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ABSTRACT 

Methods such as the molarity of ethanol droplet (MED) test and water drop penetration 

test (WDPT) are commonly used to measure soil wettability because these tests are quick 

and easy to perform. However, they are not without limitations. This thesis proposes 

using a low-field N M R relaxometer as an alternative method of assessing soil wettability. 

This instrument is able to discriminate surface bound fluid from bulk fluid. Fluid bound 

to the surface relaxes quickly and produces signal amplitude peaks at low transverse 

relaxation time (T2) values. Bulk fluid, on the other hand, relaxes much more slowly and 

signal amplitude peaks consequently appear at higher T2 values. A n extensive 

experimental program was designed to test the above hypothesis. Hundreds of N M R 

measurements were performed on clays, humic acids, fulvic acids, clean sands, sands 

coated with organic matter, wettable soils and water-repellent soils exposed to distilled 

water and kerosene. The results confirm the hypothesis and show clearly that N M R does 

detect preferentially water-wet and water-repellent samples. The differences in the solid-

fluid interactions between water and unconsolidated porous media with varying wetting 

preferences also allow for the use of low-field N M R to detect wettability alteration and to 

monitor fluid uptake in unconsolidated porous media. The advantages of using this tool 

include obtaining reproducible results quickly, using only small amounts of sample for 

analysis, and calculating the mass of water without performing a mass balance 

calculation. 
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CHAPTER 1 : INTRODUCTION 

1.1 Objectives 

Nuclear magnetic resonance (NMR) has traditionally been used in medicine and 

chemistry and is applied to an increasing number of fields, including the petroleum 

industry. This thesis intends to show that low-field N M R can be used to determine 

wettability, detect wettability alteration and monitor fluid uptake in unconsolidated 

porous media. The purpose of investigating this is to possibly provide an alternative 

method for determining the wettability of unconsolidated porous media, particularly 

uncontaminated soils and soils exposed to petroleum hydrocarbons. The findings 

included here can be applied in determining solid-fluid interactions within soils that have 

been previously contaminated with petroleum hydrocarbons. N M R measurements were 

done on individual soil fractions (i.e., clays, humic acids, sand) also in order to determine 

the contribution of these substances to the macroscopically observed wettability of a soil. 

The advantages of using low-field N M R for this application are that results are obtained 

quickly, only a small amount (i.e., no more than 15 g) of sample is required for analysis 

and the mass of water in the sample can be calculated. 

1.2 Thesis outline 

Chapter 2 of this thesis describes the principles of low-field N M R . The physics and a 

summary of the types of information that can be gathered from N M R data regarding 

porous media wettability are described in this chapter. Chapter 3 provides some 

background information regarding soil. The different soil fractions are described first, 

then the methods of classifying soils. Chapter 4 includes a literature review of wettability 

and a description of methods used to measure wettability in an unconsolidated porous 

medium. 
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Chapter 5 discusses the N M R relaxometer used in this experimental program in detail, 

including the parameters used for measuring unconsolidated porous media samples. 

Chapter 6 contains results obtained immediately after adding fluid to preferentially water-

wet and water-repellent porous media. The materials used are described first, then the 

differences between results obtained from the two different types of samples. Chapter 7 

summarizes the materials used as well as the treatments conducted with the intent of 

altering the wettability in an unconsolidated porous medium. The N M R results obtained 

from samples that were treated over an extended period of time are also included in this 

chapter. Chapter 8 contains a summary of the measurement procedure used to analyse 

fluid uptake in unconsolidated porous media and includes the results obtained. 

Chapter 9 presents a summary of the conclusions made in this experimental program and 

offers several recommendations. 
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Nuclear magnetic resonance (NMR) occurs when the nuclei of certain atoms are 

immersed in a static magnetic field and exposed to a second oscillating magnetic field 

(Hornak, 1999). This phenomenon has rapidly progressed to become one of the most 

powerful non-destructive analytical methods in many fields, including medicine, 

chemistry and the petroleum industry (Belliveau, 1996). N M R provides an expedient and 

cost-effective means of detecting hydrocarbons in reservoirs, (Daughney et al., 2000) and 

characterizing the hydrocarbon gas (Hari et al., 1998). This tool also provides an 

alternative method for estimating irreducible water saturation, formation permeability and 

hydrocarbon type and quantity near a wellbore (Mirotchnik et al., 1997; Kleinberg and 

Vinegar, 1996). Researchers can use N M R to monitor the interaction between porous 

media and the contained fluids in a non-invasive manner (Belliveau et al., 2000; 

Mirotchnik and Kantzas, 1999). This last application is important in determining the 

effect of contaminants (i.e., hydrocarbons, pesticides) on soil-water interactions. 

Knowledge of the interactions between contaminants and soil, and the mechanisms that 

drive these interactions, will help form an effective remediation strategy when necessary. 

2.1 History 

Bloch and Purcell discovered the magnetic resonance phenomenon independently in 1946 

(Hornak, 1999; N U M A R Corporation, 1997). Between 1950 and 1970, N M R was 

developed and used mainly for chemical and physical molecular analysis. Jackson 

produced possibly the first magnetic resonance signals from a live animal in 1967, thus 

proving N M R to be a non-destructive analytical tool (Belliveau, 1996). In 1971, 

Damadian showed that the nuclear magnetic relaxation times of healthy tissues and 

tumours differed, allowing researchers to consider using magnetic resonance for disease 

detection (Hornak, 1999). Lauterbur generated the first two-dimensional proton image of 

a water sample in 1973 (Belliveau, 1996). Areas outside the field of medicine only began 
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applying magnetic resonance in the mid-1980s. In 1985, Stepisnik observed and 

measured fluid flow and at about the same time Rothwell and Vinegar obtained an image 

of Berea sandstone containing water. These contributed to the surge of interest in using 

N M R for the visualization of fluids within porous media (Belliveau, 1996). 

2.2 NMR physics 

The absorption and emission of energy in the radio frequency range of the 

electromagnetic spectrum forms the fundamental basis of N M R (Hornak, 1999). The 

physics of this phenomenon is described in detail below. 

2.2.1 Nuclear spin and effect of magnetic fields on protons 

N M R is based on the interaction between an external magnetic field and a nucleus that 

possesses a spin. Almost every element in the periodic table has an isotope with a non

zero nuclear spin, which is analogous to a small magnetic field. Nuclear spin, I, is an 

intrinsic characteristic of an atom that is dependent on atomic composition and is 

quantized to certain discrete values (Hornak, 1999). A nucleus with no spin (i.e., I = 0) is 

N M R inactive since it will not interact with an external magnetic field. Such nuclei have 

an even atomic weight and atomic number. A nucleus with an even atomic weight and an 

odd atomic number will have an integral value for nuclear spin (i.e., I = 1,2, etc.). A 

nucleus possesses a half-integral value for nuclear spin (i.e., I = 1/2, 3/2, etc.) i f it has 

an odd atomic weight due to an unpaired proton. The nuclei used most often in N M R are 

those with 1=1/2 (i.e., hydrogen protons, phosphorus and carbon 13). The hydrogen 

atom is the most commonly studied nucleus in N M R because it has the largest magnetic 

moment, thus emitting the strongest signal, of any stable nucleus (Belliveau, 1996). 

The magnetic moments of active nuclei orient themselves randomly as shown in Figure 

2.1 in the absence of an external magnetic field. Consequently, the magnitude of the net 
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magnetization vector, M , is equal to zero. The presence of an external magnetic field 

applies a magnetic torque on the nuclei, causing their spins to line up with the field. For 

a nucleus with I = 1/2, the protons are in one of two energy states: parallel or anti-parallel 

to the net applied magnetic field, B 0 , as shown in Figure 2.1. The parallel alignment 

corresponds to a lower energy state, therefore there will be a slight excess of nuclei 

oriented along the field direction. The orientation of M , as seen in Figure 2.1, ends up 

the same as that of B 0 . This direction accounts for the N M R signal and is always 

arbitrarily chosen as the z-direction (Belliveau, 1996). 

Nuclei aligned in a magnetic field are not static. One must keep in mid that the nuclei are 

spinning around their own axes, like spinning tops. Torque applied to a spinning object 

causes the spin axis of that object to move perpendicular to the torque in a motion 

referred to as precession (Coates et al., 1999). The cause of precession of a nucleus is the 

interaction between the moving positive charge of the nucleus and the magnetic field. 

While the magnetic moment of the nuclei will be tilted slightly away from the axis of the 

magnetic field, the axis of rotation will be parallel to B 0 . The result is a periodic 

rotational motion of the spin vector of the nucleus about the direction of the external field 

B 0 , as depicted in Figure 2.2. 

M 

M = 0 
Figure 2.1: Proton alignment in the absence and presence of an external magnetic field 

(Belliveau, 1996) 
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z 
i 

Direction of Precession 

Spin Vector 

Figure 2.2: The influence of an external magnetic field on a proton (Belliveau, 1996) 

The frequency at which a nucleus precesses is called the Larmor frequency. This 

parameter depends directly on B 0 through the following relation (Belliveau, 1996): 

where f = Larmor (or resonance) frequency, 1/s 

g = gyromagnetic ratio, 1/(T • s) 

Every N M R active nucleus is characterized by a unique value for g. This feature allows 

one specific type of nucleus to be chosen for measurement in N M R . The gyromagnetic 

ratio for hydrogen is 267.54 MHz / T (Coates et al, 1999). 

Nuclei can undergo a transition between the two energy states by adsorption of a photon. 

The energy of this photon, E, must exactly match the energy difference between the two 

states and can be calculated using the following equation (Hornak, 1999): 

E = 2nhf (2-2) 

where h = Planck's constant, 6.626 x 10" J • s 



7 

The N M R signal results from the difference between the energy absorbed by the spins 

going from the lower energy state to the higher energy state, and the energy emitted by 

the spins which transition from the higher energy state to the lower energy state. The 

signal is thus proportional to the population difference between the states. Furthermore, 

the number of spins resonating at this frequency is directly proportional to the amplitude 

of the N M R signal occurring at that frequency (Canet, 1996). Energy exchange alone 

will not give any relevant information regarding fluids inside porous media, therefore 

excitation of the protons is necessary. This is accomplished by applying a second 

magnetic field. 

A second magnetic field, in the form of a radio frequency (rf) pulse, is applied 

perpendicular to B 0 . This will cause M to precess further and further away from the z-

axis and toward the xy plane. The angle of deflection of M depends primarily on the 

product of the amplitude and length of the applied rf pulse. The magnetization vector 

will then have a component along the z-axis, M z , which is also known as the longitudinal 

magnetization component, and a transverse magnetization component, M x y . At 

equilibrium M x y is zero and M z is equal to M , but stimulation by a radio frequency pulse 

causes M z to decrease and M x y to increase as the magnetization vector precesses further 

away from the z-axis. It is actually possible to shift the net magnetization vector to any 

desired angle of deflection by applying the rf pulse for the appropriate amount of time. A 

radio frequency pulse left on long enough, and at high enough amplitude, to rotate M 

until the vector is oriented 90° from its initial position is known as a 90° pulse or an A 

pulse. Likewise, an rf pulse capable of completely inverting M is known as a 180° pulse 

or a B pulse. Adopting a co-ordinate system that rotates at the Larmor frequency is 

beneficial because the frame of reference is rotating with the transverse component. The 

magnetization vector lying in the transverse plane will then appear stationary (Belliveau, 

1996). 
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2.2.2 Spin-lattice and spin-spin relaxation processes 

Protons that are "excited" as a result of absorbing energy from the rf pulse cannot remain 

in this state. They begin precessing out of alignment due to molecular interactions and 

inhomogeneities in B 0 (Hornak, 1999). The protons gradually lose the extra energy as the 

system returns to equilibrium by emitting radio waves and by transferring energy to 

surrounding molecules. The processes by which nuclei transfer energy to its 

surroundings and return to a state of equilibrium are exponential in nature and are 

independent of each other. These processes are known as spin-lattice relaxation and spin-

spin relaxation (Belliveau, 1996). 

Absorbing energy from the rf pulse will cause M to precess towards the xy plane, (i.e., 

M z decreases from Mo, the equilibrium magnetization). The time constant describing the 

return of M z to equilibrium is denoted as Ti and is referred to as the spin-lattice 

relaxation time. In other words, Ti is the time to reduce the difference between M z and 

Mo by a factor of e (Hornak, 1999). The equation governing this behaviour, also known 

as longitudinal relaxation, is (Hornak, 1999): 

M . =M„ 1 -exp (2-3) 

Protons excited by an A pulse are all synchronized or in phase and precess at the same 

frequency. Nearby protons have a similar molecular environment and can have the same 

resonance frequency, therefore a transfer of energy can occur between these protons. 

Spin-spin relaxation refers to the energy transfer from an excited proton to a nearby 

proton that is unexcited. However, magnetic field imperfections and intrinsic differences 

in local fields within the sample itself lead to inhomogeneities causing the nuclei to 

precess at slightly different rates and fewer protons can exchange energy as a result. This 

spread of resonance frequencies produces a gradual irreversible loss of phase coherence 
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to the spins and the difference increases with the amount of time elapsed (Hornak, 1999). 

As the coherence gradually disappears, the value of M x y decreases toward zero, due to 

many vectors processing at different rates (Coates et al., 1999; Belliveau, 1996). This is 

described with the following equation (Hornak, 1999): 

where M x y o = equilibrium magnetization in the xy plane 

T2 = spin-spin relaxation time constant, s 

The time constant for these processes, also known as the transverse relaxation time 

constant, T2, is the time required to reduce the magnitude of M x y by a factor of e. This 

value will rarely equal Ti since the two processes are independent. T2 is always less than, 

i f not equal to, Ti (Hornak, 1999; N U M A R Corporation, 1997; Belliveau, 1996). 

The decrease in transverse magnetization appears as an exponential decay curve known 

as free induction decay (FID). It is a rapid decay term that decreases much faster than in 

pure T2 processes and has a time constant denoted as T 2 * and known as the effective 

transverse relaxation time (Belliveau, 1996). Two factors contribute to the decay of 

transverse magnetization: molecular interactions, which lead to a pure T2 molecular effect 

and variations in B 0 , which lead to an inhomogeneous T 2 effect. The relationship between 

the T 2 from molecular processes and that from inhomogeneities in the magnetic field is as 

follows (Hornak, 1999): 

V 12j 

(2-4) 

1 1 1 (2-5) = — + T * T T 
12 1l 1i 

where T2(inh) = T 2 due to field inhomogeneities, s 
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Dephasing resulting from T2* processes occurs at a constant rate since it arises from the 

spatial inhomogeneity of the magnetic field. On the other hand, T2 dephasing fluctuates 

randomly since it results from the interactions among the nuclei themselves. It is T2 

dephasing that provides significant sample information (Belliveau, 1996). 

The mechanism of spin-spin relaxation is sensitive to interactions with magnetic fields 

caused by adjacent spins with low or zero reorientation rates (i.e., spins that are bound at 

surfaces or within rigid solids). Therefore, T 2 relaxation is more efficient in large 

molecules since they re-orientate themselves more slowly than small molecules. Water 

molecules strongly bound to macromolecules lead to rapid T 2 relaxation and T2 for free 

water is much longer than that for bound water. Relaxation mechanisms are sensitive to 

the presence of highly paramagnetic or ferromagnetic impurities due to the magnetic field 

inhomogeneities these impurities cause (Belliveau, 1996). 

Both spin-lattice and spin-spin relaxation processes occur simultaneously. Modifications 

in sample stimulation are necessary in order to measure Ti and T2. Thus, two or more 

pulses are applied in quick succession to regain signal coherency. Modifying the 

parameters of these pulse sequences provides different information regarding the samples 

(Belliveau, 1996). 

2.2.3 Pulse sequence 

It is necessary to recombine the signal in order to measure "true" transverse relaxation 

and this is achieved by applying another B pulse to recombine the signal. The time 

between the initial A pulse and the subsequent B pulse is the same as the time between 

the B pulse and the formation of the signal echo. The time between the A pulse and its 

corresponding echo is call the echo time, TE. The magnitude of the measured echo will 

be less than the magnitude of the initial signal. This is due to irreversible energy losses to 

the environment unlike FED, which is reversible. One is able to determine the true decay 
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of magnetization in the transverse plane at this point and it is possible to acquire 

information (Coates etal, 1999; Belliveau, 1996). 

One way of determining T2 from spin-echo amplitudes is by repeating the spin-echo 

method several times while varying TE. This method, however, is very time consuming. 

The Carr-Purcell-Meiboom-Gill (CPMG) method is a more efficient method to measure 

T2 in systems because the pulse sequence for this method allows determination of T2 in a 

single experiment. This method involves sending a sequence of 180° pulses and 

measuring the echo each time, thus obtaining the true relaxation of the magnetization 

vector in the transverse plane. This is depicted in Figure 2.3. A n advantage of this 

method is that diffusional effects on the decrease of the echo amplitude are minimised 

when the interval 2x (equal to TE) between pulses is small. The C P M G method applies a 

series of 180° pulses at intervals x, 3x, 5x, 7x, etc., following the original 90° pulse. 

Echoes are observed at times 2x, 4x, 6x, 8x, etc. On multiple repetitions of the 180° 

pulse, the height of the multiple echoes decreases successively as a consequence of T2 

dephasing (Belliveau, 1996). As a result, one obtains the true exponential decay of the 

transverse magnetization (Coates etal., 1999). 

The advantage of this method is that a single sequence produces a series of echoes which 

results in a substantial saving in time since a delay is now unnecessary between 

sequences (Belliveau, 1996). Another advantage to using this pulse sequence is that the 

C P M G pulse sequence is commonly used to remove the effects of diffusion from the T2 

measurement (Xu and Davis, 1999). 

1st echo 2nd echo 
3rd echo 

A " 
( 

1 I 1 1 I 1 

) x 2t 3i 4T 5T &T 

Time (milliseconds) 

Figure 2.3: C P M G pulse sequence (Belliveau, 1996) 
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2.3 Low-field NMR 

Quantitative analysis by N M R has traditionally used high-field measurements, where the 

frequency is on the order of 100 MHz, rather than low-field measurements, which operate 

at frequencies on the order of 1 MHz. However, low-field N M R has since been found to 

be more accurate than high-field N M R in measuring water and oil volumes in media that 

possess large internal magnetic gradients. Higher magnetic fields result in a stronger 

signal, hence measurements are completed in a shorter period of time. However, this 

same field causes larger internal gradients, which may lead to the degradation of the 

measurements (Straley et al., 1997). The low magnetic field has the benefit of 

minimizing the artifacts produced by the varying susceptibilities of the pore fluids and 

porous media. Such a field also optimizes Ti and/or T2 contrasts. These artifacts would 

otherwise introduce significant errors in the determination of several porous medium 

properties ( N U M A R Corporation, 1997). Another disadvantage of high-field N M R for 

analysis of fluids within porous media is that large internal magnetic field gradients can 

obscure relaxation curves for bulk fluid or surface relaxation, which prevents researchers 

from determining the relative importance of surface relaxivity on fluid-solid interactions 

(Straley et al, 1997). 

2.4 NMR parameters 

As mentioned previously, pulse sequence parameters can be modified to maximize the 

amount of information acquired regarding a given sample. In any given experiment, four 

parameters must be defined: echo time, number of B pulses, wait-time (also known as 

post-train delay, PTD), and the number of trains. 

The specified echo time, TE, will vary for different fluids. A fluid that relaxes quickly 

requires a TE short enough such that the signal can be refocused before all the energy is 

given off. The time at which a fluid relaxes also affects the number of B pulses required 
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because this parameter is equal to the number of echoes read as the transverse 

magnetization relaxes. In other words, this parameter determines the length of a single 

N M R experiment. These two parameters indicate how much of the relaxation curve will 

be measured. The entire transverse relaxation curve will not be measured i f the specified 

values for echo time and the number of B pulses are too small. On the other hand, i f 

these parameters are specified with values that are too large, the relaxation curve will not 

be well defined because there were not enough echoes produced to obtain information. 

Trial and error, as well as experience, is needed to determine the optimum TE and 

number of B pulses for a given fluid (Coates et al., 1999). 

Experience also helps in determining the optimum wait-time or post-train delay. 

