
Low-level and intermediate- Restricted long-lived radionuclide Near surface or geological
level waste (short-lived) concentrations (<400 Bq/g or 4000 Bq/g repository

maximum per package).

Low-level waste (LLW, long- = Waste exceeding 0.4 Bq/g By per item but Geological disposal facility

lived) <4000 Bq/g ' and <12,000 Bq/g P°.

Intermediate-level waste Waste exceeding LLW levels and having Geological disposal facility

(ILW, long-lived) low heat-generating capacity (< 2 kW/m?3).

High-level waste (HLW) Heat-generating (thermal power greater Geological disposal facility
than 2 kW /m>3).

1o radiation barely penetrates the skin, it can be stopped by a piece of paper; 2} radiation requires little
shielding; 3y radiation can pass through the human body, it is absorbed by concrete or lead.
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Figure 1.1. DGR concept for the Bruce nuclear site, Kincardine, ON, Canada (Patel, 2017).

In 2015, Finland became the first country to approve the construction of a DGR at a depth
of 400 m in Paleoproterozoic crystalline rocks, and it is expected to become operational in 2020
(Engstrém et al., 20106). In Canada, the Atomic Energy of Canada Limited (AECL) started to
develop a geoscience research program with the construction of the Underground Research
Laboratory (URL) in the Lac du Bonnet Batholith in Manitoba (Brown et al., 1989). However, after
AECL submitted its environmental impact assessment in 1994, the review panel recommended that
even though it was technically safe, the public did not support the proposal of a DGR facility

(Witherspoon and Bodvarsson, 2000).

1.1.1. The Bruce Nuclear Site
The Nuclear Waste Management Organization (NWMO) was established in 2002 and is
responsible for finding a site to host a DGR for Canadian radioactive waste. The NWMO also

managed site characterization activities for a proposed DGR for the long-term storage of LLW and



IL.W on the Bruce Nuclear site (BNS)" located 225 km northwest of Toronto, Ontatio (Fig. 1.2). Six
deep boreholes (DGR-1 to DGR-6; Fig. 1.2) were drilled to characterize the geology under the BNS.
The site is located on the east margin of the Michigan Basin, and the geology consists of an 840 m
thick Paleozoic sedimentary sequence (Cambrian to Devonian) of near horizontally bedded (average
regional strike of N14°W and dip of 0.6° SW) and weakly deformed shales, carbonates and
evaporites (Fig. 1.3; Raven et al., 2010). The proposed DGR would have been excavated at a depth
of 680 m within the Cobourg Formation, an Ordovician argillaceous limestone overlain by 200 m of
shale. The 35 m thick Cobourg Formation was of interest due in part to its low hydraulic
conductivity (4 x 10" to 3 x 10" m/s; Beauheim et al., 2014) and porosity (1-2 %). In the event of a
loss of containment in clay-rich formations, diffusion would be the only mechanism for solute

transport (Altmann et al., 2012; McKinley et al., 2007).

QUEREE

Figure 1.2. Location of the Bruce nuclear site. DGR-1 to DGR-6 indicate drilled boreholes sites.

“In January 2020, the Saugeen Ojibway First Nation voted against the project and the site is no longer being
considered to host a DGR.



[c]. o
§
l" 5
] § Karstic
100 Aquifer
= Silurian
g Aquitard
7]
Al Aquifer
[ Guelph Aquifer
', Legend
Overburden =
Pennsylvanian
I Mississipian
I Upper Devonian
[ Middle Devonian Ordovician
[ ]Lower Devonian Aqujdude
[_1Upper Silurian
[ IMiddle Silurian
[ ILower Silurian
: [
B Ordovician == Upper
8 Cambrian ] Ordovician
B Precambrian .
T [ 1Upper Cambrian e
l— Bascment [ PreCambrian Black River
i contours GIOup Aquitard
| Shadow Lake |
ambng [ Basal Aquifer
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1.2. Diffusion in porous media

1.2.1. Fick's laws

In very low permeability rocks, such as clay-rich sedimentary sequences and unfractured
granite, it is expected that diffusion will be the main transport mechanism for contaminants (Polak et
al., 2003; Shackelford, 1991). Diffusion is a fundamental physico-chemical phenomenon in all natural
systems. In basic terms, it is defined as the thermal motion of molecules and ions from areas of high
concentration to areas of low concentration that results in mass movement (Singhal and Gupta,
2010). Alfred Fick, a physiologist, described mathematically the laws of diffusion which he related to
Fouriet’s law for heat conduction (Crank, 1975; Philibert, 2005). His first law posited that the mass
flux (]) is directly proportional to the concentration gradient with a proportionality factor, thus it

predicts how much flux can be expected. It is expressed as:

ac
J=-D [1.1]

7 ox

where D is the diffusion coefficient (length®/time), a constant that depends among other things on
temperature, the size, mass and charge of the solute and the composition of the fluid; C'is the solute
concentration (mass/L’), and dC/0x is the solute concentration gradient (Grathwohl, 1998). The
negative sign in the equation is used to follow mathematical sign convention that indicates the solute
movement (J) takes place down a concentration gradient (Shackelford and Moore, 2013).

Fick's first law describes transport of species in a fluid at a constant temperature where | and
0C/0x do not depend on time, hence it is at steady state (Watson and Baxter, 2007). However,
geochemical systems rarely attain steady-state conditions and Fick's second law accounts for
variation in concentration with time; the equation for the non-steady state diffusion in one spatial
dimension (x) is written as follows (Shackelford and Moore, 2013):

ac 0%C



where dC/0t is the change in concentration over time.

The molecular diffusion coefficient for a solute in water, also known as the free-water
diffusion coefficient (Do), is large relative to that in porous media because there is no resistance to
the random molecular motion of a solute (Singhal and Gupta, 2010). Diffusion coefficients in any
natural porous system, such as sediments and rocks, are smaller because diffusion follows a more

complicated path than in free water.

1.2.2. Porosity and diffusion properties

In geological porous media, pore space is an inherent, complex rock component occupied by
fluids such as water, gas, oil, or a mixture of them; some pores may contain solids (secondary
minerals) or even host living organisms (Anovitz and Cole, 2015; Milliken and Curtis, 2016). Pore
sizes can vary across a wide range and can be modified by various processes (microbial growth,
diagenesis, weathering, hydrothermal alteration, etc.) as the rock responds to chemical and physical
changes (Anovitz and Cole, 2015; Yoon et al., 2015). The pore structure, and the extent of its
connectivity, control fluid flow and transport. It has been widely recognized that in transport
experiments, the measured porosity is frequently less than the total (physical) porosity (Pearson,
1999). For this reason, two distinctive porosity terms are commonly used in diffusion studies: water-
accessible porosity (¢w) and tracer-accessible porosity (Qa; Al et al. 2015). These parameters indicate
the portion of the total volume of the rock that is accessible to porewater and specific solutes (e.g.
CI, I, etc.; Fig. 1.4a) for diffusion (Garcia-Gutiérrez et al., 2004).

When diffusion occurs in the pore space, solutes are constrained within the pore system, thus
their path is tortuous and follows a complex trajectory (Ghanbarian et al., 2013). In order to account

for the characteristics of the porous medium, three types of diffusion coefficients have been defined



in the literature: the free-water diffusion coefficient (Dy), the pore diffusion coefficient (Dp), and the
effective diffusion coefficient (De; Al et al. 2015).

The free-water diffusion coefficient (Dp) applies to diffusion of chemical species in aqueous
fluids. Dj takes into account the tortuosity (T) and constrictivity (8) of the pore system and is related

to Dy as follows (Garcia-Gutiérrez et al. 2004):
6
D, = ;DO [1.3]

Different definitions of T have been provided and are sometimes used interchangeably in the
literature, leading to confusion. Since the discussion of the term is beyond the scope of this work, I
will use the concept of diffusive tortuosity defined by Epstein (1989) and Ghanbarian et al. (2013)
that accounts for the porosity of the medium and the molecular size of the solute. It is expressed as
the square of the ratio of the average length of a solute’s diffusive pathway (%) to the straight-line

length (&) across the medium (Fig. 1.4b).

la1?
L= [_] [1.4]
Ls
Constrictivity (§ < 1) is a dimensionless parameter that accounts for the vatiations in pore
radii along the transport direction (van Brakel and Heertjes, 1974).

The effective diffusion coefficient (De) incorporates @¢r, which is obtained experimentally
and is different for each tracer (Al et al., 2015):
De = @Dy [1.5]
The diffusion behaviour of a solute that interacts with the porous media (e.g. adsorption, ion
exchange) can be described with the apparent diffusion coefficient (Dy). Since Dy takes into account
the matrix porosity and the sorption response of the solute, the equation is defined as D, divided by

the rock capacity factor (o; Grathwohl, 1998).



D, == [1.6]

The rock capacity factor () includes the dry bulk density of the material (p4) and the

distribution coefficient (Ky). It is a dimensionless parameter written as follows (Garcia-Gutiérrez et

al., 2004; Shackelford and Moore, 2013):

a = Q¢ + paKy (1.7]

Y

Figure 1.4. a) Schematic illustration of the solute-specific accessibility in a saturated porous medium
(modified from Shackelford and Moore, 2013). b) Representation of tortuosity (1); La: length of a solute’s

diffusive pathway compared to the straight-line, Ls: length across the medium (modified from Ghanbarian et
al., 2013).

1.3. X-ray radiography with geological materials

Measurement of diffusion coefficients in sediments and rocks have traditionally been
conducted using well-established laboratory methods such as through-diffusion, in-diffusion and
out-diffusion. These techniques measure the solute flux through (into or out of) a sample that is
placed between two reservoirs; one containing a tracer of interest (e.g. tritiated water -HTO-, I, CI)
and the other serving as a collection reservoir from which the tracer solution is continuously
removed to maintain the concentration gradient (Shackelford, 1991). Some of the disadvantages of

these conventional methods are that in most cases they should achieve and maintain steady-state



conditions, and in the case of using a non-conservative tracer and/or large samples, the time required
to measure D, can be extremely long (Shackelford, 1991; Grathwohl, 1989). Additionally, the
obtained De values represent bulk measurements, which limits our understanding of spatial
heterogeneities in properties such as porosity and connectivity that influence mass transport.
Therefore, it is important to assess the temporal and spatial variation of solute transport in relation
to the physical and chemical characteristics of the porous medium.

X-ray radiography imaging has been used for investigating diffusion in dolomite (Tidwell et
al., 2000), in diverse fracture-filling material in crystalline rocks (Altman et al., 2004) and in low-
permeability shale (Cavé et al., 2009). The method is based on the principle of X-ray attenuation by a
diffusing tracer, and it usually involves collection of time-sequence radiographs for a sample, with the

attenuation increasing over time as the X-ray tracer concentration increases. The changes are

visualized and quantified (Altman et al., 2004; Cavé et al., 2009; Tidwell et al., 2000).

1.3.1. Theory

When an X-ray beam passes through matter, interactions between photons and electrons in
the object are of greatest interest. The X-rays are attenuated by photoelectric absorption and
compton scattering processes (Ketcham and Carlson, 2001). For a monochromatic X-ray beam, the
Beer-Lambert Law [Eq. 1.8] predicts the exponential reduction in intensity with distance through a

homogeneous material (Fig. 1.5a; Tidwell and Glass, 1994):
— 7 —kd
I'=1y [1.8]
where Iy is the incident X-ray intensity on the object of thickness ; I is the intensity of the

transmitted X-ray beam, and p is the X-ray linear attenuation coefficient. When polychromatic X-ray

radiation interacts with a heterogeneous medium, such as geological samples, equation [1.8] becomes:
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Emax l
[ = fo I,(E) exp I—fou (E)dil dE [1.9]

where Iy varies with the range of the X-ray energies (Emax), ' 1s the linear attenuation coefficient that
also depends on E, and i is the number of discrete materials in the heterogeneous solid (Jussiani and
Appoloni, 2015). Equation [1.9] takes into account variations in the source energy spectrum and the

attenuation coefficients for different solids along the linear extent of the X-ray path (Fig. 1.5b).

