
 
 

Use of X-ray Absorption Spectrometry to Determine Diffusion 

Coefficients in Low-Permeability Shale: 

Queenston Formation Shale  

 

 

 

Golrokh Hafezian 

 

 

 

 

Thesis submitted to the University of Ottawa 

in partial Fulfillment of the requirements for the 

Master’s degree in Earth and Environmental Sciences 

 

 

 

Department of Earth and Environmental Sciences 

Faculty of Science 

University of Ottawa 

 

 
© Golrokh Hafezian, Ottawa, Canada, 2022 

 

 

 



ii 
 

Abstract  
 

 A new spectrometric technique for measuring diffusion coefficients of Ordovician Queenston 

Formation shale from the Michigan Basin of southwest Ontario, Canada is presented; in this case 

pore diffusion coefficients (Dp) were determined for the conservative (iodide, I−) and reactive 

(cesium, Cs+) tracers in porous media. Furthermore, diffusion-reaction parameters such as Cation 

exchange capacity (CEC) were obtained for the reactive tracer, Cs+ by the reactive-transport 

modeling.  

The principle of X-ray absorption spectrometry (XAS) is based on the attenuation of high atomic 

number of diffusive species (e.g. Cs+and I−) in porous media, allowing for the quantification of 

the resulting spatial changes. The technique employs a 1.1 mm collimated X-ray beam to resolve 

the tracer presence in a slice; small region of a rotating sample for a fixed time.  

The x-ray beam is incident on a sample of porous rock while the transmitted beam is detected on 

the opposite side of the sample, allowing acquisition of a transmitted X-ray energy spectrum vs 

intensity (counts).  

Additional analyses such as mineralogical studies by scanning electron microscopy with energy 

dispersive X-ray spectroscopy (SEM-EDS) were conducted to improve the understanding of solute 

transport. 

The comparison of the data obtained by the XAS method indicating a good agreement with 

established radiography and other conventional diffusion methods provide an alternate approach for 

quantifying diffusion coefficient of porous media. 
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CHAPTER 1 – Introduction 

Some of the radioactive components in spent nuclear fuel are soluble, thus if released into the 

environment, they can be transported in groundwater. Therefore, several countries plan to dispose 

of radioactive waste in a deep geologic repository (DGR), where low-permeability rocks can 

provide an effective barrier against solute migration. The principal mechanisms that control this 

migration are advection and diffusion. Advection tends to take place in locations with relatively 

high permeability, while diffusive transport dominates low permeability systems, e.g. clay-rich 

sedimentary rocks (Croisé et al., 2004; Oscarson et al., 1990; Tidwell et al., 2000; Van Brakel and 

Heertjes, 1974; Van Loon et al., 2003).  

Diffusion and advection behavior in sedimentary rocks have been investigated in both field and 

laboratory experiments (Feenstra et al., 1984; Foster, 1975; Hendry et al., 2009; Hölttä et al., 1996; 

Palut et al., 2003; Tevissen et al., 2004; Tidwell et al., 2000; Wersin et al., 2008; Young and Ball, 

1998). Similarly, mathematical models have been developed to simulate transport in saturated 

rocks, where transport is affected by both advection and matrix diffusion. The results of model 

simulations indicate that rocks with diffusion-dominated transport have a considerable capacity 

for isolating radioactive contaminants. For this reason, low-permeability rocks have received wide 

attention in the context of isolating radioactive waste.(Boving and Grathwohl, 2001; Patera et al., 

1990). 

Studies (Garcıa-Gutiérrez et al., 2001; Jakob et al., 2009) have indicated that the transport 

properties or behavior of diffusing species  within pore media depend on  the charge, ionic radius, 

and hydration energy. These determine the tendency toward conservative (non-reactive with 

minerals surfaces) or reactive (reactive with minerals surfaces) properties of solutes during 

transport, thereby affecting the rate of transport. Conservative tracers (e.g. isotopes of H and O on 

the water molecule such as deuterium, HDO, tritium, HTO, and H218O; and anionic tracers such 

as Cl-, Br- and I−, and reactive tracers (e.g. Cs+ and Sr+2) are commonly used in through-diffusion 

(Garcıa-Gutiérrez et al., 2001; Gurumoorthy and Singh, 2004; Oscarson et al., 1992; Savoye et al., 

2010; Van Loon et al., 2003; Van Loon et al., 2007; Xiang et al., 2016; Xiang et al., 2013) , in-
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diffusion (Boving and Grathwohl, 2001; Cave et al., 2009; Cormenzana et al., 2003; Garcıa-

Gutiérrez et al., 2001; Nunn et al., 2018; Oscarson et al., 1992), and out-diffusion experiments 

(Sardini et al., 2003; Van Loon et al., 2007; Waber and Smellie, 2008). 

Parameters measured from these experiments include the effective diffusion coefficient (De), 

tracer-accessible porosity (𝜙tr), tortuosity factor (τf) and the pore diffusion coefficient (Dp). The 

transport of reactive species is relatively slow because they are attenuated by reaction processes, 

such as ion exchange, precipitation and dissolution, and surface complexation; all of which may 

be influenced by changing redox conditions (Fuller et al., 2014; Fuller et al., 2015; Garcıa-

Gutiérrez et al., 2001; Oscarson et al., 1994; Steefel et al., 2003; Tachi et al., 2011). 

X-ray absorption techniques can provide unique insights into temporal and spatial variations of 

solute diffusion that cannot be obtained from conventional techniques such as through-diffusion 

which generally provide an estimate of the bulk, or whole-sample properties. Radiography (Cave 

et al., 2009; Loomer et al., 2013), X-ray computed tomography (Agbogun et al., 2013a; Agbogun 

et al., 2013b; Clausnitzer and Hopmans, 2000; Cnudde and Boone, 2013), and synchrotron-source 

X-ray computed microtomography (Altman et al., 2005; Flannery et al., 1987) techniques are the 

most commonly used X-ray absorption methods for characterizing diffusion properties of rocks 

(Altman et al., 2004; Cave et al., 2009; Loomer et al., 2013). However, most of these methods are 

subject to beam-hardening artifacts, because the X-ray sources are characterized by a wide range 

of photon energies (Ketcham and Carlson, 2001). These artifacts can be mistakenly interpreted as 

variations in sample properties. X-ray absorption spectrometry has not been employed up until 

now for rock diffusion studies, but it offers the advantage that measurements can be conducted in 

a specific photon energy range, and should therefore avoid beam-hardening artifacts.
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1.1. Background  

1.1.1. Solute transport in saturated porous media 

Diffusive transport in a saturated porous medium at steady state is explained by Fick’s first law 

(Fig. 1.1):  

Where: 

              𝐽𝑖  = mass flux of solute in the i direction (mol m−2 s−1) 

              𝐷 = diffusion coefficient (m2s−1) 

              𝐶 = solute concentration (mol m−3) 

              𝑑𝐶/𝑑𝑥𝑖 = concentration gradient with respect to the i coordinate direction 

(mol m−3 m−1) 

                 i = spatial coordinate x, y or z. 

 

 

 

 

 

 

 
 

Figure 1.1. The diffusion flux in direction x across plane  

 

 𝐽𝑖 = −𝐷(
𝑑𝐶

𝑑𝑥𝑖
) (1.1) 
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In the case of steady-state conditions, the concentration gradient is linear, but that condition is 

preceded by a non-steady period during which the gradient is non-linear and continuously 

changing as shown in Figure 1.2. In this case, the solute mass flux can be represented by Fick’s 

second law (Fetter et al., 2017): 

Where: 

 t = represents time. 

 

 

 

 
                 

 

 

 

 

Figure 1.2. Evolution of solute distribution by diffusion with initial concentration of C0 at time t0 (modified 

from Fetter et al. (2017)). 

The definition of D requires some refinement. In contrast to diffusion in free water, diffusive 

transport of a conservative solute in saturated porous media occurs within pore spaces where 

solutes must follow available pathways of length, Le that are generally longer than a straight-line 

path of length, L. To account for this in Fick’s laws, the free-water diffusion coefficient (D0) is 

multiplied by a tortuosity factor (τ f), which is the ratio of constrictivity (δ) to tortuosity (τ) (Van 

Brakel and Heertjes, 1974). The product is defined as the pore diffusion coefficient (Dp): 
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where: 

𝐷𝑃 and 𝐷0  have units of  [m2s−1]   

𝜏𝑓 = δ τ⁄  ; 0 < f ≤ 1 

𝜏 = (
Le

L⁄ )
2

  

𝛿 = is a geometric factor that accounts for the effects of constricted pathways along the 

diffusive path in the pore space. 

In addition to the effect of τ, diffusive transport of a conservative solute in saturated porous 

media is also affected by variations in the total connected pore volume, or porosity (𝜙). This is 

taken into account by multiplying Dp by the solute - or tracer-accessible porosity (𝜙 tr), giving the 

effective diffusion coefficient (De):  

When the diffusing solutes are not influenced by size/ion exclusion in porous media; tr ≈ .  

In the case of reactive solutes, the solute mass balance is a combination of the dissolved and 

adsorbed/precipitated mass which is accounted for with the rock capacity factor, . The ratio De 

to  defines the apparent diffusion coefficient (Da) which accounts for diffusion and retardation 

due to reaction processes. 

The rock capacity factor is defined by (Bradbury and Green, 1985) as follows: 

 𝐷𝑃 = 𝐷0 ∙ 𝜏𝑓 (1.3) 

 𝐷𝑒 = 𝜙𝑡𝑟 ∙ 𝐷0 ∙ 𝜏𝑓 =  𝜙𝑡𝑟 ∙ 𝐷𝑝 (1.4) 

 𝐷𝑎 =
𝐷𝑒

𝛼⁄  (1.5) 
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where: 

𝜌𝑏 = bulk density of porous medium [kg m−3] 

𝐾𝑑 = distribution coefficient [m3kg−1]. 

Values for Kd  are determined experimentally, and then included in reactive-transport 

simulations of solute transport (Jakob et al., 2009; Maes et al., 2008; Melkior et al., 2005; Oscarson 

et al., 1994). The  term can be incorporated into Fick’s second law (Vilks and Miller, 2007) to 

describe concentration variations due to diffusion as a function of space and time within a porous 

medium: 

The attenuation of transport rates by reaction processes is referred to as retardation, which is 

commonly quantified by a retardation factor, Rf (Bradbury and Green, 1985): 

Alternatively, retardation may be quantified in reactive-transport codes using a mass-action 

approach. This explicitly accounts for mass transfers between the aqueous and solid phase, using 

equilibrium constants or selectivity coefficients (Mayer, 1999; Parkhurst and Appelo, 2013; 

Steefel et al., 2015; Van Loon et al., 2009; Zachara et al., 2002). 

1.1.2. X-ray absorption  

An X-ray source utilizes a high-voltage (Vs) electrical field between a cathode and anode to 

accelerate electrons across the cathode-anode gap, causing electrons to reach high speeds before 

contacting the anode, which is referred to as the target (commonly tungsten). When electrons 

collide with the anode, X-rays are generated in two ways (Fig. 1.3). Bremsstrahlung radiation 

(German term for “braking radiation”) occurs when electrons approach atomic nuclei in the anode 

 𝛼 = 𝜙𝑡𝑟 + 𝜌𝑏 ∙ 𝐾𝑑 (1.6) 

 ∂C

∂t
=

De

α
∙

∂2C

∂x2
 

                              (1.7) 

 Rf = 1 + ( ρb/) ∙ Kd                      (1.8) 
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and they are decelerated. Bremsstrahlung radiation is emitted in a continuum up to a maximum 

energy which is defined by Vs. Characteristic X-rays are generated when the accelerated electrons 

collide with and eject shell electrons from the anode material, creating electron vacancies. These 

vacancies are filled by outer-shell electrons, simultaneously producing X-rays with energies that 

are equal to the energy difference between the higher and lower energy shells and therefore 

characteristic of the anode material (Clausnitzer and Hopmans, 2000; Wildenschild et al., 2002).  