Specification of this parameter means defining the time between the end of one 

experiment and the beginning of the next one. It is important that this parameter is 

defined correctly because once the measured amplitude in the transverse plane appears to 

have decayed, the protons might have given off all the energy it gained and returned 

completely to its equilibrium direction along B 0 . However, it is possible that the protons 

have given off most, but not all, of their energy. Consequently, the protons may not be 

totally aligned with B 0 yet. Exposing the protons to another sequence of rf pulses at this 

point would result in obtaining a lower total amplitude value because not all the protons 

are "excited" to the same extent. Since total amplitude is used to infer the amount of 

hydrocarbon or water present in the sample, it is important to give protons enough time to 

fully repolarize along the z-axis before another experiment begins (Coates et al., 1999). 

Increasing the number of times an experiment is repeated improves the final results, 

however it takes longer to obtain a measurement. The optimum number of trains is a 

balance between accuracy and efficiency. This optimum number is determined mainly 

by trial and error as well as experience. Generally, analysis of fluids with a single 

relaxing species (i.e., water, kerosene) does not require many trains in order to obtain the 
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required information. Fluids such as crude oil, with many different relaxing hydrocarbon 

species, will require many trains in order to obtain reliable results (Coates et al., 1999). 

2.5 Relaxation processes 

Fluids in porous media that are exposed to magnetic field gradients decay through three 

processes: bulk, surface and diffusion relaxation. 

2.5.1 Bulk relaxation 

Bulk relaxation is caused by local diffusion of the fluid molecules and is a property of the 

fluid. This process is the relaxation one would obtain i f the fluid were put in a large 

container within a homogeneous magnetic field. Within a porous medium, bulk 

relaxation processes occur in centres of large pores (Coates et al., 1999). 

2.5.2 Surface relaxation 

2_|_ 2+ 

Protons closely approaching paramagnetic ions such as iron (Fe ) and manganese (Mn ) 

on the grain surfaces experience surface relaxation. This process is defined by the 

following equation (Slijkerman and Hofinan, 1998): 

1 1 1 1 pS n , . 
— = + = — - + — (2-6) 
T T T T V 
12 12B 12S L2B r 

where T 2 B = decay time for the bulk water phase, s 

T2S = decay time for the water on the surface of the porous media, s 

p = surface relaxivity, mm/s 

S = surface area of grain, mm 2 

V = volume of grain, mm 3 
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Surface relaxivity is a type-specific proportionality constant between T 2 decay time and 

pore size (Slijkerman and Hofman, 1998). A high value of p for a given porous medium 

implies that a proton colliding with a rock surface will give off a lot of energy and relax 

substantially. This type of relaxation is dominant because water contacts water-wet pore 

walls quickly (Coates et al, 1999). 

2.5.3 Diffusion relaxation 

Diffusion relaxation is a phasing incoherency that develops as the proton spins diffuse 

across strong internal field gradients. These gradients are generated by the susceptibility 

contrast between grain surfaces and pore fluid when a sample is placed in a magnetic 

field. The rate of diffusion relaxation, I/T2D, can be calculated using the following 

equation (Coates et al., 1999; Slijkerman and Hofman, 1998; Straley et al., 1997): 

1 _ Dy2G2TE2 

where T20 = decay time for water undergoing diffusion, s 

D = diffusivity of molecules, m /s 

G = magnetic field gradient, T/m 

The C P M G pulse sequence is unable to refocus the spins effectively when they are 

subject to such a time-varying internal field and the observable signal decays. Several 

researchers found that the T 2 diffusion relaxation rate had a well-defined inverse 

dependence on pore radius. For small values of x, the T2 diffusion relaxation rate was 

proportional to x. This dependence was traditionally interpreted as caused by diffusion 

across field gradients internal to the porous sample (Xu and Davis, 1999). 
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The total signal measured from the N M R relaxometer is the sum of the effects from 

different components (i.e., bulk relaxation from fluids) and the effects of the porous 

media (i.e., surface and diffusion relaxation). The measured signal is a multi-exponential 

curve described by the following equation (Coates et ah, 1999): 

where M(t) = measured magnetization at time t 

Mj(0) =initial magnetization from the i * component of relaxation 

T2i = decay constant of the 1th component of transverse relaxation 

2.6 Processing of NMR data 

Decay curve data need to be processed to form spectral data, from which information 

regarding the porous media and/or the fluids contained within is obtained. N U M A R ' s 

CoreSpec 1000 Echo Fitting Software, EchoFit (v. 3.02) was used to perform this data 

processing. The software uses the non-negative least squares method to fit data with 

multi-exponentials to extract relaxation time distributions from a spin-spin experiment. 

The software program provides a echo train plot, or decay curve, and a T2 distribution 

plot for each test, as seen in Figures 2.4 and 2.5 ( N U M A R Corporation, 1995). The 

curve in Figure 2.4 shows an exponential decay in T 2 . Consequently, this plot is also 

known as a decay curve (Coates et al., 1999). Figure 2.5 shows signal amplitude versus 

transverse relaxation time for a given sample. The curved line shows best fit for the 

incremental amplitude (the "steps" in Figure 2.5) while the dashed line depicts the 

cumulative measured signal. The shape of this plot and the time constants at which the 

amplitude peaks appear reveal information regarding the solid-fluid interactions between 

a porous medium and the fluid(s) contained within. 

(2-8) 
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Solid-fluid interactions between a porous medium and the fluids within allow parameters 

such as pore size distribution, free and bound fluid volumes and wettability to be 

determined from a T2 distribution plot. 

0 300 800 SCO 1 M 0 1300 

Echo T i m * (mi) 

Figure 2.4: Echo train plot for a given sample, as produced by EchoFit software 

0.1 1 10 100 1000 10000 

Relaxation Time (m)  

Figure 2.5: T2 distribution plot for a given sample, as produced by EchoFit software 
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2.7.1 Pore size distribution 

Obtained T 2 measurements are affected by pore size distribution (Mirotchnik and 

Kantzas, 1999; X u and Davis, 1999). Provided that wettability remains constant and no 

other relaxation mechanisms come into effect, peaks at smaller T 2 ' s indicate smaller pore 

sizes. With this in mind, one would expect peaks in N M R spectra of samples undergoing 

imbibition to initially show peaks at low T 2 's and move to longer T 2 ' s as time progresses. 

A porous medium saturated with water alone will provide a T 2 distribution that can be 

related to the pore size distribution since T 2 depends linearly on pore size (Straley et al., 

1997). Inverting the terms in Equation 6 shows that T 2s is proportional to the ratio V/S. 

In a rock within a homogeneous magnetic field, surface relaxation is essentially equal to 

total relaxation because surface effects dominate in these conditions. Assuming that 

pores are like capillary tubes or channels, the dimensions of the ratio V/S is pore radius 

and T 2 is consequently proportional to the pore size. There are two assumptions for this 

train of thought (Straley et al, 1997): 

• Magnetization decays as a single exponential term in each pore. 

• The protons of the fluid in each pore relax independently of the other pores. 

The first assumption underlies the importance of saturating the porous medium with a 

fluid like water when using T 2 distributions to determine pore size distributions. A fluid 

such as crude oil typically has many different components, each of which may relax at 

different times, and the resulting spectrum will not be proportional to pore size 

distribution (Straley et al, 1997). 

There are cases where these assumptions are no longer valid. The second assumption 

becomes invalid when dealing with a porous medium with a significant microporosity 

(i.e., small channels connected to a large central pore). In this case, each pore no longer 



19 

relaxes independently of other. Some of the energy from the magnetic pulses from the 

large pore diffuses into the channels. Magnetization undergoes faster relaxation due to 

diffusional effects in the channels and N M R will underestimate pore sizes as a result 

(Kenyon, 1997). 

2.7.2 Free and bound fluid volumes 

For a given porous medium, there will be a value of T2, known as the T 2 cutoff that 

separates the signal due to bound fluid from that due to the free fluid. The bound fluid is 

usually the wetting fluid and generally exists in the small pores or as thin films along the 

grain surfaces. Likewise the non-wetting phase resides as free fluid in the centers of the 

larger pores (Coates et al., 1999). 

The determination of clay bound water is very similar to that of bound water. Clay 

bound water will have extremely fast relaxation times. In fact, the fastest part of the 

relaxation spectrum from a clay-containing sample is usually attributed to clay bound 

water (Coates et al, 1999). 

2.7.3 Wettability 

Wetting and non-wetting fluids interact with a porous medium differently and these 

differences are apparent in a T 2 distribution plot. One can infer the state of fluids within 

a porous medium from looking at N M R spectra based on type-specific T 2 cutoffs 

(Akselrod et al, 2000; Mirotchnik et al, 1997; Kleinberg and Vinegar, 1996). Water 

molecules near a water-wet surface will relax faster than near an oil-wet surface, due to 

restricted rotation of water molecules near a water-wet surface. This restricted motion is 

a result of a polarised surface force such as that resulting from a hydrogen bond (Hsu et 

al, 1992). Contributions to spectra at values of T 2 that are lower than the cutoff are 

considered due to bound water while contributions at higher T 2 values are considered due 
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to water in the bulk phase (Akselrod et ah, 2000; Kleinberg and Boyd, 1997). This 

process is much simpler and faster than conventional wettability tests and results are 

reproducible. This thesis proposes using N M R as a tool to quantitatively determine 

porous media wettability quickly and easily. The results will show that N M R spectra can 

also be used to detect wettability alteration and monitor water uptake in porous media. 
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CHAPTER 3 : BACKGROUND INFORMATION ON SOIL 

Soil is extremely complex and variable (Laplante, 1998). Water may be found absorbed 

in soil grains, covering the soil grains in the form of a film and as a liquid that fills the 

pores. When the latter form is present, the water in the pores can move under the 

influence of gravity (Polubarinova-Kochina, 1962). Soil water always contains a 

quantity of soluble organic and inorganic compounds (Tschapek, 1984). Moisture 

content will determine the dominant form for water in the porous medium. Water 

saturation levels within a soil profile are shown in Figure 3.1 (Wilson, 2000). The 

unsaturated, or vadose, zone is a region containing both air and water within the pores. 

Living organisms thrive in this region because oxygen, water and organic carbon sources 

are readily available. At optimum moisture content for plant growth, air and water each 

account for 25 vol. % of a sample while organic matter and mineral matter make up the 

other 50% (Kirkham and Powers, 1972). Further down is the saturated zone, 

characterized by complete water saturation due to the permanent water table. In other 

words, the vadose zone is the part of the earth extending from the ground surface to the 

upper surface of the principal water-bearing formation (Judith and Sims, 1999). Between 

the vadose and saturation zones is a transition region where capillary pressure affects 

water saturation (Wilson, 2000; Steffen and Denmead, 1988). The location and thickness 

of this transition zone is dependent on the level of the saturated zone, which is affected 

by occurrences such as significant rainfall events and extended periods of drought 

(Wilson, 2000). 

3.1 Soil organic matter 

The organic matter within the soil contains nonhumic substances and humic substances. 

Soil organic matter (SOM) is a major factor in controlling the physical and chemical 

properties of soils, including sorption of hydrophobic organic compounds, stability of 

aggregates of soil particles and water holding capacity. SOM includes the total of the 
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Figure 3.1: Water saturation levels within a soil profile (Wilson, 2000) 

organic material in the soil excluding non-decayed plant and animal tissues, their partial 

decomposition products and the soil biomass. SOM, shown in Figure 3.2, is an important 

sorbent of plant macronutrients and micronutrients, heavy metal cations and organic 

materials. There are a number of different mechanisms with which ionic and non-ionic 

compounds can be adsorbed on the soil (Judith and Sims, 1999; Laplante, 1998). 

Figure 3.2: Representative structure of humus (Wilson, 2000) 
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Nonhumic substances are organic compounds that belong to known classes of 

biochemistry (i.e., amino acids, carbohydrates, fats, waxes, resins and organic acids). 

These compounds become incorporated in the soil due to the biodegradation of plant and 

animal tissues. Most of this material is further biodegraded by microorganisms to carbon 

dioxide as part of the carbon cycle (Laplante, 1998). 

3.1.1 Humic substances 

Humic substances are the part of SOM that consists of resynthesis products of partially 

oxidized nonhumic substances. They have been defined as the "general category of 

naturally occurring, heterogeneous organic substances that can generally be characterized 

as being yellow to black in colour and of high molecular weight" (Laplante, 1998). 

These molecules are polymers of more chemically resistant organic materials such as 

cellulose and lignin and form the stable parts of the soil. Humic substances are a series of 

high molecular weight substances formed from secondary synthesis reactions and are 

generally characterized as being rich in oxygen-containing functional groups (i.e., -

COOH, -OH). These molecules are considered coiled, long-chain structures of two- or 

three-dimensional cross-linked macromolecules whose negative charge is primarily 

derived from ionization of acidic functional groups. Humic substances are considered to 

be amphiphilic, which means that they consist of separate hydrophobic, or "water-

hating", and hydrophilic, also known as "water-loving", segments. Humic substances 

can be further subdivided into fulvic acids (FA), humic acids (HA) and humin. The large 

number of component molecules and the numerous ways these molecules bind together 

make it very difficult to obtain accurate structural formulas for humic substances. 

Therefore, each fraction must be regarded as consisting of a series of molecules of 

different sizes, with few having the same structural configuration or array of reactive 

functional groups. Fractionation of humic substances into HA, FA and humin reduces 

heterogeneity and allows the observation of more common physical and chemical 

properties (Laplante, 1998). 
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The structures of the three humic fractions are very similar, however they vary in 

molecular weight, ultimate analysis and functional group content. Humic acids are the 

dark-coloured organic material that is soluble at high pH levels, but will precipitate under 

acidic conditions. Fulvic acids are the SOM fraction that is soluble at all pH levels (Roy, 

1999). The properties of humic acids and fulvic acids often overlap, leading to the belief 

that fulvic acids are the product of oxidizing humic acids. The transition from the humic 

acid division to the fulvic acid fraction is accompanied by a decrease in molecular 

weight, a loss of carbon, hydrogen and nitrogen as well as an increase in oxygen. Humin 

is the insoluble fraction of SOM, thought to consist of the following (Laplante, 1998): 

• Humic acids so intimately bound to mineral matter that the two cannot be 

separated; 

• Highly condensed humic matter with a high carbon content and, thereby, 

insoluble in alkali; 

• Fungal melanins and paraffinic substances. 

3.1.1.1 Humic acids 

Humic acids are extremely complex and variable, as seen in Figure 3.3 (Aikman, 2001). 

These components are very heterogeneous and have many chemical functional groups on 

each molecule. Humic acids are responsible for a decrease in the surface tension of 

water. Soluble organic compounds may explain the fact that soil water has a lower 

surface tension than that of pure water (Tschapek, 1984). Due to the fact that alkali 

solutions are capable of removing hydrophobic substances, H A have been regarded as 

likely candidates for components causing water repellency in soil. However, not all 

humic acids produce water repellency (Ma'shum et al., 1988). There are studies that 

suggest that molecular orientation of organic matter may be a parameter that determines 

whether or not a soil is water-repellent (Roy, 1999; Ma'shum et al., 1998). 
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H C = 0 

C O O H 

C O O H 

Figure 3.3: Structure of a representative humic acid molecule (Aikman, 2001) 

Humic acids make up the most important component of SOM and it likely affects the 

wettability of the soil significantly, although there is no consensus whether this soil 

fraction is hydrophobic or hydrophilic (Langford, 1999; Dekker and Ritsema, 1995; 

Ma'shum et al., 1988). The interfacial activity of humic acid is due to its amphiphilic 

molecular structure. The apparent contradiction over the wettability of this soil fraction 

is due to the differences between the hydrophilicity of the surface and the bulk humic 

acid. It is likely that the nonpolar groups of the molecules of dry humic acid are oriented 

towards the air. A drop of water on the surface of pure humic acid remains there until its 

complete evaporation. Other tests indicate that humic acids are highly hydrophilic 

(Langford, 1999; Tschapek, 1984). 

3.2 Inorganic substances 

The non-organic component of soil consists of sparingly soluble constituents, minerals 

such as quartz, feldspars, iron and aluminium hydrous oxides, as well as clay size 

fractions (Burden and Sims, 1999). The inorganic part of soil is hydrophilic because their 

surfaces usually hold ions and polar groups. The hydrophilicity of minerals increases 

with the density of their charges and polar groups (i.e., - O H groups) on the surface 

(Tschapek, 1984). The quartz, or sand, is essentially inert compared to the other soil 

constituents. The fact that there are very few hydrophobic inorganic compounds and that 
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most mineral particle surfaces in soil are coated with organic substances support the 

argument that organic matter must cause water repellency. An additional argument 

supporting organic matter as the cause of water repellency is the fact that the few known 

hydrophobic minerals in soils (i.e., graphite, sulphide and elemental sulphur) are typically 

present in low to trace quantities only (Roy, 1999; Tschapek, 1984). 

3.2.1 Clays 

Clay particles are approximately 1 micron in size, and this fraction is the most chemically 

active portion of a soil (Burden and Sims, 1999). Clays are primarily responsible for 

surface-active processes such as ion exchange, catalysis of chemical reactions and surface 

adsorption (Aikman, 2001). Clays are negatively charged and, due to the high density of 

their surface charges, behave like hydrophilic minerals (Tschapek, 1984). 

There are three types of clay minerals present in soil: kaolinite, illite and montmorillonite 

(Das, 1985). These clays have a planar, layer-like, crystalline geometry composed of one 

type or a combination of sheet-like molecules. A tetrahedral sheet is comprised of a 

series of tetrahedrons with four oxygen atoms surrounding a central cation, which is 

usually silicon, but may also be aluminium. A n octahedral sheet is comprised of a series 

of octahedrons, with six oxygen atoms forming the corners around a cation such as 

aluminium, magnesium or iron. Sheets are formed by the sharing of the corner oxygen 

atoms (Burden and Sims, 1999). The basic molecular and structural components of 

silicate clays can be found in Figure 3.4. 

The sheets may be joined in either a 1:1 or 2:1 arrangement, as shown in Figure 3.5. In 

1:1 arrangements, such as in kaolinite, one tetrahedral layer is connected to one 

octahedral layer by sharing a common oxygen atom (Burden and Sims, 1999). These 

layers are held together by hydrogen bonding (Das, 1985). The 2:1 arrangements forms 

clays such as montmorillonite and has single tetrahedral layers joined to each side of the 
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octahedral layer by sharing oxygen atoms. Water can move freely between the weakly 

bonded 2:1 units, causing montmorillonite to swell and shrink with the addition and 

removal of water (Burden and Sims, 1999). 

(a) (b) 

Figure 3.4: Basic structure of clays: (a) a tetrahedral sheet and (b) an octahedral sheet 

(Burden and Sims, 1999) 

Figure 3.5: Structural diagram of clay minerals: (a) kaolinite; (b) illite and (c) 

montmorillonite (Das, 1985) 
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3.3 Classification 

There are several soil classification systems available. Soils can be classified based on 

their mode of transport. These categories can be seen in Table 3.1. The American 

Society for Testing and Materials (ASTM) uses a classification system based on relative 

amounts of grains of certain sizes, as depicted in Figure 3.6. The International Society of 

Soil Science (ISSS) uses the same classification system (Koorevaar, 1983). The United 

States Department of Agriculture (USDA) uses the textural triangle shown in Figure 3.7. 

The term "soil texture" refers to the relative proportions of the various particles, 

commonly referred to as soil separates, in a soil. The soil textural classes are used to 

provide information concerning soil physical properties (Burden and Sims, 1999). 

Table 3.1: Soil classification according to mode of transport (Das, 1985) 

Classification Mode of transport 

Aeolian Transported and deposited by wind. 

Alluvial Transported by running water and deposited along streams. 

Colluvial 

Formed by movement of soil from its original place by gravity (i.e., 

during landslides). 

Glacial Formed by transportation or deposition of glaciers. 

Lacustrine Formed by deposition in quiet lakes. 

Marine Formed by deposition in the seas. 
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Wettability is defined as the tendency of one fluid to spread on or adhere to a solid 

surface in the presence of other immiscible fluids (Craig, 1971). This parameter is not a 

fixed and constant property. Wettability can change over time and this is verified by the 

observation that resistance of water-repellent soils to wetting decreases over time 

(Dekker and Ritsema, 1994a). Such changes are due to several factors, including climate 

and handling (Dekker and Ritsema, 1995). 

Even though several researchers use "hydrophobicity" and "wettability" interchangeably, 

there is a difference between these two terms. Hydrophobicity refers to the interaction 

between a compound and an aqueous phase (Valsaraj, 1994; Karickhoff, 1979) while 

wettability describes the interaction between a fluid and a solid such as the porous media 

(Tissot and Welte, 1984). Therefore, a soil that does not accept water into its matrix 

should be described as "water-repellent" instead of "hydrophobic". Similarly, the 

substances that cause the soil to exhibit water-repellent properties are "hydrophobic" and 

not "water-repellent". 