X-rays ~— 4 —

In (1/1y) = - i d

Figure 1.5. X-ray attenuation through an object of thickness 4 (d = d; + d> + ... dy) in a) a homogeneous

material, and b) a heterogeneous medium with different attenuation coefficients () along the X-ray path
(modified from Van Geet et al., 2000).

u represents the probability of a potential fraction of the beam being absorbed or scattered
as it passes through the sample (Sprawls, 2019). The degree of attenuation is determined by the

atomic density (IN) and the atomic cross section (o; Eq. 1.10; Hussein, 2007; Jussiani and Appoloni,

2015).

pu=No [1.10]
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N accounts for the number of atoms per unit volume in the medium [Eq. 1.11], and o takes into
consideration the X-ray photon energy, target composition and the type of interactions, i.e.,

photoelectric, compton or pair production (Eq. 1.12; Hussein, 2007):

P

N=No

[1.11]

where Ny is the Avogadro’s number, p is the density of the material and 4 is the molecular weight.
In equation [1.12] Ope is the probability of photoelectric interaction and oc represents the

probability of compton interaction (Jussiani and Appoloni, 2015). The effective atomic number (Zgp)
is a parameter that represents the X-ray attenuation in a medium composed of different elements in
varying proportions (Manohara et al., 2008), such as geological materials. The collective interaction
of chemical elements making up the material is weighed proportionally to their content (Murty,

1965).

0 = Ope + Zeff0, [1.12]

Photoelectric absorption and compton scattering are the only relevant processes in X-ray
radiography for geological materials. Photoelectric interaction occurs when a photon from the X-ray
beam collides with an inner shell electron, transmitting all of its energy and ejecting the electron
(Selman, 2000). For this process to occur, the incident photon must have slightly higher energy than
the s, p energies of the inner-shell electrons (Hussein, 2007). For most geologic materials, this means
that photoelectric interactions occur at energies below 100 keV. The compton effect takes place
when a photon from the X-ray beam collides with a loosely bound outer electron from an atom. The
photon undergoes an inelastic collision with the electron, causing it to be ejected from the atom; the
photon loses some of its initial energy and changes direction (Selman, 2000). This scattered radiation

impairs image contrast and degrades image quality (Aichinger et al., 2012).
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1.3.2. The X-ray radiography method

The X-ray technique developed by Cavé et al. (2009), based on the work of Tidwell et al.
(2000) and Altman et al. (2004) to measure diffusion coefficients, uses an X-ray source, a stage and a
detector. The sample of interest is saturated with synthetic pore water (SPW) and placed in a cell
with a lower reservoir filled with SPW (Fig. 1.6). The experiment begins when an X-ray-attenuating
tracer is added to the lower reservoir. Radiographic images are collected from the moment the tracer
solution is introduced in the lower reservoir (reference image) and at selected time intervals (time-
series images) afterward, until the tracer is homogeneously distributed in the sample. Using Image]
(Rueden et al.,, 2017), a Java image processing program, identical regions of interest (ROI) are

selected from the reference and time-series radiographs, and the pixel grey scale values (gsv) are

averaged in the direction transverse to the diffusion direction and then In-transformed to create p
profiles versus diffusion distance (i = In(gsv)). Changes in X-ray attenuation (Ap) caused by tracer

mass diffusion over time are obtained by subtracting the reference p profile from the time-series
profile. This procedure, known as difference imaging, is analogous to blank subtraction in analytical

chemistry (Tidwell et al. 2000; Altman et al., 2004; Cavé et al., 2009) and it removes the constant
sample background from the radiographs. An example of a Ap profile obtained by this approach is

provided in Fig. 1.7 which illustrates the diffusion of I" after 25, 72 and 264 hours; Ap is

proportional to I" concentration.

13
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Figure 1.6. Set up of the X-ray radiography method.
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Figure 1.7. One-dimensional Ap profiles representing the diffusion of an X-ray attenuating tracer (iodide)
over time during an experiment.
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To determine the relative tracer concentration (C/Co) in the sample and to obtain C/Co
profiles, time-series values for Ap (Apy) are normalized to its final values (Aps) acquired when the
tracer concentration in the sample is fully homogeneous and equal to the constant concentration at
the influx boundary (Eq. 1.13, Cavé et al., 2009). D, is then estimated by visually fitting the

experimental C/Co data to an analytical solution for Fick’s second law (Fig. 1.8a):

(C> (Do) 1.13]

Co/ (B
where, C represents the tracer concentration at a distance x from the influx boundary; Co is the
constant tracer concentration at the influx boundary.

An iodide (I') tracer is commonly used with the X-ray radiography method because of its
high atomic number (Z=53) and conservative geochemical behaviour (Tidwell et al., 2000). The
technique has been successfully applied for Ordovician shales of the Michigan Basin to obtain
diffusion coefficients under saturated and partially-saturated conditions (Queenston Formation; Cavé
et al., 2009; Nunn et al.,, 2018), to study diffusion anisotropy (Queenston, Georgian Bay and Blue
Mountain Formations; Xiang et al., 2013), and to determine diffusion-reaction parameters in shale
using cesium (Cs"), a reactive tracer also appropriate for X-ray radiography due to its high atomic

number (Loomer et al., 2013).

1.3.3. Challenges with low-porosity rocks

Altman et al. (2004) and Cavé et al. (2009) encountered difficulties discriminating the signal
of the tracer from the background noise when attempting to estimate diffusion coefficients using X-
ray radiography in low-porosity rocks (< 2 %). The signal-to-noise ratio (SNR) is a parameter that
reflects image quality as it compares the amount of background noise to that of the desired signal

(Welvaert and Rosseel, 2013): above some threshold level of SNR, the attenuation (signal) caused by

15



a diffusing tracer can be clearly differentiated from the background. In low-porosity rocks, the SNR
is low because the mass of tracer in the sample is limited by the small pore volume. Fig. 1.8 shows
C/Cy profiles for shale (~ 8% porosity) and limestone ( ~ 2% porosity), illustrating the effect of low
SNR for the limestone relative to the shale. The SNR can be improved by minimizing image-
registration errors during the difference-imaging process, and increasing the source beam current to

improve the photon-counting statistics.
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Figure 1.8. Relative I concentration profiles (C/Co) and D, obtained for a) Queenstone shale and b)
Cobourg limestone. Sample porosities are indicated in brackets; PB: parallel to bedding; NB: normal to

bedding (from Al et al., 2010).

1.4. Objectives

The main objective of this research was to refine the X-ray radiography method developed
by Cavé et al. (2009) to detect I" concentrations and quantify diffusion in rocks with porosities below
2%. The focus was to improve the SNR and to test the method on larger samples. The experiments
were carried out on samples from the Cobourg Formation, an argillaceous limestone from the

Michigan Basin, and on granitic rocks from the Lac du Bonnet Batholith in Manitoba.
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1.5. Thesis organization

This thesis is organized to reflect the main outcome of the research and consists of three
chapters and four appendices.

Chapter 1 covers the background, including relevant concepts and justification for this
investigation. Chapter 2 was prepared to be submitted for publication in a peer-reviewed academic
journal and presents the findings of the experiments using I” tracer in argillaceous limestone. Chapter
3 summarizes the conclusions from this research.

The work on method development to improve the SNR in granitic rocks (Ilac du Bonnet
Batholith samples) did not achieve a satisfactory outcome, thus those results are not presented in the
main body of the thesis; they are shown in Appendix A. Appendix B describes the experimental
work done on standards used for calibration, Appendix C shows the petrographic analysis carried
out on the Cobourg Formation samples and appendix D presents the remaining of the Cobourg

Formation diffusion profiles.
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Chapter 2

|ODIDE BEHAVIOUR IN ARGILLACEOUS LIMESTONE: INSIGHTS
FROM X-RAY RADIOGRAPHY

2.1. Introduction

2.1.1. The conundrum of iodide transport in clay-rich rocks

Safe disposal of nuclear waste is a pressing matter in countries with nuclear energy programs.
To ensure that waste is isolated from the biosphere for time scales exceeding 100 000 years, deep
burial in geologically stable sites where the host rock formation can prevent the outward migration of
radionuclides is seen as the most effective long-term solution (OECD/NEA, 2008). The challenge is,
however, to demonstrate with confidence that the host rocks of a deep geological repository (DGR)
will serve as an effective natural barrier. Rocks with very low hydraulic conductivity are considered
suitable for this role, and of particular interest are argillaceous rocks because, among other
advantages, their low permeability (£ ~ 10" to 10" m?) results in diffusion-dominated solute
transport (Boving and Grathwohl, 2001; Neretnieks, 1980; Selvadurai and Najari, 2016), their high
adsorption capacity can slow down radionuclide migration (Altmann, 2008; Sawhney, 1972; Weber et
al., 1991), and their plasticity may lead to an effective self-sealing of fractures (Dohrmann et al., 2013;
Mazurek et al., 2009; Roxburgh, 1987; Tournassat et al., 2015).

Over the past two decades a large body of work has been focused on measurement of solute
mass transport by diffusion (e.g. Boving and Grathwohl, 2001; Cavé et al., 2009; Chen et al., 2014;
Descostes et al., 2008; Loomer et al., 2013; Van Loon and Mibus, 2015). Solute-specific diffusion
coefficient measurements in clay-rich formations are key for site characterization and performance
assessment. Most of the measurements have been obtained using bulk techniques including in-, out-

and through-diffusion experiments with a variety of tracers that are considered to behave

21



conservatively, such as water isotopes (e.g. HDO, HTO) and anions (e.g. CI', Br7, I'; Appelo et al,,
2010; Appelo and Wersin, 2007; Garcia-Gutiérrez et al., 2004; Vilks et al., 2003) where the tracer flux
is estimated with Fick’s laws presuming a homogeneous medium and constant mass flow. The
diffusivity of anionic species is known to be slower than of water isotopes because of the anion
exclusion effect (Bolt and de Haan, 1979; Descostes et al., 2008; Van Loon et al., 2007); however
various studies have shown that iodide (I') flux is notably retarded relative to chloride (CI),
suggesting a non-conservative behaviour of I" (Appelo et al., 2010; Van Loon et al., 2003a, 2003b). A
significant collective work has been carried out to understand I” transport mechanisms in clay-rich
formations but there is no scientific consensus on its behaviour to date. Previous research exploring
its diffusion and adsorption properties commonly show contradictory results. On the one hand, for a
given set of samples, a large range of distribution coefficients (e.g. Ka= 0.004 to 0.15 mL/g, Bazer-
Bachi et al., 2006) has been reported, as well as different rock capacity factor values depending on
whether the tracer diffuses in or out of the sample (e.g. Glaus et al., 2008; Savoye et al., 2006; Van
Loon et al., 2003a, 2003b), and conversely, some studies show Kq values indicating no adsorption at
all (e.g. Savoye et al., 2012). It has been suggested that I” uptake by minerals and rocks is sensitive to
the initial iodide tracer concentration, noticing no measurable I” uptake when experiments are
conducted with high tracer concentrations (i.e. 10° M) but adsorption is detected when expetiments
are conducted using lower tracer concentrations (below 10° M; Aimoz et al., 2011; Bazer-Bachi et al.,
2006; Descostes et al 2008; Frasca et al., 2012; Van Loon et al., 2003b; Wittebroodt et al., 2012,
2008), yet some works show no effect of initial tracer concentration (high or low) on I" adsorption
Glaus et al., 2008; Savoye et al., 2012). The inconsistencies have been linked to experimental artifacts
(Glaus et al., 2008), isotopic exchange between the tracer and the sample (Tournassat et al., 2007),
co-precipitation of I with calcium carbonate (Claret et al., 2010), or adsorption by the various
mineral phases composing the argillaceous sample (pyrite, Fe-oxides, carbonates and organic matter;

Altman et al. 2008; Claret et al. 2010; Frasca et al., 2012). Nevertheless, experiments carried out
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under strictly controlled conditions to avoid oxidation (e.g. N2/CO; atmosphere and controlled Pcoy)
and controlling the purity of tracer solutions, still indicate small but significant I” retention, making it
difficult to propose an adsorption mechanism (e.g., Frasca et al., 2012; Glaus et al., 2008; Montavon
et al., 2014; Wittebroodt et al., 2012).