 

 

 

 

 

 

 

 

 

Figure 1.3. Example of Tungsten X-ray energy spectrum showing bremsstrahlung and 

characteristic radiations (Beyzadeoglu et al., 2010) 
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1.1.2.1 Principle of X-ray Absorption Spectroscopy (XAS) 

Attenuation of X-rays as a result of scattering and absorption can be mathematically calculated 

by the Beer - Lambert law: 

where:  

 𝐼0  = incident intensity 

 I = measured intensity 

 d = material thickness [L] 

 E = X-ray energy [keV] 

  = linear attenuation coefficient of the material [L-1]. 

As the X-ray beam travels through a material, a portion of the incident beam is absorbed or 

scattered out of the beam path, and the intensity measured at the detector after transmission through 

the sample is therefore lower than the incident intensity. Values of μ are a function of bulk density 

and electron density (closely related to effective atomic number) of the material, and the energy of 

the radiation (Ketcham, 2005). There are two principal mechanisms of X-ray attenuation that apply 

to this work, photoelectric absorption and Compton scattering. The photoelectric effect is the 

dominant attenuation mechanism at low X-ray energies (less than 50-100 keV) and  increases 

with the atomic number of the absorbing material (Ketcham and Carlson, 2001) so photoelectric 

absorption provides compositional information about the material. In contrast, Compton scattering 

is less sensitive to atomic number and it is effective at energies greater than 50-100 keV and up to 

5-10 MeV.  

Figure 1.4 displays linear attenuation coefficients for Si, Ca, I and Cs as a function of X-ray 

photon energy. It is evident that each element has a characteristic K-shell absorption edge, with 

 𝐼(𝐸) = 𝐼0 (𝐸)
𝑒𝑥𝑝(−𝜇(𝐸)𝑑)                        (1.9) 
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the energy of the absorption edges varying systematically with the atomic number. The core- or 

K-shell electron binding energies increase with atomic number, which is why they display distinct 

absorption edges versus energy. These distinctive absorption edges, and the variations in the 

magnitude of  versus atomic number, are the properties of photoelectric absorption that allow for 

differentiating elemental compositions by X-ray absorption. 

 

 

 

 

 

 

 

 

 

Figure 1.4. Linear attenuation coefficients as a function of X-ray energy for Si, Ca, I and Cs. 

 

 



10 
 

1.2. Objectives 

The purpose of this study is to develop the novel X-ray absorption spectrometry technique to 

measure tracer diffusion in the pore fluid within sedimentary rocks from the Michigan Basin in 

southwest Ontario. 

The following are the objectives for this research: 

1- Development and application of a non-destructive X-ray spectrometric technique to measure 

diffusion and porosity in low permeability media (shale) using conservative (I−) and non-

conservative (Cs+) tracers. 

2- Use reactive-transport modeling to estimate diffusion coefficients for I−  and Cs+, and ion-

exchange parameters for Cs+.  
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1.3. Thesis structure 

This thesis is organized into three chapters in an article format. The first chapter consists of an 

introduction to the research including previous work, principles of the X-ray technique, and the 

research objectives. 

Chapter 2 consists of an independent paper for submission to a scientific journal for publication. 

This section includes the description of samples used and the techniques employed in 

characterizing rock samples in terms of mineralogy and heterogeneity. Furthermore, Chapter 2 

explains data acquisition for X-ray absorption spectrometry (XAS), tracer calibration, and data 

analysis to determine diffusion-accessible porosity, tracer concentration distributions, diffusion 

coefficients. Furthermore, multi-site ion exchange modeling was used to determine ion-exchange 

reaction parameters and diffusion coefficient for the reactive tracer.  

Chapter 3 summarizes the scientific contributions and the conclusions of the thesis together 

with recommendations for future work. 

Additional information can be found in the Appendices section. 
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Chapter 2 - Measurement of Diffusion Coefficients for 

Iodide and Cesium in Shale by X-ray Absorption 

Spectrometry (XAS) 

2.0. Abstract 

A new, non-destructive method has been developed for measurement of diffusion coefficients 

for conservative (iodide, I−) or reactive (cesium, Cs+) tracers in porous media; in this case samples 

of the Queenston Formation shale from the Michigan Basin in southwest Ontario, Canada. The 

method employs X-ray absorption spectrometry (XAS) with a lab-based configuration. A 1-mm 

diameter collimated X-ray beam is used in transmission mode to collect spatially-resolved one-

dimensional profiles of the tracer distribution parallel to the diffusion transport direction. The 

method avoids the artifacts and errors from beam hardening that are common to radiographic 

imaging approaches. Additional analyses such as mineralogical studies by scanning electron 

microscopy with energy dispersive X-ray spectroscopy (SEM-EDS) were conducted to improve 

the understanding of solute transport. The resultant data obtained by XAS indicates good 

agreement with an established radiography method. The mean values for the pore diffusion 

coefficient (𝐷𝑃) for Cs+ and I− and the iodide-accessible porosity (𝜙𝐼) were estimated at 4.24 ×

10−11  𝑚2 ∙ 𝑠− , 3.35 × 10−11𝑚2 ∙ 𝑠−and 0.060 respectively. It is concluded that the XAS method 

is well-suited for non-destructive characterization of diffusive transport in porous media. 

Key words: diffusion, shale, X-ray absorption spectrometry, cesium, iodide 
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2.1. Introduction  

Radioactive waste generated by nuclear energy requires safe, long-term containment, and 

natural geologic environments are being considered for deep geological repositories (DGR) by 

several countries. Low permeability formations such as the Callovo-Oxfordian claystone in France 

(Descostes et al., 2008; Savoye et al., 2012; Savoye et al., 2010), the Wakkanai Formation in Japan 

(Tachi et al., 2011), the Opalinus clay in Switzerland (Appelo and Wersin, 2007; Jakob et al., 2009; 

Lauber et al., 2000; Tevissen et al., 2004; Wersin et al., 2004), the Boom clay in Belgium (De 

Cannière et al., 1996), and the Cobourg Formation in the Michigan Basin in southern Ontario (Al 

et al., 2015; Cavé et al., 2009a; Cavé et al., 2009b; Loomer et al., 2013; Xiang et al., 2016) are 

under consideration.  

Both field and laboratory experiments have been conducted to provide information on the 

diffusion of reactive cesium (Cs+) and conservative iodide (I−) species in low-permeability media 

( Van Loon et al., 2009; Van Loon et al., 2004; Wersin et al., 2008; Wersin et al., 2004) and the 

results demonstrated that there is good agreement between in-situ diffusion data and data acquired 

from laboratory experiments. Consequently, it is common practice to investigate diffusion process 

in the laboratory with cm-scale samples.  

The diffusion of Cs+ and I− species has been experimentally investigated in low-permeability 

media via through-diffusion (Garcıa-Gutiérrez et al., 2001; Van Loon et al., 2007; Van Loon et 

al., 2003; Vilks et al., 2007) and in-diffusion (Cormenzana et al., 2003; Garcıa-Gutiérrez et al., 

2001) techniques. The time required to reach steady-state conditions in through-diffusion 

experiments could take months to years, especially for reactive diffusive species. In contrast, the 

in-diffusion method provides the advantage of a shorter time duration because steady state is not 

required. Out-diffusion, is another experimental approach, and it can be carried out in tandem with 

the through-diffusion process (Kasar et al., 2016; Sardini et al., 2003). In most cases, out-, in- and 
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through-diffusion experiments provide bulk diffusion coefficients (e.g. De and Da) for rock 

samples, meaning the measurements do not account for spatial heterogeneity in the material.  

In experiments dealing with reactive tracer species such as the tracer may be retarded by 

adsorption to minerals surfaces, a process that is primarily Cs+, controlled by the negatively 

charged mineral surfaces and associated cation exchange sites (Bradbury and Baeyens, 2000; 

Savoye et al., 2012;Tachi et al., 2009). Specifically, with respect to Cs+ adsorption in clay-rich 

rocks, Bradbury and Baeyens, (2000) and Tamura and Jacobs (1960) describe  adsorption to ion-

exchange sites at planar surfaces, edges and interlayer structural sites on clay minerals. The 

experiments, commonly use a distribution coefficient (Kd) to account for solute partitioning to the 

solid phase and Kd values are generally obtained from batch experiments (Bradbury and Baeyens, 

2000; Kasar et al., 2016; Van Loon et al., 2003).  

Previous, researchers have evaluated Kd and cation exchange capacity (CEC) values for both 

crushed and intact rock samples (Appelo et al., 2010; Jakob et al., 2009; Melkior et al., 2005; Soler 

et al., 2013; Van Loon et al., 2009). They reported a good agreement between Kd and CEC values 

from Cs+sorption experiments with crushed and intact samples. A sorption isotherm, i.e. the 

sorption of Cs+, as function of the radionuclide equilibrium concentration at constant pH in 

synthetic pore water (SPW) was measured, irrespective of whether the Cs+ inventory 

(concentration) was taken into account or was ignored. In addition, quantification of the transport 

and reaction processes has been done using reactive transport codes (Loomer et al., 2013; Siroux 

et al., 2018; Soler et al., 2013; Steefel et al., 2003). In the diffusion–reaction models clay minerals 

such as shale are defined as exchangers with one or different multi-ion exchange site(s). Cs+-

Na+exchange reaction is included for the major ions in both SPW and tracer solutions. The model 

geometry is based on the regular domain for the spatial discretization. In the model no advective 

transport (i.e., diffusion only) is considered and constant-concentration and zero-mass-flux 
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boundary conditions are taken into account at the influx boundary and at the end of the domain 

respectively.  

Most experimental techniques for diffusion measurement, some of which are destructive and 

require cutting the sample into sections and extracting the solute for quantitative analysis, do not 

provide information about spatial heterogeneity in the physical properties of the porous media or 

the temporal variations in tracer distributions. These gaps in knowledge can be overcome with the 

use of non-destructive X-ray imaging/analysis techniques, making it possible to characterize 

textural features of an object (Cnudde and Boone, 2013; Ketcham, 2005; Ketcham and Carlson, 

2001; Wildenschild et al., 2002) and monitor tracer movement in porous media (Agbogun et al., 

2013; Altman et al., 2005; Cave et al., 2009a; Clausnitzer and Hopmans, 2000; Frohlich et al., 

2012; Loomer et al., 2013; Tidwell and Glass, 1994; Tidwell et al., 2000 Xiang et al., 2013b). Most 

of these techniques are based on sequential radiographic imaging of the mass distribution of a 

migrating tracer that is dissolved in the pore fluid of a rock sample. A calibration is used to 

transform mass to concentration, and the concentration data are fit to a mathematical model for 

diffusion in order to quantify Dp values. These X-ray-imaging techniques use X-ray attenuating 

tracers to track solute transport. According to the Beer-Lambert law, 

 𝐼(𝐸) = 𝐼0 (𝐸)
exp(−𝜇(𝐸)𝑑) (2.1) 

If monochromatic radiation with an initial intensity (I0) travels through a homogenous sample 

of thickness d, the measured X-ray beam intensity (I) is attenuated as a function of the linear 

attenuation coefficient (μ) of the sample and the photon energy (E). For a polychromatic X-ray 

source, as is common for lab-based X-ray systems, preferential absorption of the lower-energy 

portion of the beam causes an artifact referred to as beam hardening. This artifact is not constant 

and changes as a function of beam energy and sample characteristics (effective atomic number), 
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thereby imposing measurement errors that are difficult to prevent or correct (Ketcham and Carlson, 

2001; Wildenschild et al., 2002).  

X-ray spectrometry (Jacobsen et al., 2000; McMaster et al., 1970; Thrippleton et al., 2003; 

Yankovich and Swainson, 2000) offers an alternative to radiographic imaging that can minimize 

the influence of beam hardening. Herein, we report on a novel spectrometric technique that has 

been developed to allow estimation of solute-specific diffusion coefficients based on X-ray 

absorption spectra created by the interaction of X-rays with Cs+ and I− tracers during diffusion 

experiments with low-permeability shale.  

2.1.1. X-ray Absorption Approach 

The X-ray absorption spectrometry (XAS) technique utilizes tracer-specific energy ranges, or 

regions of interest (ROI; Fig. 2.1), in the spectrum in order to detect and quantify the concentration 

of soluble tracers in the porewater contained in porous geologic media. By choosing a specific 

energy range, the beam hardening effect becomes inconsequential, offering an advantage over 

radiation-imaging techniques. 