The presence of hydrophobic substances is not the only condition that needs to be met in 

order for a soil to exhibit water repellency. A soil may still appear to be water-repellent 

even after the extraction of substances that are known to be hydrophobic. Meanwhile, 

there are soils that contain some known hydrophobic substances, yet remain readily 

wettable. As a result, water-repellent characteristics of a soil will not necessarily 

disappear after the extraction of hydrophobic substances (Roy, 1999). 

4.1 Solid-fluid interactions 

Immiscible fluids in contact with each other have a distinct interface separating the two 

phases. The interface is dealt as a mathematical line or as a surface with no thickness. 
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There are several types of interfaces including liquid-gas interfaces, liquid-liquid 

interfaces, solid-gas interfaces and solid-liquid interfaces. In porous media at least three 

phases are involved in interfaces (i.e., oil-water-solid, gas-oil-solid and gas-water-solid 

interfaces) (Kantzas, 1999). 

The surface tension (y) and the interfacial tension (a) are the basic properties of an 

interface that denote force per unit length or energy per unit area. The term surface 

tension is reserved for the tension in the interface between a liquid in contact with a 

vapour phase. For liquid-liquid or solid-liquid interfaces the term interfacial tension is 

used. For example, when a gas-oil interface is present in a capillary, the relevant term is 

y, while for an oil-water interface in a capillary the relevant term is the interfacial tension 

between those two phases, CT0W (Kantzas, 1999). 

The wettability of a system can range from strongly water-wet to strongly water-

repellent. This parameter is determined by the balance of the cohesive forces in the 

liquid and the adhesive forces. Adhesive forces measure the tendency of the liquid to 

spread over the soil surface, whereas cohesive forces measure the tendency of drops of 

liquid to form a sphere. These forces are expressions of capillary tensions having units of 

force per unit length. Because the capillary tension of a surface or interface is equal to 

the free energy per unit area of the surface or interface, adhesive and cohesive forces are 

sometimes also referred to as work of adhesion (W a) and work of cohesion (W c), 

respectively. Consequently, these parameters are expressed in units of energy per unit 

area (Roy, 1999). When the porous medium is water-wet, water occupies the small pores 

and thus comes in contact with the majority of the rock surface. In a water-repellent 

system, water occupies the center of the large pores because the porous medium prefers 

to come in contact with the other fluid phase. In systems where the other fluid is air, 

water is likely present on the surface in miniscule, undetectable amounts. Wettability 

may not be uniform throughout a porous medium due to the varying surface chemistry 

and adsorption properties within the sample. This parameter affects many properties of 
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porous medium, including distribution of fluids, residual saturation, capillary pressure 

and pore size distribution (Torsaster et al., 1997; Anderson, 1986a). 

4.2 Soil water repellency 

Soil water repellency is defined as poor soil wettability (Roy, 1999). Water-repellent soil 

is characterized by lack of plant growth, extra dusty appearance and consistency, due to 

non-presence of aggregates in the soil (Terry and Shakesby, 1993). Water repellency 

takes place in the top layer of dry soil while the lower layers are humid. Results indicate 

that i f the surface is mixed with lower layers, wetting can be enhanced. In the case of 

acute water repellency, wetting can be increased with non-ionized surface-active 

substances (Tschapek, 1984). 

4.2.1 Causes of soil water repellency 

Compounds in soil considered to be hydrophobic as a result of low aqueous solubilities 

include alilphatic and aromatic hydrocarbons, chlorocarbons, fluororcarbons, chlorinated 

pesticides, phenols, polychlorinated biphenyls and polynuclear aromatic hydrocarbons 

(Valsaraj, 1994). Materials such as humic acids, decomposing plant material or litter 

and extracts of various plants appear to cause water repellency (Ma'shum et al., 1988). 

Organic matter is thought to lower the wettability of a soil by increasing the cohesion of 

aggregates. Some researchers have shown that organic substances can render clays 

hydrophobic (Chenu et al., 2000). It is important to remember that organic matter 

content, although it is an important and maybe dominant factor, is not enough on its own 

to predict the persistence of water repellency. The quality of organic matter must also be 

known (Dekker and Ritsema, 1994a; Ma'shum et al, 1988; Tschapek, 1984). Water 

repellency has been attributed to specific microflora in soils, specific vegetation covers 

and organic coatings of soil particles. Apparently, all types of organic matter are able to 
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induce water repellency in soils (Dekker and Ritsema, 1994b). In fact, water repellency 

in soil has long been recognized as a function of organic matter (Tschapek, 1984). 

Water repellency in soil has been typically attributed to the presence of hydrophobic 

organic substances forming a coating over the surface of soil surfaces (Roy, 1999; 

Ma'shum et al., 1988). The surface coverage density and conformation of hydrophobic 

organic compounds may be the parameters that determine how readily water spreads on 

soil surfaces (Roy, 1999). Specifically, amphiphilic molecules (i.e., H A and FA) can 

impart the characteristics of water repellency to soil when their hydrophilic ends are 

oriented towards the soil particle surfaces and their hydrophobic ends extend towards the 

open pore space. Likewise, the hydrophilic functional groups interact with the soil water 

where as the hydrophobic functional groups interact mostly with themselves and the 

organic matter coatings in wettable soils. Several researchers believe that changes occur 

in the conformation of these amphiphilic organic molecules during soil drying and 

following treatment with certain nonpolar organic solvents (Roy, 1999; Ma'shum et al., 

1988; Tschapek, 1984). 

It is possible to describe the binding of hydrophobic organic compounds onto soil particle 

surfaces through equilibrium partitioning expressions. The use of such expressions 

assumes that sorption is spontaneous, but sorption in reality may take weeks or months. 

Consequently, it is necessary to use kinetic expressions rather than equilibrium 

expressions to describe the binding (Schlebaum et al., 1998). This is important to do 

because sorption mechanisms are very important in the interactions between organic 

contaminants and soil organic matter. The release of hydrophobic organic chemicals 

from soils show biphasic desorption behaviour, suggesting the presence of fast-desorbing, 

labile fraction and a slow-desorbing, nonlabile fraction (Schlebaum et al., 1998; 

Belliveau, 1996; Hatzinger and Alexander, 1995). Several researchers suggest that the 

labile fraction is composed of relatively open humic structures and the nonlabile fraction 

is composed of more condensed, rigid humic structures, formed by humin. Humic acids 

may also have condensed and rigid regions, implying that slow sorption kinetics may be 
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observed for rigid humic acid structures (Schlebaum et al., 1998; Hatzinger and 

Alexander, 1995). 

Repeated observations of reversible water repellency suggest that mechanisms other than 

removal of causative agents can also contribute to reductions in soil water repellency. 

Several researchers have proposed that the interfacial conformation of sorbed water-

repellent substances changes in response to compositional changes of the interstitial pore 

fluids. Hydrophilic functional groups in organic matter (i.e., - O H , - C O O H and -NH2) 

interact with water molecules when the soil is wet, but with each other when the soil is 

dry. Air drying is thought to increase soil water repellency because removal of water 

promotes interactions between polar functional groups, which in turn increases the 

exposure of nonpolar alkyl chains at the interface between organic matter coatings and 

interstitial pore fluids (Aikman, 2001; Roy, 1999; Terry and Shakesby, 1993). 

4.2.2 Consequences of leaving water repellency untreated 

Naturally occurring water-repellent soils seem to absorb water molecules from the vapour 

phase, but not from the liquid phase. However, it is usually assumed that water vapour 

molecules sorb to soil through the same interaction mechanisms as liquid water 

molecules (Roy, 1999). Leaving water-repellent soil untreated may lead to one or more 

of the following (Roy, 1999; Dekker and Ritsema, 1995; Dekker and Ritsema, 1994a; 

Hendrickx et al., 1993; Terry and Shakesby, 1993): 

• Increased likelihood of runoff and erosion. 

• Decreased likelihood of sustaining plant growth in the area. 

• Increased likelihood of contaminating ground water table. 

Water repellency decreases the infiltration rate as well as the water holding capacity of a 

soil and the reduced amount of water available within the soil matrix makes it difficult to 
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sustain plant growth in that area (Dekker and Ritsema, 1994a; Hendricks et al, 1993). 

The lack of a protective plant cover contributes to making water-repellent soils highly 

susceptible to erosion. Such an occurrence threatens to damage adjacent land and 

disperse any contaminants they contain throughout the environment. Soil water 

repellency also prevents soil organisms from contributing efficiently to energy flow and 

nutrient cycling. Water-repellent soils are often bare, dry and disaggregated, making them 

highly susceptible to dispersal by erosion (Roy, 1999). 

Rain that falls on the surface of water-repellent soil does not penetrate evenly but moves 

downward through narrow channels. Water does not move in a homogeneous front 

through the soil because results show that a significant fraction of the water added to the 

soil moves immediately through open channels and interacts only slightly with the water 

already in the soil (Dekker and Ritsema, 1995). Soon water flows preferentially through 

these narrow channels. Water-repellent zones persist between these preferential flow 

paths, or "fingers". Documentation of fingered flow during infiltration into soils goes 

back at least 35 years (Dekker and Ritsema, 1995). 

The occurrence of finger like wetting patterns greatly accelerates the transport of water 

and surface-applied solutes. Possible consequences of this phenomenon include the 

sorbing and degrading solutes such as pesticides toward the saturated zone, consequently 

increasing the risk of contaminating groundwater reservoirs. Knowledge of spatial 

patterns in soil water content in the unsaturated zone is essential in field-scale modeling 

of water and solute transport. It is essential to know where and when preferential flow 

may be expected in field situations and to what extent it may accelerate water and solute 

transport in order to develop consistent strategies for minimizing environmental risk to 

groundwater and surface waters (Dekker and Ritsema, 1995). 



37 

4.3 Wettability alteration 

Soil water repellency is encountered in diverse ecosystems in many parts of the world. 

Water repellency can be induced naturally or as a result of a fire or pollution event. 

Pollution-induced water repellency usually develops following prolonged exposure of 

soil to liquid or vapour phase petroleum hydrocarbons (Langford, 1999; Roy, 1999). 

Soil wettability is determined to some extent by the adsorption of organic constituents 

onto the solid surfaces (Aikman, 2001). Many researchers have shown that the original 

strong water wetness of most porous media can be altered to a more water-repellent 

condition by adsorption of polar compounds and/or deposition of organic matter that was 

originally in the crude oil (Buckley et al., 1998; Buckley et al., 1997; Liu and Buckley, 

1997). Wettability alteration towards a less water-wet state has been shown to occur in 

sandstone and carbonate aged in crude oil (Graue et al., 1999). Berea aged in different 

oils showed a greater degree of wettability alteration for oils with higher asphaltene 

contents (de Pedroza et al., 1993). The surfactants in the crude oil that are involved in 

the adsorption are generally believed to be polar compounds that contain oxygen, 

nitrogen, and/or sulfur. Polar compounds in crude oil that are believed to be responsible 

for surface interactions and wetting properties include carboxylic and phenolic acids, 

organic bases and metal complexes (Standal et al., 1999). Surfactants in crude oil are 

composed of a large number of very complex chemicals that, when combined, make up a 

small fraction of the crude. As a result, identifying which compounds are involved in the 

wettability alteration process has not been possible. The surfactants of crude oil can be 

found in a wide range of petroleum fractions, but they are more significant in the heavier 

fractions of crude, such as resins and asphaltenes. Natural surfactants in crude oil are 

often sufficiently soluble in water to adsorb onto the rock surface after passing through a 

thin layer of water, which allows them to adsorb onto the surfaces by destroying the thin 

layer of water (Anderson, 1986a). This does not mean that adsorption cannot take place 

without water. In fact, measurements comparing asphaltene adsorption in samples with 
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and without water show that the presence of a water film will reduce, but not completely 

inhibit, asphaltene adsorption (Kantzas, 1999; Anderson, 1986a). This water film may 

alter the detailed mechanism of asphaltene adsorption because the asphaltenes and water 

will co-adsorb (Anderson, 1986a). However, the exact mechanism of wettability 

alteration is not well understood (Kim et al., 1990). Both the degree and location of 

adsorption are important in the wettability alteration process. 

4.4 Wettability measurements 

There is no satisfactory method available for in-situ measurement of wettability, making 

it necessary to estimate wettability from laboratory measurements. The following must 

apply in order to obtain representative wettability information from laboratory 

experiments (Kantzas, 1999): 

• The method should not damage the surface properties of the rock. 

• The method should enable differentiation of the entire range of wettability, from 

very water-wet to very water-repellent. 

• The results should include the effects of micro-heterogeneities of the rock (except 

where an ideal system was used). 

• The results should not depend on parameters such as rock permeability and fluid 

viscosity unless these parameters can be isolated. 

• The results should be reproducible both with respect to a given sample and also 

between different samples having similar properties. 

Many different methods have been proposed for measuring the wettability of a system. 

Each of these methods has their own advantages and disadvantages as well as errors 

induced during the handling processes (Anderson, 1986b). 
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4.4.1 Molarity of ethanol droplet test 

The molarity of ethanol droplet (MED) test is an indirect method to estimate the average 

surface tension of soil solids. It is not a direct estimate of average soil surface tension 

because it does not account for the interfacial tension between the soil and the liquid. 

This method is merely an indicator of average surface tension and a relative index of soil 

water repellency. The surface tension of the wetting liquid is varied by increasing the 

ethanol concentration in the liquid, which lowers the free energy of the liquid surface and 

of the liquid/solid interface when liquid is brought into contact with soil. The reported 

M E D value is the lowest concentration of an aqueous ethanol solution that allows for 

complete droplet absorption within an arbitrarily chosen period of time (i.e., ten seconds). 

This parameter is used as the indicator of soil water repellency. Although the M E D test 

accounts to a certain extent for the time-dependence of contact angle values in soil, the 

time of observation is limited to the arbitrarily chosen time period (Roy, 1999). 

The M E D test is one of the most commonly used methods to assess soil wettability. 

However, the results obtained on the same soil do not usually bear a high correlation 

coefficient because soil/water/air systems cannot be directly compared to soil/aqueous 

ethanol/air systems without accounting for differences in the nature of their solid-liquid 

molecular interactions. The physics, kinetics and thermodynamics of wetting in 

soil/liquid/air systems are largely determined by these solid-liquid interactions. It is well 

known that soil does not interact with ethanol the same way it does with water (i.e., some 

organic and inorganic compounds on soil particle surfaces are more soluble in ethanol 

than they are in water). Although it is an easy test to perform, it is difficult to reproduce 

M E D values for a given soil sample. This is mainly due to the heterogeneity of the soil 

(Roy, 1999). 
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4.4.2 Water drop penetration test 

The objective of the water drop penetration test (WDPT) test is to monitor the time it 

takes for complete penetration of water droplets into soil. The time required for droplet 

imbibition by the soil is recorded as an index of soil water repellency. This test accounts 

for the dynamism of contact angle values in soil, but it does not entail artificial 

modification of system conditions (Roy, 1999). 

It is not clearly known to what extent conditions under which WDPTs are performed can 

vary without affecting the results. There is evidence that surface roughness and 

temperature affect the thermodynamics of wetting (Roy, 1999). 

Like the M E D test, the WDPT test has the problem with arbitrary time scales, which are 

chosen for convenience and have no specific physical meaning (Ritsema and Dekker, 

1998; Dekker and Ritsema, 1994a). 

4.4.3 Contact angle method 

The contact angle, 6, is a measure of the wettability of a specific solid surface by a fluid 

in contact with another immiscible fluid (Kantzas, 1999). It is the macroscopically 

observable consequence of molecular level interactions (Roy, 1999). Conventionally, 9 

is measured through the water (Anderson, 1986a). If 0 is equal to zero, the fluid is 

spreading on the solid surface in the form of a film and the perfectly wetting fluid is 

defined. The surface is called perfectly wetted. If 0 is less than 90°, the surface is 

preferentially water-wet while values of 0 greater than 90° indicate a preferentially water-

repellent surface. The further 0 is from 90° while remaining greater than that value, the 

less water-wet the solid. A system is neutrally or intermediately wet when the contact 

angle falls in the middle range (Dullien, 1992; Anderson, 1987). The different wettability 

scenarios are in Figure 4.1. 
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Wetting Angle 

or 

Spreading of liquid drop in the 
form of a film 

Solid 

9 < 90 °, Solid wetted by the liquid drop 

Solid Surface 

9 = 0 Perfect wetting fluid. 

Surface is perfectly wetted 

9 > 9 0 ° Surface is not wetted 

Glass Plate 

Figure 4.1: Different wettability scenarios (Kantzas, 1999) 

When a drop of water is placed on a surface immersed in oil, 9 is related to the surface 

energies of the oil-water-solid system by Young's equation of capillarity (Anderson, 

where CTow = interfacial energy between the oil and water, mN/m 

aos = interfacial energy between the oil and the solid, mN/m 

r j w s = interfacial energy between the water and the solid, mN/m 

9 = contact angle between the water-oil interface and the solid, 0 

There are certain problems with Young's equation, including the following (Kantzas, 

1999): 

• The values of a between either of the fluid phases and the solid cannot be 

measured independently in an experiment. 

1987): 

ws 
(4-1) 
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• The force balance may not be valid because asinO is unbalanced in the making of 

a force balance along the y-direction. 

• Solubility of the solid surface (solid phase) in one of the fluids, or deformation of 

the solid -fluid interface poses a problem in determining values of a. 

• Surface roughness effects are not considered. 

A problem with measuring contact angles is that this parameter is never determined at 

field conditions because theoretically valid contact angle measurements are impossible to 

make in soil. Young's equation is based on an ideal solid surface but soil, being rough, 

heterogeneous and deformable, is not considered an ideal solid surface (Roy, 1999). 

Another problem in contact angle measurements is hysteresis because a liquid drop on a 

surface can have many different stable contact angles (Kantzas, 1999). There are several 

causes of contact angle hysteresis including surface roughness and surface heterogeneity. 

The rough surface of soil contains peaks and valleys, thus a liquid drop will attach to a 

surface that is not flat. The macroscopically observed contact angle wil l consequently 

not be the same as the true contact angle on a microscopic scale. Surface heterogeneity 

can be heterogeneity in the rock surface composition or differential adsorption of 

wettability altering compounds (Anderson, 1986b). 

Water/crude oil systems experience a contact angle hysteresis between primary drainage, 

where the non-wetting phase displaces the wetting phase, and imbibition, the process in 

which the wetting phase displaces the non-wetting phase in the porous medium. This 

hysteresis occurs because the mineral surface is initially free of asphaltene aggregates 

before contact with crude oil and is partially or completely covered with asphaltene 

aggregates after equilibration with crude oil. The magnitude of the difference between 

the contact angle values is possibly a function of the fraction of the area covered and the 

aspect ratio of the asphaltene surface aggregates. When a small fraction of the surface is 

covered with asphaltene aggregates, the advancing contact angle is a function of the 
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energy required to lift the oil-water interface from the surface. In instances where the 

fraction of the surface covered with asphaltenes is high, it is thought that an oil film will 

span across some of the bare mineral patches as water advances over the surface. The oil 

film ruptures in other places after the upper and lower interfaces intersect, thus exposing 

the bare mineral surface. The advancing contact angle will then be a function of the 

fraction of the surface where the oil film has ruptured and exposed the underlying 

hydrophilic mineral surface (Yang et al., 1999). In short, theoretically valid contact 

angle measurements are impossible to make in natural soil (Roy, 1999). 

The measured contact angle provides no information about the organic coatings on 

reservoir rocks. These films can be detected only by making other wettability 

measurements. Most importantly, the contact angle method is time consuming since the 

system needs to reach equilibrium. Contact angle measured in the laboratory may not 

represent the natural wettability of the system (Anderson, 1986b). 

4.4.4 Amott method 

The Amott method measures the average wettability of a porous medium by combining 

free imbibition and forced imbibition and is based on the fact that the wetting fluid will 

generally imbibe spontaneously into the sample, displacing the non-wetting fluid. Other 

factors such as relative permeability, viscosity, and the initial saturation of the rock can 

affect imbibition as well therefore the ratio of spontaneous imbibition to forced 

imbibition is used to deduce these influences (Anderson, 1986b). 