These unresolved issues highlight the unique characteristics of I" and its particular interaction
with the solid medium within which it diffuses, in addition to the limitations of the long-established
diffusion and adsorption methods used. lodine species are sequestered by geological materials due in
part to variations in redox state, which control its fate and transport (Whitehead, 1984).
Furthermore, laboratory studies conducted on crushed samples potentially increment the risk of
experimental artifacts. By crushing the sample, the surface area is increased and I” can gain access to
previously unavailable reactive surfaces sites, not to mention the disturbance to the pore sizes and
distribution, a major control in the diffusion and adsorption of anionic species. In the case of in- or
out-diffusion experiments using intact samples, the data reflect the behavior of the tracer in the bulk
sample and do not allow an evaluation of the spatial relationships between tracers and the variable

mineralogical and porosity characteristics.

2.1.2. X-ray radiography to investigate diffusion in heterogeneous media

Published studies have demonstrated that argillaceous rocks are anisotropic due to their
sedimentary origin, with preferential diffusion along bedding planes (Gimmi et al., 2014; Van Loon
et al., 2004; Wenk et al., 2008; Xiang et al., 2013). Certainly, geological media are heterogeneous with
physical characteristics and chemical properties influenced by their origin and subsequent diagenetic
processes. In order to advance our understanding of diffusive transport, it is valuable to obtain
spatially resolved information from within the rock and to assess how the porous medium controls

the process.

23



X-ray Radiography (XRR) is a non-destructive technique adapted to investigate matrix
diffusion (Tidwell et al., 2000). It is based on the principle of X-ray attenuation by a highly
attenuating tracer in a sample that is imaged repeatedly through time during a diffusion experiment.
Iodide tracer solutions are commonly used because i) I” is considered a non-sorbing species, ii) its
high atomic number provides effective X-ray attenuation, and iii) it can represent the migration
behavior of 1, an important dose contributor in nuclear waste (Cavé et al., 2009; Davis et al., 1980;
Tidwell et al., 2000).

Cavé et al. (2009) estimated diffusion coefficients in laboratory-scale shale samples using
XRR and found them to be similar to values obtained by the through-diffusion method, with the
additional advantage of acquiring visual evidence of heterogeneity along the diffusion path. Similarly,
Nunn et al. (2018) successfully conducted experiments on shales, demonstrating the correlation
between porosity and variations in partial gas saturation in partially-saturated samples. While XRR
has worked well on relatively high-porosity rocks (> 5%), limitations have been reported on low-
porosity materials by Altman et al. (2004) and Cavé et al. (2009) where attempts to measure diffusion
in unaltered granodiorite and limestone respectively, did not give reliable results. In rocks with low
porosity (e.g. plutonic and metamorphic crystalline rocks and carbonates), the mass of I" tracer is
very small and it is challenging to obtain sufficient contrast (tracer signal) above the ambient noise
level (signal-to-noise ratio, SNR). In addition, the relatively high density (2.8 g/cm’) and high
effective atomic number (15.6; Kumar et al., 19906) of calcium-rich carbonate rocks contributes to a
low SNR, limiting further the use of the method on geological materials with these characteristics.

In our research, we focused on improving the SNR and monitoring the diffusion of I” tracer
in the Cobourg Formation, an argillaceous limestone formerly considered a plausible host rock for
the long-term storage of low- and intermediate-level radioactive waste in Canada. The Cobourg
Formation contains 7-17 % wt % of clay minerals (Koroleva et al., 2009) nevertheless, its geological

context and attributes (e.g. low hydraulic conductivity - 4 x 10" to 3 x 10" m/s; Beauheim et al.,
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2014) resemble those European clay-rich formations that are under investigation for nuclear waste
disposal. By extension, this work aims at providing a better understanding of the transport of I" in
argillaceous rocks. "I is mainly concentrated in intermediate- and high-level nuclear waste (Reiller et
al., 2006), and as a dissolved species it will be present in its reduced form as '*’I" under the reducing
conditions prevailing in the geologic system surrounding a DGR, with no affinity for adsorption to
the negatively-charged mineral surfaces (Appelo and Wersin, 2007; Descostes et al., 2008;
Shackelford and Moore, 2013; Tournassat and Steefel, 2015). This radionuclide has the potential to
travel unretarded through the porous medium and to reach the biosphere because of its long half-life
(1.57 x 107 y) and high mobility (ANDRA, 2005). It is of environmental concern because of its
tendency to accumulate in living organisms (Reiller et al., 2000), thus understanding its transport

behavior is critical for assessing the long-term performance and safety of a nuclear waste repository.

2.2. Materials and methods

2.2.1. Sample origin and description

Samples of the Cobourg Formation used in this study were collected from boreholes drilled
at the Bruce nuclear generating station, located 220 km northwest of Toronto, ON, Canada. Data
from six boreholes indicate the top is at 645-663 m below ground surface and it is overlain by 200 m
of shale (Al et al., 2015; Sterling and Melaney, 2010). The Cobourg Formation was deposited in the
Michigan Basin during one of the greatest marine transgressions in the geological record (Brookfield
and Brett, 1988 Coniglio et al., 1990). It is divided into two members: the upper Collingwood
Member, composed of dark grey to black calcareous shale with thin interbeds of fossiliferous
limestone, and the Lower Member, made up of grey, fine-grained limestone and argillaceous
limestone with fossiliferous and shaly beds, and nodular texture NWMO, 2011). Samples of the

Lower Member were chosen from two 75 mm-diameter archived core segments from depths of 675
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m (DGR3-675.46) and 671 m (DGR4-671.24). The core segments were cut parallel to bedding into
40 mm thick slices with a diamond saw, using water to cool and lubricate the blade. Each slice was
then sub-cored using diamond coring bits, producing small cylinders, 40 mm long and 20 mm

diameter (Fig. 2.1).

|
OO

<40 mm >

B I e

-
20 mm

Figure 2.1. Subsampling of the DGR core segments normal to bedding for X-ray radiography.

DGR3-675.46 core is a bioturbated wackestone showing burrow structures and DGR4-
671.24 has characteristics of a wackstone interbedded with a packstone. They are composed mainly
of calcite, dolomite, clay minerals, pyrite and fossil fragments (primarily bryozoans, crinoids and
brachiopods) with the percentages differing between them. The organic matter is mainly of marine
origin deposited in a dysoxic environment (Obermajer et al., 1999); the organic carbon content
ranges from 0.1 to 2 % wt (Koroleva et al., 2009). A quantitative XRD analysis of the Cobourg

Formation from DGR3 core is shown on Table 2.1.

DGR 3
Minerals Wt. % Minerals Wt. %
Calcite 80.58 Dolomite 3.7
Illite/clays ~ 5.06  Ankerite 2.4 Table 2.1. Average mineralogical composition
Orthoclase 4.2 Organic carbon  0.921 g;@/lzi;fffi dcsyb%{%ifgiiogwggfan .
Quartz 3.2 Jackson, 2010).
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2.2.2. Water-accessible porosity

Water-accessible porosity () was measured on subsamples cut from the 75 mm core
segments. The technique consisted of weighing the samples in both water-saturated and dry
conditions as described by Xiang et al. (2013). This procedure accounts for the high salinity of the
porewater which causes salt precipitation in the pore space of the dried sample. A 28 % salinity

correction was used for the calculations based on salinity estimations provided by Xiang et al. (2013).

2.2.3. Synthetic porewater and I- tracer

The porewater composition of the Cobourg Formation is characterized by very high salinity
(3.8 M CI, Xiang et al., 2013) that results from downward migration of hypersaline post-evaporite
Silurian brine (Al et al., 2015; Clark et al., 2013). The synthetic porewater (SPW) used in these
experiments was prepared to resemble the original porewater composition and ionic strength (Xiang
etal, 2013). A1 M I tracer solution was prepared for the diffusion experiments by replacing 1 mol
of NaCl by one mol of Nal in the SPW (Table 2.2). Thiosulfate (NaxS,O3) was added to keep the

solution stable.

Table 2.2. Synthetic porewater (SPW) and I-tracer solution used for the diffusion experiments.

Tons SPW Tracer
(mol/kgw) (mol/kgw)

Na* 2.000 2.000
K" 0.450 0.450
Ca™ 0.485 0.485
Mg** 0.200 0.200
Cr 3.81 2.81

SO~ 0.005 0.005
I - 1.000
Tonic strength 4.51 4.51
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2.2.4. X-ray radiography

Experimental set-up

Samples were saturated with the SPW following the method described by Xiang et al. (2014).
After saturation was achieved, samples were mounted in Delrin® diffusion cells (Fig. 2.2) similar to
the procedure detailed by Loomer et al. (2013), and SPW was added to the tracer reservoir and at the
top surface of the sample through a hole in the Delrin® disc to maintain saturation on both ends.
The felt disc at the top was kept dampened by adding SPW daily and sealing the hole with a nylon
screw. A 3 mm lead ball was attached to the top of the sample to aid in the image registration
process. The diffusion experiments were initiated by replacing the SPW from the lower reservoir

with I™ tracer solution.

Delrin® disc < Nylon screw
“ 9 Lead ball
Felt disc
Sample in
shrink tubing
SPW/tracer
reservoir )
- Felt disc

Outlet

Figure 2.2. Diagram of a sample mounted in the diffusion cell used for X-ray radiography.

Data acquisition and image processing

Immediately after injecting the tracer solution, reference X-ray images were collected for each
sample, and subsequent images were obtained every 24 hours for four days, and then in time
intervals of 40-48 hours. The tracer solution in the lower reservoir was replaced every 24 hours, and

after 90 days the I” tracer was also added to the top surface of the sample by removing the nylon
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screw and submerging the top of the sample in tracer solution, allowing the tracer to diffuse in two
directions. When collecting the time-series images, great caution was taken to align them at the same
position as for the reference image — also known as image registration. Measurements were
conducted using an X-ray imaging system (Pinnacle X-ray Systems, Suwanee, Ga., U.S.A) equipped
with an amorphous-silicon flat-panel imaging detector (Varian PaxScan®1313DX), and an stationary
anode X-ray source (Varian® NDI-160/22 ) coupled to a Gulmay® CPL series (CP2-1402) 3 kW
generator located in the Department of Earth and Environmental Sciences at the University of
Ottawa. The X-ray source voltage and current settings were optimized at 50 kV and 60 mA,
acquisition time was 1 frame per second with 32 frames averaged to produce an image. A 3.3 mm
aluminum filter was used to condition the beam and minimize beam hardening artefacts, and internal
standards made of aluminum and ceramic (Mykroy/Mycalex; McMaster-Carr) were used to correct
for variations in the X-ray source. X-ray images were acquired as 1024 x 1024 pixels, 16-bit greyscale
radiographs (65 536 greyscale values -gsv-) where each pixel value is a function of the X-ray intensity
transmitted through the sample. A simplified modification of the Beer-Lambert Law [Eq. 2.1] best
describes the X-ray attenuation caused by the sample. It gives an estimation of the exponential
reduction in X-ray intensity (I) with sample thickness (d) through the heterogeneous medium (Cavé

et al., 2009).