The technique employs a collimated X-ray beam (~ 1.1 mm diameter) that is incident on a 

sample of porous rock while the transmitted beam is detected on the opposite side of the sample, 

allowing acquisition of a transmitted X-ray energy spectrum. Transmitted spectra are recorded 

before (reference spectrum) and after (tracer-diffusion spectrum) introducing an aqueous tracer to 

the porewater via diffusion. In the example shown in Figure 2.1, a reference spectrum is presented 

along with a spectrum acquired after introduction of a Cs+ tracer to the sample. The presence of 

Cs+ in the porewater is  indicated by the decrease, or attenuation of the X-ray intensity in ROI-2, 

immediately above the K-edge for X–ray absorption by Cs+. Quantification of the Cs+ 

concentration in the porewater is possible because the magnitude of the attenuation in ROI-2 is 

proportional to the concentration. 
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X-ray attenuation can be represented mathematically by the Beer - Lambert Law (Ketcham, 

2005) such that the difference in X-ray attenuation in ROI-2 between the reference and the tracer-

diffusion spectra is referred to here as ∆𝜇 which is a function of the tracer mass contained in the 

pore spaces along the X-ray path.  

 ∆𝜇 = 𝑙𝑛(𝐼)𝑟𝑒𝑓 − 𝑙𝑛(𝐼)𝑡 (2.2) 

where:  

                    (I)ref is the integrated X-ray intensity in ROI-2 for the reference spectrum, and 

               (I)t is the integrated X-ray intensity in ROI-2 for the tracer diffusion spectrum. 

 

 

 

 

 

 

 

 

Figure 2.1. Examples of XAS spectra showing a reference spectrum (orange) and a tracer-diffusion 

spectrum for Cs+ (blue). The X-ray absorption edge for Cs+ is indicated by the vertical dashed line and the 

pre-edge and post-edge energy ranges of interest are designated ROI-1 and ROI-2 respectively. The 
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presence of Cs+ in the sample porewater is reflected by the sharp decrease in counts in the post-edge region 

ROI-2.  

2.2. Materials and Methods 

 2.2.1. Rock Samples and Thin Section Preparation 

Rock samples used in this study (Fig 2.2) were obtained from the Ordovician Queenston 

Formation shale in drill core DGR3 that was drilled by Ontario Power Generation and the Nuclear 

Waste Management Organization at the Bruce nuclear site in southwest Ontario (Fig. 2.3). At the 

Bruce nuclear site, the Queenston Formation is approximately 75 m thick (depth of 456 m to 530 

m in drill core DGR3), and the samples were collected at a depth of 525.86 m. The clay minerals 

of the Queenston Formation are mainly illite (58.2-60.9%) and carbonates (calcite (6.1-14.6%)and 

dolomite, 6.6-11.4%) and quartz (23.5-34.1%). Chlorite (29.1-39.1%) is the other major 

components in these shales (Jackson, 2009). The stratigraphy and depositional history of the 

Queenston Formation is summarized by (Armstrong and Carter, 2010; Armstrong and Carter, 

2010; Brogly et al., 1998).  

Six samples were sub-cored, using a 11 mm diameter diamond drill bit, from a 75.80 mm 

diameter slice of core; five subcores were extracted from the same slice and one from an adjacent 

slice. The six sub-cored samples are 20 mm in length and were drilled normal to bedding using 

compressed air for cooling the drill bit and clearing the cuttings. Three of the five samples from 

the same slice were used for diffusion experiments with an I− tracer (Table 2.1). The remaining 

three were used for diffusion-reaction experiments with a Cs+ tracer (Table 2.1).  

Following the diffusion experiments, the sub cores were cut along the cylindrical axis and 

polished thin sections were prepared to facilitate mineralogical analysis. The thin sections were 

polished in kerosene to prevent dissolution of soluble minerals.  
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Figure 2.2. Image of one subcored sample from drill core DGR3 
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Figure 2.3. The Paleozoic bedrock map of southern Ontario illustrating the location of the Bruce nuclear 

site (Al et al., 2015)
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Table 2.1. Descriptions of samples used in the diffusion experiments 

Sample Slice Lithology Depth (m) Tracer 

DGR3a Slice 1 Red/green shale 525.86 I− 

DGR3b Slice 1 Red/green shale 525.86 I− 

DGR3e Slice 1 Red/green shale 525.86 I− 

DGR3g Slice 1 Red/green shale 525.86 Cs+ 

DGR3j Slice 1 Red/green shale 525.86 Cs+ 

DGR3c Slice 2 Red/green shale 525.84 Cs+ 

 

2.2.2. Mineralogical and Textural Analysis 

Mineralogical and textural investigations were conducted by scanning electron microscopy 

(SEM) in the Earth Sciences Microanalytical Laboratory at the University of Ottawa using 

polished thin sections (100 𝜇𝑚 thick). The investigations were conducted with a JEOL JSM-

6610LV instrument, equipped with an Oxford INCA energy-dispersive X-ray spectroscopy (EDS) 

system. Observations of texture primarily focused on the nature and distribution of porosity.   

2.2.3. Porewater and Tracer Solution Compositions 

The shale synthetic pore water (SPW) composition described by  (Al et al., 2010) was used to 

initialize the porewater composition for all experiments. The Cs+ and I− tracer solutions were both 

prepared in a SPW matrix using molar substitution of sodium chloride (NaCl) for sodium iodide 

(NaI) or cesium chloride (CsCl) (Table 2.2). It is known that I− in solution is mildly reducing, thus 

https://sites.google.com/site/probelab2/home
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reacts with oxygen to produce iodine (I2) (Dobson and Grossweiner, 1964). Moreover, 

photochemical experiments have shown evidence that aqueous I− exposed to visible-light 

radiation undergoes photo-oxidation (Ayscough  et al., 1967; Dobson  and Grossweiner 1964; 

Truesdale, 2007). To counteract the oxidation of I−, 0.85 mL (0.025 mol/L) sodium thiosulfate 

(Na2S2O3), a strong reducing agent, was added to 1L of tracer to maintain iodine in the reduced 

form (Cadle and Huff, 1950):  

 2𝑁𝑎2𝑆2𝑂3 + 𝐼2 → 2𝑁𝑎𝐼 + 𝑁𝑎2𝑆4𝑂6 (2.3) 

Table 2.2. Ion concentrations in SPW and tracer solutions 

Components 
SPW (mol/l) 

𝑰− tracer 

(mol/l) 

𝑪𝒔+ tracer 

(mol/l) 

Na+ 2.4 2.4 1.4 

K+ 0.5 0.5 0.5 

Mg2+ 0.25 0.25 0.25 

Ca2+ 1.2 1.2 1.2 

Cl− 5.8 4.8 5.8 

SO4
2− 0.001 0.001 0.001 

I− - 1 - 

Cs+ - - 1.0 

 

2.2.4. Sample Saturation 

The natural pore water in the Queenston Formation shale is near saturation with respect to halite 

mineral (Al et al., 2015; Al et al., 2010), but following drilling, some evaporation may occur, 

leading to partial desaturation and possible precipitation of halite which could obstruct pore spaces. 

Prior to conducting diffusion experiments, samples were resaturated with SPW by placing them in 

a desiccator with a beaker of deionized water (DI) to create a vapor pressure gradient between pore 

spaces in the sample and the air in the desiccator. The difference in vapor pressure causes water 

vapor to diffuse into the air-filled portion of the pores and replenish the lost porewater. Once water 
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droplets were visible on the sample surface, they were submerged in SPW solution to complete 

the re-saturation. The shale synthetic pore water (SPW) solution was refreshed weekly for three 

weeks. Once saturated, samples were kept in a closed container with an open vial of SPW to 

maintain constant humidity in equilibrium with the samples, thereby minimizing evaporation.  

2.2.5. Water-Accessible Porosity and Grain Density 

The off-cuttings from sub-coring were used to measure water-accessible porosity (𝜙w) (Figs. 

2.4 and 2. 5). Samples were dried in an oven at 105°C and weighed every 24 hours until there was 

no measurable change in mass at which point the dry mass (Md) was recorded. The samples were 

cooled in a desiccator before each mass measurement. Samples were then saturated with SPW 

according to the method described in section 2.2.4 and the submerged mass was measured (Msub) 

in a beaker of SPW (Fig. 2.4b). Finally, samples were removed from the SPW, patted dry with a 

tissue, and a drying curve was recorded (Fig. 2.5). The drying curves (mass vs time) generally 

display two linear slopes (drying rates) due to; (1) evaporation from the surface and (2) evaporation 

from the pores. The critical point, or intersection, between these lines is calculated and represents 

the saturated mass (Msat). These measurements were also used to calculate grain density (ρgr). 

The equations for porosity and grain density calculation are described below (Al et al., 2010) :  

 

 𝑉𝑟𝑜𝑐𝑘 =
𝑀𝑠𝑎𝑡 − 𝑀𝑠𝑢𝑏

𝜌𝑏𝑟𝑖𝑛𝑒
                      (2.4) 

 𝑉𝑣𝑜𝑖𝑑𝑠 =
𝑀𝑠𝑎𝑡 − 𝑀𝑑

(1 − 𝑋) 𝜌𝑏𝑟𝑖𝑛𝑒
                (2.5) 

 ∅𝑤 =
𝑉𝑣𝑜𝑖𝑑𝑠

𝑉𝑟𝑜𝑐𝑘
∗ 100               (2.6) 
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 𝜌𝑔𝑟 =
𝑀𝑟𝑜𝑐𝑘

𝑉𝑟𝑜𝑐𝑘 −  𝑉𝑣𝑜𝑖𝑑𝑠
 

 

          (2.7) 

where:  

𝑉𝑟𝑜𝑐𝑘= volume of the sample 

𝑉𝑣𝑜𝑖𝑑𝑠= volume of the pore spaces 

𝑋 = mass fraction obtained from SPW solution  

𝜌𝑏𝑟𝑖𝑛𝑒 = density of brine solution. 

 

 

Figure 2.4. Schematic diagram indicating the 𝜙w measurement steps for a)  Md b) Msub and c) Msat. 

 

 

a b c 
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Figure 2.5. Example of a drying curve from slice 2 showing two linear regions (orange and grey symbols) 

representing drying, or evaporation rates from the surface and from the pores. The intersection of the two 

lines represents Msat. 

2.2.6. Diffusion Cells 

The circumference of the SPW-saturated samples was coated with a thin layer of silicone (GE 

Silicone 1) to prevent solute migration along the side of the sample and then mounted on an acrylic 

diffusion cell with a solution reservoir (Fig. 2.6). The sample rests on a pedestal, with the bottom 

surface in contact with a felt pad that is in contact with the solution reservoir. Another felt pad and 

an aluminum cap, which serves as an internal standard, is placed on the top surface. The aluminum 

cap contains a threaded hole, sealed with a nylon screw and O-ring, to allow exchange of SPW 

and tracer fluids at the top boundary of the sample. The felt pads maintain capillary saturation and 

prevent air bubble formation at the top and bottom boundaries. The pedestal, sample and cap are 

enclosed and held in place by a layer of heat-shrink tubing around the circumference. The reservoir 

is equipped with tubes and valves allowing exchange of SPW and tracer solutions in the reservoir. 
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Prior to addition of SPW to the reservoir, the reservoir is flushed with CO2, to replace air with the 

more soluble gas using the method described by Xiang et al. (2016). This aids in preventing air 

bubble formation in the reservoir which can limit or prevent diffusion at the influx boundary.  

 

 

 

 

 

 

Figure 2.6. Schematic diagram of the diffusion cell used for XAS. 

2.2.7. Diffusion Experiments  

The X-ray absorption spectrometry (XAS) measurements were conducted using a custom-built 

X-ray instrument from Pinnacle X-ray Systems (Atlanta, Georgia) equipped with a 3 kW X-ray 

source (Varian NDI-160-22). Spectrometry measurements were conducted with an Amptek CdTe 

XR100CR detector and PX5 Digital Pulse Processor – Multi-channel Analyzer (DPP-MCA). The 

detector energy scale was calibrated on the Pb L𝛽 (12.61 keV) and Sn Kα (25.27 keV) lines from 

a PbSn alloy (Appendix C). The samples were mounted on a Velmex rotational stage (B5990TS) 

and a Velmex BiSlide (PK245-01AA) which, respectively, allow rotation, as well as vertical and 

horizontal motion (Fig. 2.7) in a plane orthogonal to the X-ray beam. The X-ray beam was 

collimated (Fig. 2.7; Appendix B) in order to control the spatial resolution for the XAS 

measurements. The field of view (FOV) for the collimated beam was imaged and measured in 

Felt fabric 

Sample 

Al cap 
Heat shrink tubing 

Felt fabric 

Valves and tube connectors 

for solution injection 

Reservoir   

Nylon screw (injection hole) 
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digital radiographs, and the diameter, 1.1 mm, is equivalent to the spatial resolution for the 

measurements.  