A sample saturated with oil is placed in an imbibition cell filled with water. The water is 

allowed to imbibe into the sample and displace the oil until equilibrium is reached, as 

shown in Figure 4.2. The amount of water imbibed is recorded, then the sample is 

removed from the cell and the remaining oil in the sample is forced out with the use of a 

pump. The amount of oil displaced is then recorded (Kantzas, 1999). 
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Figure 4.2: Imbibition cell during an Amott test, (a) Oil-saturated sample surrounded by 

water and (b) Water-saturated sample surrounded by oil (Kantzas, 1999) 

The sample, now saturated with water at residual oil saturation, is placed in an imbibition 

cell filled with oil. The oil is allowed to imbibe into the sample by displacing water, as 

shown in Figure 4.2. At equilibrium the volume of water displaced is measured, which 

should be equal to the volume of oil imbibed is recorded. The remaining water in the 

sample is forced out and the volume of water displaced is measured (Kantzas, 1999). 

A l l the recorded production volumes are used to calculate the wettability index (WI), also 

known as the relative displacement index, or RDI, by using the following equation 

(Kantzas, 1999): 

WI 0\ If I 
V +v 

= r -r = AL., - AL (4-2) 

•2 

where V 0 i = volume of oil produced during water imbibition, cm 

V 02 - volume of oil produced during water flooding, cm 

V w i = volume of water produced during oil "imbibition", cm 3 

VW2 = volume of water produced during oil flooding, cm 
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r w = displacement-with-water-ratio 

r 0 = displacement-with-oil-ratio 

A I W = Amott index to water 

AIo = Amott index to oil 

This parameter will have a value between -1.0 and 1.0. WI =1.0 indicates complete 

water wetting, while WI = 0.0 denotes neutral-wetting and WI = -1.0 implies complete oil 

wetting (Kantzas, 1999). The values of A I W and A I Q can be used to determine sample 

wettability from using Figure 4.3, which shows the ranges for different wettabilities. 

The Amott method is a fully empirical test with fairly weak theoretical reasoning and 

these tests are difficult to perform at reservoir pressure (Kantzas, 1999). Another 

disadvantage is that the Amott test does not adequately discriminate between systems that 

give high values of WI and collectively describes these as very strongly water-wet (Ma et 

al, 1994). 

0 1 

0 0.2 0.4 0.6 0.8 1 
O il Wetting Index 

Figure 4.3: Ternary wettability diagram (Kantzas, 1999) 
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Literature provides a table of criteria available for determining sample wettability, some 

of which are shown in Table 4.1. 

The disadvantage of using these criteria is that these measurement methods used to 

determine these parameters cannot give reproducible results. This thesis will show that 

N M R measurements are an alternative to quantitatively determine sample wettability 

easily, quickly and precisely. 

Table 4.1: Criteria forjudging the hydrophilicity/hydrophobicity of disperse materials 

(Tschapek, 1984) 

Criteria Hydrophilicity Hydrophobicity 

Contact angle of water 0° to 90° >90° 

Penetration time of a drop of water Instantly No penetration 
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CHAPTER 5 : INSTRUMENTATION 

5.1 Specifications and parameters 

A l l low-field N M R measurements were made with the CoreSpec 1000™ made by 

N U M A R Corporation, a subsidiary of Halliburton. This instrument contains a permanent 

magnet with a field strength of 0.024 T and the transmitter frequency is approximately 1 

M H z ( N U M A R Corporation, 1997). Diffusion effects are insignificant at frequencies on 

the order of 1 M H z (Kleinberg et al., 1994). A sample holder keeps the sample oriented 

vertically and in the homogeneous zone within the centre of the magnet. Measurement 

vials are a maximum of 3.81 cm in diameter, which is the inner diameter of the core 

holder. The length of the sample column is equal to the length of the homogeneous zone 

in the magnet to ensure that all the protons in the sample are excited to the same extent. 

N M R measurements are made with a standard prior to testing each sample to help verify 

that the protons are excited to the same extent each time, thus allowing for direct 

comparison of several different T2 distributions to some extent. The standard is a mixture 

of water and copper sulphate and this solution gives a single amplitude peak at a T2 value 

of approximately 240 ms. The spectrum for the standard is shown in Appendix A . 

While temperature has an effect on the N M R response of fluids (Coates et al., 1999), 

variability in signal amplitude as a result of temperature is minimal in this experimental 

program because the magnet temperature remained at 30°C while testing all the samples. 

Many of the operating parameters for the relaxometer were the same regardless of the 

contents of the sample holder and are outlined in Table 5.1. The values outlined in this 

table were determined independently to be the optimal parameters for exciting sample 

protons to the greatest degree. Parameters modified depending on whether a standard or 

a sample was measured are discussed below. 
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Table 5.1: Operating parameters of the N U M A R CoreSpec 1000™ 

Parameter Value 

Number of A pulses 1 

Width of A pulse ([is) 20 

Width of B pulse (us) 40 

Frequency (kHz) 1119.9 

Phase (°) 89 

5.1.1 Measuring the standard vs. measuring a sample 

The gain is set to 8 when analysing a sample and changed to equal 1 prior to measuring 

the standard. The difference in gain values is due to the difference in size between any 

sample and the standard. The standard contains many more protons than all of the 

samples measured in this experimental program, making it unnecessary to have a gain 

higher than 1 in order to detect signal amplitude. A gain of 8 while measuring the 

standard would likely saturate the amplifier, since increasing the gain is equivalent to 

multiplying the amplitude signal by that same factor. The amplitude of the output signal 

may consequently be at the maximum level the instrumentation can produce, but may not 

actually be eight times that of the input signal. This would consequently decrease the 

apparent gain, which would affect the interpretation of the N M R data. A gain of 8 is 

advantageous when dealing with a sample that contains a small amount of water. 

Five thousand B pulses were used when testing a sample in order to obtain the maximum 

amount of information from each decay curve. Also, the EchoFit software program 

handles decay curves created from a maximum of 5000 echoes (TsfUMAR Corporation, 

1995). Only 1667 B pulses were used for the standard since it consists of a single-

exponential liquid (i.e., one amplitude peak appears in a T 2 distribution plot) and the 

location of the amplitude peak is known. 



49 

Another way of decreasing the length of time elapsed during a standard measurement is 

to decrease the number of trains used. Four trains are used for the standard while at least 

16, sometimes 49, are used for the samples. Less trains are required for the standard, 

which is anticipated to give a single peak in its T2 distribution. The samples, on the other 

hand, will give a T2 distribution across the whole spectrum (i.e., 0.1 < T 2 < 10 000 ms) 

due to pore-size distribution, wettability and other effects. The higher number of trains 

will increase the confidence in the results obtained. The PTD is 1500 ms for the 

standard, compared to at least 5500 ms when dealing with a sample. The shorter PTD is 

used due to the fact that the doped water in the standard need less time to return to 

equilibrium before the next test can begin. Water in samples may be in a bulk state and, 

therefore, would need more time to return to equilibrium. 

The signal-to-noise ratio (SNR) is monitored during every measurement to ensure that the 

signal obtained is indeed that from the sample and not noise. The minimum value for 

SNR is 225 when measuring the standard and 100 when measuring a sample. The 

discrepancy between these values is related to the amount of water in each. Samples with 

less water will have more noise in the signal, though the increase in noise is not sufficient 

to render the obtained data invalid. 

T2 measurements were made during this experimental program, rather than Ti 

measurements because the latter are more time-consuming (Straley et al., 1997; 

Belliveau, 1996). Duplicate runs were performed during each measurement in order to 

ensure results were genuine and not a result of experimental artifacts. The time-to-echo 

spacing was modified for some samples and this varied the amount of information from 

each decay curve. For samples measured at different values of TE, data were obtained at 

TE equal to 0.3 ms and 0.6 ms. Two values of TE were used to acquire additional 

information regarding the samples. Information at shorter values of T 2 will be retrieved 

in the test with the shorter value for TE while the longer TE value will ensure that 

information at longer values of T2 are retrieved. A l l results reported in this thesis were 
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obtained using a TE value of 0.3 ms. The typical T2 distribution for saturated porous 

media is very wide (i.e. it may range from less than 1 ms to more than 1 s) due to the 

heterogeneous nature of the pore system and/or the variation of surface relaxivity of 

wetting and non-wetting fluids (Miller et al, 1998). 

A value of TE equal to 0.3 ms is the lowest used because data collected at lower values 

could not be interpreted with any confidence. Despite the fact that the lowest value of TE 

is reported to be 0.16 ms (NUMAR Corporation, 1997), data obtained using TE equal to 

0.2 ms were not interpreted because there was too much noise. 

5.2 Other important NMR parameters 

The T2 distribution is not the only type of N M R data we can gather information from 

regarding the wettability of porous media. The geometric mean of T2 and the cumulative 

total of the signal amplitude also provide valuable data, as described in detail below. 

5.2.1 Geometric mean ofT2 

The geometric mean of T2, T2gm, is calculated using the following equation: 

i n ( r 2 , K 
T2m = exp (5-1) 

where T2i = the ith transverse relaxation time constant, s 

Atot = cumulative total of the signal amplitude 

Ai = the number of protons that relax at a certain time constant T2i 

In other words, this parameter is the weighted average of T2. The lower this value is, the 

more wettable the sample is. This parameter is more useful than the arithmetic average 
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of T 2 because the difference in the geometric mean of T 2 between wettable and water-

repellent samples is amplified, allowing for easier distinction. Generally speaking, the 

lower the value of T 2 g m , the more wettable the sample. Likewise, a higher value of T2gm 

indicates a water-repellent sample. 

5.2.2 Cumulative total of signal amplitude 

A method was developed in the Tomographic Imaging and Porous Media Laboratory 

(TIPM Lab) to determine the mass of water in the sample based on the total signal 

amplitude obtained from a sample during an N M R measurement (Mirotchnik et al., 2001; 

Mirotchnik and Kantzas, 1999; Mirotchnik et al, 1998; Mirotchnik et al, 1997). As 

stated earlier, the total signal amplitude is directly proportional to the number of protons, 

thus the amount of fluid, in a sample. The amount of water in a sample, m s a m pie, can be 

quantitatively determined either by performing a water mass balance or using N M R data 

by performing the following calculation: 

msample=^ (5-2) 

where A l = amplitude index of the fluid used 

The term A l in Equation 5-2 is for water and can be calculated by taking an N M R 

measurement of water with a known mass, then using the following equation: 

Al = A'°'H2° (5-3) 

where A to tH2o = cumulative total of signal amplitude from water sample 

niH20 = mass of water sample, g 
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6.1 Determining the wettability of soil fractions and consolidated porous media 

6.1.1 Materials 

The liquids used for these experiments included distilled water and commercial kerosene 

from a camping supply outlet. The porous media used included Berea sandstone, sand, 

clays (one illite-rich and one kaolinite-rich) and humic acids extracted from commercial 

topsoil loam. Laurentian fulvic acids were also used and these were obtained from Dr. 

Langford's lab at the University of Calgary. The FA was extracted using the procedure 

endorsed by the International Humic Substances Society (IHSS) (IHSS, 2000). The 

Berea core was obtained from TIPM Lab at the University of Calgary. 

The kerosene used in this program had a density of 789 kg/m3 and a viscosity of 2 cp at 

room temperature. This was chosen as the hydrocarbon to use in these experiments 

mainly due to the safety concerns in the laboratory. Kerosene is not as volatile as 

gasoline, so this fluid does not pose as a significant fire, explosion or health hazard. The 

benzene-toluene-ethylbenzene-xylene (BTEX) content of kerosene is also very low (i.e., 

less than or equal to 1%) (Aikman, 2001). 

The sand was obtained from Target Products Limited in Calgary, A B , a company that 

supplies sand for sandblasting and water filtration applications. The typical composition 

of the sand is shown in Table 6.1. The balance is organics lost on ignition (Aikman, 

2001). 

The sand used was white in colour and referred to as "Lane Mountain-70" (LM-70). Lane 

Mountain is the location from which the sand was collected and "70" represents the 

number of the sieve the sand collected upon. This sand was viewed under a microscope 

and it was determined that the grains are spherically shaped (Aikman, 2001). 
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Table 6.1: Chemical analysis of sand (Aikman, 2001) 

Substance Value (%) 

Silica 93.5 

Alumina 4.5 

Sodium oxide 0.8 

Calcium oxide 0.4 

Iron oxide 0.3 

Magnesium oxide 0.3 

The clays were obtained from Ceramics Canada in Calgary, A B and supplied by 

Plainsman Clays in Medicine Hat, A B . The illite-rich clay (B clay) is mined from 

Ravenscrag, SK and is used most often for pottery. The kaolinite-rich clay (Troy clay) is 

mined in Troy, Idaho (Plainsman, 2001). The composition of B clay and Troy clay are 

shown in Table 6.2. Again, the balance from the chemical analysis is organics lost on 

ignition. Table 6.3 shows the sieve analysis for the two clay samples. 

Table 6.2: Chemical analysis of B clay and Troy clay (Plainsman, 2001) 

V A L U E (%) 

Substance B clay Troy clay 

Silica 72.7 49.0 

Alumina 15.6 33.1 

Potassium oxide 2.2 0.6 

Iron oxide 1.2 1.1 

Titanium oxide 0.6 1.2 

Magnesium oxide 0.5 0.2 

Barium oxide 0.4 0.0 

Calcium oxide 0.2 0.2 

Sodium oxide 0.1 0.1 
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Table 6.3: Sieve analysis of B clay and Troy clay (Plainsman 2001) 

V A L U E (%) 

Particle size range 

(microns) B clay Troy clay 

300 0-0.1 -

300-210 0-0.3 -

210-149 0.7-1.3 0.5-1.5 

149-106 1.5-2.0 0.5 - 1.5 

106-75 5.5-6.5 1.0-2.0 

75-45 9.0-12.0 2.5-4.5 

6.1.2 Procedure 

6.1.2.1 Humic acid extraction 

The procedure used to extract humic acids from the topsoil is a slight variation to the 

extraction procedure endorsed by the IHSS (IHSS, 2000). The variation was made 

because these experiments did not require humic acids of very high purity. Purity levels 

as high as those obtained from the IHSS extraction procedure would have severely 

restricted the rate at which the humic acids could be extracted. Furthermore, 

heterogeneous solutions are acceptable in this program since it more accurately 

represents organic matter found in soils. 

Humic acids for these experiments were extracted from the soil using 0.1 N sodium 

hydroxide (NaOH) under a nitrogen blanket, to ensure that the oxygen does not degrade 

any of the organics. The solution was vigorously agitated for four hours, then allowed to 

settle for at least 12 hours or overnight. The liquor was decanted off and any floating 

solids were skimmed. Hydrochloric acid (HC1) was added to bring the pH of the liquid 

down to 2 and allow the humic acids to precipitate while keeping the fulvic acids in 
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solution. The liquid was then decanted, neutralized, and discarded. The remaining 

substance was the sample analyzed using low-field N M R (Aikman, 2001). 

6.1.2.2 Sample preparation for N M R analysis 

A l l porous media were air-dried prior to sample preparation for N M R analysis. Each 

unconsolidated porous medium was poured into a glass vial 3.5 cm in diameter and 5.0 

cm in height. The sample was packed slightly so that the column was slightly less than 

1.5 cm in height, which is the length of the homogeneous region of the magnet used in 

these experiments. Consolidated porous media were cut into cylindrical-shaped slices 1.5 

cm in height and 3.81 cm in diameter. Fluid, either distilled water or kerosene, was 

added at a rate of approximately 1 drop per second until there was a thin film of fluid on 

top of the sample. The presence of the film above the sample was desired so that the 

N M R spectra would include an amplitude peak corresponding to bulk fluid. 

Measurements conducted with the CoreSpec 1000™, included in Appendix A , show 

distilled water produces an amplitude peak at 2500 ms. The same measurements 

performed on kerosene display an amplitude peak at 1000 ms and can be found in 

Appendix A . The lid of the vial was placed and wrapped several times with Teflon tape 

in order to minimise water loss as a result of evaporation. These materials were used 

because they would not affect N M R response from a sample significantly. In other 

words, detected signals come from the fluids within the porous medium and not from 

other material within the sample holder. While glass may affect the N M R response 

slightly, the size of the vials used is small enough to make this contribution insignificant. 

Heterogeneities within the field may cause magnetic flux to go around the measurement 

vial instead of through it, but independent tests showed that the size of the vials used in 

this program prevents such an occurrence and ensures that the magnetic flux goes 

through the sample. The N M R parameters used are shown in Table 6.4. 

A n N M R measurement was taken of each sample before adding fluid. 
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Table 6.4: N M R parameters used during sample analysis 

Parameter (units) Value 

Number of trains 16 

PTD (ms) 5500 

TE (ms) 0.3 

6.1.3 Results and discussion 

It is expected that N M R measurements will be capable of detecting differences in solid-

fluid interactions for water-repellent and wettable samples from the location of signal 

amplitude peaks in a T 2 distribution. Water in a wettable sample, i f it is present within 

smaller pores or as a thin film on grain surfaces, should produce an amplitude peak at low 

values of T 2 since bound water relaxes quickly. On the other hand, water in a water-

repellent sample is expected to produce an amplitude peak at T 2 values close to that for 

bulk water (i.e., approximately 2500 ms) because the water will not interact with the 

grain surfaces but remain in the centres of the largest pores. 

A l l porous media were indeed dry prior to adding fluid because N M R spectra from 

samples prior to fluid addition show only noise (not shown). This indicates there are no 

protons in the fluid phase (i.e., no water or hydrocarbon) present in the samples. 

Porous media that were preferentially water-wet became as saturated as possible, without 

the use of a vacuum pump, before a water film formed above the sample. Distilled water 

contributed to approximately 60% of the total mass for the Troy clay sample and 45% of 

the total mass for the B clay sample. The T 2 distributions for the two clay samples 

immediately after the addition of distilled water are displayed in Figure 6.1. The 

amplitude peak at approximately 1500 ms is most likely due to the presence of a water 

film above both samples. Figure 6.1 also shows that the two clays have an amplitude 

peak at T 2 values between 20 and 25 ms, which is typical for water-wet samples with 
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small- to middle-sized pores (Mirotchnik and Kantzas, 1999). The width of the peak is 

likely due to pore size distribution. A wider peak over a certain T 2 range indicates that 

the sample has a wider pore size distribution. Table 6.3 shows that Troy clay has a 

higher fraction of particles smaller than 45 microns in size than B clay, which may 

explain the more narrow peak at approximately 20 ms for this sample for the Troy sample 

compared to B clay. A distinguishing factor between the T 2 distributions for the two clay 

samples is the presence of an amplitude peak at approximately 1 ms for the B clay only, 

despite the fact that the sieve analysis suggests that Troy clay contains a larger fraction of 

particles that are less than 45 um in size compared to B clay. The presence of this 

amplitude peak at approximately 1 ms for the B clay sample may be connected to the 

arrangement of clay sheets within the illite sample as illustrated in Figure 3.5. It is 

possible that the water molecules bind themselves to the potassium ions located between 

silica sheets of the illite structure. The presence of an amplitude peak at approximately 1 

ms may identify the existence of illite clay in the sample, which agrees with the results of 

other researchers (Mirotchnik and Kantzas, 1999). 

Figure 6.1: N M R spectra of B clay and Troy clay immediately after water addition 
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Samples of extracted humic acids and fulvic acids contained 50 wt.% and 60wt.% water, 

respectively and the T 2 distributions obtained immediately after adding distilled water are 

found in Figure 6.2. H A and FA appear to have distinct T 2 distributions, as did the 

different clay samples. FA apparently produces an amplitude peak at a T 2 value between 

the T 2 values for the two fastest relaxing components of the H A sample. The presence of 

peaks at low T 2 values (i.e., less than 100 ms) indicates that both H A and F A are water 

wet. This directly contradicts the work of other researchers who have concluded that HA 

are hydrophobic (Ma'shum et al., 1988). The amplitude peak at approximately 1 ms for 

the H A sample may be due to the presence of clays. This is a likely possibility since the 

H A solution was not centrifuged during extraction from topsoil, but purity was not of 

primary concern in this work (Aikman, 2001). A similar peak is not present for FA, most 

likely because the purity of the FA sample is higher than that for H A as F A was extracted 

using the procedure endorsed by the IHSS, which emphasizes the extraction of a pure 

sample. Figure 6.2 shows the slowest relaxing component, which is usually bulk water, 

producing an amplitude peak at approximately 90 ms, which is two orders of magnitude 

lower than that of bulk water despite the presence of a water film above the sample. This 

indicates that H A are strongly hydrophilic compounds. The absence of an amplitude 

peak at approximately 1000 ms may be due to fast exchange between water protons 

bound to the surface and water protons in the thin film of bulk water. 