I: IO[_E‘{l:l(Hldl)] [21]

where Iy is the initial X-ray intensity and L, is the X-ray attenuation coefficient for each mineral

constituent (7) of the rock over its linear thickness (4;).
Radiographs were processed using Image], an open source image analysis program developed
at the National Institute of Health in Maryland, U.S.A. (Rueden et al., 2017), following the step-by-

step approach described by Cavé et al. (2009), in which the two-dimensional images are converted to

one-dimensional profiles of X-ray attenuation () versus distance from the tracer influx boundary.
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For a selected region of interest on both the reference, and corresponding time-series radiographs,
the process consists of integrating the pixel gsvs across the width of the sample (mean gsv for each
pixel row) creating a profile of gsv along the sample length. The constant X-ray attenuation from the
mineral solids is effectively removed by using an image-subtraction approach (Altman et al., 2004;
Cavé et al., 2009; Tidwell et al., 2000), in which the reference image gsvs (I;=p) are subtracted from
the time-series gsvs (Ir>0). The difference is the attenuation caused by the I” tracer present in the pore

space, calculated as:
Ap = [In(l¢=0) — In(Iz>0)] 2.2]
Therefore, the term Ap in Eq. [2.2] is a function of the mass of I” tracer in the sample

porewater over time.

2.2.5. SEM imaging

After the diffusion experiments ended, the samples were removed from the diffusion cell, cut
in half along the core axis and polished thin sections were prepared. The structure and mineralogy of
the samples were investigated with optical microscopy and a scanning-electron microscope (SEM;
JEOL 6610LV) equipped with an Oxford Inca Energy Dispersive X-ray spectrometry (EDS) system
located in the Department of Earth and Environmental Sciences at the University of Ottawa. The

SEM/EDS analyses were performed at accelerating voltages of 10 and 20 kV, in high vacuum mode.
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2.3. Results and discussion

2.3.1. Water-accessible porosity
The results of the ¢, measurements range from 1.2 % (DGR3-675.46) to 1.3 % (DGR4-

671.24). These measurements are in agreement with porosities reported for the same unit by Al et al.,

2010a, 2010b) and Xiang et al. (2013).

2.3.2. X-ray and SEM analysis

The profiles of mean gsv vs distance prior to tracer addition for samples DGR3-675.46-c and
DGR4-671.24-a display significant variability along the sample length (Figs. 2.3 A and B), with high
gsv indicating regions in the rock that are less attenuating to the X-ray beam and low gsv denoting
zones where the X-rays are considerably attenuated. As X-ray attenuation is a function of density and
atomic number, the gsv fluctuations indicate spatial variations in rock density, mineralogy and
porosity. Comparison of the gsv profiles with the polished thin sections (Figs. 2.3 C and D)
demonstrates that the high gsvs correlate to clay- and organic-rich domains that appear as dark wavy
laminations. In contrast, the low gsvs correspond with bioturbated carbonate- and bioclast-
dominated lenses. Clay- and organic-rich sedimentary rocks have relatively low X-ray attenuation
coefficients due to the low atomic number of their constituents (silicon, Z=14; aluminum, Z=13;
and carbon, Z=6), and low density (as low as 1.3 g/cm? Schén, 2011). Conversely, calcium-rich
minerals and rocks have higher X-ray attenuation coefficients because of the higher atomic number
of calcium (Z=20) and the higher density of carbonate minerals (2.7 — 2.9 g/cm’; Schén, 2011). Since
rocks are composed of different chemical elements in varying proportions, the absorption of X-rays
in such complex materials is better represented in terms of their density, more specifically their
electron density, and effective atomic number (Zeff). Zeff is a parameter that is used to represent the

interaction of X-rays with a composite medium where Zis weighted proportionally to the elemental
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fractions and atomic numbers (Manohara et al., 2008). Various approaches are used to calculate Zef,

Eq. [2.3] is based on Boespflug et al. (1994).
Zor = "NAEZDPE + fu(Z,)** [2.3]
where: fis the elemental fraction and 7 is the number of elements in the material.
Zeff of a given material varies with the photon energy (Ak¢a and Erzeneoglu, 2014). The
experimental values obtained for calcite, illite and smectite in an energy range similar to that used in

this study (below 80 kV) are 15.80, 12.79 and 10.85 respectively (Kumar et al., 1996). Higher Zeg

values indicate higher attenuation.

The Ap versus distance profiles for DGR3-675.46-c and DGR4-671.24-a samples (Figs. 2.3
A and B) indicate changes in X-ray attenuation caused by the tracer diffusion - Ap increases with
time. The Ap time-series profiles obtained at 1, 3, and 11 days for sample DGR3-675.46-c indicate
tracer transport consistent with diffusion in a near homogeneous porous medium; however, data
acquired after 48 days reveal more irregular Ap profiles. After 48 days, discrete humps appear in the
profiles at distances of approximately 6 and 11 mm. These features become more pronounced with
time, and after 105 and 152 days the Ap profiles display anomalously high values near the top
boundary (approximately 30 to 35 mm). These elevated values for Ap indicate accumulation of tracer

in those regions; a visual comparison with the polished thin section (Fig. 2.3 C) indicates correlation

between tracer accumulation and the dark, clay- and organic-rich zones.

Similar to the Ap profile for sample DGR3-675.46-c, the profile for sample DGR4-671.24-a
is relatively smooth at early time as would be expected for diffusion in a homogeneous medium, but
with increasing time the Ap profile becomes uneven, indicating heterogeneous tracer distributions

(Fig. 2.3 B). Distinct perturbations appear between 2 and 4 mm, from 9 to 15 mm, from 26 to 28

mm and from 32 to 35 mm distance. Comparison with the physical characteristics of the
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corresponding thin section again indicates that the tracer accumulation coincides with clay- and
organic-rich zones in the rock (Fig. 2.3 D).

Given the observation of anomalous accumulations of the tracer in some regions of the
samples, SEM imaging and EDS analyses were performed with special emphasis on those areas, in an
effort to investigate the mineralogy and its role in tracer adsorption. Backscattered electron images
(BSE) of selected regions (ROI 1-6, Figs. 2.3 C and D) confirm that the dark areas and laminae are
characterized by a fine-grained matrix with concentrations of Si, Al and K, consistent with clay
mineralogy. For example, in DGR3-675.46-c the moderate tracer accumulation close to the inlet
boundary (approximately 6 and 11 mm; Fig. 2.3 C, ROI 1 and 2) occurs in a region distinguished by
concentrically-zoned dolomite crystals, and pyrite crystals and framboids supported in a fine-grained
matrix that contains organic matter (Fig. 2.4 a-c, spot 1). Near the top boundary where elevated
tracer accumulation is observed (Fig. 2.3 C, ROI 3), the fine- grained matrix and organic matter are
more abundant. In DGR4-671.24-a, the SEM images of ROI 4, 5 and 6 (Fig. 2.3 D) also corroborate
that tracer accumulation takes places in argillaceous-rich areas (Fig. 2.6 e-f). EDS analyses confirm
clay components and reveal carbon and sulphur peaks are common in the organic matter but iodine
peaks are unusual (Fig. 2.5, spots 1 and 2). A limitation of EDS analysis is the difficulty of
differentiating the I La emission (3.9 keV) from the Ca Ko emission (3.69 keV); however, data
collected from organic matter in sample DGR4-671.24-a exhibit a clear I peak that is distinct from
Ca (Fig. 2.6e, spot 1). Marine organic matter contains iodine that may be preserved after its
decomposition (Ullman and Aller, 1985), thus the iodine concentration detected may not be related

to diffusion of the tracer.
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Figure 2.3. A and B: profiles of mean greyscale values prior to addition of tracer (black solid line, right axis), and Ap (coloured lines, left axis) versus distance

after the addition of tracer, for samples DGR3-675.46-c and DGR4-671.24-a. The numbers next to the Ap profiles indicate the number of days after the

diffusion experiment started. C and D: polished thin sections from samples DGR3-675.46-c and DGR4-671.24-a, cut along the core axis, perpendicular to the X-

ray path, after diffusion experiments ended. SEM-BSE images and EDS analyses were conducted on regions of interest (ROI) marked 1 to 6 (yellow squares).
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Figure 2.4. ROI 1 and ROI 2 from the lower section of DGR3-675.46-c. Large arrows show the direction of
diffusion, white rectangular areas in the images at left are magnified in the images at right and at the bottom.
a) Concentrically-zoned dolomite (Dol) and calcite (Ca) grains in fine-grained matrix. b) Detail of the
supporting matrix. X-ray spectrum (spot 1) confirms clay mineralogy and organic matter. c) Pyrite (py) crystals
and framboids within organic matter (black) and calcium carbonate minerals (Ca).
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Figure 2.5. BSE image of DGR3-675.46-c, ROI 3. The magnified area on the right (d) shows carbonate
minerals (Ca) and laminated organic matter preserved in a clay-rich matrix confirmed by X-ray spectra (spots 1
and 2).

36



c X-ray spectrum
Si Ca Spot 1
I |
| |
@] 'l II
; Al S |
| Mo |
| II|| Mglllkl .l”, I|I [ II
| _J |. | )1'"".“‘ e u'*""‘m" Nk I'*“rﬁmqumi‘iw
. ’ y f‘\ 0 1 2 3 d 5 B 7
1 400 10um EE— Kev
X-ray spectrum
O Spot 2
Si
| Al J|
C
f || | Mg Hlill || ]
_’ll' U l"er" \’I | o j B
i) 1 2 3 4
KeV

Figure 2.6. BSE images from ROI 4, ROI 5
and ROI 6. White arrows show the direction of
diffusion, rectangular areas in the images at left,
are magnified in the images at right. ¢) Pyrite
(py), zoned dolomite (Dol) and organic matter
with the presence of clay minerals suggested by
detectable Al Si and K in the X-ray spectrum
from spot 1. f) Finely laminated clay minerals
(corroborated by X-ray spectrum from spot 2)
mixed with organic matter. g) Organic matter
with clay (yellow arrows) in a clay-rich matrix
with zoned dolomite (Dol) and anhedral quartz
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2.3.3. lodine species adsorption and chemical transformations

The X-ray radiography data demonstrate that tracer adsorption occurs in the clay- and
organic-rich regions of the samples. The adsorption, although significant in terms of the effect on
the Ap profiles, is below the detection limit of the EDS. The question whether or not I” adsorbs to
minerals, soils and sediments has been widely investigated using different methods and varying
experimental conditions (e.g. pH, ionic strength and I” concentration). It has been demonstrated that
no adsorption occurs on calcite, quartz, smectite (Na-montmorillonite) and unoxidized pyrite crystals
(Aimoz et al., 2011; Kaplan et al., 2000; Rancon, 1988; Ticknor and Cho, 1990). However, I
adsorption has been detected from low-concentration I” solutions on Fe(III) oxides formed at
oxidized pyrite surfaces (Aimoz et al. 2011), while for illite, the predominant clay mineral in the
Cobourg Formation, pH-dependent adsorption is reported from low-concentration I” solutions (10"
M), with higher adsorption at pH 3.6-5 (Ka= 46 to 59 mL/g) than at pH 7.9 (Kq= 24 mL/g; Kaplan
et al., 2000).