Measurements were conducted by positioning the sample on the stage between the X-ray source 

and the detector, with the beam aligned at the bottom of the sample. The data acquisition 

parameters are indicated in Table 2.3. During data collection for a single step, the sample was 

rotated continuously for 6 min at 2 rpm such that each step represents the X-ray absorption 

properties for a disc-shaped volume with a height of 1.1 mm (spatial resolution). After completion 

of each step, the stage was moved down 1.1 mm and the acquisition process was repeated for the 

number of steps required to collected data across the full height of the sample (Table 2.3); a dataset 

referred to hereafter as a profile.   

Preparation for an experiment requires acquisition of triplicate profiles in the absence of tracer; 

the average of these is hereafter referred to as the reference profile. The experiment is then initiated 

by replacing the SPW solution in the reservoir of the diffusion cell with tracer solution (Table 2.2), 

flushing three times with tracer solution to prevent dilution of the tracer. This introduction of tracer 

represents the start time for the experiment (t0). Tracer diffusion was monitored by the collection 

of XAS profiles at 24 hour intervals for the first five days, after which the interval was increased 

to a maximum of 48 hours. The experiments were terminated after seven to ten days when 

measurements indicated that tracer breakthrough occurred at the top boundary. Mass-balance 

calculations between the sample pore volume and the reservoir volume indicate that the maximum 

decrease in tracer concentration in the reservoir by diffusion into the sample is only 1.8%. 

Therefore, the concentration at the influx boundary is considered constant for the duration of the 

experiments.  

Two types of measurement error, repositioning and instrumental error, were determined while 

there was no tracer in the samples. To calculate repositioning error, the samples were repositioned 
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for each measurement (e.g., the sample was taken out and replaced in the same position again), 

and for determination of instrumental error the sample position was held constant while three 

sequential measurements were acquired. The relative standard deviation (RSD%) for repositioning 

and instrumental error are 0.032%. and 0.029% respectively.   

 

 

 

 

 

 

 

 

Figure 2.7. The geometry of XAS experiment set up 

Table 2.3. X-ray spectrometry data acquisition parameters 

Parameter Diffusion /Calibration  Beam hardening 

 𝐂𝐬+                          𝐈−   𝐂𝐬+                                  𝐈− 

Source potential (kV) 45  40   45                                   45 

Source current (mA) 1.0  1.5  0.5                                  0.5 

Aluminum filter (mm) 4.1  -  5.8                                  5.8 

Collimator aperture (mm) 1  1   1                                      1 

Rotation rate (deg/min) 720  720   720                               720 

Time per step (min) 6 6  6                                       6 

Vertical motion increment (mm) 1.1  1.1  1.1                                  1.1 

Detector  

Aperture 

 

Collimator 

X-ray Source 

Step-wise 

downward 

motion   

Rotating stage   
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2.2.8. Beam Hardening  

The relationship between the ∆𝜇 and I− or Cs+concentration was measured in several different 

sample containers to evaluate the susceptibility of the spectrometry approach to X-ray beam 

hardening artifacts.  Following the approach described by Loomer et al. (2013), ∆𝜇 was determined 

for plastic (Cole-Parmer) and ceramic (Macor; McMaster-Carr) vials containing variable 

concentrations of I− or Cs+ tracer solutions. The internal diameters of the ceramic vials range from 

1.5 to 4.5 mm and the outer diameters are constant (11 mm). These dimensions were used to define 

the ratio of void volume to total volume along the beam path – here referred to as porosity (Table 

2.4). The porosity values were used to calculate effective tracer concentration values as the product 

of the solution tracer concentration and the porosity. The measurements were conducted using the 

instrumental conditions noted in Table 2.3.  

2.2.9. Calibration  

Measurements were conducted to define calibration curves relating ∆μ  to tracer concentration 

in order to transform ∆μ values from I− and Cs+ diffusion experiments to relative concentrations. 

The measurements were conducted using Macor ceramic vials (McMaster-Carr) with SPW and a 

1 M tracer solution to determine ∆μ. The porosity values for the ceramic vials were used to 

calculate effective tracer concentrations as the product of the concentration of the tracer solutions 

and the porosity. The measurements were conducted using the instrumental conditions noted in 

Table 2.3. 

 

 

 

 

https://www.coleparmer.ca/i/spex-sampleprep-grinding-vials-polycarbonate-with-slip-on-polyethylene-cap-5-ml-100-pk/0457720?PubID=UZ&persist=true&ip=no&gclid=Cj0KCQiAzMGNBhCyARIsANpUkzOHP2veQAsJZ_4teaIwrJRKkP0PpNivLYXVS_6SEVk6oUOpVoPc6MIaAgbfEALw_wcB
https://www.mcmaster.com/macor-ceramic/
https://www.mcmaster.com/macor-ceramic/
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Table 2.4. Material dimensions and porosity values used in the beam-hardening and calibration 

experiments 

Materials Inner diameter (mm) 
Outer diameter 

(mm) 
Porosity 

Plastic vial 11.24 13.1 1.02 

Ceramic A 2.5 11 0.223 

Ceramic B 4.5 11 0.410 

Ceramic C 1.5 11 0.127 

Ceramic D 3.5 11 0.316 

 

2.2.10. Data Processing 

2.2.10.1. Normalization 

The spectra resulting from the multiple steps in each profile were processed as described in 

section 2.1.1 to derive ∆µ profiles (Eq. 2.2) for each time step. The energy ranges for ROI-1 and 

ROI-2 (Fig. 2.1) are specific for each tracer and they are presented in Table 2.5 Prior to calculation 

of ∆µ, the spectra must be corrected to account for variations in signal intensity resulting from 

possible fluctuations in the power source to the X-ray tube. This correction is accomplished by 

normalizing all spectra to a fixed normalization value (NV) for the integrated counts in ROI-1 

(Table 2.6). 

 𝑁𝐼𝑅𝑂𝐼−2 = (
𝑁𝑉

𝐼𝑅𝑂𝐼−1
) ∗ 𝐼𝑅𝑂𝐼−2    (2.8) 

 

 

where:   

𝑁𝐼𝑅𝑂𝐼−2 = normalized intensity for ROI-2 

𝐼𝑅𝑂𝐼−1 and 𝐼𝑅𝑂𝐼−2 = measured intensities in ROI-1and ROI-2 respectively. 
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Table 2.5. Energy ranges (keV) for pre- and post-edge regions of interest 

 

 

 

 

Table 2.6. Normalization values (counts) 

 

 

 

 
 

2.2.10.2. Propagation of Uncertainties 

The uncertainties reported in ∆μ𝑥_𝑡 have been calculated (Taylor, 1997) from the propagation 

of uncertainty obtained from triplicate measurements of the reference profiles (no tracer):  

 

 ∆μ𝑥_𝑡 ± 𝒘𝒙 = 𝑙𝑛(I)𝑥_𝑟𝑒𝑓 ± 𝒂𝒙 − 𝑙𝑛(I)𝑥_𝑡 ± 𝒂𝒙 (2. 9) 

where: 

𝒂𝒙 is the standard deviation for 𝑙𝑛(I)𝑥_𝑟𝑒𝑓 at each point in x along the reference profile 

𝒘𝒙 is the uncertainty for ∆μ𝑥_𝑡 at each point in x calculated by quadratic sum: 

 𝒘𝒙 = √(𝒂𝒙)2 + (𝒂𝒙)2 (2.10) 

 

Similarly, triplicate measurements of the tracer-saturated profiles were used to calculate the 

uncertainty for ∆μ𝑥_𝑠𝑎𝑡:   

 ∆μ𝑥_𝑠𝑎𝑡 ± 𝒚𝒙 = 𝑙𝑛(I)𝑥_𝑟𝑒𝑓 ± 𝒂𝒙 − 𝑙𝑛(I)𝑥_𝑠𝑎𝑡 ± 𝒛𝒙         (2.11) 

 

 𝑪𝒔+                                  𝑰− 

ROI-1 34.8 - 35.8 32.0 - 32.8 

ROI-2 36.5 - 38.5 33.5 - 36.2 

𝑪𝒔+                                  𝑰− 

400000 400000 
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where: 

𝒛𝒙 is the standard deviation for 𝑙𝑛(I)𝑥_𝑠𝑎𝑡 at each point in x along the tracer saturated 

profiles 

𝒚𝒙is the uncertainty in ∆μ𝑥_𝑠𝑎𝑡 at each point in x calculated by quadratic sum: 

 𝒚𝒙 = √(𝒂𝒙)2 + (𝒛𝒙)2 (2.12) 

Using the uncertainties for ∆μ𝑥_𝑡 and ∆μx_sat, the uncertainty for 
𝐶

𝐶0
 from equation (Eq.2.16) is: 

 

 

 

𝒏 = √(
𝒘

∆𝛍𝒙_𝒕
)

𝟐

+ (
𝒚

∆𝛍𝐱_𝐬𝐚𝐭
)

𝟐

 × | 
𝑪

𝑪𝟎
| (2.13) 

2.2.10.3. Iodide-Accessible Porosity Measurements 

In order to calculate the iodide-accessible porosity (𝜙I), and to transform the  profiles to 

relative concentration (
𝐶

𝐶0
),the concentration of I− in the pore fluid must be uniform through the 

sample, and equal to the initial concentration at the influx boundary (Cavé et al., 2009a; Cavé et 

al., 2010; Loomer et al., 2013). This was achieved following the collection of I− diffusion profiles 

by adding tracer solution to the top boundary via the threaded hole in the Al cap, allowing tracer 

ingress via diffusion from both ends. Calculations using the reactive transport code, PHREEQC 

(Parkhurst and Appelo, 1999), indicated 45 days are required to attain complete tracer saturation 

(Appendix A). Iodide tracer was allowed to diffuse into the samples for a period of 45 days and, 

to avoid oxidation of I−, the samples were stored in the dark in a chamber containing N2 gas. After 

45 days, three additional  profiles were acquired for each sample over a period of 3 days. As no 

measureable differences were observed among the triplicate datasets, the samples were considered 

to have achieved complete tracer saturation. At this stage, a  profile, representing the spatially-

resolved X-ray attenuation values for a tracer-saturated sample, ∆𝜇𝑥_𝑠𝑎𝑡, was calculated: 
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 ∆𝜇𝑥_𝑠𝑎𝑡 = 𝑙𝑛(I)𝑥_𝑟𝑒𝑓 − 𝑙𝑛(I)𝑥_𝑠𝑎𝑡  (2.14) 

where:  

               x_sat  = change in X-ray attenuation due to the presence of tracer at distance, x 

   lnx_ref = X-ray intensity in the reference profile at distance, x 

           ln(I)x_sat = X-ray intensity in the tracer-saturated profile at distance, x. 

 

Using values for ∆μx_sat the spatially resolved values for 𝜙I can be determined using the 

calibration function 

 𝜙𝑥_𝐼 =
∆μx_sat

𝑚 𝐶0
 (2.15) 

where: 

     𝑚 = the slope of the linear calibration function.  

2.2.10.4. Iodide Tracer Concentrations and Diffusion Coefficients  

The relative concentration profile for I− is calculated according to the method described by 

(Cavé et al., 2009; Tidwell et al., 2000):    

 (
𝐶

𝐶0
)

𝑥_𝑡

=
∆μ𝑥_𝑡

∆μ𝑥_𝑠𝑎𝑡
 (2.16) 

where: 

             t is the acquisition time for any given  profile. 