Two slices of Berea sandstone were cut for this program and one slice was placed in the 

oven at 750°C for one hour. This slice was a darker shade of red than the slice that 

remained at ambient temperature. This change in colour suggests that the clays in the 

original Berea sample were burned in the slice that was placed in the oven, or "fired". 

The T 2 distributions for the two slices immediately after adding 10 wt.% water to both 

slices are shown in Figure 6.3. 
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Figure 6.3: N M R spectra of Berea slices immediately after water addition 
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The figure shows the untreated Berea slice to be preferentially water-wet because signal 

amplitude readings are detected at almost all orders of magnitude for T 2 (i.e., amplitude 

peaks are present at 1.5, 15, 100 and 2000 ms), indicating the presence of water 

everywhere within the pore matrix of the untreated Berea slice. The fired Berea slice also 

appears to be wettable because amplitude peaks are present at almost all the same T 2 

values as the untreated slice. The only difference between the two samples is that the 

spectrum for the fired Berea slice does not show an amplitude peak at 1.5 ms. 

Considering the only difference between these two slices is that clays were burned off in 

the fired Berea slice, Figure 6.3 supports the belief that a peak at approximately 1 ms 

indicative of clay-bound water. 

The geometric mean of T 2 was calculated from the N M R spectra obtained immediately 

after water addition and the values are shown in Table 6.5. A l l amplitude terms are 

included in the calculation of T 2 g r n , including those from bulk water. The purpose of this 

set of results is to see the difference in order of magnitude for this parameter between 

strongly water-wet samples and samples that are not as water-wet. Additional tests are 

required in order to refine these values such that they can be used as a screening criterion 

for determining wettability of a sample. The table shows humic acids to be the most 

hydrophilic substances of all the soil fractions analysed here because H A produced the 

lowest value for T 2 g m , which further supports the belief that humic acids are hydrophilic 

substances. Additionally, the H A sample contained the largest pores because the sample 

consisted of very large aggregates while the other samples were powder-like in 

appearance. Therefore, this provides even more proof that humic acids are hydrophilic 

substances because this sample produced the lowest T 2 g m values despite containing the 

largest pores within. 
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Table 6.5: T 2 g m for several different porous media immediately after water addition 

Sample T2 g m (ms) 

B clay 58 

Troy clay 97 

Humic acids 18 

Fulvic acids 323 

Untreated Berea 472 

Fired Berea 403 

The T 2 g m for untreated Berea is higher than that for fired Berea, which is counterintuitive 

considering the T 2 distributions from these samples show amplitude peaks at lower T 2 

values for the untreated slice than for the fired slice. The fact that these two slices come 

from the same core, with presumably similar pore size distributions, provides additional 

confusion. A possible explanation for this is that the clay-bound water did not provide 

significant contributions to the total signal amplitude. Figure 6.3 shows that the relative 

amplitude peak at approximately 1.5 ms is a maximum of 2% therefore the terms from 

lower T 2 values are not large enough to decrease the overall value of T 2 g m . 

6.2 Determining the wettability of soils 

6.2.1 Materials 

Wettable and water-repellent soils from an agricultural field near Devon, A B (DEV CW 

and D E V NW, respectively) were used in this program. This privately owned field is 

approximately 15 km SW of Edmonton, A B . The soil at this site is classified a weakly 

Eluviated Black Chernozem of the Ponoka Loam series developed on alluvial lacustrine, 

medium-textured materials. This site was contaminated as a result of a crude oil well 

blow-out in 1947. Much of the spilled oil was removed or burned in the subsequent fire, 

but substantial amounts of oil can still be found in the subsoil. The residual oil content of 
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the water-repellent and the wettable soils from this site are 6.5 ± 0.3 and 1.5 ± 0.1 g oil 

per kg soil, respectively, on an oven-dry soil basis (determined by a 24 hour Soxhlet 

extraction using dichloromethane as the extractant). Large patches of disaggregated 

water-repellent soil were first detected on this field thirty years ago (Roy, 1999). 

Wettable and water-repellent soils were also collected from a field contaminated with 

crude oil in 1982, when it was an oil battery site. This field is located 6 km north of 

Brudenheim, a town approximately 50 km N E of Edmonton, A B . This soil consists of 

dune sand with a very high quartz content. The residual oil content for the wettable 

(BRU CW) and water-repellent (BRU NW) soils is 0.1 ± 0.0 and 2.3 ± 0.2 g oil per kg 

soil (on an oven-dry soil basis), respectively. Like the Devon site, the oil-contaminated 

soil at Brudenheim only began to manifest severe water repellency and structural 

degradation a decade or more after oil contamination (Roy, 1999). 

The textural composition and total carbon contents of the soils from Devon and 

Brudenheim are shown in Table 6.6. 

Pristine wettable soil (i.e., never contaminated with petroleum hydrocarbons) was 

collected from the Ellerslie research station, approximately 18 km south of Edmonton, 

A B . The Ellerslie site is a well-documented case of non-wettability development since 

contamination of this site occurred as part of a reclamation study in 1973. This soil, 

Table 6.6: Textural composition and total carbon content of Devon and Brudenheim soils 

(Roy, 1999) 

Parameter (units) D E V C W D E V N W B R U C W B R U N W 

Clay (g / kg soil) 300 250 120 120 

Silt (g / kg soil) 320 350 20 20 

Sand (g / kg soil) 380 400 860 860 

Total C (g / kg soil) 38.9 40.9 2.0 5.3 
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denoted as E L L PW, was sampled well outside the oil-contaminated area at the Ellerslie 

site and is classified as a silty clay loam that developed on fine-textured, slightly saline 

glaciolacustrine sediments. Textural composition for this soil is not available, but the 
total carbon content has been reported as 5.2 g per kg soil (Roy, 1999). 

Water-repellent soil was collected from a refinery site in Sarnia, O N for use in this 

program as well. No other information regarding this soil is available. 

These soils were prepared and analysed as per the procedure outline in Section 6.1.2.2. 

6.2.2 Results 

The T 2 distributions for the Devon soils immediately after adding distilled water are 

included in Figure 6.4. Added water contributed to approximately 40 wt.% of the D E V 

C W sample and approximately 25 wt.% of the D E V N W sample. Figure 6.4 distinctly 

portrays differences between wettable and water-repellent porous media with water. It 

also shows that soil collected from different areas of the same site can vary remarkably in 

terms of wettability. This suggests that the wettability disparity is due to something other 

than physical composition, as others suggest. Figure 6.4 shows that the water in D E V 

CW produces amplitude peaks at approximately 3 and 50 ms. As with the soil fractions, 

it is possible that amplitude contributions at T 2 values lower than approximately 5 ms are 

due to clay bound water. This is a distinct possibility since Table 6.6 shows that there is 

300 g of clay per kg of soil, the highest clay content of the soils from the Devon and 

Brudenheim sites. The spectrum for D E V CW in Figure 6.4 does not show an amplitude 

peak at approximately 1000 ms to denote the presence of a bulk water phase, which is 

interesting considering there was a visible water film above this sample. This may be due 

to fast exchange between bound water protons and water protons from the bulk phase, as 

with the humic acids. 
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Figure 6.4: N M R spectra for Devon soils immediately after water addition 

The T 2 distribution for D E V N W is a stark contrast to that for D E V C W because the only 

amplitude peak for the water-repellent soil appears to denote bulk water. This is an 

interesting observation because D E V N W appeared to be less aggregated than D E V CW. 

The smaller particles from D E V N W would likely create smaller pores and water in these 

places would produce amplitude peaks at lower values of T 2 . However, water cannot 

enter any of the smaller pores of D E V N W to produce signal amplitudes at low T 2 values 

due to wettability. The exact effect of pore size distribution on the obtained spectra is not 

known at this point. 

Figure 6.5 shows the T 2 distributions for the Brudenheim soils immediately after adding 

distilled water. Added water contributed to approximately 25 wt.% to the B R U C W 

sample and 20 wt.% to the B R U N W sample. It appears that the N M R spectrum for B R U 

C W is qualitatively the same as that for B R U NW. The only difference is that the 

spectrum for B R U CW appears to have shifted to lower T 2 values. This shift is due to 
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Figure 6.5: N M R spectra of Brudenheim soils immediately after water addition 

wettability difference between the two soils because, as Table 6.6 shows, the physical 

composition of these two soils is the same. It is interesting to note that there is no bulk 

water peak for BRU CW just as there was no amplitude peak at approximately 1000 ms 

for D E V CW. The lowest peak for B R U CW occurs at approximately 15 ms, which is 

higher than the range of T 2 values considered for denoting clay-bound water. Even 

though it is a wettable soil, the lack of a peak at T 2 values at approximately 5 ms or less 

may be due to a relatively small amount of clays present (i.e., 120 g clay per kg B R U C W 

soil, compared to 300 g clay per kg DEV CW soil). 

Assuming that the peak in Figure 6.5 at 200 ms for B R U CW represents the same part of 

the spectrum as the peak at 50 ms for D E V CW in Figure 6.4, the difference in T 2 values 

may be due to the pore size distribution of these soils. B R U C W contains significantly 

more sand than D E V CW (860 g sand per kg B R U CW soil versus 380 g sand per kg 

D E V CW soil) and the larger sand particles create more pores that are larger in size, thus 

amplitude peaks will appear at higher T 2 values. Alternatively, the different peak 
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locations may be due to the difference in total carbon content. D E V C W has a much 

higher total carbon content than B R U CW and it has already been shown that organic soil 

fractions such as H A and F A are hydrophilic substances when exposed to water. The 

increased amount of these substances may contribute to an amplitude peak appearing at a 

lower T 2 value for D E V C W than B R U CW. 

Unlike all other porous media analysed to this point, the signal amplitude for B R U CW 

and B R U N W is not zero at a relaxation time of 10 000 ms. This is a result of using too 

low a value of TE combined with the presence of a significant amount of bulk water. 

This is the reason why the artifact is more prevalent for B R U N W than for B R U CW. 

Setting TE equal to 0.3 ms and using 5000 B pulses allows the instrument to obtain 

information regarding relaxation of the sample over a time period of 1500 ms. The rest 

of the information shown in the T 2 distributions is extrapolated by the EchoFit software 

program based on the decay of transverse magnetization over 1500 ms. Increasing the 

value of TE would prevent non-zero readings at a T 2 of 10 000 ms because the instrument 

would be able to obtain information regarding a greater fraction of the decay curve, thus 

allow the software program to provide a better estimate of the N M R spectrum at higher 

T 2 values. However, this was not done because it was deemed more important to keep 

the N M R parameters constant to allow for direct comparison of T 2 distributions from 

different samples. This artifact due to the inversion of the decay curve to a T 2 

distribution is not of grave concern because N M R measurements on other samples show 

that changing the value of TE does not change the cumulative total of signal amplitude. 

Therefore, the instrument did not overlook any parts of the signal. 

The T 2 distribution for E L L PW, shown in Figure 6.6, is similar to D E W CW. Both 

soils have an amplitude peak at approximately 3 ms and E L L PW has another amplitude 

peak at approximately 30 ms, which corresponds closely to the peak at 50 ms for D E V 

CW. Neither soil has an amplitude peak denoting the presence of bulk water, even 
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though there was a water film above both samples. A l l these suggest that E L L PW and 

D E V C W have similar wettabilities. 

The water-repellent Sarnia soil was transferred from the storage bucket to a dry beaker 

and the beaker was sealed with the intent of transferring the soil from the beaker to a 

measurement vial prior to commencing N M R measurements. Water droplets were 

detected on the sides of the bucket, but this observation was disregarded because the time 

period in which the water was in the bucket was unknown. Water droplets were also 

visible on the sides of the beaker prior to transferring some of the soil into the 

measurement vial, which suggested that the Sarnia soil was capable of holding water 

within its pore matrix even though the soil was labelled "water-repellent". Separate sub 

samples of this soil were exposed to kerosene and distilled water and the T 2 distributions 

obtained immediately after fluid addition are shown in Figure 6.7. The T 2 distribution 

labelled "SNW" represents the sub sample with distilled water while the sub sample with 

Relaxation time (ms) 

Figure 6.6: N M R spectrum of E L L PW soil immediately after water addition 
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Relaxation time (ms) 

Figure 6.7: N M R spectra of water-repellent Sarnia soil immediately after adding water 

or kerosene 

kerosene is labelled "SNK". It appears that the N M R response is essentially the same 

from both fluids, which suggests that this soil does not have a strong preference towards 

either water or kerosene. In other words, the water-repellent soil collected from a Sarnia 

refinery is exhibiting neutral wettability. The fact that there are amplitude peaks at 

approximately 5 and 100 ms suggests that both kerosene and distilled water are capable 

of invading the small to medium sized pores. 

Although the tests were not performed, it is expected that the water-repellent soils from 

Devon and Brudenheim would be more preferentially wetting towards kerosene than the 

water-repellent soil from Sarnia. The reason for this belief is that the water-repellent 

soils from Devon and Brudenheim did not accept nearly as much water as the water-

repellent soil from Sarnia did upon exposure to water. 
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Values of T2gm for the soils analysed in this section are shown in Table 6.7. One can 

quickly see the difference in T2gm values for wettable and water-repellent porous media. 

When comparing soils from the same field, T2gm for the water-repellent samples are at 
least one order of magnitude higher than that of the corresponding sample that is 

preferentially water-wet. Table 6.7 shows that T2gm for DEV N W and B R U N W are 

close to the value of T2gm for bulk water, which is likely typical for water-repellent 

porous media with water. This table also shows that the water-repellent Sarnia soil gives 

values of T2gm that are the same order of magnitude as B R U CW, which further suggests 

that the Sarnia soil is not water-repellent as it was labelled. The similarity between T2gm 

values when exposed to water first or kerosene first further suggests that Sarnia soil is 

wettable towards the fluid it is exposed to first. 

Table 6.7 ' T 2 g m for several soil samples immediately after fluid addition 

Soil T 2 g m (ms) 

D E V C W 41 

DEV N W 2196 

B R U C W 185 

B R U N W 1612 

E L L P W 28 

Sarnia (with water) 217 

Sarnia (with kerosene) 297 



70 

CHAPTER 7 : DETECTING WETTABILITY ALTERATION 

Unconsolidated porous media were treated with the intent of altering the wettability. 

This chapter will present results obtained from low-field N M R measurements regarding 

wettability alteration. 

7.1 Rinsing water-repellent soils with a mild alkali solution 

Other researchers at TIPM Lab initiated this part of the program, set up the equipment 

and obtained the initial set of N M R measurements. The author joined this part of the 

program in September of 1999 and was responsible for performing subsequent N M R 

measurements and analysing all the N M R data collected during this part of this program. 

7.1.1 Materials 

Two air-dried soil samples of unknown composition and contamination history (Sample 

A and Sample B) were each divided into four sub samples. The two soils were treated 

with a mild alkali solution simultaneously and each sub sample underwent one of four 

treatments, which are similar in nature except for a few minor variations and are 

described below. N M R measurements were taken immediately after each step to 

determine water saturation in the sample before, during and after the mild alkali 

treatment. 

7.1.2 Procedure 

Table 7.1 summarises the first imbibition stage denoted as L M B l , as well as the other 

three stages known as IMB2 (the second imbibition stage), V A C 1 (the first vacuum 

stage) and V A C 2 (the second vacuum stage), which are all slight variations of 1MB 1 and 

described in detail below. 
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Each sub sample of Sample A and of Sample B was packed into a glass tube 5.08 cm in 

length and 3.81 cm in diameter. Circular pieces of filter paper with a diameter of 3.81 cm 

were placed on the top and the bottom of the tubes and held in place with Teflon tape. 

These materials were used because they do not considerably affect the N M R response of 

the fluids within the sample. In other words, the cumulative total signal amplitude is 

from the sample alone and contributions to this parameter from the other materials within 

the sample holder during the measurement are insignificant. Each sub sample, or "core", 

was immersed in water to allow spontaneous imbibition to occur and then each core was 

placed under a vacuum of approximately 85 kPa to induce forced imbibition. The 

reasons for having the cores undergo forced imbibition were to dislodge any air bubbles 

that blocked the pore throats and to ensure that the cores were at 100% saturation. This is 

necessary to calculate water saturation values between 0 and 100%. The rate of change 

in pressure was minimised to eliminate the possibility of drastically changing the pore 

size distribution of the sample as a result of placing the sample under vacuum. With the 

core still under vacuum, the excess fluid was extracted. 

A vacuum funnel spout was directed through a rubber stopper and a circular piece of 

filter paper with the same diameter as the funnel was placed inside. The core was placed 

on the funnel and the assembly was placed under vacuum. Once the sample was under 

vacuum, the fluid travelled through the filter paper, down the funnel spout and into the 

vacuum flask. The core was then placed on a pile of sand situated at the bottom of a 

column 1.5 m in height and 3.81 cm in diameter. The sand in the column ensured that the 

fluid did completely leave the core and not merely collect in the bottom portion of the 

glass tube. The core was flushed with 0.1 N NaOH, a solution known to extract humic 

acids (IHSS, 2000) until the core obtained a pH of 7 or until more than 10 pore volumes 

had been used. This step was done to potentially extract the compounds adsorbed in the 

soil that may cause the soil to exhibit water repellency. The effluent NaOH solution in 

the collection plate was also analysed in the N M R relaxometer. 
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Table 7.1: Summary of the test procedure for the mild alkali treatment 

Step# Stage 1 (IMB1) Stage 2 (IMB2) Stage 3 (VAC1) Stage 4 (VAC2) 

1 Prepare a core 

from each soil 

sample. 

Prepare a core 

from each soil 

sample. 

Prepare a core 

from each soil 

sample. 

Prepare a core 

from each soil 

sample. 

2 Imbibe the cores 

with water. 

Imbibe the core 

with water. 

Place the cores 

under vacuum and 

completely 

saturate the cores 

with water. 

Place the cores 

under vacuum and 

completely 

saturate the cores 

with water. 

3 Place the cores 

under vacuum and 

completely saturate 

the cores with 

water. 

Place the cores 

under vacuum and 

completely 

saturate the cores 

with water. 

Leave the cores 

under vacuum and 

drain any free 

fluid from the 

cores. 

Leave the cores 

under vacuum and 

drain any free 

fluid from the 

cores. 

4 Leave the cores 

under vacuum and 

drain any free fluid 

from the cores. 

Leave the cores 

under vacuum and 

drain any free fluid 

from the cores. 

Flood the cores 

with NaOH. 

Flood the cores 

with NaOH. 

5 Flood the cores 

with NaOH. 

Flood the cores 

with NaOH. 

Place the cores in 

the oven to dry. 

Place the cores in 

the oven to dry. 

6 Place the cores in 

the oven to dry. 

Flood the cores 

with water. 

Repeat Step 2. Place the cores in 

the oven to dry. 

7 Repeat Steps 2 and 

3. 

Place the cores in 

the oven to dry. 

Flood the cores 

with water. 

Repeat Step 2. 

8 Flood the cores 

with water. 

Repeat Steps 2 and 

3. 

Repeat Steps 5 and 

2. 

9 Repeat Step 6, 2 

and 3. 
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The cores were placed in the oven and left for 12 hours to dry and to remove biological 

and organic components within. The oven was set to 96.6°C to ensure that clays present 

were not burned. The cores then underwent imbibition and vacuum saturation once again 

to return to 100% saturation. Each core was next placed in the 1.5 m long column again, 

but this time the core was flushed with more than 10 pore volumes of water to remove 

NaOH and any products created during exposure to the alkali solution. The core was 

then dried, imbibed and saturated with water, while under vacuum. The samples 

remained packed in the glass vials for two years following the mild alkali treatment in an 

effort to minimize changes in the pore structure of these samples. 