When discussing the reactivity of I" with porous media, it is helpful to consider the behavior
of inorganic iodine species in general (I", IO5™ -iodate-, and I, -molecular iodine-) and their speciation
in response to redox conditions, as well as their pH-dependent adsorption and interaction with
organic matter. For example, I and 105~ have different adsorption properties, with 105~ having
higher affinity to solid media than I" at neutral pH (Kodama et al., 20006). I" adsorbs to the surface of
ferric and aluminum oxyhydroxides at pH < 5 (Whitehead 1974); while IO5™ adsorbs to these
oxyhydroxides at pH 6-8 (Couture and Seitz, 1983). Hu et al. (2005) report stronger 105~ adsorption
compared to I” on coastal plain sediments at a pH ~ 5 and point to clay-mediated reduction of 105
to I', drawing attention to the redox capacity of the medium and transformation of iodine species. In
soils and wastewater rich in organic matter, I~ adsorption and oxidation to other iodine species have

been documented as well (Radlinger and Heumann, 2000; Yamaguchi et al., 2010). I" and 105™ sorb

38



more readily in organic carbon-rich soils than in those with low C content (Kaplan, 2003; Oscarson,
1994; Sheppard and Thibault, 1992). The mechanism for I and 1O5™ retention involves their
conversion to organo-iodine via I, with I" oxidation only happening in the presence of bacteria
(Christiansen and Carlsen, 1991; Seki et al., 2013; Shimamoto et al., 2011; Tsunogai and Sase, 1969).
Spectroscopy and spectrophotometry coupled with other analytical techniques confirm I is
unreactive with organic matter, but in oxidized form as I», binding with humic substances (HS)
occurs by covalent bonding (Mercier et al., 2000; Reiller et al., 2006; Schlegel et al., 2000). In soils,
the oxidation of I" to I, is fast (1 day) but the reaction between I, and HS to create organo-iodine
compounds is slower (60 days; Yamaguchi et al., 2010). In the samples used in this investigation, it is
unlikely that biologically-induced I" oxidation took place, the high salinity of the synthetic pore water
would have suppressed any microbial activity. The hostile environment for microorganisms in the
porewater is confirmed by Stroes-Gascoyne and Hamon (2008), who demonstrated that no
indigenous bacteria are present in the argillaceous limestone. Furthermore, X-ray radiography data
show tracer adsorption occurred after a short contact time with sample DGR4-671.24-a (3 days),
attesting to a relatively fast reaction between the tracer solution and the clay- and organic-rich areas.
I" redox transformations can also occur by photo-chemical reactions. I” solutions are
unstable and oxidize when exposed to UV radiation (Jortner et al., 1961; Miyake and Tsunogai,
1963), a process that occurs even in deaerated solutions (Rigg and Weiss, 1961). The photo-chemical
deterioration is accelerated in the presence of oxygen and with increasing I concentration (Rigg and
Weiss, 1952; Truesdale, 2007). It leads to the formation of I, a highly reactive volatile iodine species
and tri-iodide (I57); the latter appearing only in high I" concentration solutions (Kalmar et al., 2014),
increasing the solubility of molecular iodine (Bent, 1968). I, formation and volatilization can be

inhibited by adding thiosulphate (S:05™), a reductant that rapidly reduces L, to 21" (Rangon, 1988).
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2.3.4. Humic substances in argillaceous rocks

Humic substances (HS) are the most abundant form of organic carbon on Earth (Hedges et
al., 2000). They are ubiquitous in terrestrial and aquatic environments and occur in soil, water and
sediments (Schnitzer, 1978). In marine sediments, they are primarily found in continental margins
mainly close to the equator and in temperate latitudes, but they do occur in remote basins, away from
continental land masses where they concentrate in fine-grained deposits (Premuzic et al., 1982;
Waksman, 1933). In marine sediments, 8"°C isotope analysis (-19 to -23 %) indicates that the HS are
tormed 7n situ by the decomposition of marine plankton, without apparent influence from
terrigenous HS, even in samples collected close to shore (Nissenbaum and Kaplan, 1972). HS are
dark-coloured, complex mixtures of macromolecules of high molecular weight and a randomly coiled
structure of non-repeating units (Sposito, 2008). Their structure reveals their complicated genesis.
They originate from organic compounds of well-characterized compositions and chemical structures
that decompose quickly when incorporated into soils and sediments. A small fraction associates with
clays and clay-sized minerals and survives microbial attack, perhaps because of their complex
structure or toxicity to microorganisms (Hedges et al., 2000; Theng, 2012). These altered forms of
organic matter mix with other products of biological degradation and together are identified as HS
(Theng, 2012). Although their structure makes them resistant to further decays, it is their interaction
with clay minerals that gives them stability and makes them highly refractory (Baldock and
Skjemstad, 2000; Oades, 1988). They decompose at around 400-625°C or 500-650°C, depending on
the type of HS (Schnitzer and Hoffman, 1965), thus they can endure diagenetic processes which
occur below 200-250°C (Boggs, 2009).

Complexes of clay and HS are among the most important reactions in nature and the most
poorly understood (Theng, 2012). The lack of understanding is related to the fact that their

interaction is influenced by the structure and chemical properties of both the HS and clay minerals,
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as well as the chemistry of the medium (e.g. pH, ionic strength; Satterberg et al., 2003). In most of
the adsorption interactions, it is known that clay minerals act as the substrate to which HS are
adsorbed (Yariv, 2002). In the depositional environment of the shaly zones of the Cobourg
Formation, HS would behave as polyanions that are unable to adsorb on the negatively-charged clay
minerals. However, in seawater, multivalent cations (Ca®*, Mg*", AI’*, Fe*") act as a bridge and bind
them together to form organo-mineral complexes. Investigations in cation-bridging complexation
indicate that cementing cations like Ca* in patticular, enhance the adsorption of HS to clays
(Baldock and Skjemstad, 2000; Feng et al., 2005; Majzik and Tombacz, 2007). Van der Waals forces
are also identified as an important mechanism of adsorption of HS to clay minerals in marine
environments (Arnarson and Keil, 2000; Preston and Riley, 1982; Rashid et al., 1972).

The presence of HS in consolidated rocks has been corroborated by Claret et al. (2005). They
characterized the nature of the HS in Jurassic clay formations and determined that humic and fulvic

acids of marine origin were preserved since deposition.

2.3.5. HS and iodine species retention

Humic and fulvic acids are among the components of HS determining the fate of iodine
species in sediments (Hansen et al., 2011). Humic acids adsorb I, at pH 5-5.5 (Hansen et al., 2011),
whereas fulvic acids have a faster reaction with I».q (Warner et al., 2000) at pH >6. It has been
demonstrated that I/15™ are covalently bonded to carbon of more than one type of HS (Metcier et
al., 2000; Reiller et al., 2006; Schlegel et al., 2006), and that the amount of iodine partitioning to HS
depends on the number of phenolic groups available (Schlegel et al. 2000).

Considering the X-ray radiography results and the high concentration of the I” tracer used in
our experiments, it is possible that photo-oxidation occurred and the I" redox state was not preserved

despite adding Na,S,0s. In that case, the tracer solution would have contained I,/I57, which reacted
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readily with humic and fulvic acids associated with the clay fraction in the samples. The variations in
tracer accumulation detected by X-ray attenuation within and between samples could reflect
variability in the HS content of the rock

The I,-HS covalent bonding could be responsible for the irreversibility of the tracer uptake
observed in some diffusion experiments carried out in clay-rich formations (e.g. Descostes et al.,
2008; Frasca et al., 2012; Savoye et al., 2006; Wittebroodt et al., 2008). On the other hand, halogen
bonding is a mechanism that could account for the increased amount of tracer adsorption with
contact time reported by some authors (e.g. Bazer-Bachi et al., 20006) and observed in this study.
Covalent-bonded iodine atoms can interact with both electron acceptors and electron donors
(Politzer et al., 2010) thanks to the anisotropic distribution of its electron cloud (Terraneo et al.,
2015). The formation of a region of positive electrostatic potential named the c-hole (Clark et al.,
2007) setves to attract electron donors, such as 157, which forms a halogen bond with I,. Because this
is an electrostatic interaction, it may explain the variable and/or partial iodine desorption observed in

some transport experiments (e.g. Descostes, 2008).

2.4. Conclusions and future work

This study demonstrates the X-ray radiography is a promising method to monitor/measure
diffusion in intact samples. It provides a good understanding of the structural changes in the porous
media along the diffusion path that cannot be accounted for in using conventional methods. The
technique drew attention to the fact that I” tracer solutions can undergo photo-chemical oxidation,
which may corrupt diffusion experiments if not taken into account. The photoreaction forms
molecular iodine (I,), a highly reactive iodine species with strong affinity for HS, and triiodide (I5).

The X-ray data revealed tracer adsorption occurred mainly on dark argillaceous layers in the

rocks characterized by clay minerals and organic matter. It is suggested that the tracer solution used
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in the experiments contained I,/I5” and reacted with HS preserved in the clay- and organic-rich areas
of the Cobourg Formation samples. The precise amount of tracer adsorbed cannot be determined,
but from the data it can be inferred that DGR4-671.21-a retained more tracer than DGR3-675.46-c.
The discrepancy may be explained by different content of HS in the argillaceous zones, with DGR4-
671.24-a showing larger variations along the sample length than DGR3-675.46-c. The type and
distribution of HS in the argillaceous areas may have also controlled the amount of tracer adsorption.
The covalent nature of the 1> and HS bond could explain the irreversibility observed in diffusion

experiments by other authors.

1291—

Under the anoxic conditions prevailing in a DGR, could be transported away unretarded

from the facility presuming its reduced redox state is preserved. Further studies conducted with X-
ray radiography, simulating in situ DGR conditions and using unoxidized I" tracer solutions could

provide a comprehensive picture of iodide behaviour in deep argillaceous rocks.
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Chapter 3

SUMMARY AND CONCLUSIONS
3.1. Concluding remarks

This project aimed at measuring diffusion coefficients in low-porosity rocks (< 2%) using X-
ray radiography. The objective was to refine the method developed by Cavé et al. (2009) to detect
iodide concentration and quantify diffusion in sedimentary (argillaceous formations) and crystalline
(e.g. granite) rocks, which are currently under investigation worldwide as potential host formations
for Deep Geological Repositories (DGRs). Using an X-ray-CT instrument, the image parameters
were optimized following the work of Nunn (2018), and after careful testing of standards coupled
with meticulous registration procedures, the Signal-to-Noise Ratio (SNR) was improved. Samples
from the Cobourg Formation (argillaceous limestone) and the Lac du Bonnet Batholith (granite)
were used in the diffusion experiments and the results have shed light on I" behaviour in argillaceous
formations and on the limitations of the X-ray method in crystalline rocks. An overview of the key

findings of this research is presented below.

3.1.1. Cobourg Formation argillaceous limestone experiments

The X-ray radiography method has been successfully applied to monitor the diffusion of I
tracer in low-porosity (1.3 £ 0.1 %) samples from the Cobourg Formation, an Ordovician
argillaceous limestone formetly under investigation as potential DGR host for low- and intermediate-
level nuclear waste in Canada. The data show that accumulation of the tracer occurs by adsorption at
specific locations along the diffusion path. The adsorption correlates to clay- and organic-rich
domains in the samples. Published data on I" chemical behaviour indicate that it is unreactive with

minerals at the neutral pH of the experiments and that no interaction occurs with organic matter in
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the absence of bacteria. However, a consensus exists on I" adsorption to humic substances (including
humic and fulvic acids, collectively referred to here as HS) when I™ is oxidized to I, which is attached
by covalent bonding. It is known that I” tracer solutions undergo photo-chemical oxidation
producing I,/I5~ and that HS can be preserved in deep, clay-rich formations. Based on the X-ray
radiography data, it is believed that the I" tracer solution used in this experiment underwent photo-
chemical oxidation and that the I/I5~ reacted with HS contained in the atgillaceous regions of the
samples.

The findings underlined in this study emphasize the importance of understanding
fundamental aspects of iodine speciation that influence its interaction with the solid medium within
which it diffuses. These results specifically demonstrate the importance of understanding HS in clay-
rich rocks, their distribution and characterization, and how they affect iodine species transport.

The X-ray radiography method gives clear evidence of where tracer accumulation takes place
during diffusion experiments, providing new insights into I" fate and transport in argillaceous rocks;
a somewhat controversial topic in research focused on demonstrating the long-term safety of the

geological barrier system.

3.1.2. Lac du Bonnet granite experiments

Several challenges were encountered with diffusion experiments carried out with Archean
granite samples (porosity 0.4 £ 0.1 %) from the Underground Research Laboratory located on the
Lac du Bonnet Batholith. The X-ray radiography data did not provide profiles consistent with I~
diffusion over time. Time-series profiles were slightly displaced relative to the reference profile and
the displacement was consistent, in part, with image misalignment. Precise alignhment between the
reference image and the time series is key for the successful removal of the sample background that

allows the effect of the tracer to be visualized. While careful steps were taken to align the sample to
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its initial position from image to image, and to register the images down to the pixel level,
misalignment of the time-series profile was unavoidable. The results point to several sources of error
during the experiments. One of them comes from the level of accuracy in the movement of the
instrument stage, which controls the stage on the x, y and g axes; the stage control is not perfect and
slight deviations in positioning lead to errors in image alignment. Additionally, the aluminum cap
used as an internal standard may have moved a little during sample handling, and it was noted the
aluminum is not homogeneous. In order to normalize the X-ray intensities consistently throughout
the experiment duration, an identical, homogeneous region on the standard is required for correcting
variations from the X-ray source from time to time (image to image).