Using a least-squares method, the (
𝑪

𝑪𝟎
) profiles for each acquisition time were fit to an analytical 

solution of Fick’s second law to determine 𝐷𝑝 values:  
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(

𝐶

𝐶0
)

𝑥_𝑡

= erfc  [
𝑥

2√𝐷𝑝−𝐼𝑡
] 

(2.17) 

where: 

 𝐶 = the tracer concentration at distance x (m) from the influx boundary and time t (s) 

since the start of diffusion,  

𝐶0 = the constant initial concentration of the tracer at the influx boundary,  

𝐷𝑃−𝐼 = the pore-water diffusion coefficient for the conservative tracer I− (𝑚2 𝑠−1),  

erfc = the complementary Gaussian error function. 

The effective diffusion coefficient (𝐷𝑒 ) was calculated from 𝜙𝐼 and 𝐷𝑃 : 

 𝐷𝑒 = 𝜙𝐼 · 𝐷𝑝−𝐼 (2.18) 

where: 

 𝜙𝐼is the average of the spatially-resolved x_I values.  

2.2.10.5. Cesium Tracer Concentrations  
 

Consistent with Loomer et al, (2013), the relative concentration profiles for Cs+ at specific 

acquisition times were calculated as a function of x_t using the slope of the calibration function 

(m), the initial Cs+ concentration at the influx boundary (𝐶0) and the bulk 𝜙𝑤value for the shale: 

 (
𝐶

𝐶0
)

𝑥_𝑡

=
∆𝜇𝑥_𝑡

𝜙𝑤 𝑚 𝐶0
 (2-19) 



41 
 

The x,t values reflect the total mass of Cs+ in the sample, which includes aqueous and adsorbed 

mass, so the (
𝐶

𝐶0
)

𝑥_𝑡
values in the rock sample are expected to exceed the constant boundary value 

of 1.0 mol/L. 

 

2.2.10.6. Diffusion-Reaction Simulations  

For clay-bearing rocks (e.g. shale), reactive species such as Cs+ are affected by sorption 

reactions (Bradbury and Baeyens, 2000; Fuller et al., 2015; Takahashi et al., 2017). Consequently, 

reactive-transport modeling was used to simulate Cs+ transport and estimate the diffusion/reaction 

parameters Dp−Cs and cation exchange capacity (CEC). The MIN3P code (Mayer, 1999) was used 

(version Min3p-HPC-X64v.2.1.26.786; (Mayer et al., 2015) which includes multi-site ion 

exchange (MIE). This work uses a one-dimensional MIE approach whereby ion exchange occurs 

at frayed-edge sites (FES), planar sites (PS) and type II sites according to the description provided 

by previous researchers (Bradbury and Baeyens, 2011; Bradbury and Baeyens, 2000; Maes et al., 

2008; Steefel et al., 2003; Van Loon et al., 2009; Xie et al., 2015; Zachara et al., 2002). This model 

assumes that Cs+ adsorption is dominated by illite and that the fractions of the total CEC are 

0.25%, 20%, and 79.75% for FES, type II and PS sites respectively (Bradbury and Baeyens, 2000). 

Values of 𝑙𝑜𝑔𝑘𝐶𝑠+

𝑁𝑎+⁄
 equal to 7.0, 3.6, and 1.6 for the Cs+–Na+ exchange reactions at FES, type 

II, and PS sites, respectively, were used in the simulations. 

 

Following the methods described by Loomer et al. (2013), the parameter estimation code, PEST 

version 7.05, (Doherty, 2018) was used with the MIN3P code to estimate values for DP−Cs and 

CEC. Briefly, initial values were assigned for 𝐷𝑃−𝐶𝑠 and CEC, then MIN3P was used to simulate 

the Cs+ relative concentration profile. PEST was used to compare the fit between the simulated 

and experimental profiles and iteratively adjust the 𝐷𝑃−𝐶𝑠 and CEC values until a satisfactory fit 

was achieved. The model parameters, including initial conditions, boundary conditions and the fit 
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criteria are provided in Table 2.7. MIN3P was operated with transport by diffusion only, combined 

with MIE equilibria. In the simulation, ion-exchange reactions were limited to Cs+ exchange with 

Na+, as Na is the dominant cation in the SPW. MIN3P uses the Gaines-Thomas convention 

whereby mass action for ion exchange is based on equivalent fractions (Appelo and Postma, 2004; 

Mayer, 1999). Ion activity coefficients for aqueous species were calculated based on the HW 

model (Harvie et al., 1984) using interaction parameters presented in Table 2.8.  

Table 2.7. Selected parameters used in reactive transport code, MIN3P 

Model Parameters 

Samples 

DGR3c                      DGR3j                        DGR3g 

Number of control volumes 13 13 15 

Domain Length (m) 1.63× 10−2 1.625× 10−2 1.688× 10−2 

Transport boundary conditions 

on both ends of the domain 
First type First type First type 

Tracer concentration at influx 

boundary (M) 
1.0 1.0 1.0 

Minimum time step (hrs) 2.4× 10−7 2.4× 10−7 2.4× 10−7 

Water accessible porosity 0.0743 0.0989 0.0989 

Dry bulk density (𝑔𝑐𝑚−3) 2.54 2.54 2.54 

*Ion exchange sites in each cell were initially equilibrated with the SPW composition 
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 Table 2.8. Ion-interaction parameters used in the model 

Ion pair 𝜽- 𝑪𝟎
- 𝜷𝟎

- 𝜷𝟏 Reference 

Binary coefficients      

𝐶𝑠+ 𝐶𝑙−  0.00038 0.03 0.0558 
(Pitzer and 

Mayorga, 1973) 

𝐶𝑠+ 𝑆𝑂4
−2  0.00004 0.0888 1.11075  

𝐶𝑠+𝑂𝐻−  
-

0.0599803 
0.15 0.3  

𝐶𝑠+ 𝑁𝑎+ -0.033    
(Pitzer and Kim, 

1993) 

𝐶𝑠+ 𝐾+ 0.00     

𝐶𝑠+ 𝐻+ -0.044     

Ion group ψ(× 10−3)     

Ternary 

coefficients 
     

𝐶𝑠+𝑁𝑎+𝐶𝑙− -0.003    
(Pitzer and Kim, 

1993) 

𝐶𝑠+𝐾+𝐶𝑙− -0.0013     

𝐶𝑠+𝐻+𝐶𝑙− -0.019     
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2.3. Results  

2.3.1. Mineralogical and Textural Analysis 

An image of the thin section prepared from slice 1 (Fig. 2.8a), corresponding to samples 

DGR3a, b, e, g and j (Table 2.1) indicates that alternating oxidized (maroon) and reduced (green) 

layers occur parallel to bedding.  

Scanned images of DGR3c from slice 2 (Table 2.1; Fig. 2.8b) displaying mostly reduced layers 

(green) occurs parallel to bedding. The layers in thin section prepared from slice 2 are less 

observable relative to the thin section prepared from slice 1. The crack separating the upper and 

lower arrows in DGR3c, was created during the thin section preparation, not a property of the 

sample.  

 

 

 

 

Figure 2.8. Scanned images of Queenston Formation shale, a) slice 1, b) slice 2 

The SEM analysis indicates that the samples are composed mainly of primary detrital quartz 

and feldspar with clay minerals in the inter-granular space (Fig. 2.9). Lesser amounts of amphibole, 

apatite, rutile, pyrite, chlorite, organic matter and biotite are also observed. Calcite and dolomite 
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are abundant as primary detrital grains and as secondary cements. Gypsum is observed in some 

samples as a secondary cement. 

The subcores drilled for diffusion experiments are from two contiguous slices of the larger drill 

core and all except one of the diffusion samples (DGR3c) are from slice 1 (Table 2.1). Gypsum is 

much more common in DGR3c where it fills voids leaving very little open void space (Fig. 2.10). 

Pore spaces are manifest as dark-grey to black regions in the SEM images, and they occur as small 

(< 1 m) features that are disseminated throughout the material, most commonly interstitial among 

the primary grains and the cementing carbonate and gypsum. At high magnification, clay minerals 

are observed in these interstitial regions (Fig.2.11), demonstrating that the pores are much less than 

1 m, consistent with pore-size distribution data presented by Celejewski et al. (2018).   

 

 

 

 

 

 

 

Figure 2.9. Representative SEM images from Queenston shale sample illustrating the grain-size and 

mineralogy characteristics of the material, cal: calcite, dol: dolomite, ru: rutile, qtz: quartz 
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Figure 2.10. SEM images from a) slice 1 and b) slice 2; gypsum commonly fills voids in material from slice 

2 but is generally absent from slice 1.  

 

 

 

 

 

Figure 2.11. Representative SEM images of Queenston shale with voids dominated by clay infill. 
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2.3.2. Water-Accessible Porosity and Grain Density 

The measurements of w range from 0.0743 to 0.0989 (Table 2.9) which is within the range of 

measurements reported by Xiang et al. (2013) for the Queenston Formation shale. The ρgr values 

range from 2.81 to 2.86 which is consistent with expectations based on the primary mineralogy 

(quartz  = 2.62, K-feldspar  = 2.56, calcite  = 2.71, dolomite  = 2.84) combined with some 

relatively dense accessory minerals (hematite, pyrite, rutile, apatite). 

Table 2. 9. Water-accessible porosity and grain density for Queenston shale 

Sample 𝝓𝒘 𝝆𝒈𝒓 (𝒈𝒄𝒎−𝟑) Diffusion experiment 

Slice 1 
0.0989±0.0006 2.86±0.005 DGR3a, DGR3b, 

DGR3e, DGR3g, DGR3j 

Slice 2 0.0743±0.0017 2.81±0.003 Dgr3c 
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2.3.3. Diffusion Experiments 

2.3.3.1. Calibration  

2.3.3.1.1. Beam Hardening Effect  

 The spectrometry data for I− solutions contained in plastic and ceramic vials define linear 

relationships with slopes that differ by only 0.9% (Fig. 2.12a) while the data for Cs+ tracer 

solutions display a 12% difference in slope (Fig.2.12b). In comparison, Loomer et al. (2013) 

conducted a similar experiment with the radiography method and they report a difference in slope 

of 43% for I− and 49% for Cs+. The 12% difference in slope obtained with spectrometry may be 

at least partially attributable to beam hardening, but Cs+ is a reactive solute and adsorption of Cs+ 

on the inner surface of the ceramic vials could also explain the difference in slopes. However, I− 

is a non-reactive tracer and the similarity in slope for the plastic and the ceramic vials indicates 

that beam hardening effects are minimal. 
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Figure 2.12. ∆µ profile versus different tracer concentration developed for a) I− and b) Cs+ to test for beam 

hardening effects. The slopes of linear regressions for datasets collected in plastic and ceramic vials are 

very similar indicating minimal effects from beam hardening. The vertical error bars reflect propagation of 

error as described in section 2.2.10.2. 

 

2.3.3.1.2. Iodide and Cesium Calibration  
 

The calibration curves for I− and Cs+ are presented in Figure 2.13. Based on the known tracer 

mass, the absorption is identified and then the linear slop value is used for calculating the 𝜙𝐼 and 

Cs+ relative concentration (sections 2.2.10.3 and 2.2.10.5).  
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Figure 2.13. Calibration curves relating ∆µ to effective concentration for a) I− and b) Cs+. The vertical 

error bars reflect propagation of error as described in section 2.2.10.2.   
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2.3.3.2. Iodide Tracer Diffusion 

The multiple experimental measurement times (circles) reflect the movement of the tracer along 

the diffusion direction (Figure 2.14). The experimental and modelled profiles for I− diffusion 

measurements provided in Figure 2.14 were fit to calculate 𝐷𝑃−𝐼. A good fit is generally observed 

between model and experimental C/C0 profiles, although the fit is best for profiles measured at 

times > 24 hrs. The estimated diffusion coefficients are similar for all three samples: for DGR3a, 

the estimated 𝐷𝑃−𝐼 values range from 8.8 × 10-12 to 4.2 × 10-11 m2/s, with an average of 2.8 × 10-

11 m2/s, for DGR3b, values range from 1.2 × 10-12 to 2.8 × 10-11 m2/s, with an average of 2.1 × 10-

11 m2/s, and for sample DGR3e, estimated values range from 2.0 × 10-12 to 5.5 × 10-11 m2/s, with 

an average of 3.5 × 10-11 m2/s. The breakthrough of I− tracer at the end of the samples occurs 

between 140 and 168 hours. All data are provided in Appendix D. 
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Figure 2.14. Profiles for C/C0 for I− in samples a) DGR3a, b) DGR3b and c) DGR3e. Solid lines and circles 

represent the analytical model and experimental measurements, respectively. The vertical error bars reflect 

propagation of error as described in section 2.2.10.2.
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2.3.3.3. Iodide-Accessible Porosity Measurements 

Measurements of the spatially-resolved x_I values are presented in Figure 2.15 and the 

corresponding average 𝜙𝐼 values range from 0.059 to 0.064 (Table 2.10). All three samples were 

cored from the same slice (Table 2.1) and the x_I profiles display similar trends with relatively 

high values at the top and bottom boundaries, and two internal peaks.  
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Figure 2.15. One dimensional profiles of x_I along the length of sample a) DGR3a, b) DGR3b, and c) 

DGR3e.  
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2.3.3.4. Cesium Tracer Diffusion  

The relative concentration experimental profiles for Cs+ diffusion measurements are provided 

in Figure 2.16. The breakthrough of Cs+ tracer at a distance near the outflux boundary, 16.5 mm, 

occurred at essentially the same time, 215 hours, for samples DGR3g and DGR3j, but 

breakthrough was faster for sample DGR3c, 191 hours. Similarly, the C/C0 values near the influx 

boundary are significantly higher for samples DGR3g and DGR3j compared to sample DGR3c 

(Fig. 2.16).  