7.1.3 Results and discussion 

Figure 7.1 shows typical T 2 distributions from a soil sub sample over the course of alkali 

treatment. The spectra for both Sample A and Sample B obtained before, during and 

after alkali treatment showed that the signal amplitude at T 2 values of approximately 1 ms 

was higher after alkali treatment compared to before. This indicates that there is an 

increased amount of bound water in the samples and implies that the soils are more 

wettable. The same T 2 distributions show signals at higher values of T 2 after alkali 

treatment compared to before (i.e., highest value of T 2 with a non-zero amplitude reading 

is approximately 1000 ms after final vacuum saturation and approximately 60 ms after 

first vacuum saturation). This indicates that there is a greater amount of fluid in different 

areas within the soil, particularly the larger pores, after exposure to the mild alkali 

solution. While this may be interpreted as a sign of continued water repellency in the 

sample, this is a positive result because water present in larger pores is available to plants 

for water uptake whereas bound water is not as accessible. Figure 7.1 also shows that the 

cumulative total of signal amplitude is higher after alkali treatment compared to before 

(i.e., 238 after final vacuum saturation vs. 122 after first vacuum saturation). This further 

indicates that the amount of water present in the sample is greater after exposure to the 

alkali solution. 
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Figure 7.1 shows that barely any signal amplitude was detected in its native state and 

prior to mild alkali treatment, which would indicate there were very few protons, or very 

little liquid, in the soil. V A C IB apparently becomes wettable after vacuum saturation 

(i.e., Step 2 for V A C 1 procedure) because most of the signal amplitude appear at values 

of T 2 that are less than 50 ms. Most of the water in the sample is either bound or 

contained within the small pores. The fact that the water resides within the small pores is 

indicative of imbibition, which is defined as the process in which the wetting phase fluid 

displaces the non-wetting phase fluid (Dullien, 1992). However, visual observations of 

water droplets on this soil do not support this. Droplets of water placed on this soil, 

remain as a sphere on top of the soil and do not sorb into the sample's matrix. A possible 

reason for the discrepancy is that the change in the T 2 distribution may be the result of 

changing pore structure. This is very likely after vacuum saturating the sample or i f 

water forces are large enough in the sample to alter pore space. 

20 T 

Relaxation Time (ms) 

Figure 7.1: N M R spectra of V A C IB during treatment as outlined in Table 7.1 
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Figure 7.2 shows that V A C 1A was wettable immediately after alkali treatment, but 

returned to a water-repellent state sometime within the following year. The shift in the 

amplitude peak from approximately 3 ms to 250 ms indicates that the water is no longer 

capable of entering the smaller pores. In contrast, the majority of the signal amplitude for 

V A C 1A immediately after treatment was detected before 50 ms. This indicates that 

most of the water in this sample was bound to the grain surfaces or residing in the small 

pores. A n additional observation that suggests that V A C 1A changed from a wettable 

soil to a water-repellent one is that the amplitudes are higher at the longer T 2 terms in 

October than in June of 2000. This further indicates that a greater fraction of the water in 

the sample remained in the large pores instead of entering the smaller pores and binding 

onto the grain surfaces. The peak at a T 2 value of approximately 5 ms for V A C 1A 

obtained in October 2000 may be due to clay and/or organic matter in the sample 

(Mirotchnik and Kantzas, 1997a). X-ray diffraction analysis is required to confirm the 

presence of clays in the sample. The change in the T 2 distributions for V A C 1A may as 

likely be due to a change in pore size distribution as in wettability alteration. Better 

storage procedures are necessary to minimize the amount sample disruption over time 

and ensure that changes in T 2 distributions are indeed due to changes in wettability. 

The geometric mean of T 2 for samples V A C 1A and V A C 2B are shown in Table 7.2. 

The fact that T 2 g m for V A C 2B remained at the same order of magnitude further implies 

that the wettability of this sample did not change over time. The same table shows that 

T2gm for V A C 1A increased by one order of magnitude between March 1999 and June 

2000, and between June and October 2000. These suggest that the wettability of V A C 

1A changed from wettable immediately after alkali treatment to water-repellent less than 

one year after exposure to the mild alkali solution. The degree of water repellency for 

V A C 1A seems to increase with time since it appears that the soil became even less 

wettable between June and October 2000. 
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30 

Relaxation time (ms) 

Figure 7.2: N M R spectra for V A C 1A and V A C 2B immediately, 1 and 1.5 years after 

treatment 

Table 7.2: Geometric mean of T 2 for some samples that underwent mild alkali treatment 

Condition Soil T 2 gm (ms) 

immediately after treatment with a mild alkali solution V A C 1A 5.616 

(i.e., March 1999) V A C 2B 31.162 

More than one year after mild alkali treatment V A C 1A 56.272 

(i.e., June 2000) V A C 2B 40.166 

Approximately 1.5 years after mild alkali treatment V A C 1A 112.834 

(i.e., October 2000) V A C 2B 21.476 

The weights of water based on the N M R method are shown in Table 7.3. These values 

are comparable to mass calculations, as can be seen in Table 7.3 for the samples as 

analysed June 2000. Mass balance calculations refer to determining the mass of water by 
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calculating the difference in sample weight before and after treatment. The discrepancy 

for Sample V A C 2B in June 2000 is more likely due to the fact there was some free phase 

water in that sample than due to any discrepancy in the accuracy of either of the methods. 

Comparing water weights immediately after and one year after alkali treatment shows 

that there was an increase the amount of water sorbed into the soil by approximately 2 to 

3 g. One must consider the possibility that this may be due to a change in the packing 

structure. Modifications in the packing structure may be the result of handling the 

samples, the drying of the samples and/or settling. The results from Table 7.3 alone 

suggest that all of the samples became more wettable between March 1999 and June 2000 

because each sample was able to uptake more water one year after alkali treatment. 

However, it has already been shown that V A C 1A has become more water-repellent over 

time. Therefore, the results of Table 7.3 and Figure 7.2 suggest that water uptake for 

V A C 1A was limited to large pores some time after the mild alkali treatment. This 

information would not be available without the T 2 distributions. 

The effluent solution in the collection plate after alkali flushing was also analysed using 

low-field N M R . Figure 7.3 shows the N M R spectra for the clean NaOH solution prior to 

rinsing the cores and the effluent solution after rinsing each respective core. The fact that 

the spectra from the soil cores each differ from the spectrum for pure NaOH implies that 

flooding the core with a mild alkali solution was successful in removing some substances 

from the soil. Three groups of peaks appear in Figure 7.3 with each peak possibly 

Table 7.3: Water weights based on cumulative total of signal amplitude 

Soil 

Sample 

As of March 

1999(g) 

As of June 

2000 (g) 

As of June 2000, based 

on mass balances (g) 

1MB IB 15.132 18.165 18.72 

VAC 1A 16.669 18.713 18.46 

VAC IB 14.631 16.425 17.23 

VAC 2B 15.467 18.972 25.25 
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Figure 7.3: N M R spectra of alkali solutions after passing through the soil sub samples 

corresponding to a class of hydrocarbons removed from the soil. The small peak that 

appears at T 2 equal to less than 1 ms represents asphaltenes or heavy polar components 

while the group of peaks that appear before T 2 equal to 1000 ms represents other heavy 

hydrocarbons (Mirotchnik et al., 2001). The peaks in the vicinity of the peak for pure 

NaOH are believed to represent light hydrocarbons. These initial assumptions are 

qualitatively justified by the relative strength of molecular bonding within each type of 

hydrocarbon class: the asphaltenes are the strongest, followed by heavy then light 

hydrocarbons. 

The fluid from Sample 1MB 2A was divided into two sub samples - the top layers of the 

fluid column in the collection plate and the layers near the bottom of the column in the 

collection plate. Each sub sample was analysed using N M R and Figure 7.3 shows that 

there is heterogeneity in the NaOH solution extracted from one core. This further 

complicates data analysis and, as a result, no comparisons can be made between the 

extracts from soil cores that underwent any specific stages of the mild alkali treatment. 
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This test procedure was later abandoned because NaOH removes organic matter 

destructively and non-selectively (Julie Roy, personal communication). Using vacuum 

saturation to fully saturate a soil sample has also been abandoned because such a state is 

not possible in field conditions. Additionally, theories that are presently being 

formulated regarding fluid movement in unconsolidated porous media are based on 

changing pore structure. 

7.2 Coating sand with humic acids and with asphaltenes 

7.2.1 Materials 

LM-70 sand was the porous medium and commercial kerosene and distilled water were 

the fluids used to further understand solid-fluid interaction in porous media where 

wettability has been altered. Humic acids extracted from commercial topsoil loam and 

asphaltenes extracted from heavy oil were used to coat separate sub samples of the sand. 

This method of extracting organics and coating sands with the extracted substances has 

proven to be useful by allowing researchers to control factors such as composition to 

some extent and particle size distribution. As a result, closer focus on the mechanism of 

wettability alteration is possible (Aikman, 2001). However, reproducibility of extracted 

samples is not completely ensured. Additional extractions and analysis of these 

extractants are required to determine the likelihood of obtaining reproducible results. 

7.2.2 Procedure 

7.2.2.1 Humic acid extraction and sand coating 

Humic acids were extracted from the commercial topsoil loam as per the procedure 

outlined in Chapter 6. The humic acids were re-dissolved in 0.1 N NaOH and 2 kg of 

sand was added for every litre of liquid solution. The solution was brought to a pH of 2 
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once again over a time span of one hour and then the slurry was dried. Obtaining a 

heterogeneous sample for coating sands is considered acceptable since field conditions 

are more closely represented that way (Aikman, 2001). 

7.2.2.2 Asphaltene extraction and sand coating 

The procedure used to extract asphaltenes from heavy oil is a slight variation from the 

method endorsed by the A S T M (ASTM, 2001b). The solvent used was n-pentane instead 

of n-heptane and, consequently, more resinous material was obtained compared to 

material acquired from using n-heptane. 

A heavy crude oil from Cold Lake, A B was heated to a temperature of 80°C then 2 g of 

LM-70 sand was added for every gram of heavy oil. The slurry was mixed thoroughly 

then left to age overnight. The solvent n-pentane was added to the slurry in the ratio of 

100 ml solvent per 1 g of sample the next morning. The mixture was stirred thoroughly 

under a fume hood for several minutes and then placed in the oven for 15 minutes. While 

the sample was in the oven, a funnel was placed inside an Erlenmeyer flask and a piece of 

filter paper was placed into the funnel. The slurry from the oven was slowly poured into 

the funnel. The filter paper was replaced as necessary and care was taken to keep all the 

solids that had collected on the filter paper. The solids that rested on the filter paper were 

rinsed with additional n-pentane, then transferred to a clean watch glass and placed in the 

oven to dry. This procedure allows for the organic matter to complete coat the sand, thus 

allowing the sample to behave identically to isolated asphaltenes. 

The coated sand samples were prepared for N M R analysis as outlined in Chapter 6. The 

N M R parameters used while analysing these sand samples are shown in Table 6.4. 
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7.2.3 Results and discussion 

It appeared necessary to completely dry the H A coated sand before using the sample in 

any experiments to ensure that the humic acid is bound to the sand. H A coated sand that 

was not completely dried lost the coating once the sample was rinsed with water. On the 

other hand, H A coated sand that dried completely prior to testing did not lose any of the 

coating, even after more than one week of continuous flow water washing and gentle 

agitation (Aikman, 2001). Asphaltene coated sand was also left to dry completely before 

beginning any N M R measurements. Visual observations such as no change in the colour 

of the coated sand and the solvent remaining clear after additional rinsing with n-pentane 

suggests that the asphaltenes did remain bound to the grain surfaces while other materials 

soluble in n-pentane had indeed been removed, limiting heterogeneity to some extent. 

N M R measurements were obtained from all of the sand samples before the addition of 

water. These spectra are not included in this thesis because they present only background 

noise, which indicates that there are no protons in the fluid phase (i.e., water or 

hydrocarbon) present before fluid addition. The organic matter coating the sand did not 

contribute to the signal amplitude prior to fluid addition. 

Distilled water was added to the sand samples as described in Chapter 6 and N M R 

measurements were immediately taken. Differences were observed visually in water 

movement through the sands upon water addition. In the uncoated and H A coated sands, 

water entered the sample immediately upon contact. It appeared that the water traveled 

straight to the bottom of the vial and collected there because from the sides of the vial, it 

appeared that the waterfront was moving upward. On the other hand, water remained on 

top of the asphaltene coated sand for some time. Less water was added to this sample 

than the other two (i.e., 3.70 g for " A C " compared to 6.10 and 6.04 g for " H A " and 

"Original", respectively) because of the thick film of water quickly forming above the 

sample. Based on these visual observations, one would expect that the asphaltene coating 
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rendered the LM-70 sand water-repellent while the H A coating maintained the water-

wetting characteristics of the LM-70 sand. 

Figure 7.4 shows the resulting T 2 distributions for clean LM-70 sand (denoted as 

"Original"), LM-70 sand coated with humic acids (denoted as "HA") and LM-70 sand 

coated with asphaltenes (denoted as "AC") . Distilled water was used to minimize the 

possibility of certain anions or cations affecting solid-fluid interactions, thus giving 

erroneous results regarding sample wettability. Relative, or normalized, amplitudes were 

plotted instead of absolute amplitude values to ensure that apparent trends are due to 

water-solid interactions and not the amount of water present. As discussed earlier, signal 

amplitude is directly related to the number of protons in a sample. The T 2 distribution for 

the uncoated LM-70 sand shows amplitude peaks at T 2 values lower than that for bulk 

distilled water, which is approximately 3000 ms (Coates et al., 1999). This implies that 

the sand is water-wet, as expected based on visual observations. It is interesting to note 

that the relative amplitude is less than 5% at 3000 ms because there was a water film 

present during the N M R measurement. The lack of an amplitude peak denoting the 

presence of water in the bulk phase may be due to fast exchange between water protons 

bound to the surface and water protons in the thin film of bulk water. 

Figure 7.4 shows that the H A coating appears to make the sand more wettable because 

the amplitude peak for " H A " appears at a T 2 value slightly lower than that of the original 

uncoated sand (150 ms vs. 300 ms). This is an interesting observation because one might 

suspect that coating a particle increases its effective diameter and larger particles packed 

together create larger pores. Water in the larger pores would produce signal amplitude 

peaks at higher values of T 2 . Therefore, based on this line of reasoning, the signal 

amplitude peak from the coated sands should have shifted to higher T 2 values unless 

sample wettability changed significantly. The amplitude peak at a lower T 2 value for the 

H A coated sand suggests that water is more tightly bound to the grain surfaces in the H A 
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Figure 7.4: N M R spectra of clean and coated LM-70 sand immediately after water 

addition 

coated sand than in the uncoated sand. A possible reason for this is that the water may be 

bound to any of the exposed functional groups from the HA. This bond between the 

water and functional group may be tighter than the bond made between a water proton 

and an uncoated grain surface. Both the uncoated and H A coated sand show an 

amplitude peak at 30 ms but the peak is higher for "HA" , which further suggests that 

water is bound more tightly to H A coated sand than the original LM-70 sand. This 

suggestion that the presence of humic acids increases the apparent wettability of sand 

contradicts the findings of other researchers who conclude that humic acids cause water 

repellency in soil (Ma'shum et al., 1988). However, this corresponds to visual 

observations from experiments performed by other researchers using the same sands 

(Aikman, 2001). A slight dissimilarity in the location of the amplitude peaks between the 

uncoated and H A coated LM-70 sand is the only difference between these two samples 

because the T 2 distributions are qualitatively similar otherwise. 
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In contrast to the uncoated and H A coated sands, the asphaltene coated sand shows and 

amplitude peak at a T 2 value of 2500 ms, which is close to that for bulk water. Other 

than a very small peak at approximately 30 ms there are no other non-zero amplitude 

readings from this sample. This suggests that the water in the asphaltene coated sand is 

present only as a bulk phase and implies that changing the wettability of the LM-70 sand 

from water-wet to water-repellent was successful. The fact that the relative amplitude of 

the bulk water peak for this sample is relatively high further suggests that the asphaltene 

coated sand is water-repellent. 

The same experimental program was performed on the same sands with kerosene instead 

of distilled water and the resulting T 2 distributions are shown in Figure 7.5. Again, there 

were variations in the solid-fluid interactions for the three sands immediately after 

kerosene addition. The kerosene droplets disappeared immediately upon contact with the 

asphaltene coated sand. Additionally the manner in which the kerosene was saturating 

Figure 7.5: N M R spectra of clean and coated LM-70 sand immediately after kerosene 

addition 
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the sand was similar to that of water as it was saturating the uncoated and the H A coated 

sands (i.e., the fluid collects at the bottom and the front moves upward through the 

column). While the addition of kerosene into the uncoated and H A coated sands did not 

resemble that of water addition into the asphaltene coated sand, there were visual 

observations noted that would make one suspect that these samples would not be wetting 

towards kerosene. One example is that less fluid was added to both sands before a thin 

film of kerosene appeared above the sample. Similar sample sizes of humic acid coated 

sand accepted 6.10 g of water compared to 4.37 g of kerosene and similar sample sizes of 

uncoated sand accepted 6.04 g of water compared to 3.81 g of kerosene. Due to the 

relatively light colour of the uncoated and HA coated sands, fluid movement as kerosene 

traveled through these samples was visible, and one could see the formation of 

preferential flow paths. The formation of preferential flow paths, or "fingers" for water 

in water-repellent samples has been observed (Ritsema and Dekker, 1998; Dekker and 

Ritsema, 1995, 1994a, and 1994b). These preferential flow paths were not apparent in 

the same sands during water addition. These paths may have formed in the asphaltene 

coated sand during water addition but the dark colour of the sand made it impossible to 

observe such phenomena. 

The asphaltene coated sand appears to be the most wetting sample because " A C " has an 

amplitude peak at the lowest T 2 , which is less than 20 ms. The asphaltene coated sand 

also shows an amplitude peak just after 100 ms, but the other samples do not, which 

further suggests that the asphaltene coated sand has a strong preference towards kerosene 

over water, although it is not known definitively at this point whether or not asphaltenes 

are soluble in kerosene. Visual observations do not suggest this because the kerosene 

was no different in colour than distilled water when that fluid was added to the same 

sample. The fact that kerosene is present in pores of all sizes within the asphaltene 

coated sand suggests that this fluid is the preferential wetting phase for this sample. A n 

N M R measurement of kerosene alone shows an amplitude peak at approximately 1000 

ms. This corresponds to published values in the literature (Mirotchnik et al., 2001). 
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Figure 7.5 shows that the largest amplitude peak for all three samples is at either 600 or 

800 ms, which indicates that the N M R relaxometer did detect kerosene in the bulk phase. 

The fact that the relative amplitude is the lowest for the asphaltene coated sand at T2 

values of approximately 800 ms suggests that there was not as much kerosene in the bulk 

phase within that sample. This is most likely because there was kerosene present in other 

parts of the asphaltene coated sand, but this was not the case with the other two samples. 

The amplitude peaks for the uncoated and the H A coated sands fall on the same T2 

values, further suggesting similar wettabilities between these two samples. Both samples 

exhibit a small amplitude peak at 40 ms, but most of the kerosene within these sands is in 

the bulk phase. 

Comparing the spectra in Figures 7.4 and 7.5 for any of the three sands provides 

additional information regarding its preferential wetting. The spectra from these figures 

can be compared directly because the effect of the amount of fluid present has been 

removed by plotting relative amplitudes. Direct comparison is possible also because all 

the data from these sands were extracted using the exact same N M R parameters. The 

spectra for the uncoated and H A coated sands in the two figures show that the amplitude 

peaks are at longer T 2 values with kerosene. This verifies that the N M R information 

suggests that these two samples are preferentially water-wet. This suggestion is further 

substantiated by the fact that the relative amplitude of the largest peak for these two sands 

is higher when using kerosene than when using water, indicating that most of the 

kerosene in these two sands remained in the bulk phase, which is where non-wetting 

phases reside. 

The spectra for the asphaltene coated sand in Figures 7.4 and 7.5 show that the amplitude 

peaks appear at lower T 2 values when kerosene is present compared to when water is 

present. While one can say that the shift of the bulk fluid peak is due to the fact that 

kerosene alone has a lower peak value of T 2 than water, the shift of the smaller amplitude 

peak from 30 ms when water is present to less than 20 ms when kerosene is present 
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indicates that the asphaltene coated sand prefers kerosene over water. Another indication 

of the preference for kerosene over water is the fact that the relative amplitude for the 

bulk fluid peak where kerosene is present is lower than that for where water is present. 

This is due to the fact that kerosene is present in other portions of the asphaltene coated 

sand whereas water either did not invade any of pores within the asphaltene coated sand 

or entered smaller pores, but did not interact with the grain surfaces. 

A n additional test was to leave the sands exposed to kerosene for twenty days, then 

extracting some of that fluid and adding water into the vial. This represents the start of a 

secondary displacement process after the primary one had reached equilibrium. In the 

water-wet samples, water is expected to displace the kerosene due to capillary and 

gravitational forces. Since kerosene has a density of 789 kg/m and the density of water 

is 1000 kg/m3, the water should naturally sink down to the bottom of the sample vial 

unless the sand is water-repellent. Water is not expected to enter water-repellent samples 

to any significant extent (Aikman, 2001). 