In summary, imaging-related errors are significant in rocks with porosity below 1%, the
alignment and registration must be precise and accurate because image contrast resulting from the

presence of the tracer is very small.

3.1.3. Limitations of the method

While the application of the X-ray radiography method in argillaceous samples successfully
demonstrate tracer adsorption occurs in clay- and organic rich areas in the samples, the absolute
tracer accumulation cannot be quantified. This represents a research opportunity that would
complement the application of the method in transport experiments.

The experiments with granitic rocks have demonstrated that tracer signal can be detected but

limitations of the X-ray CT system in positioning the stage at micrometric precision needs to be

addressed.
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3.2. Future work

To continue our understanding of I" transport in clay-rich formations, and consequently the
fate of '’I in the geological media surrounding a DGR, future experiments using X-ray radiography
focused on replicating reducing conditions prevailing in a DGR could provide a comprehensive
picture of the reactivity of I with the solid medium.

For crystalline rocks with porosities below 1 %, perfect alignment of the sample and standard
from image to image is critical to the successful application of the technique. Future studies focusing
on solving the registration challenges would yield optimal results in measuring diffusion in crystalline
rocks.

In future experiments, special care has to be taken in handling the high concentration I
solutions needed with low-porosity rocks. In order to avoid photo-oxidation, tracer solutions should
be stored in a dark container, protected from light to preserve its integrity. Thiosulphate (Na:S,05)

should be added at a fixed concentration to avoid the formation of I,/Ts.
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Appendix A

DIFFUSION EXPERIMENTS IN GRANITIC ROCKS
A.1.  Introduction

Environmental site assessments are currently under way in many countries to evaluate the
suitability of crystalline formations as deep geological repositories (DGR). These rocks are widely
distributed over the Farth’s surface (cover 20%; Hartmann and Moosdorf, 2012) and are relatively
stable (McKinley et al., 2007). The interest as a potential DGR’s relies on their strength, which
provides structural stability, a relatively high melting point and low hydraulic conductivity (10* to 10
m/s at 1 km depth; Roxburgh, 1987; Stober and Bucher, 2007). The latter is affected by fault systems
and fracture networks commonly present in crystalline bodies, but at the relative local scale of a
DGR, it is expected these systems will be avoided (McEwen, 2007), reducing the transport of
dissolved radionuclides to molecular diffusion in the pore structure. In crystalline unaltered rocks the
porosity is below 1%, and is mainly associated to microfractures and to intergranular pores formed
by secondary minerals and fluid inclusions (Schild et al., 2001; Tullborg and Larson, 2000).

Due in part to their low porosity, crystalline rocks represent a challenge for measuring
diffusion coefficients using X-ray radiography. In this section, the main difficulties encountered with

the method are highlighted.

A.2. Materials and methods

A.2. 1. Lac du Bonnet Batholith samples
The samples used in the diffusion experiments were selected from archived drill cores from

the Underground Research Laboratory (URL) in southern Manitoba, Canada. The URL is located on
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the Lac du Bonnet batholith (Fig. A.1). This locality has been under investigation to characterize the
hydrogeological conditions and to understand the processes affecting fluid migration at depth in
crystalline rocks to further unravel their influence on a deep geological repository.

The Archean (~ 2600 Ma) Lac du Bonnet batholith is of granite-granodiorite composition,
generally pink in colour at shallow depth (< 200 m) and predominantly grey at depths greater than
200 m; it has an elongated shape with an east-northeast trend and a surface exposure of about 1000-
1500 km® (Brown et al., 1989; Gascoyne, 2004). The intrusive complex is also dominated by sub-
vertical fractures at 100-200 m depth, whereas shear faults (about 20° dip) occur sparsely throughout
the geological unit and control the groundwater flow in the uppermost 200 m where they
interconnect with the sub-vertical system (Stevenson et al., 1996). In these zones the permeability
decreases with depth with values ranging from 3 x 10" m® (in the upper 400 m) to 3 x 107 at the

unweathered and unfractured zones about 1000 m depth (Stevenson et al., 1990).

Pink porphyritic granite and quartz 0 5 10

monzanite-grey granite ™ ™ g S—

- Gneiss km

Figure A.1. Geology of the L.ac du Bonnet batholith, and the location of the Whiteshell nuclear facility
(WRF) and the Underground Research Laboratory (URL; modified from Brown et al., 1998).
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The granitic samples used in this study were obtained from a 34 mm diameter core segment
at 15 m depth (Fig. A.2; drill core number 275-EXT-IN). The segment displays a fracture surface on
one end (top) with no visible evidence of weathering. Five samples ranging from 28.81 to 30.97 mm

long were cut from below the fracture using a water-cooled diamond saw. Archived thin sections of

the core were examined by optical microscopy.

Figure A.2. Photograph of the Lac du Bonnet drill core showing sections were subsamples were obtained.

A.2.2. Experimental procedures

Core #3 was used to measure the water-accessible porosity (@y) following the method
described by Xiang et al. (2013). A simplified composition of the Standard Canadian Shield brine
(Table A.1; McMurry, 2004) was used in the current experiment due to its high salinity, even though

the shallow groundwater at the URL is Ca-Na-HCO3 water of low salinity (TDS < 0.3 g/1;

Gascoyne, 2004).
Tons SPW Tracer
(mol/kgw) (mol/kgw)

Na* 1.1066 1.1066
K+ 0.0090 0.0090
Ca?t 1.8714 1.8714
Mg2* 0.0597 0.0597
Cr 4.9882 3.9882 Table A.1. Synthetic porewater (SPW) and iodide
T _ 1.000 tracer solution used for the diffusion experiments
Tonic strength 6.9 6.9 (simplified from McMurry, 2004).
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Cores #1, #2, #4 and # 5 were re-saturated following the method described by Xiang et al.,
(2014) and were left immersed in SPW for four weeks. After saturation, the sample cells were
prepared similarly to the procedure detailed by Loomer et al. (2013), using Delrin® cells and placing
aluminum caps (13 mm height, 33 mm diameter) at the top to serve as internal standard. To aid in
the image registration, two openings at 180° of each other were drilled in each aluminium (Al) cap
and lead balls were inserted and kept in place with silicone (Fig. A.3). SPW was instilled in the sample
cell lower reservoir and at the top of the surface through a hole in the Al cap to keep saturation on
both ends. The felt disc at the top was kept dampened by injecting SPW daily and closing up the
hole with a nylon screw. The diffusion experiments were initiated by replacing the SPW from the

lower reservoir with iodide tracer solution.

Nylon screw Aluminium
\ / cap
=
Lead ball —» +— Lead ball
Felt disc

Sample and standard
(cap) in shrink tubing

SPW/tracer

reservoir I+ Felt disc

=l

Outlet

Figure A.3. Diagram of a granite sample mounted in the diffusion Delrin® cell used for X-ray radiography.

X-ray measurements were conducted with an X-ray CT system as described in Chapter 2,
collecting reference X-ray images for each sample immediately after injecting the tracer solution.
Subsequent images were obtained every 24 hours for four days, and then in times intervals of 40-48
hours; great caution was taken to align them at the same position as to the reference image. The
tracer solution in the lower reservoir was replaced every 24 hours and after 88 days the experiments

were stopped. The X-ray source voltage and current settings were optimized at 50 kV and 60 mA,
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acquisition time was 1 frame per second with 48 frames averaged to produce an image. A 3.3 mm
aluminum filter was used to condition the beam and minimize beam hardening. X-ray images were
collected as 16-bit DCM files (1024 x 1024 pixels, 65 536 greyscale values -gsv-) and analyzed using
Image] software (Rueden et al., 2017). Alternatively to the Al cap, a ceramic block (Mykroy/Mycalex;
McMaster-Carr) and a region on the middle of the sample were also used as internal standards to

correct for variations in the X-ray source.

A.3. Results and Discussion

The petrographic analysis show that some quartz crystals present undulose extinction and
fluid inclusions, and biotite has pleochroic halos (Fig. A.4 A). Allomorphic quartz micrograins are
commonly observed at the contact between quartz and potassium feldspar, as well as small
amphibole and feldspar crystals (Fig. A.4 A and B). Intergranular microcracks are most frequent in
quartz and feldespars and although less common, interphase microfractures are also observed

between these two minerals (Fig. A.4 B). The cracks are irregular and they seem to appear also at the

grain boundaries.

Figure A.4. Microphotographs of core 275-EXT-NI. A: centre occupied by quartz (Q) with undulose
extinction and fluid inclusions close to the edge (yellow arrow), biotite (Bi) with pleochroic halos and
microcline (M) with cross-hatched twinning. Mirmekite rods (white arrow). B: Microfractures in microcline
(white arrow) and common intragranular microquartz (yellow arrow).
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The results from water-accessible porosity () measurements confirm very low values as

expected in crystalline, unfractured rocks. The porosity obtained from triplicate measurements for

oranite # 3 is 0.4 % (+ 0.1).

A.3.1. X-ray radiography diffusion profiles

X-ray imaging data of the analyzed samples display fluctuating Ap values; the time-series
profiles do not reveal an attenuation pattern consistent with iodide diffusion over time. For example,
time-series plots of granite #2 and #4 show Ap values higher at 6 days than at 10 days after the
diffusion started (Fig. A.5 A and B). In granite #2 the trend is constant throughout the profile, but in
#4 the difference between the two time-series becomes smaller along the sample distance and they
almost overlap close to the top (from 22 to 27 mm, Fig. A.5 B) as it would be expected with no
tracer breakthrough at this time. Generally, granite #4 exhibits a lot of Ay variations at the bottom
of the sample (0 to 14 mm) than at the top, but this variation is not consistent with tracer diffusion
and a concentration front cannot unarguably be identified. In contrast, granite #2 Ap profiles

commonly show more attenuating Ap values at early diffusion times than at later (e.g. more

attenuation observed at 4 days than at 33 days, Fig. A.5 A) and the difference in Ap values remains
relatively constant throughout the sample length giving the plot a slightly symmetrical look.
Significant care was put into image processing, and reference images were carefully aligned to

their respective time-series images at the pixel level. Similarly, in each image a rigorous registration
procedure was done in the aluminum cap fixed on the top of the sample to adjust for variations in
the X-ray intensity. However, in an attempt to identify the source of discrepancies among greyscale
values and to better understand the anomalous plots, a ceramic block and a region at the centre of
the sample were additionally used for image normalization on granite #2 and #4 respectively. The

ceramic block is mounted into the screen frame designed to protect the detector from the high
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photon flux from the source, it is 30 mm in height with a constant thickness of 25 mm. The block is
mainly composed of B,Os, SiO,, ALO;, MgO, SrO, K»O and other trace elements (McMaster-Carr)
that could interact with the x-ray beam similarly to the minerals in the sample. For normalization
using the imaged sample, a region was selected in an area away from any potential influence by the
diffusing tracer. For granite #2, the results show a Ap vs distance graph with higher Ap values
relative to those obtained with the aluminum cap, yet the pattern of higher attenuation at early
diffusion times still remains (Fig. A.3 C). A distinct feature in both granite #2 plots is the 43 days
time-series profile, which shows significant attenuation that does not follow the general symmetrical
plot pattern. This error is thought to be due to molecular iodine (Iny) diffusing through unforeseen
openings between the polyolefin plastic sleeve and the sample. Iodide tracer solutions undergo
photochemical oxidation, a reaction that produces volatile I,. Its formation is inferred from yellowish
stains observed on the sample cell. In the case of granite #4, using a region on the sample for image
normalization minimized considerably Ap variations (Fig. A.5 D), but the lack of a consistent
attenuation trend over time and misalignment of the time-series profiles on the upper-half of the
sample (from 12 to 26 mm), clearly reveal a composite of factors are affecting the measurements.
From the grayscale vs distance plots of granite #2 and #4 is apparent that errors in Ap are related, in
part to registration, noise and distortion, which are all more significatively notorious when using the
aluminum cap standard than with the sample standard (Fig. A.6). The 1-4 days time-series profiles in
granite #2 hardly line up with the greyscale values of the reference image after careful registration.
Conversely, granite #4 shows better fit of time-series profiles with the reference image for the same

diffusion period except at the inflection points (Fig. A.6 B).
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Figure A.5. Ap versus distance graphs of granite # 2 and #4 obtained using different standards to adjust for variations of X-ray intensities from image to
image. A and B: aluminium on top of the sample; C: a ceramic block inserted in the shielding screen, and D: a region on the sample.
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Figure A.6. A: effects of misalignment and inaccurate adjustments of X-rays intensities (Al cap standard) on
the granite # 2 greyscale vs distance plot. B: granite #4 profile showing effects of image quality on
registration. Greyscale values (gsv) on the plot inflections (red arrows) display uneven signal and noise, more
significant close to the top of the sample (from 15-23 mm).