-   
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Figure 2.16. The experimental profiles for C/C0 for Cs+ in sample a) DGR3g-. b) DGR3j, c) 

DGR3c, the open circles represent experimental measurements obtained by methods outlined in 

section 2.2.10.5. The vertical error bars reflect propagation of error as described in section 2.2.10.2.  
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2.3.3.5. Diffusion-Reaction Simulations  

The modelled fits to the experimental profiles for Cs+ diffusion are provided in Figure 2.17. A 

good fit is generally observed. The DP−Csvalues range from 2.65×10-11 m2s−1 (sample DGR3c) 

to 4.37 ×10-11 m2s−1 (DGR3j) to 5.69 ×10-11 m2s−1 (DGR3g). Sample DGR3c which has the 

lowest DP−Csvalue also has the lowest CEC value, 1.00 meq/100g, while CEC values are 6.97 

meq/100g and 7.11 meq/100g for samples DGR3j and DGR3g respectively.  
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Figure 2.17. Comparison of the experimental C/C0 profiles for Cs+ (circles) against the best-fit simulated 

profiles (solid lines), a) DGR3g-. b) DGR3j, c) DGR3c. The vertical error bars reflect propagation of error 

as described in section 2.2.10.2.
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2.4. Discussion  

2.4.1 Iodide Diffusion 

The Dp−I values obtained by spectrometry display variation at different time steps during the 

experiment. This variability likely reflects spatial heterogeneity in the material properties of the 

samples and as time progresses, the tracer advances to contact the changing material properties. A 

comparison of the data from the spectrometry method with results from previous diffusion 

measurements on Queenston Formation shale is presented in Table 2.10 and Figure 2.18. The 

previously reported measurements were conducted using radiography (Al et al. 2010; Cavé et al. 

2010, Cavé et al. 2009a; Loomer et al. 2013; Xiang et al. 2013) and through-diffusion methods 

(Cavé et al. 2010; Vilks and Miller, 2007; Xiang et al. 2013). The comparison demonstrates that 

the XAS method provides data that are consistent with radiography and through diffusion.  

The average ϕI values determined for each sample are approximately 40% lower than the bulk 

w value measured for the same material (Table 2.10). This discrepancy is commonly observed in 

clay-rich rocks and is attributed to anion exclusion (Altmann et al., 2012; Cavé et al., 2010; Smith 

et al., 2004; Tachi et al., 2011; Wigger et al., 2018). The ϕI values were used to transform Dp to 

De and the values are presented in Table 2.10. 
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Table 2.10. Comparison of porosity and diffusion coefficients for I− measured by spectrometry (this study) with values measured by radiography 

and through diffusion from previous studies 

Sample 𝝓𝒘 

𝑫𝑷 

(× 𝟏𝟎−𝟏𝟏𝒎𝟐𝒔−𝟏) 

𝝓𝑰 

𝑫𝒆  

(× 𝟏𝟎−𝟏𝟐𝒎𝟐𝒔−𝟏) 

Method 

Queenston (DGR3a-525.86) 

Queenston (DGR3e-525.86) 

 

0.0989  

 

3.70±0.62 

3.96±0.14 

0.064 2.35  

0.062 2.45 Spectrometry 

Queenston (DGR3b-525.86) 2.40±0.22 0.059 1.43  

Queenston (DGR3-525)a 0.084 4.37±0.04 0.048 2.1 

Radiography 

Queenston (DGR3-468)a 0.109 5.6±0.06 0.060 3.4 

Queenston (DGR3-506)a 0.058 2.7±0.04 0.048 1.3 

Queenston (DGR3-517)a 0.09 5.0±0.04 0.044 2.6 

Queenston (DGR3-556)a 0.078 4.09±0.04 0.048 1.8 

Queenston (DGR3a-468)b 0.109 4.3±0.6 0.078 3.4 

Queenston (DGR3b-468)b 0.109 4.5±0.2 0.078 3.5 

Queenston (DGR3c-468)b 0.109 2.6±0.1 0.072 1.9 



61 
 

Queenston (DGR3-468.02)c 0.109 5.71 0.042 2.4 

Queenston (DGR3-525.86)c 0.084 2.94 0.033 0.97 

Queenston (DGR3-506.64)c 0.058 2.70 0.033 0.89 

Queenston (DGR-78)d 0.062 6.0 0.05 4.4  

Queenston (DGR-78)d 0.062 5.0 0. 05 3.1 

Queenston (DGR-583.18)e 0.087 3.0 0.061 1.8 

Queenston (DGR-593.53)e 0.083 2.70 0.041 1.1 

Queenston (DGR-620.95)e 0.089 2.0 0.046 0.91 

Queenston (DGR-456)f 0.090 2.9 0.094 2.6 

Through 

diffusion 

Queenston (078)g 0.063 3.1 0.041 0.13 

Queenston (084)g 0.063 2.1 0.049 1.0 

Queenston (105)g 0.063 3.0 0.029 0.87 

Queenston (DGR-597.25)h 0.082 3.0 0.073 2.2 

Queenston (DGR-620.93)h 0.089 1.30 0.065 0.85 

a Xiang et al. (2013); b Loomer et al. (2013); c Al et al. (2010); d Cavé et al. (2009); e Cavé et al. (2010); f Xiang et al. (2013); g Vilks and Miller (2007); h Cavé et al. (2010)
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Figure 2.18. Plot of Dp measured with iodide tracer to compare the results from this study with the other 

literature worked on the similar Queenston shale. 

2.4.2 Cesium Diffusion/reaction 

There are clear differences among samples in the magnitude of the C/C0 values near the influx 

boundaries, as well as the breakthrough times, Dp-Cs and CEC values (Figs. 2.16 and 2.17), with 

sample DGR3c standing out as distinct from the others. These differences are primarily due to 

spatial heterogeneity in mineralogy. Sample DGR3c and samples DGR3g/DGR3j are from 

different slices of the original drill core, and gypsum infills much of the pore space for sample 

DGR3c, while the pore spaces in samples DGR3g and DGR3j are lined with clay minerals (Figs 

2. 9 - 2.11). The presence of gypsum in the pores of sample DGR3c decreases the surface area of 

clay minerals available for adsorption of Cs+, thereby providing an explanation for the relatively 

low CEC and the relatively low C/C0 values near the influx boundary. Similarly, the occurrence 

of gypsum cement in the pore space is likely to decrease the tortuosity factor, thereby contributing 



63 
 

to the relative decrease in Dp-Cs observed for sample DGR3c. The breakthrough time for sample 

DGR3c is relatively fast compared to DGR3g and DGR3j, which appears to be inconsistent with 

the lower value for Dp-Cs, however, the rate of solute transport is a function of both Dp and CEC, 

and it is apparent that the decrease in Cs+ attenuation by adsorption that results from the lower 

CEC allows for the faster breakthrough time, despite the lower Dp-Cs.  

The results obtained in this study using the spectrometry method compare very well with the 

results obtained by Loomer et al. (2013) that were obtained by X-ray radiography (Table 2.11). 

Loomer et al., (2013) reported breakthrough of Cs+ after approximately 215 hours at a distance of 

16.4 mm from the influx boundary, essentially identical to the results obtained in this study for 

samples DGR3g and DGR3j. Similarly, the Dp-Cs (7.0 × 10-11 to 7.4 × 10-11 m2/s) and CEC values 

(8 to 8.7 meq/100g) obtained by Loomer et al. (2013) compare well with the measurements from 

the present study for the two samples that do not contain gypsum cements. Loomer et al. (2013) 

did not report gypsum cementing of the pore space as was noted here for sample DGR3c, so the 

present work provides valuable information about the range of values that might be expected due 

to material heterogeneity.  
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Table 2.11. Diffusion – sorption values on clay –bearing rocks for Cs+ from the literature, compared with other studies 

Material 
𝑫𝒑−𝑪𝒔 (×

𝟏𝟎−𝟏𝟏𝒎𝟐𝒔−) 

Log 

𝒌𝒔𝑪𝒔/𝑵𝒂 
𝝓𝒘 

Total CEC 

(meq/100g) 

Site capacity (of the CEC) 

(meq/100g) 

𝑫𝒆−𝑪𝒔 (×

𝟏𝟎−𝟏𝟐𝒎𝟐𝒔−) 

Ionic 

strength 

Illite 

content 

(wt%) 

C0 ( M) 

Ion 

exchange 

site 

Reference 

illitea 

— 

 
7,3.6,1.6 

— 

 
20 

0.0025(0.25%),0.2(19.95%), 

0.7975( 79.80%) 

— 

 

0.1 

 

— 

 

10-10-

10-3 

FES, Type 

II, Ps 

Queenston Fm. 

(DGR3c)b 
2.65 

7,a3.6a,1.6a 

0.0743 1.001 

0.0025(0.25%)a,0.2(19.95%)a, 

0.7975( 79.80%)a 

2.62 

8.3 40-50 100 
FES, Type 

II, Ps 

Queenston Fm. 

(DGR3j)b 
4.37 0.0989 6.97 4.32 

Queenston Fm. 

(DGR3g)b 
5.69 0.0989 7.11 5.63 

Queenston Fm.  

(Canada)c 

 

7.70 1.5 

0.109 

 

 

8.5 

— 

 

8.40 

8.3 40-50 100 
X 

 
7.70 1.5 8.7 8.40 

7.40 1.6 8 8.10 
 

 

 

a Bradbury and Baeyens (2000) 

b This study  

c loomer et al. (2013) 
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As mentioned in the Methods, the MIE model (or three-site cation exchange model), based on 

“reference illite” as reported by Bradbury and Baeyens (2000) was applied in this work to 

simulate Cs+ adsorption. The MIE model recognizes a concentration dependent preference for 

Cs+ selectivity against competitively adsorbing ions (e.g. Na+, K+ , Rb+, Ca+ and Mg2+) 

(Bradbury and Baeyens, 2000; Jakob et al., 2009; Tachi et al., 2011; Tachi et al., 2009). In general, 

it is reported that the FES sites dominate Cs+ exchange at Cs+ concentrations up to 10−8 M, while 

type II site dominate from 10−8 M to 10−5 M and planar sites dominate at higher Cs+ 

concentrations. The Cs+ tracer concentration used in this study was 1 M and therefore far exceeded 

the concentration ranges where FES and type-II sites control Cs+ exchange. In future work it would 

be worthwhile to conduct similar experiments at lower Cs concentrations in order to properly test 

the MIE model.  

 

 

 



66 
 

2.5. Conclusion 

A non-destructive novel XAS technique has been developed to quantify diffusion and diffusion-

reaction parameters in low permeability clay-bearing rocks, like the Queenston shale formation. 