The T 2 distributions in Figures 7.6 are distinct from the corresponding ones in Figures 7.4 

and 7.5 because there were two fluids present in the sand when the T 2 distributions in 

Figure 7.6 were obtained. This shows that N M R is capable of detecting two fluids 

simultaneously in a porous medium. Figure 7.6 also shows that N M R response is 

affected by the saturation history of the sample, which agrees with the conclusions of 

other researchers (Chang and Ioannidis, 2001). The spectra in Figure 7.6 can be divided 

into two regions: one where water is present in the porous medium and one where 

kerosene is present in the porous medium. Sometimes these two regions are not well 

defined, as is the case with the uncoated sand and especially the H A coated sand. This 

makes it difficult to determine contributions to the spectra from water and from kerosene 

and deconvolution of these curves would be required. If these two regions are distinctly 

separated, data from N M R measurements of the bulk fluids alone can be used to 

determine the masses of each fluid in the sample. For example, " A C " in Figure 7.6 has 
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Figure 7.6: N M R spectra of LM-70 sands aged in kerosene, immediately after water 

addition 

an amplitude peak at approximately 2000 ms likely due to the presence of water in the 

bulk phase and the other amplitude peaks are due to kerosene remaining inside the pores 

of the sand. Based on this assumption, and using Equations 5-2 and 5-3, 4.12 g of water 

was added to the sample. This compares very well to the mass balance calculation of 

4.18 g, as shown in detail through the calculations outlined in Appendix B. 

A n interesting observation from Figure 7.6 is the fact that there are non-zero readings at 

10 000 ms, despite the fact that the peak values of T 2 for each fluid in the bulk phase is 

no more than 3000 ms. This is due to using non-optimal N M R parameters and the 

inversion artifact mentioned in Section 6.2.2. However, this is not of grave concern 

because using a different value of TE does not affect the final cumulative total of signal 

amplitude, which suggests that all of the amplitude signal produced is indeed detected. 
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The reverse test where kerosene is added to the samples after exposure to water was not 

done due to the density difference of the fluids. Kerosene, because it is less dense than 

water, will never enter the sample even if the sand is water-repellent. It is not possible to 

directly introduce kerosene from the bottom because the glass vials had a bottom. 

Injecting kerosene into the bottom is difficult because even an object as thin as a small 

syringe will create a channel the kerosene may preferentially flow through. 

Figures 7.4 to 7.6 show that the first non-zero amplitude reading is at no value less than 

20 ms. This is most likely due to the pore size distribution of the sands water in smaller 

pores will give signal amplitude readings at lower T2's. The same three figures show that 

there is no major difference between the T 2 distributions for the coated and clean sand, 

which suggests that the humic acid coating does not significantly affect the wettability of 

the sand. At least, the humic acid coating does not appear to change the wettability of 

original sand as drastically as the asphaltene coating. 

The geometric mean of T 2 was recorded immediately after fluid addition and is outlined 

in Table 7.4 for each of the three sand samples. The values of T 2 g m further verify all that 

has been mentioned in this chapter regarding the wettability of the three sand samples. 

For example, Table 7.4 shows the sand with asphaltenes to be the most water-repellent of 

the three samples because the T 2 g m is an order of magnitude higher than that for the other 

two sands. It is also the same order of magnitude to the T 2 value of the amplitude peak 

for distilled water (2436 vs. 3162 ms). 

Table 7.4: T 2 g m for clean and coated LM-70 sand immediately after fluid addition 

Fluid added A C H A Original 

Water 2436 304 575 

Kerosene 422 572 515 

Water (after kerosene) 1058 1078 1219 
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The H A coated sand appears to be slightly more wettable than the original sand based on 

Table 7.4 because of the slightly lower T2gm value immediately after water was added to 

these two samples. However, the values for these two samples are relatively similar 

because they are the same order of magnitude. 

It is evident when comparing the T2gm values for the three sands after kerosene was added 

that the asphaltene coated sand is preferentially kerosene-wet over water-wet because this 

sample has the lower value of the three. The H A coated sand has the lowest T2gm value 

of the three sands, which further suggests that it is the most water-wet of the three 

samples. A n interesting observation from Table 7.4 is the fact that T2gm for the uncoated 

sand did not change significantly between water addition and kerosene addition. This 

would suggest that the original sand is actually wettable to whatever fluid it is exposed to 

first - i f that fluid is water then it appears water-wet, but i f kerosene comes in contact 

with the sand first the sand will be preferentially wetting to that fluid. If that is indeed 

the case, then this corroborates with other results obtained from these sands (Aikman, 

2001). 

Table 7.4 shows that the three sands apparently became water-repellent after aging in 

kerosene because T2gm values are much higher after adding water to the aged oils 

compared to adding water to dry soils. This verifies the fact that the wettability of a 

sample is not constant and can change over time (Dekker and Ritsema, 1994a). Table 7.4 

indicates that water was unable to displace the kerosene in the sands despite the density 

difference of these two fluids and implies that the water remained in the centre of the 

large pores as a bulk phase. This suggests that the sands are preferentially wetting 

towards the first fluid phase it is exposed to. This agrees with results obtained by other 

researchers who have done work with the same type of sands (Aikman, 2001). 
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Every sample was subjected to numerous N M R measurements over several days. The 

purpose of this was to acquire information regarding fluid uptake in unconsolidated 

porous media and migration of fluid within the sample over itme. 

8.1 Materials 

The samples used in this part of the program are all the porous media described in 

Chapters 6 and 7. Either distilled water or kerosene is used as the fluid. 

8.2 Procedure 

Samples were prepared for N M R analysis as outlined in Section 6.1.2.2. The N M R 

parameters used while analysing these samples are found in Table 6.4. Measurements for 

all samples discussed in this chapter were obtained at TE equal to 0.3 ms, with a signal-

to-noise ratio of at least 225, and taken every half-hour for the first four hours after water 

addition. Afterwards, measurements were taken every hour for a total of eight hours or 

until there was no significant change in the N M R spectra. After the first day, 

measurements were taken once daily until there were no significant changes in the T 2 

distributions. Duplicate runs were performed during each measurement in order to 

ensure results were genuine and not a result of experimental artifacts. Sample mass was 

recorded prior to each measurement to determine the amount of water loss due to 

evaporation. N M R measurements were gathered either for 20 days or until the thin film 

of water above the sample disappeared, whichever occurred first. Over the course of all 

the experiments described here, the permanent magnet of the N M R relaxometer remained 

constant at 30°C, so samples were always measured at the same temperature. 
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N M R measurements were conducted using the standard consisting of water doped with 

copper sulphate prior to analysing a sample. The variation in the total amplitude from 

measuring the standard measurements can be found in Appendix C. 

8.3 Results 

Imbibition is defined as the process in which the wetting phase displaces the non-wetting 

phase. The hierarchal invasion of the wetting phase begins with the smallest pores and 

works towards the larger pores (Dullien, 1992). Based on this one would expect N M R 

spectra obtained immediately after water was added to preferentially water-wet porous 

media that was air dried to include an amplitude peak at low T 2 values initially. Over 

time, amplitude peaks should form and develop at progressively larger T 2 values as the 

wetting phase invades increasingly larger pores. Other researchers have noted that the 

amplitude peaks produced from water in soils shifted to lower values of T 2 when the 

water was allowed to age in the soil for long periods of time. This was attributed to the 

transformation of free water to water bound on clay or organic matter (Belliveau, 1996). 

Drainage, on the other hand, is the process in which the non-wetting phase displaces the 

wetting phase. The non-wetting phase first displaces the fluid in the largest pores, then 

invades progressively smaller pores (Dullien, 1992). N M R measurements taken during 

this process should show an amplitude peak at the T 2 value of the bulk non-wetting fluid 

and a migration of this peak to lower T 2 values. 

8.3.1 Monitoring fluid uptake in soil fractions 

Figure 8.1 shows some of the T 2 distributions collected for B clay after adding distilled 

water to the sample. One can see from this figure that the amplitude peak for the fastest 

relaxing component appears at approximately 1 ms, which is within the range of T 2 

values believed to be characteristic of clay-bound water (Mirotchnik and Kantzas, 1999). 



93 

10 "J 

Relaxation time (ms) 

Figure 8.1: N M R spectra of distilled water in B clay over time 

Another amplitude peak appears at approximately 15 ms and the one denoting the 

presence of bulk water occurs at approximately 1500 ms. These amplitude peaks remain 

at approximately the same T 2 values for the duration of the experiment. Small shifts are 

apparent, however lack of additional data leads the author to conclude that these changes 

are insignificant. The relative lack of movement in the location of the amplitude peaks in 

the N M R spectra indicates that water does not migrate to other locations after initially 

invading the pore matrix of the clay sample. The inability of water to move throughout 

the pore matrix of the clay sample may be due to the fact that the sample is virtually 

saturated by the time the thin film of water forms above the sample. The pores that are 

not filled with water likely contain air that will not move. A n alternative explanation for 

the lack of movement of the amplitude peaks to different T 2 values is that the rate of 

water uptake in preferentially water-wet samples is so fast that the system reaches 

equilibrium in less than thirty minutes, which was the time of the next N M R 

measurement. 
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Several T 2 distributions collected after the addition of distilled water to Troy clay are 

included in Figure 8.2. The anomalous distribution collected 24 hours after the addition 

of water may be due to the inversion artifact described earlier. Features that were 

apparent in Figure 8.1 are also present in Figure 8.2, namely that the location of the 

amplitude peaks does not change with time. Both clays also produce an amplitude peak 

between 15 and 25 ms, which may be indicative of the pore size distribution for these 

samples because the sieve analysis for these clays shows both clays to have 

predominantly smaller particles (i.e., less than 45 um). Figures 8.1 and 8.2 show two 

amplitude peaks between 10 and 100 ms, possibly due to larger pores created by 

segregated particles. A difference between Figures 8.1 and 8.2 is that an amplitude peak 

never appears at approximately 1 ms for the Troy clay as it did for the B clay. This 

would suggest that an amplitude peak at approximately 1 ms is indicative of the presence 

of illite clay specifically. Independent experiments that involved adding water to 

different clays or using different fluids with the clays (i.e., brine or tap water) were 

conducted independently and verify this statement. 

Figure 8.2: N M R spectra of distilled water in Troy clay over time 
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One will notice that all the T 2 distributions in Figures 8.1 and 8.2 have amplitude 

readings of zero at 10 000 ms except for the distribution for Troy clay obtained 24 hours 

after adding distilled water to the sample. This is due to the inversion artifact discussed 

in Section 6.2.2 because the same trend does not occur 120 hours after water addition. 

Figure 8.3 shows the T 2 distribution of distilled water in humic acids over time. The 

figure shows amplitude peaks that appear initially at approximately 15 ms and 90 ms, 

with the greatest contributions to total signal amplitude originating from the slower 

relaxing component. Most of the water apparently migrated to smaller pores and 

produced an amplitude peak at approximately 15 ms within eight hours. The fact that 

there are no amplitude peaks at T 2 values greater than 15 ms indicates that H A are 

hydrophilic substances because all the water is apparently present in small pores within 

the sample or bound to the grain surfaces. Another feature of Figure 8.3 is that there is an 

amplitude peak consistently appearing at approximately 1 ms. The persistent presence of 

an amplitude peak at approximately 1 ms is likely due to clays. Likewise, an amplitude 

peak at approximately 15 ms may be indicative of water bound to organic matter. 

Figure 8.3: N M R spectra of distilled water in humic acids over time 
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A number of T 2 distributions from fulvic acids with distilled water are shown in Figure 

8.4. This figure, unlike the corresponding one for HA, includes an amplitude peak at 

1000 ms, which denotes the presence of bulk water in the FA sample. This may suggest 

that fulvic acids are not as hydrophilic as humic acids because the exchange between the 

surface-bound protons and protons in the bulk fluid does not occur as quickly in FA as it 

does in HA. FA appear to become quite hydrophilic nonetheless because the amplitude 

peak for bulk water disappears less than 8 hours later despite the constant presence of a 

thin water film above the sample for the duration of the experiment. It is possible that an 

amplitude peak migrating to 15 ms indicates the presence of H A and that an amplitude 

peak migrating to 90 ms denotes the presence of water binding to FA. However, these 

may not be the equilibrium T 2 values for these soil fractions in a soil sample that also 

contains clays and other materials that will affect solid-fluid interactions. 

0.1 1.0 10.0 100.0 1000.0 10000.0 

Relaxation time (ms) 

Figure 8.4: N M R spectra of distilled water in fulvic acids over time 
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The geometric mean of T2 has been plotted over time for the different soil fractions and is 

seen in Figure 8.5. This figure clearly shows H A to be highly hydrophilic because T2gm 

values are the lowest for this soil fraction of all analysed in this experimental program. 

This refutes the conclusions of other researchers who state H A are hydrophobic 

substances (Ma'shum et al., 1988) especially because the H A sample contained the 

largest aggregates, therefore produced the largest pores, of all the soil fractions analysed. 

The values of T2gm are higher for Troy clay than they are for B clay, despite the fact that 

the sieve analysis for these samples show that Troy clay has a greater proportion of 

particles with diameters smaller than 45 um than B clay (see Table 6.3). Reasons for this 

include the different clay sheet structures for the two samples and particle segregation 

upon exposure to water. The T2gm values for the two clay samples appear to fluctuate 

more than they did for HA. Several reasons for this include power fluctuations in the 

N M R relaxometer while measuring the clay samples, small diffusion effects and 

variability in fluid uptake due to fluid redistribution. 

Figure 8.5: Geometric mean of T 2 from distilled water in several soil fractions 
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Figure 8.5 shows that T 2 g m is initially higher for FA than for any other soil fraction 

analysed, however the values decrease to those similar to the two clay samples within 

eight hours, then remain constant after that. While this trend is different from the other 

soil fractions, FA is still considered hydrophilic because the T2gm values are quite low, 

even immediately after the addition of distilled water, compared to the water-repellent 

samples that will be discussed later in this chapter. 

8.3.2 Monitoring fluid uptake in uncoated and coated sands 

The uncoated and coated sands described in Chapter 7 were also used in this part of the 

experimental program. Each of the three types of sands was exposed to water and to 

kerosene initially and also exposed to water after aging in kerosene for twenty days. 

Figure 8.6 shows the T 2 distributions for the uncoated sand with water. This figure 

shows that there is no amplitude peak at T 2 values of 1000 ms or greater to denote the 

presence of water in the form of the thin film above the sample. This appears to be 

typical of N M R spectra generated from water in preferentially water-wet samples. 

Another feature already observed in other preferentially water-wet samples is the lack of 

movement in the location of the amplitude peaks. Figure 8.6 shows that the amplitude 

peak of the slowest relaxing component remains between 200 ms and 400 ms, even 

though measurements were taken over eight days. The non-zero amplitude reading at 10 

000 ms observed 192 hours after the addition of distilled water is due to the inversion 

artifact described in Section 6.2.2 and can be ignored. 

The T 2 distributions from kerosene added to the same sands are included in Figure 8.7. 

This figure shows that the amplitude peak of the slower relaxing component, presumed to 

be bulk fluid, appears at approximately 800 ms, which is approximately the same as the 

T 2 value of the amplitude peak for bulk kerosene (i.e., 1000 ms). The amplitude peak for 
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Figure 8.6: N M R spectra of distilled water in uncoated LM-70 sand over time 

kerosene was added to the sand. The differences in Figure 8.8 compared to Figures 8.6 

and 8.7 are due to the fact that there are amplitude contributions from both kerosene and 

the bulk fluid is at a higher T 2 value in Figure 8.7 than in Figure 8.6, which suggests that 

the sand is preferentially water-wet rather than kerosene-wet because water was capable 

of invading smaller pores than kerosene. However, the T 2 distributions in Figure 8.7 

include characteristics similar to those of samples that contain their wetting fluid. For 

example, the location of the amplitude peaks does not change. Also, there are amplitude 

peaks present at low T 2 values (i.e., 50 ms and less). These elements would suggest that 

saturation history could affect the wettability of an unconsolidated porous medium. 

N M R measurements of the uncoated sand with kerosene continued for twenty days. The 

kerosene film above the sample was extracted using a syringe and distilled water was 

added to the sand in a drop wise fashion. N M R measurements were taken once daily to 

determine water migration in the sand already exposed to kerosene. Figure 8.8 shows 
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Figure 8.7: N M R spectra of kerosene in uncoated LM-70 sand over time 

10 

Relaxation time (ms) 

Figure 8.8: N M R spectra of distilled water in uncoated LM-70 sand aged in kerosene 
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some of the T 2 distributions collected from this sample. This figure shows T 2 

distributions that are quite distinct from those obtained when only distilled water or only 

water in Figure 8.8. The presence of a broader amplitude peak at higher T 2 values is due 

to the fact that both kerosene and water are present in the bulk phase. The amplitude 

peak of the faster-relaxing component appears at approximately 40 ms, which coincides 

with the N M R spectra from the same sand with kerosene only. This suggests that the 

amplitude peak at approximately 40 to 80 ms in Figure 8.8 is due to the presence of 

kerosene in the smaller pores. This implies that water is unable to displace the kerosene 

spontaneously. One will also notice that the artifact at 10 000 ms decreases in magnitude 

with time. Based on discussion in Section 6.2.2 regarding the inversion artifact, this 

trend would suggest that a greater fraction of the decay curve is actually measured instead 

of extrapolated by the EchoFit software. This may be indicative of fluid invading 

progressively smaller pores over time. The migration of the amplitude peak 

corresponding to the fastest relaxing component from 80 ms to approximately 50 ms may 

also be indicative of the slow infiltration of water into the smaller pores. The fact that the 

amplitude peaks for water and kerosene appear at very similar T 2 values prevents the 

author from reaching any definitive conclusions with certainty regarding the trends 

shown in Figure 8.8 by the uncoated sand aged in kerosene. 

The sands coated with humic acids were also exposed to distilled water and the obtained 

T 2 distributions are included in Figure 8.9. The amplitude peak denoting bulk water 

apparently migrated from 1500 ms initially to approximately 600 ms within eight days. 

The fact that water migration was detected in this sample suggests that the rate of water 

uptake is slower in the H A coated sand than it is in the uncoated sand. It may seem 

logical to conclude from this that H A coated sands are less water-wetting than the 

uncoated sand, but the slower water uptake rate is attributed to an increased difficulty for 

the water to enter pores as a result of organic matter swelling and blocking pore throats. 
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Figure 8.9: N M R spectra of distilled water in humic acid coated sand over time 

The amplitude peak of the fastest relaxing component appears at 15 ms approximately 

eight days after water addition. This value is lower than any T 2 value from distilled water 

in the uncoated sand despite the fact that access to the smallest pores may be blocked due 

to the swelling of organic matter. This suggests that water binds more tightly to the H A 

coating than the grain surfaces of the uncoated sand. The amplitude peak may also be 

from water bound to the organic matter. 

The T 2 distributions from H A coated sand after adding kerosene are displayed in Figure 

8.10. This figure is similar to Figure 8.7, which depicts T 2 distributions of kerosene in 

uncoated sand. Both figures have the amplitude peak of the slowest relaxing component 

appear at approximately 800 ms. The smaller amplitude peaks that appear around 50 ms 

are similar for the uncoated and H A coated sand, which further implies that uncoated and 

H A coated sands are similar in wettability. 
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Figure 8.10: N M R spectra of kerosene in humic acid coated sand over time 

Comparing the T 2 distributions in Figures 8.9 and 8.10 would provide insight into the 

preferential wettability of the H A coated sand. The amplitude peaks occur at a higher T 2 

values after kerosene addition than after water addition. Considering the T 2 value of the 

amplitude peak for bulk water is higher than that for kerosene, the relative position of the 

amplitude peaks for the bulk phases indicate that the H A coated sand is preferentially 

water-wet to kerosene-wet. A shift in the amplitude peaks to longer T 2 values when 

kerosene is added occurs for the faster relaxing components as well. This would suggest 

that water is capable of invading smaller pores than kerosene when added to H A coated 

sand. The more significant differences between the T 2 distributions in Figures 8.9 and 

8.10 compared to the N M R spectra in Figures 8.6 and 8.7 further indicates that H A 

coated sand is more water-wet than the uncoated sand. 
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H A coated sand was also exposed to water after aging in kerosene for twenty days and 

the resulting T 2 distributions are located in Figure 8.11. This figure shows that the lowest 

T 2 value for an amplitude peak is approximately 50 ms, which is higher than the T 2 value 

for the fastest relaxing component in the uncoated sand that was aged in kerosene and 

exposed to water. This would suggest that H A coated sand is less kerosene wetting than 

the uncoated sand. The amplitude peak of the slowest relaxing component, assumed to 

be bulk fluid, appears at approximately 1000 ms, which is the T 2 value of the amplitude 

peak for bulk kerosene. 