The sample imaged with X-rays is an array of pixels with specific information recorded as
greyscale values (in a 16-bit image values range from 0 to 65,5306), each one in a unique position
similar to the Cartesian system with x and y coordinates. Because the X-radiography method relies in
the blank subtraction approach in order to visualize the change in attenuation caused by the iodide
tracer (Cavé et al., 2009), the pixel array of the time-series image must have the same x and y
coordinates as in the reference image, as well as the same vertical to horizontal dimension in pixels
for the method to work (Fig. A.7). Furthermore, the sample under study should be accurately placed
on the same position between X-ray measurements. Image misalignment contributes significatively
to errors in low porosity rocks, in addition to inaccurate adjustment of X-ray intensities from image
to image. The change in greyscale values caused by the tracer is very small, thus an imprecise
normalization aggravates the registration problem as it was demonstrated with the Al cap and
ceramic block used as standards. In this experiment considerable effort was placed to minimize the
error introduced by image registration (it is noted that manual registration renders better results than

appropriate software); however, results suggest that the quality of the data is also affected by a
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number of factors including sample movement and noise. The high-power X-ray CT system
(Pinnacle X-ray Systems, Suwanee, Ga., U.S.A) used in this work has the ability to limit noise, but the
high X-ray photon flux needed compromises the image resolution, restricting the capacity for
discriminating adequately features in the sample. In the case of granite #4 greyscale vs distance plot
normalized with a region on the sample, a better alignment among the reference and time-series
images was achieved, with the exception of the inflexion points (Fig. A.6 B) where the pixel values
either decrease or increase beyond the reference profile values, leading to significant errors on the Ap
plot. The distortion observed on the time-series profiles curvatures could be explained by a

combination of image noise and resolution.

Reference image Time-series image 1 Time-series image 2
B Cc
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Figure A.7. Representation of the blank subtraction method on a region of interest (red rectangle) for an
imaged sample. A: reference image and baseline greyscale values. B: greyscale values reflecting the presence of
tracer (blue area) in the sample after the blank subtraction removes efficiently the rock matrix C: anomalous
greyscale values due to physical and image misalighment.

Precise alignment was not possible to attain using standards that move independently from

the sample. This is more evident with the ceramic standard, which is attached to the shielding screen,
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than with the Al cap, which is attached to the sample, but susceptible to minute displacements every
time the nylon screw is removed to saturate the felt disc with SPW. Moreover, minor displacements
of the sample from the source and detector from image to image could also contribute to the

greyscale values fluctuation observed on the time-series profiles.

A.4. Conclusions

The diffusion of iodide in ~30 mm-long granitic samples from Lac du Bonnet batholith was
studied using the X-ray radiography method. The results indicate that errors due to millimetric
displacement of the sample and detached standard cause miscalculation of the time-series greyscale
values. Because the blank subtraction relies in an accurate removal of the background to monitor the
tracer diffusion, misalignment of the sample and standard leads to spurious greyscale intensities that
cannot produce coherent Ap values; this is an experimental error that cannot be corrected during
image processing. The precision of the measurements is paramount since contrast caused by the
tracer is very small and additional artifacts related to the quality of the image represent an additional
challenge to the experiment.

The X-ray radiography method can potentially be a useful technique to measure diffusion
coefficients in rocks with porosity < 1 %, however critical to the successful application is a perfect
alignment between the sample and standard, and precise adjustment of X-ray intensities from image
to image. For future work, focusing on solving the registration challenges would yield optimal results

in measuring diffusion in crystalline rocks.
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Appendix B

X-RAY RADIOGRAPHY, STANDARDS AND REGISTRATION
B.1. Introduction

X-rays are electromagnetic radiation that travels at a constant speed of 3 x 10° km/s in
vacuum (X-ray tube) and have the ability to penetrate and interact with certain materials in different
degree (Selman, 2000). These interactions involve scattering and absorption processes that eliminate
some of the X-rays in a process called attenuation (Sprawls, 2019). The attenuation depends on the
characteristics of the material (density, thickness, atomic number) and the energy of the X-rays
(Sprawls, 2019). Polychromatic X-rays are affected by fluctuations in voltage; thus, it is of interest to
understand how these fluctuations sway the attenuation of materials used for normalization of the X-
ray intensities in diffusion experiments. The purpose of this section is to describe the tests conducted
on different objects and calibrating materials at off-, mid- and on-peak periods of electricity use and

at different voltage.

B.2. Background

The X-ray radiography method to measure diffusion in low-porosity rocks is a challenge
because the attenuation caused by an attenuating tracer cannot be easily differentiated from the
sample background (low signal-to-noise ratio, SNR). However, the technique developed by Cavé et
al. (2009) has been refined, and with the high-power of the X-ray-CT instrument from Pinnacle X-
ray Systems, the image parameters were optimized following the work of Nunn (2018). Initial X-
imaging (greyscale value -gsv- measurements) of the Cobourg formation (1-2 % porosity) rendered a
good SNR, nonetheless the Ap profiles did not show a coherent evolution of the tracer

concentration because of the difficulty to align the time-series profiles with the reference (Fig. B.1).
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The plots display profiles consistent with apparently an image registration issue, however, after
careful analysis of the procedure, it seemed that a combination of random errors associated with

calibrating materials and systematic errors were affecting the data.
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Figure B.1. Examples of An profiles of DGR3-675.46-a and DGR3-675.46-c samples showing alignment
artifacts.

B.3. Methodology

In order to estimate the precision of the repeated measurements and to evaluate the efficacy
of the standard, a series of tests were performed using: 1) a 40 x 25 x 10 mm aluminum bar, and 2) a
40 mm by 254 mm limestone core. For the first experiment, the aluminum bar was imaged for three
times a day (morning, noon and evening) during three days to account for variations in the source
due to voltage surges and test the efficacy of the ceramic screen in normalizing the X-ray intensities.
The X-ray parameters were set at 50 keV, 60 mA and 15 FPS, and a lead ball was placed on the
shielding screen to assist in the registration and to serve as an alternative standard. For the second
test, the shielding screen was modified to accommodate two blocks of 30 x 50 x 25 mm, one made
of ceramic and one made of aluminum, slanted 10°, to fit with the rest of ceramic bricks (Fig. B.2).

To aid in the registration process, a hole was drilled in each block and a led ball was inserted in them.
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The sample limestone was aligned in the center and the set was imaged three times in a single day, at

4-hours intervals varying the X-ray tube voltage from 48 to 51 keV.

L

/

Figure B.2. Shielding screen used in the experiments to protect the detector from oversaturation. Front view
(left) shows the ceramic (grey pattern) and aluminum (grey solid) blocks inserted in the frame made of ceramic
(Mykroy/Mycalex) bricks (yellow). Lateral view (right) shows the slanted angle of the blocks (modified from
Nunn 2018).

Imaging processing was done following the procedure detailed by Cavé et al. (2009) and
described briefly in Chapter 1 and 2 using Image] (Rueden et al., 2017). For the aluminum bar, an
identical region of interest (ROI) was selected for each image and normalized using the aluminum
bar and two different regions on the screen: one vertical along two ceramic bricks, and one
horizontal along a single brick (Fig. B.3). To determine whether the size of the ROI helps to reduce
uncertainty, a 49 % larger ROI was selected on the bar and the greyscale values (gsv) were
normalized using the led ball as internal standard. For the second test, an identical region of interest
(ROJ) in pixel area was cropped on the limestone sample, and on the ceramic and aluminum blocks
(Fig. B.3). gsv values were extracted for each radiograph obtained at voltages 48 to 51 keV using

Image] and raw data of the triplicate measurements were processed on Excel from MicroSoft®.
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Figure B.3. X-ray radiography image of the aluminum bar showing the position of the lead ball (black circle)
used for registration. Three different areas on the screen (yellow rectangles) and one on the aluminum bar
(blue rectangle) were used for normalization of the greyscale values measured from the aluminum bar (large
blue rectangle).

Limestone
sample
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©
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@
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aluminum

Figure B.4. X-ray radiography image of the limestone sample obtained with the modified screen. Left:
location of the region of interests (ROI) on each of the materials tested. Black circles: lead balls inserted inside
of the ceramic and aluminium blocks.
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Careful steps were taken during the experiments to ensure the possibility of mistakes were

minimized (e.g. calibration, sample positioning, registration).

B.4. Results and Discussion

Mean gsv versus distances profiles obtained from the aluminum bar show that the time-series
gsv vary consistently over the period of the experiments, and that the values also change with the
standard used for normalization (Fig. B.5). The percentage difference between the gsv of the
reference image and the time-series increases in average from 0.5% to 1 % when normalization is
performed using the vertical area on the shielding screen instead of the horizontal. A possible reason
for this change may be explained by a slight attenuation difference between the two ceramic bricks
included in the vertical normalization area. The horizontal region runs along a single brick in which
attenuation should be more homogeneous. On the other hand, there is an apparent relation between
gsv intensities with imaging time, i.e. higher gsv on images collected at on-peak periods (noon) and
lower gsv on images obtained at mid-peaks periods (morning and evening), when normalizing with
the shielding screen. However, when the normalization is done using the lead ball, this trend is
inverted (Fig. B.5 D). Furthermore, the gsv obtained using this standard are in average 0.5-1% lower
than when using the shielding screen and show a larger standard deviation (mean 12687.32 £ 73,
10). A larger ROI was selected for this test to determine whether it would help to reduce the
uncertainty of repeated measurements but it was not possible to establish a relationship. Because the
aluminum bar has a constant thickness, it would be expected that the number of photons reaching
the detector would be constant from image to image. It is notable then, that the mean gsv vary
significantly from image to image and a correlation with unaccounted voltage fluctuations due to

variations in the utility grid cannot be drawn from these tests.
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Figure B.5. Greyscale values (gsv) versus distance plots of the aluminum bar imaged at on-, mid- and off-peak periods of electricity consumption. The

normalization of the time-series X-ray intensities was done using a vertical (V) and horizontal (H) area on the shielding screen (A and B respectively), and a
lead ball (C). D: Mean gsv (normalized measurements) of the aluminum bar over time showing one standard deviation (coloured bands). Sun: Sunday; Mon:
Monday; Tue: Tuesday. 1: morning; 2: noon; 3: evening.
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It is known that repeated measurements of test objects are the best method to determine
precision in X-ray quantitative measurements; however, it is recommended to perform the
assessment using calibrating materials similar to the tested object (ASTM, 2011). With this approach,
a region on the aluminum bar was selected for normalization. The area was of similar size in pixels to
the normalization area selected on the shielding screen. The results show a consistent overlap of the
time-series gsv with the reference image, and no variation with imaging time (morning, noon or
evening) is observed (Fig. B.6). The mean gsv of the aluminum bar is 12681.89 (£ 55, 15) and the
percentage difference between the reference image and time-series is below 0.05%. This result
allowed to identify the effect of voltage swinging during image acquisition on the measured gsv (Fig.
B.6, B). Additionally, it is apparent that systematic uncertainties also affect the measurements as it is
noticed on the crest of the profile. From 0-50 pixels and 400-500 pixels the reference image displays

anomalous variations that may be related to noise.
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The results of the second experiment demonstrate that the attenuation of the standard
materials tested have a strong positive correlation with voltage variation (Fig. B.7). The aluminum
(Al) and ceramic (Cer) blocks show a similar regression line, whereas limestone has an attenuation
trend that diverges noticeably from the blocks. The limestone, Al and Cer blocks have similar area

mass (Table B.1), but the higher atomic number of the limestone components, through increased

photoelectric interactions, attenuates more effectively the incident X-ray photons.