This technique resolves the spatial distribution of reactive and conservative species in the 

porewater of rock samples based on measured X-ray attenuation at the K-edges for I− and Cs+ 

absorption in the energy spectra. I− and Cs+ diffusive transport along a concentration gradient in 

the porewater was monitored as a function of X-ray attenuation (∆µ), producing a spatial profile 

of the tracer concentration versus transport distance. The generation of concentration profiles at 

multiple time steps allowed the calculation of diffusion coefficients by fitting an analytical solution 

of Fick’s Second Law to the concentration profiles for I− (Dp−I) or numerical simulations for 

combined diffusion/reaction processes to the concentration profiles of Cs+ (Dp−Cs and CEC). The 

results are in good agreement with previously published data measured using radiography and 

through-diffusion techniques.  

Measurements of the spatially-resolved x_I value ranging from 0.059-0.064 are consistent with 

the other data measured using radiography and through-diffusion techniques.  

Relatively high values were obtained for 𝐷𝑒−𝐶𝑠, (2.62× 10−12 to 5.63× 10−12𝑚2𝑠−) in 

comparison with 𝐷𝑒−𝐼, (1.43× 10−12 to 2.45× 10−12 𝑚2𝑠−), reflecting the lower accessibility for 

anionic species to porewater in the electric double layer and in the interlayer porosity of clay 

minerals (anion exclusion).  

Another notable outcome of this study is that the beam hardening effect present in the Δμ 

calibration for radiography is not seen in spectroscopy, since the difference in slopes of standard 

materials is minimized due to the specific energy range used in this method.
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Chapter 3 – Conclusion  

This study demonstrated that the novel X-ray absorption technique, XAS, is effectively able to 

investigate the conservative (I−) and reactive (Cs+) solute transport properties such as De−I , De−Cs 

, and CEC. The method is based on measuring time-series solute transport diffusion within the 

different section of the sample. The solute transport concentration in each section of the sample 

was quantified by absorption k-edge energy of the I−and Cs+. XAS method provides a means of 

measuring changes in X-ray intensity (∆µ) to generate relative concentration profile of the solute 

transport as a function of transport distance at each time step to calculate Dp−I , Dp−Cs , and CEC. 

The analytical solution of Fick’s Second Law was applied to fit the experimental and analytical 

relative iodide concentration profiles to calculate Dp−I and then De−I. However, A multi-site ion 

exchange model was run to provide analytical time-series profiles to quantify Dp−Cs ,CEC , and 

De−Cs. Comparison of the iodide results obtained from this study are in good agreement with the 

other results made by radiography and through diffusion experiments through different 

argillaceous rocks. 

A comparison of the Dp−Cs and De−Csvalues obtained in this study with other diffusion 

coefficients reported in the literature indicated that the diffusion values of Queenston shale are 

relatively lower than other argillaceous rocks. The low cesium values of CEC within Queenstone 

shale relative to the other argillaceous rocks indicate less accessible clay minerals for sorption of 

the reactive solute transport. Furthermore, the effective diffusion pathways and the less accessible 

clay content affect CEC values are consistent with the SEM-SE images demonstrate the 

intergranular void spaces in the shale containing clay minerals. In general, the values determined 

by this method can be representative of host rocks for radioactive waste repositories. 

Another worthwhile outcome of this study is the elimination of the beam hardening effect, 

which is seen in radiography method that contributes to calibration method. 
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3.1. Further recommendation  

The results of this study successfully demonstrate that the XAS technique can be taken into 

consideration as an alternative non-destructive X-ray method and it can be used for the quantitative 

measurement of diffusion properties of low-permeability rocks.  

The following suggestions for future research directions: 

1- The XAS method has been tested on low- permeability rock samples, including  

of Queenston Formation shale; The method can be used to spatially resolve tracer 

concentrations through other types of rock like crystalline rock samples (e.g., granite) for 

measurement of the diffusion properties. 

2- This work uses a one-dimensional MIE approach to quantify diffusion and sorption 

properties. Upgrading the reactive-transport model from 1-D to 2D and 3-D and assessing 

the diffusion/reaction parameters ,Dp and cation exchange capacity (CEC), is recommended 

in future work. It may provide more information for diffusion/sorption of the reactive tracer 

through the rock samples which is likely to give a clear view of the solute transport through 

the geological system.  

3- This work investigated the diffusion of 𝐶𝑠+ and 𝐼− species via the XAS method. Study of 

Diffusion and sorption behaviors of other anionic tracers such as Cl-, Br-, and reactive 

tracers (e.g., Rb+, Sr+2, Tl+) can provide more information on whether they have favorable 

X-ray absorption characteristics with this method.  

4- It is true that the XAS method minimize the Beam hardening effect, the difference in slopes 

between two materials –plastic and ceramics vials- for 𝐶𝑠+ needs to be more investigated 

with more experiments and different materials with less absorbency.  
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5- The XAS measurements were conducted with a 1 M tracer solution to determine diffusion 

properties. Using a wide range of tracer solution concentrations is recommended to verify 

the limit of detection of the XAS method for diffusion measurements. 
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Appendix A 

A.1.1. Phreeqc Simulation 

A.1.1.1. Phreeqc Input File for the Sample Being Saturated with Iodide 

from Either Side  

Modelling simulation using PHREEQC whateq database indicated the required time to reach a 

fully saturated sample form both side is approximately 45 days. For the simulation the diffusion 

domain was divided into 40 cells along the sample with 20mm in length. The cells ranging from 1 

to 39 were initially filled with SPW and the diffusion-only transport was initiated by introducing 

1M iodide tracer into influx boundaries. Two influx boundaries on either side of the domain was 

imposed constant. 

The following is an example of a PHREEQC input file used for calculation the time is required 

the sample to be fully saturated from either side. 

 

SOLUTION 1-39 spw 

    temp      25 

    pH        7 

    pe        4 

    redox     pe 

    units     mol/l 

    density   1.22 

    Cl        5.8 

    K         0.5 

    Mg        0.25 

    Na        2.4 

    Ca        1.2 

    S(6)      0.001 

    -water    1 # kg 

 

SOLUTION 0 IODIDE TRACER 

    temp      25 

    pH        7 

    pe        4 

    redox     pe 

    units     mol/l 

    density   1 

    Ca        1.2 
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    Cl        4.8 

    K         0.5 

    Mg        0.25 

    Na        2.4 

    S(6)      0.001 

    I         1.0 

    -water    1 # kg 

 

SOLUTION 40 IODIDE TRACER 

    temp      25 

    pH        7 

    pe        4 

    redox     pe 

    units     mol/l 

    density   1 

    Ca        1.2 

    Cl        4.8 

    K         0.5 

    Mg        0.25 

    Na        2.4 

    S(6)      0.001 

    I         1.0 

    -water    1 # kg 

 

TRANSPORT 

    -cells                 40 

    -shifts                110 

    -time_step             36000 # seconds 

    -flow_direction        diffusion_only 

    -boundary_conditions   constant constant 

    -lengths               0.0005 

    -dispersivities        0 

    -diffusion_coefficient 4.2e-11 

    -thermal_diffusion     2   4.2e-11 

    -print_cells           2-40 

    -punch_cells           2-40 

    -punch_frequency       2 

 

   

  

     

SELECTED_OUTPUT 1 

    -file                 D:\ottawa university\Tom 

Al\homework\5\saturation.sel 

    -totals                        I 

                   

end 
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Appendix B 

B.2.1. Spectroscopy Measurements 

The field of view (FOV) of the X-ray beam was collimated in order to optimize the spatial 

resolution and the change of diffusing species in each cross section of the sample; diffusion 

pathway. Recorded tests proved that the optimal FOV size, the more spatial resolution there is for 

resolving the concentration of diffusing species within the sample. Before diffusion experiments, 

some effective parameters on spatial resolution such as focal spot size, inner diameter, length of 

collimator, aperture diameter, sample to collimator distance and finally focal spot to collimator 

distance have been examined. 

B.2.1.1. Calculation of Field of View 

In spectroscopy measurements, resolving the tracer presence within the sample is usually highly 

important and depends on the high spatial resolution which is a function of field of view (Fig. B.1). 

It is known that as the number of measurement gets more precise, which is affected by smaller 

field of view, the spatial resolution for the mass of tracer will go higher. An array of measurements 

mentioned above such as the length of the collimator, collimator inner diameter, sample to end of 

the collimator distance, focal spot to collimator distance, focal spot size, and aperture size should 

be taken into account for evaluation of X-ray field of view (FOV) (tablebB.1). Moreover, the FOV 

was calculated based on the mentioned geometric characteristics. 

𝑡𝑎𝑛𝛼 =
(

𝑑2

2 ) + (
𝑑4

2 )

𝑑3
=   

𝑡𝑎𝑛𝛼 =

𝑑2

2
𝑥

=    
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(
𝑑2

2 )

𝑓𝑜𝑣/2
=

𝑥

𝑥 + 𝑑1
 

 

 

 

 
 

 

 

 

Figure B.1. Schematic diagram indicating the field of view  

Table B.1. Acquisition parameters for collimated X-ray beam to optimize FOV 

 

 

 

 
 

 

 

 

The effectiveness X-ray source measurements is associated with the focal spot, X-ray intensity, 

and generated X-ray energies spectrum (Fitzgerald, 1947; Ketcham and Carlson, 2001). Focal spot 

size influences the number of possible X-ray source to detector paths that can intersect a given 

point- between the object and focal spot. The size of the X-ray tube focal-spot and the 

magnification factors (𝑀, source-to-detector distances to the source-to-specimen distance), are 

used to determine the geometric sharpness or blur of the setup (Fig. B.2). Geometric sharpness or 

the size of the penumbra (UG) is provided by the following equation (Gebureck et al., 1989): 

Parameters Setting (mm) 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑡𝑜 𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑜𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑑1) 30 

Aperture diameter(𝑑2) 1 

𝐶𝑎𝑙𝑖𝑚𝑎𝑡𝑜𝑟 𝑙𝑒𝑚𝑔𝑡ℎ (𝑑3) 318 

𝐶𝑎𝑙𝑖𝑚𝑎𝑡𝑜𝑟 𝐼𝐷(𝑑4) 2.1336 

𝐹𝑜𝑐𝑎𝑙 𝑠𝑝𝑜𝑡 𝑡𝑜 𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑜𝑟 𝑡𝑖𝑝 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑑5) 48 

 𝐹𝑜𝑐𝑎𝑙 𝑠𝑝𝑜𝑡 (𝑑6 ) 5.5 

Spatial resolution (FOV) 1.1 

 

𝟐
𝟎

 𝒎
𝒎

 

 

𝑑1 

𝑑2 

𝑑5 

𝑑6 

𝑑3 

𝑑4 

𝟏𝟏 𝒎𝒎 

 

x 
𝒇𝒐𝒗

𝟐
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𝑈𝐺 = 𝑓 ∗
𝑏

𝑎
 

                 where:  

                                 f = X-ray generator focal-spot size. 

                              a = distance from x-ray source to front surface of object 

                              b = distance from the object to the detector. 

When the object is placed as close to the detector as possible, magnification is not needed, and 

therefore the source is placed some distance from the object minimizing the penumbra. A greater 

distance between the source and the object will increase the resolution/ clarity. However, the 

intensity of the source decreases with distance. Therefore, the source should only be placed as far 

away as necessary to control the penumbra. If the object is placed in direct contact with the detector 

(as is often done in radiograph) the following formula can be used, which takes into account, the 

material thickness instead of the object-to-detector distance: 

𝑈𝐺 = 𝑓 ∗
𝑡

𝑑
 

                  where:   

                                 f = X-ray generator focal spot size 

                                 t = the thickness of the material 

                                d = distance from x-ray source to front surface of object. 

The X-ray attenuation rate and penetrative ability is defined by the energy spectrum. Higher-

energy spectra are less sensitive to changes in density and material composition, while penetrating 

more than lower-energy spectra.  