Table B.1. Physical characteristics of the tested materials to be used as standards.

Standard p (g/cm’) Thickness (cm) Area mass (gr/cm?’)

Al block 2.7 2.5 6.75
Cer block 2.6 2.5 6.5
Limestone 2.66 2.54 6.76
30000
Aluminum y = 3680.1x - 159704
Ceramic R# = 0.99627
25000 T Limestone
y = 3295x - 143103
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Figure B.7. Variation of gsv with changes in X-ray tube voltage (keV) of the tested materials (limestone core,

aluminum and ceramic blocks) considered as potential standards for diffusion experiments with X-ray
radiography (dashed lines are the best-fitting line).
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The intensities of the triplicate ROI, recorded as gsv, of the three tested standard materials
were compared with one another. The results show that at 48 and 51 keV, the raw gsv have the
largest percent difference (12 % Al and Cer blocks, 14 % limestone), and at 49 keV a better
agreement among the triplicate measurements is observed (2% blocks, 2.6% limestone; Fig. B.8).
Interestingly, the radiographs taken in the morning (10 am) and afternoon (2 pm) at 49 keV show no
variation of the mean gsv (0 % difference). Similarly, when comparing images obtained at 10 am and
6 pm at 50 and 51 keV, the percentage difference of the mean gsv is below 0.2 %. It is unknown the
origin of the high agreement among the radiographs at these voltages. As noticed from the
experiment with the aluminum bar, voltage fluctuations from the grid are effectively rectified by the
instrument, and the image registration procedure was the same for all the images because the

experimental set up remained in place during the duration of the test, thus the alignment was not

disturbed.
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Figure B.9. Percentage difference between the limestone and the Al and Cer blocks as potential standard
materials. A: mean gsv. B: plot showing two-fold increase in the percentage difference when the In of the
mean gsv is calculated.

On the other hand, when comparing how the mean gsv of a given pair of materials (Al vs
limestone, limestone vs Cer block, and Al vs Cer blocks) vary relative to 50 keV (parameter selected

for the Cobourg Formation experiments), it is noticed that the lowest variation exist between the Al
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and Cer block. However, for selecting the best standard for diffusion experiment, limestone coupled
with the Al block has that the lower percentage difference. It is significant that the difference in the

values increases two fold when the natural logarithm is calculated. This explains the larger

discrepancies observed on the Ap plots.

B.5. Summary and Conclusions

The possible effects of voltage fluctuations on the gsv measurements of an aluminum bar
were investigated and three potential standard materials (limestone, aluminum and ceramic) were
tested at different voltages. The gsv values of the aluminum bar were normalized using two different
regions on the ceramic shielding screen and a led ball. The results show that the data are repeatable
when the X-ray intensity variations are normalized with the screen but they are not precise. The use
of a lead ball for normalization produces considerable variation in the gsv measurements and when
the data are compared with those normalized with the ceramic screen, neither gives a reliable mean
gsv of the aluminum bar. The lack of agreement between the two data set may be related to
alignment artifacts and the different mass attenuation of the standard materials used. Time-series gsv
normalized using a region on the tested aluminum bar shows good agreement with the reference gsv;
the plot allows to identify systematic errors that were not visible when normalization was done using
the shielding screen and the lead ball.

In the case of the standard materials tested, it is observed that at 49 keV the variation of the
mean gsv of triplicates images was lower for three of them, and that the Al block can give better

results than the Cer block as normalization standard.
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Appendix C

PETROGRAPHIC ANALYSIS OF THE COBOURG FORMATION
C.1. Introduction

Petrographic studies were carried out on thin sections obtained from the centre of the
DGR3-675.46 and DGR4-671.24 cores (Fig. C.1). The purpose was to gain an understanding of their
mineralogy and internal structure, as well as to investigate the geological processes that may have

affected the samples initial porosity.

DGR3-675.46 DGR4-671.24

cm

Figure C.1. Thin sections obtained from the centre of the 76-mm DGR3-675.46 and DGR4-671.24 cores.
Argillaceous fine laminations are observed on the two of them.
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C.2. Background

The argillaceous rocks currently under investigation as potential repository host rocks include
a broad group of sedimentary formations deposited in lacustrine and marine environments. It is well
known that the unique physicochemical properties of clayey formations are determined by their
texture, fabric, mineralogy and diagenetic history (Aplin and Macquaker, 2011). The interplay of
these variables, which are influenced by sediment provenance (allochthonous and autochthonous
components), deposition environment, geochemistry of the water column and post-depositional
changes, have an important effect on the porosity of the rock (Loucks et al., 2012; Potter et al.,
2005). The depositional environment of the Cobourg Formation is interpreted to be a well-oxidized
shallow marine environment with intervals of anoxic conditions (Obermajer et al., 1999).
Gravimetric measurements of these cores show that the bulk porosity is 1-2 %, and like in other
argillaceous formations, most of the porosity and pore connectivity occur in the embedding clay
groundmass (Houben et al., 2013). The non-clay mineral components, such as carbonates, fossils,
pyrite, etc., also affect the pore-size distribution, but it is the clay fraction that controls the transport

properties (Desbois et al., 2009; Timur et al., 1971)

C.3. Qualitative petrographic analyses

C.3.1. DGR3-675.46

The DGR3-675.46 thin section shows distinct bioturbation with quasi-vertical burrows
(thalassinoides) in the carbonate mud, and argillaceous seams produced by pressure dissolution. Soft-
sediment mud clasts containing allochems are located in the horizontal argillaceous laminae (Fig. C.2
A). Bioclasts are abundant, and well-preserved crinoids, broken braquiopods and ostracods are
commonly observed; the braquiopod fragments sometimes show an inner prismatic calcite layer (Fig.

C.2 C) or foliation. Planktonic allochemes such as globigerina are sparse. Carbonates are the main
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minerals in the rock, they are mostly calcite and less common dolomite. Euhedral dolomite is usually
found adjacent to two secondary calcite veins and within the argillaceous seams. The two mm-wide,

recrystallized-calcite veins run perpendicular to bedding. The fine-grained matrix contains abundant

clays, which also occur in bands sometimes iron stained.

Figure C.2. A) Soft sediment mud clast. B) Pellets in carbonate mud and iron-stained clay-rich matrix. C)
Large brachiopod fragment, crinoids and skeletal clasts in a micritic matrix. D) Recrystallized dolomite crystals
in a micritic groundmass.

C.3.2 DGR4-671.24
The DGR4-671.24 is composed of a packstone interbeded with a wackstone. In the bioclast
packstone, crinoids, bivalves and trilobites are the major allochems, some of them are well preserved

(e.g crinoids) and others, like braquiopods, are broken. Also, some bioclast display a well-preserved
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thin envelope, probably of micrite, but others have fractured walls particularly when they come in
contact with other grains. The stress is observed at most of the bioclasts boundaries, many of which
exhibit a saw-tooth appearance (Fig. C.3, A-C). In the wackstone, carbonate mud with dark, wavy

argillaceous laminations is visible. Pyrite crystals are usually abundant in these areas.

Figure C.3. A) Compacted grains along argillaceous seams. The allochems have crushed edges (arrows). B)
Star-shaped crinoid showing crushing with another shell fragment (arrow). C) Broken edges and crushed
grains in direct contact (red arrow) in clay-rich areas. D) fine-grained, euhedral recrystallized dolomite within a
clay-rich matrix. Red arrows showing a stylolite.
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C.4. Summary and Conclusions

Porosity in deep buried argillaceous limestones (> 500 m depth) is significantly reduced due
to chemical compaction, a process catalyzed by the clay content in the rock (Brown, 1997;
Ehrenberg, 2006; Ehrenberg et al., 2000; Saller et al., 1999). During burial diagenesis, pressure
dissolution occurs at intergranular contacts between carbonate and clastic grains; the resulting
dissolved solids (mainly calcium carbonate) diffuse more favourably in the clay-rich zones and
precipitate as cement in the neighbouring porous regions, obliterating the primary porosity
(Choquette and James, 1986; Oldershaw and Scoffin, 2007; Weyl, 1959). Additionally, the clay
minerals concentrate along seems forming wavy, dark laminae, commonly fissile (Brown, 1997).

The early porosity loss in the Cobourg Formation is corroborated by Petts et al. (2017)
findings on fluid inclusions isotopic analyses carried out on the Cambrian to Devonian carbonate
sequence. They report a hydrothermal brine influx forming a second generation of fluid inclusions
during Late Devonian-Mississippian that is observed in all the carbonate sequences at the Bruce

nuclear site, except in the Cobourg Formation, evidencing the unit was tightly cemented by this time.
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Appendix D

GREYSCALE (GSV) AND AL PROFILES OF THE COBOURG
FORMATION

D.1. Introduction

DGR3-675.46 and DGR4-671.24 preserved drill cores were used for the present study. Four
sub-cylinders were drilled from each core segment (two of 20 mm diameter by 40 mm length and
two of 25.4 mm diameter by 40 mm length) with the main axes normal to bedding (shown in Fig.
2.1). The gsv vesus distance profiles and Ap plots for the 20 mm by 40 mm sub-cores are presented
in this section. The radiography measurements for the 25.4 mm by 40 mm sub-cylinders are not

included due to their very low SNR.

D.2. Gsv and Ap profiles

The mean gsv versus distance profiles for samples DGR3-675.46-a and -c, and DGR4-
671.24-a and -c prior to tracer diffusion display significant variability along the sample length and
among the samples (Fig. D.1, A to D). X-ray attenuation caused by tracer diffusion decreased gsv 3
T 0.1 % in average for DGR3-675.46-a and -c, with some regions decreasing up to 6% after 152 days
of diffusion. In the case of sample DGR4-671.24-a, gsv decreased 3.5 * 0.9 % in average after 163

days, and for DGR3-675.46-c gsv were reduced in 4 & 0.5 % in average after 155 days.

The profiles of Ap versus distance for DGR3-675.46-a and DGR4-671.24-c (Fig. D.2, A and

B) become uneven after 48 days for the former and 11 days for the later. The irregular Ap profiles
indicate tracer accumulation in the sample where the distinct humps appear. Visual comparison with
the DGR3-675.46-a polished thin section (Fig. D.2, C) shows correlation between tracer

accumulation and the dark, clay- and organic rich zones (see Chapter 2 for discussion).
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Figure D.1. Mean gsv vesus distance profiles for DGR3-675.46-a (A) and -c (B), and DGR4-671.24-a (C) and -c (D) subcores showing X-ray attenuation
variability along the sample length. The black line (0 hrs) displays the gsv prior to tracer diffusion and the red line indicates the X-ray attenuation caused by
tracer diffusing in the pore space over time (7 days).
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Figure D.2. Ap versus distance plots for samples DGR3-675.46-a
(A) and DGR4-671.24-c (B). The numbers next to the profiles
indicate the number of days after the diffusion experiment started.
C: DGR3-675.46-c polished thin section cut along the core axis
after the diffusion experiment ended.
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