However, X-ray current controls the photon count effecting the signal to noise ratio. A better 

signal results in better counting statistics since photon count is inversely proportional to noise; 

Noise=  
1

√𝑐𝑜𝑢𝑛𝑡𝑠 
 . 
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Figure B.2. Geometric blur (black arrows); increasing focal spot size (shown) and increasing magnification 

(not shown) increases the sharpness at the edge of the object’s projected image 

B.2.1.2. Determination of Sample Position Spatial Resolution 

Measurement 

 

The smallest feature that can be distinctively resolved within the spectra is defined as the spatial 

resolution (SR) of the spectra. The technique that is used to measure the SR as well as sample 

position was the application of two distinct materials with a discrete count rate, using lead tape on 

either side of the sample in the experiment. The SR and base sample position were measured by 

moving the sample to different position on the diffusion axis. This includes taking a profile across 

the boundary of two markedly contrasting materials on either sides. The intensity value of the 

sample to lead tape as function of the stage position was measured and plotted (Fig. B.3a). The 

given line profile illustrates the information on sample top, sample base, and the transitional area 

between sample and lead tape to assess the SR. SR is determined by analyzing the line profile, 

which is calculated by subtracting the sample top value from sample base value in terms of stage 

position:  

 

Focal Spot  

Object   

a 

b 

X- Ray 

Detecto

r 

Detecto
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𝑆𝑅(𝑚𝑚) =
 𝑢𝑝𝑝𝑒𝑟 𝑖𝑛𝑓𝑒𝑙𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒(𝑢𝑛𝑖𝑡𝑠) − 𝑙𝑜𝑤𝑒𝑟 𝑖𝑛𝑓𝑒𝑙𝑐𝑡𝑖𝑜𝑛(𝑢𝑛𝑖𝑡𝑠)

200(𝑢𝑛𝑖𝑡𝑠)
 

It is worth mentioning that, the moving stage position combined with the program (X-spec) 

(relies on) is in units, and each 200 units equal with 1mm. In addition, there should be a lateral 

motion of the stage to find the horizontal midpoint in sample to adjust the transmitted beam from 

the collimator (Fig. B.3b).  In accordance with Beer’s law associated with sample thickness, the 

lowest intensity indicates the middle point of sample laterally. In addition, the total number of 

steps which is necessary for scanning the whole sample through the experiment is obtained from 

the following equation: 

  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑝𝑠 =
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒(𝑚𝑚)

𝑆𝑅(𝑚𝑚)
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Figure B.3. a) A line profile across the sample and lead tape on either side of the sample to determine the 

spatial resolution and sample position for diffusion experiment, b) A line profile for determining the lateral 

mid-point of the sample for diffusion experiment
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Appendix C 

C.3.1. Energy Calibration 

Energy calibration, converting the channel of numbers into the energy range of a system, is 

critical for the quantitative X-ray analysis. Before beginning to calibrate the energy scale, adjusting 

the DPP gain of the amplifier, which indicates the spectroscopy range or energy scale range. For 

amplifier’s gain adjusting, system conversion gain expressed in unit of eV/channel is a key 

parameter, because it denotes the DppMCA channel number in which a particular energy peak will 

occur.  Typical values for the conversion of gain given by dividing the number of channel in the 

output spectrum over the voltage corresponding to the peak channel is approximately 20 

eV/channel considering 2048 channels containing a range of 45keV. Another key parameter is the 

"offset", the channel corresponding to zero energy. Ideally, the offset would be zero and the gain 

exactly equal to a convenient value (There is, in general, a non-zero offset to the spectrum). 

Subsequently, the fast and slow thresholds relating to the incoming count rate should be tuned on. 

The purpose of this step is to ensure that the DppMCA can acquire spectra properly before starting 

the calibration procedure. Based on the X-ray energies for the Cs and I experiment, the digital 

pulse processor was optimized using the parameters in table C. 1. Once the appropriate gain (full 

scale energy) and threshold was found the software was calibrated to change the channel scale into 

an energy scale. To accurately calibrate a spectrum, we used the strong and widely-easily separated 

photo peaks in the spectrum acquired by a PbSn known alloy. Herein, The Pb L𝛽 and Sn kα were 

used for energy calibration. Once the calibration was conducted, the XAS experiment was started.  

 

 

 



90 
 

Table C. 1.  Acquisition parameters for DppMCA Configuration 

 

 

 

 

 

 

 

 

 

 

 

C.3.2. Converting Channel to Energy Scale 

When performing X-ray analysis, since the measured spectra are based on channels, it is 

important to calibrate the spectra in terms of energy conducted by DDPMCA. The following steps 

should be followed (Fig. C.1): 

 Choose two peaks with a known voltage energy. A pure sample and/or specified alloy 

with two known, strong, widely separated photopeaks should be selected to calibrate the 

scale in DPPMCA.  

 Identify a region of interest (ROI) for each peak based on the spectrum pattern from the 

known samples. 

Configuration parameters 
Setting 

𝑪𝒔+                  𝑰− 

Gain 26.77 29.79 

Channel number 2048 2048 

Full energy range  (KeV) 0-45 0-41 

Fast threshold 30 30 

Slow threshold 1.79 1.79 

Conversion gain (eV/channel) 21 20 

Peak time (µs) 6.4 6.4 

Offset -0.11 -0.15 
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 Select the calibration button in the software. In the calibration window, the channel 

number of each known strong spectrum is shown for converting into energy value.  

 Select the first peak and enter the channel number and voltage energy based on the 

spectrum pattern.  Then repeat the same step for the other peak.  

 Click Ok. The scale should be displayed as energy scale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1. Energy calibration procedure in DPPMCA software with Sn:Pb alloy 

Pb= 12.6 keV 

Sn=25.2keV  
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Appendix D 

D.4.1. Diffusion Measurements Results 

For diffusion experiment, small cylindrical samples oriented normal to bedding plane were 

drilled via diamond core bit to drill. Three of the five samples from the same slice were used for 

diffusion experiments with an I− tracer .The remaining three were used for diffusion-reaction 

measurements made by monitoring behavior of Cs+. The off-cuts from main sliced rocks were 

used for water accessible porosity  (ϕw) measurement. A value of the bulk porosity of the sample 

determined with Gravimetric measurements (Emerson, 1990) of water-accessible porosity (ϕw) 

were used for comparison with iodide-accessible porosity (ϕI) obtained from spectroscopy 

method. The diffusive  reactive modelling were applied for reactive tracer, Cs+, using  water-

accessible porosity.  

D.4.1.1. Diffusion Experiment Using Iodide Tracer 

 The diffusion coefficients obtained by spectroscopy method at multiple- time steps indicated 

in table D. 1-.3. The values De derived from fitting the experimental data to the analytical model  

for each sample are indicated in tables below. The decrease in De is partially accounted for by the 

loss of iodide-accessible porosity and/or might be related to heterogeneity (Al et al., 2010; Nunn 

et al., 2018). Comparison of the water-accessible porosity with the iodide-accessible porosity 

indicated iodide-accessible porosity (table D.1-.3) from spectroscopy measurement in shale 

samples was typically 63.3% of the water-loss value, consistent with relatively high clay content 

and anion exclusion theory (Smith et al., 2004).The time-series profiles for relative iodide 

concentrations (C C0
⁄ ) calculated from ∆µ in the porewater-saturated Queenston shale sample are 

displayed in Fig. D1- D 3.  
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Table D.1. Iodide diffusion coefficients for Queenston shale sample DGR3a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.1. Iodide concentration profiles and analytical diffusion profiles of sample dgr3a, the vertical error 

bars reflect propagation of error as described in section 2.2.10.2 

Sample ID  

DGR3a 

𝝓𝒘 

0.0989 

𝝓𝑰 

0.0636 

Time step(hrs) 𝐃𝐩 (𝐦𝟐𝐬−) 𝐃𝐞(𝐦𝟐𝐬−) 

7 8.9× 10−12 5.66× 10−13 

24 2.1× 10−11 8.27× 10−13 

48 2.8× 10−11 1.78× 10−12 

72 3.2× 10−11 2.04× 10−12 

96 4.2× 10−11 2.67× 10−12 

168 4.2× 10−11 2.67× 10−12 

Average(48-168 hrs) 3.70× 10−11 ± 0.62 2.35× 10−12 
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Table D.2. Iodide diffusion coefficients for Queenston shale sample DGR3b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.2. Iodide concentration profiles and analytical diffusion profiles of sample dgr3b, the vertical error 

bars reflect propagation of error as described in section 2.2.10.2

Sample ID  

DGR3b 

𝝓𝒘 

0.0989 

𝝓𝑰 

0.0597 

Time step(hrs) 𝐃𝐩(𝐦𝟐𝐬−) 𝐃𝐞(𝐦𝟐𝐬−) 

7 1.4 × 10−11 8.36× 10−13 

24 2.2× 10−11 1.31× 10−12 

48 2.1× 10−11 1.25× 10−12 

72 2.3× 10−11 1.37× 10−12 

96 2.4× 10−11 1.43× 10−12 

168 2.8× 10−11 1.67× 10−12 

Average(24-168 hrs) 2.36× 10−11 ± 0.22 1.43× 10−12 
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Table D.3. Iodide diffusion coefficients for Queenston shale sample DGR3e 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.3. Iodide concentration profiles and analytical diffusion profiles of sample dgr3e, the vertical error 

bars reflect propagation of error as described in section 2.2.10.2.

Sample ID  

DGR3e 

𝝓𝒘 

0.0989 

𝝓𝑰 

0.0618 

Time step(hrs) 𝐃𝐩(𝐦𝟐𝐬−) 𝐃𝐞(𝐦𝟐𝐬−) 

19 4.5 × 10−11 2.78× 10−12 

26 2.5× 10−11 1.54× 10−12 

50 2.7× 10−11 1.67× 10−12 

140 5.5× 10−11 3.40× 10−12 

142 4.6× 10−11 2.84× 10−12 

Average(19-142 hrs) 3.96× 10−11 ± 1.32 2.45× 10−12 
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D.4.1.2. Diffusion Experiment Using Cesium Tracer 

The reactive –transport modelling was used to estimate diffusion and sorption parameters 

affecting Cs+ transport with the shale samples. The Dp−Cs , De−Cs and CEC derived from fitting 

the experimental data to the analytical model for each sample are indicated in figures below. The 

increase in De−Cs is accounted for by the larger diffusivities for the cation which is consistent with 

cation excess and anion exclusion effects. Comparison of the De−Cs with the De−I indicated anion 

exclusion mechanism for ionic species. The time-series profiles for relative cesium concentrations 

(C C0
⁄ ) calculated from ∆µ in the porewater-saturated Queenston shale sample are displayed in Fig. 

D4- D 6. 

 

 

 

 

 

 

 

 

Figure D.4. Relative 𝐶𝑠 +concentration profiles and simulated diffusion-reaction model profiles 

(thin lines) for Dgr3c, the vertical error bars reflect propagation of error as described in section 2.2.10.2. 
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Figure D.5. Relative 𝐶𝑠 +concentration profiles and simulated diffusion-reaction model profiles (thin lines) 

for Dgr3g, the vertical error bars reflect propagation of error as described in section 2.2.10.2. 
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Figure D.6. Relative 𝐶𝑠 +concentration profiles and simulated diffusion-reaction model profiles 

(thin lines) for Dgr3j, the vertical error bars reflect propagation of error as described in section 2.2.10.2. 

 



99 
 

D.4.2. References 

Al, T., Xiang, Y., Cavé, L., and Loomer, D., 2010, Measurement of diffusion properties by X-ray 

radiography and by through-diffusion techniques using iodide and tritium tracers: core 

samples from OS-1 and DGR-2, Technical Report TR-07-17 Revision 3, May 2010. 

Prepared by University of New Brunswick for Intera Engineering Ltd. 

Emerson, D., 1990, Notes on mass properties of rocks? density, porosity, permeability: 

Exploration geophysics, v. 21, no. 4, p. 209-216. 

Fitzgerald, G., 1947, An Investigation in Adumbration, or the Factors that Control Geometric 

Unsharpness: J. Am. Dent. Assoc, v. 34, p. 1-20. 

Gebureck, P., Petermann, D., and Stegemann, D., 1989, Determination of the focal spot size of 

microfocus X-ray sources, Non-Destructive Testing, Elsevier, p. 42-47. 

Ketcham, R. A., and Carlson, W. D., 2001, Acquisition, optimization and interpretation of X-ray 

computed tomographic imagery: applications to the geosciences: Computers & 

Geosciences, v. 27, no. 4, p. 381-400. 

Nunn, J. A., Xiang, Y., and Al, T. A., 2018, Investigation of partial water saturation effects on 

diffusion in shale: Applied Geochemistry, v. 97, p. 93-101. 

Smith, D., Pivonka, P., Jungnickel, C., and Fityus, S., 2004, Theoretical analysis of anion 

exclusion and diffusive transport through platy-clay soils: Transport in porous media, v. 

57, no. 3, p. 251-277. 

 