Figure 8.12 shows the T 2 distributions for distilled water added to asphaltene coated sand. 

Water migration is more significant in this sand than in the uncoated and H A coated 

sands (from 2500 ms initially to 400 ms after 192 hours). While initially most of the 

added water is present as a bulk phase, it does migrate to smaller pores because amplitude 

peaks appear at progressively lower T 2 values with time. One can see the development of 

Figure 8.11: N M R spectra of distilled water in humic acid coated sand aged in kerosene 
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an amplitude peak at approximately 30 ms after eight days, which is the T 2 value of the 

fastest relaxing component in uncoated sand with water. This suggests that a water-

repellent porous medium can achieve the same equilibrium endpoint as a preferentially 

water-wet sample when exposed to water for a long enough period of time. The non-zero 

amplitude reading at 10 000 ms for the T 2 distribution obtained 4 hours after adding 

water is due to the inversion artifact described earlier and can be ignored. 

The T 2 distributions of kerosene in asphaltene coated sand are included in Figure 8.13. 

This figure is typical of figures with a porous medium and its preferential wetting phase, 

specifically the location of the amplitude peaks do not change with time. It is interesting 

to note that the amplitude peak for the fastest relaxing component appears at a T 2 value of 

15 ms, which is the same T 2 of the amplitude peak for the fastest relaxing component in 

H A coated sand with water (i.e., Figure 8.9). This indicates that the degree of wettability 

of asphaltene coated sand towards kerosene is similar to the degree of wettability of HA 

coated sand towards water. 
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Figure 8.13: N M R spectra of kerosene in asphaltene coated sand over time 

Figure 8.14 includes the T2 distributions for water in asphaltene coated sand that has been 

aged in kerosene for twenty days. This figure depicts an amplitude peak that remains 

constant at approximately 2000 ms, which is a higher T2 value than that for the slowest 

relaxing component in the uncoated and H A coated sands under the same conditions. 

This would indicate water resides almost exclusively in the centres of the largest pores. 

Water cannot migrate to any of the smaller pores since they are saturated with kerosene. 

It is assumed that the organic matter coating on the H A coated and asphaltene coated 

sands is not significantly thick and does not change the pore size distribution of these 

sands dramatically. Therefore, all trends shown in the following figures are assumed to 

be due to wettability difference because of the assumption that all three sands have 

similar pore size distributions. The values of the geometric mean of T 2 for the uncoated 

and coated sands with water are plotted in Figure 8.15. This figure shows that the T2gm 

values for the uncoated and H A coated sands, which are both believed to be preferentially 
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Figure 8.14: N M R spectra of distilled water in asphaltene coated sand aged in kerosene 

water-wet, stay relatively constant for the duration of the experiment. The T2gm values 

are lower for the H A coated sand than they are for the uncoated sand, which further 

suggest that H A coated sand is slightly more water-wetting than the uncoated sand. The 

asphaltene coated sand, on the other hand, has a value of T2gm that is one order of 

magnitude higher than the preferentially water-wet samples initially. However, the T 2 g m 

values for the asphaltene coated sand decrease with time and eventually are about the 

same as those from the other two sands at equilibrium. 

The values of T 2 g m for the uncoated and coated sands with kerosene are plotted in Figure 

8.16. One can see that the relative wettability of the sands towards kerosene is in reverse 

order compared to these same sands towards water. Figure 8.15 shows that the H A 

coated sand is the most water wetting, followed by the uncoated sand and the asphaltene 

coated sand. However, addition of kerosene shows the asphaltene coated sand to be the 

most wetting, followed by the uncoated sand and the H A coated sand. It is also apparent 
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Figure 8.15: Geometric mean of T 2 of water in uncoated and coated sands over time 

Figure 8.16: Geometric mean of T 2 of kerosene in uncoated and coated sands over time 
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that the sands do not interact the same way with kerosene as they do with water. Even 

though it has been determined that the asphaltene coated sand is preferentially kerosene 

wet, the values of T2gm for this sample does not stay constant as it did for the uncoated 

and H A coated sands that were exposed to water. A l l three sands display a continual 

decrease in T2gm values, suggesting that all three samples are becoming more 

preferentially kerosene-wet over time. 

Figure 8.17 shows the values of T2gm for the uncoated and coated sands after they have 

been aged in kerosene and exposed to water. Comparison between this and Figure 8.15 

will show that the values of T2gm are continually higher for the kerosene aged samples 

than the samples that were exposed to water first showing the effect of saturation history 

on N M R response. Aging the sands in kerosene rendered these samples water-repellent, 

making them incapable of absorbing water into the pore matrix as quickly compared to 

1300 

600 4— i — r - — r — — T — r —\ 

0 2 4 6 8 10 12 14 
l ime after water addition (days) 

Figure 8.17: Geometric mean of T 2 of water in uncoated and coated sands that were aged 

in kerosene 
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exposing these samples to water first. The order of relative wettability has also changed 

for the kerosene aged sands. Figure 8.17 shows that the uncoated sand is the most water 

wetting of the three because it produces the lowest T2gm values after the initial water 

addition. This sample also showed the largest decrease in T2gm over the course of the 

experiment. Asphaltene coated sand remains the least water wetting of the three sands 

samples because this sample gives the highest T2gm values and the rate of decrease in this 

parameter appears to be much slower for this sand than for the uncoated and H A coated 

sands. 

One will notice that the T2gm values for water in kerosene aged, H A coated sand is higher 

compared to the same values for H A coated sand exposed to water first. This is likely 

due to the amphiphilic nature of the H A molecules and shows the effect of saturation 

history on wettability. 

8.3.3 Monitoring fluid uptake in soils 

Figure 8.18 shows the normalized T2 distributions for D E V CW over time. Each T 2 

distribution from this soil includes three amplitude peaks: one between 2 and 3 ms, which 

is likely due to the relaxation of clay-bound water; one between 20 and 50 ms, due likely 

to the relaxation of water in the smaller pores and one between 500 and 1000 ms, 

denoting the presence of water in very large pores as a bulk phase. The relative 

amplitude of the bulk water peak is very small, which is apparently typical of wettable 

samples. The relatively low value of T2 for bound water in D E V CW may be due to its 

organic content (39 g total carbon / kg soil, as determined from gravimetric analysis 

using a pressure plate apparatus) (Roy, 1999). As shown earlier in this chapter, water in 

organic soil fractions does not produce an amplitude peak at approximately 1000 ms to 

denote the presence of bulk water despite the presence of a water film above the sample. 

Another possible explanation for the lack of a prominent bulk water amplitude peak for 
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Figure 8.18: N M R spectra of distilled water in D E V C W over time 

D E V CW, despite the visible presence of bulk water, may be that the water has leached 

out paramagnetic metal ions. However, the metal ions must be leached out of the soil in 

order for this to occur and the only magnetic material in high enough concentrations in 

D E V C W to really affect the T 2 of bulk water is iron. The iron is in the form Fe (HI), 

which is water insoluble in the range of neutral pH. Iron in the form of Fe (II) would 

have leached out long ago since it is present only in the dissolved form. Leaching of Fe 

(HI) is possible only at a pH greater than ten or less than five, which were not the 

conditions in these experiments. Furthermore, this phenomenon occurred only in D E V 

C W and not in D E V NW. While there undoubtedly are differences, it is unlikely that the 

concentration of iron in these two soils differ so drastically that there would be such a 

shift in the bulk water peak (Litvina, 2001). 

The location of the amplitude peaks does not change, as with other wettable porous 

media containing water, which may suggest spontaneous water uptake. N M R 
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measurements taken more often within the first thirty minutes after water addition may 

provide addition information regarding uptake in preferentially water wetting samples. 

Tabular data of the T 2 distributions for D E V CW were divided into three sections: 

relative amplitude terms from T 2 values less than 5 ms, relative amplitude terms from T 2 

values between 5 and 500 ms and relative amplitude terms from T 2 values greater than 

500 ms. The relative amplitude terms from each section is directly related to the number 

of hydrogen protons within a fluid phase, thus the amount of fluid, present within each 

"region" of the porous medium. The relative amplitude terms within each of the three 

sections were summed and these sums are plotted in Figure 8.19 versus time. The same 

plots were created for the separated soil fractions (i.e., clays, H A and FA, uncoated and 

coated sands) and are located in Appendix D. These figures are not included in the 

chapter because it is not possible to gain meaningful information from these plots. For 

example, the contributions from the different "regions" within the separated soil fractions 

often do not change with time. A likely reason for this is that the samples may have 

actually been saturated with water, so there are no places for the water to migrate to that 

is not already occupied by water or trapped gas. Figure 8.19 shows this is not the case 

with the soils. The differences in the contributions from the separated soil fractions and 

the soils may be due to the surface effects. 

Figure 8.19 shows that water in the pores of the D E V CW soil (i.e., amplitude terms from 

T 2 values between 5 and 500 ms) continually contributed between 60 and 70% of the 

total relative amplitude at any time. It also shows that the contribution of clay-bound 

water to the total relative amplitude increases from 20% to almost 30% four days after 

the addition of water, which indicates the movement of water into the clays over time. A 

decrease in the contribution of terms with T 2 values greater than 500 ms to the total 

relative amplitude from approximately 15% to 5% indicates that the water is moving 

away from the large pores as time elapses. The suggestion that the water is migrating 
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from the large pores and into the smaller pores over time is not in agreement with the 

order of hierarchal invasion of the wetting phase during imbibition (Dullien, 1992). 

Figure 8.20 shows the normalized T 2 distributions for distilled water in D E V N W over 

time. One can see that the initial spectrum resembles that of asphaltene coated sand with 

water because most of the water is detected as bulk phase. However, subsequent N M R 

spectra indicate migration of water into smaller pores. The formation of amplitude peaks 

at approximately 2 and 20 ms seven days after adding water suggests that the water-

repellent soil is capable of reaching the same equilibrium endpoint as the corresponding 

wettable soil. The water-repellent soil needs more time to reach that point since the rate 

of water uptake is much slower. It is possible that the rate of water uptake in water-

repellent soils may be comparable to that in wettable soils once water invasion into the 

soil matrix has occurred. 
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Figure 8.20: N M R spectra of distilled water in D E V N W over time 

Figure 8.21 shows the contributions to the cumulative total of relative amplitude by clay-

or organic matter-bound water, water in smaller pores and water as a bulk phase within 

larger pores. This figure shows water initially almost completely resides as a bulk phase, 

but contributions from this continually decreases with time. Figure 8.21 shows water 

moving from the bulk phase to the smaller pores with time. Water invades the smallest 

pores last because the contributions from the smallest pores are zero until two days after 

water addition. This hierarchal invasion of the largest, the medium and then the smallest 

pores is typical of drainage processes. However, drainage is not actually occurring in the 

samples used in this experimental program due to a lack of head. This does nonetheless 

illustrate the fact that water does interact differently with a preferentially water-wet 

porous medium than with a water-repellent sample. A comparison between this figure 

and Figure 8.19 shows the rate of water migration from the bulk phase to the pores to be 

much more dramatic for D E V N W than for the corresponding wettable sample, which 

may be a typical feature for plots from water-repellent soils. 
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Figure 8.22 shows the T 2 distributions of B R U CW with water over time. One can see 

that this figure contains the same features as the T 2 distributions for D E V CW. As with 

D E V CW, there are three amplitude peaks for B R U CW. These peaks do not change 

location over time. The peak of the slowest relaxing component, which is bulk water, is 

relatively small because most of the water resides in the pores of the soil matrix. 

Figure 8.23 shows the rate of water migration through the different regions of B R U CW. 

One can see that there is very little water movement until 8 days after adding water. At 

that point, water is leaving the larger pores and entering smaller size pores. There is 

never contribution due to clay-bound water for this sample. Comparing Figures 8.19 and 

8.23 show that both control-wettable soils obtain most the signal to amplitude from water 

in small pores for the duration of the experiment. This may be a feature to look for when 

assessing porous media wettability. 
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Figure 8.22: N M R spectra of distilled water in B R U C W over time 

Figure 8.23: Water uptake in B R U CW over time 
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The T 2 distributions for B R U N W with water are included in Figure 8.24. This figure 

contains the typical features of water-repellent porous media with water. Initially most of 

the water is in the bulk phase, but there is water migration to smaller pores over time. As 

a result, the amplitude peaks shift to lower T 2 values with time. Both Figures 8.22 and 

8.24 show non-zero amplitude readings begin at approximately 5 ms after two days. This 

is a lower T 2 value than the T 2 value of the first non-zero amplitude reading for B R U C W 

after the same period of time, which suggests that water-repellent soils do eventually 

behave similarly to wettable soils. The non-zero amplitude reading at 10 000 ms after 

adding water is most likely due to inversion artifact mentioned earlier and can be ignored. 

The rate of water uptake in B R U N W is depicted in Figure 8.25. This figure resembles 

Figure 8.21, the corresponding plot for D E V NW, in that water was found almost 

exclusively as a bulk phase at the beginning of the experiment but the contribution from 

this region approaches zero with time as water migrates to the smaller pores. 

Relaxation time (ms) 

Figure 8.24: N M R spectra of distilled water in B R U N W over time 
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Figure 8.25: Water uptake in B R U NW over time 

The T2 distributions and rates of water uptake for E L L PW are shown in Appendix D 

instead of within this chapter because they are qualitatively similar to the corresponding 

plots for D E V CW. 

The geometric mean of T2 for the soils from the three Alberta sites is shown in Figure 

8.26. This figure seemingly contains many of the same features as Figure 8.16, which 

shows T2gm values for uncoated and coated sands after water addition. Specifically, the 

difference between the initial values of T2gm for the water wetting and water-repellent 

samples is an order of magnitude. However, T2gm decreases for water-repellent samples 

while the same parameter remains constant for water wetting samples. This causes the 

two types of samples to reach similar equilibrium values. 

Figures 8.27 and 8.28 show the T 2 distributions for Sarnia soil with water and kerosene, 

respectively. The similarities between the spectra in these two figures suggest that Sarnia 
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is wetting towards both kerosene and distilled water, apparently depending on the fluid 

this soil is exposed to first. These findings further support the results obtained in Chapter 

6 for this soil. The visible migration of the bulk fluid peak in Figure 8.27 is typical of 

water in water-repellent porous media and suggests that it takes longer for water to travel 

through the pore matrix of this soil than for kerosene. Figure 8.28 shows the bulk fluid 

peak remaining at approximately the same T 2 value, which is typical of porous media 

interacting with their preferential wetting phase. However, it cannot be said with 

certainty that the Sarnia soil is indeed neutral-wetting because the presence of amplitude 

peaks at lower T 2 values in Figure 8.28 indicates that kerosene is capable of invading the 

smaller pores of the non-wettable Sarnia soil immediately after contact with this sample. 

The rates of fluid uptake in the different "regions" in non-wettable Sarnia soil are 

included in Appendix D. It is not included in this chapter because meaningful 

information could not be gathered from these plots. The plot depicting T 2 g m for the non-

wettable Sarnia soil with the different fluids over time is also included in Appendix D. 

2000 

100 

Time after water addition (days) 

Figure 8.26: Geometric mean of T 2 for Alberta soils with water 
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Figure 8.28: N M R spectra of kerosene in non-wettable Sarnia soil over time 
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8.3.4 Monitoring water uptake in Berea 

Distilled water added to the untreated and fired Berea slices contributed to approximately 

10% of the total sample mass. A thin film (i.e., 3mm) was apparent immediately after 

water addition and was present for the duration of the experiment. Figure 8.29 shows the 

T 2 distributions for the untreated Berea slice over time. It is apparent from this figure 

that the N M R spectra from the untreated Berea slice is similar to those from other 

preferentially water-wet samples after adding water. This indicates that the information 

obtained from N M R spectra regarding the wettability and rates of fluid uptake in 

unconsolidated porous media also applies to the analysis of consolidated porous media. 

Figure 8.30 shows the total amplitude from the different sizes of pores for Berea over 

time. This figure shows that the total amplitude from the small pores decreases during 

the first seven hours after water addition, suggesting that the small pores did not receive 

0.1 1.0 10.0 100.0 1000.0 10000.0 
Relaxation time (ms) 

Figure 8.29: N M R spectra of distilled water in untreated Berea over time 
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Figure 8.30: Water uptake in untreated Berea over time 

any additional water initially. This contradicts the theory that the smallest pores fill up 

with the wetting phase first (Dullien, 1992). A possible reason for the decrease in 

amplitude, and thus a decrease in the amount of water present in the small pores, may be 

that there were other surfaces in the sample more water-wet that the water preferentially 

bound to (i.e., clays). Another possibility may be the design of the experiment because 

the counter-current fashion of imbibition in these experiments may have caused 

buoyancy to become a significant effect. In these experiments, the filling of pores occurs 

as a result of gravity, therefore the largest pores allow for flow first. Gas is displaced and 

moves through the pores. A fraction of the air in the sample is trapped in the pores of the 

sample due to bypassing and snapp-off (Kantzas, 1999). The results may be different i f 

water was injected in the bottom of the sample, thus allowing co-current imbibition to 

take place. 
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There is an increase in the total amplitude from the small pores after seven hours and the 

amplitude remains constant after that point, which suggests that the small pores were 

filled with water. Figure 8.30 also shows that the total amplitude from the large and 

medium pores remains approximately constant for ten hours after the addition of water. 

The total amplitude for the medium pores increases after, possibly due to the introduction 

of water to these pores. This finding agrees with the commonly accepted theory of 

imbibition in that the medium pores fill up with water after the small pores are saturated 

(Dullien, 1992). Diffusion in these experiments is not a factor because diffusion effects 

are insignificant at 1 MHz (Kleinberg et al., 1994). 

Figure 8.31 shows the T 2 distributions for the fired Berea slice, which have trends that are 

typical of preferentially water-wet samples after exposure to water. The amplitude peaks 

in this figure do migrate to lower T 2 values with time. The reason for this migration 

cannot be due to clay-bound water because the clays were burned off during the firing of 

this slice. This observation cannot be explained at this time. 

0.1 1.0 10.0 100.0 1000.0 10000.0 
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Figure 8.31: N M R spectra of distilled water in fired Berea over time 



124 

Figure 8.32 shows cumulative relative amplitudes from the different "regions" and 

confirms the absence of clay-bound water in this sample. Comparison of Figures 8.30 

and 8.32 show both fired and untreated Berea exhibit the same qualitative trends. 

Relatively speaking, there is more water in the bulk phase in the untreated slice than in 

the fired slice. These two figures also show that there is more water in the pores of the 

fired slice than in the untreated slice. 

Figure 8.33 shows T2gm values for the untreated and fired Berea slices over time. 

Fluctuations in T 2 g m values for the untreated Berea slice may be due to the N M R 

relaxometer. It is interesting that the original has higher T2gm values than the fired slice 

because this slice had amplitudes terms at lower T2 values. This would suggest that the 

relative amount of clay bound water is less than the amount of water in the pores of the 

fired slice. 

Figure 8.32: Water uptake in fired Berea over time 
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Figure 8.33: Geometric mean of T 2 for untreated and fired Berea with distilled water 

8.3.5 Determining water mass using mass balance and NMR data 

Fluid weights were calculated using mass balances and Equations 5-2 and 5-3. These 

values are plotted over time for the various samples. The percent difference between the 

values calculated using mass balance and using N M R data and Equations 5-2 and 5-3 is 

less than 5. The fluid weights of other samples are included in Appendix D. 

Figure 8.34 shows calculated values for the soil fractions, which display a slight decrease 

in weight over time due to water loss as a result of evaporation. This indicates that low-

field N M R is capable of detecting sample weight changes on the order of 0.01 g. This 

figure also shows that, despite measures taken to minimise water loss as a result of 

evaporation, almost 1 g of water evaporated from some samples over the course of ten 

days. This is significant considering the figure shows that initial water content in no 

more than 7 g of water, which implies that the steps taken to minimize evaporation were 

insufficient and different measures are necessary to limit water loss during these tests. 
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Figure 8.34: Water weights for soil fractions samples determined using mass balance and 

N M R data calculations 

Although sample sizes were roughly the same, one can see that the different samples 

were able to accept differing amounts of water. Humic acids accepted the most water 

while the Berea slices accepted the least amount of water. A possible explanation for this 

is that water has a more difficult time entering the smaller pores in the Berea because 

Berea has the lowest porosity of all the samples analysed in this experimental program. 

On the other hand, water can change the pore size distribution of the sample as it 

migrates to different "regions" and make it easier to invade different areas of the sample. 

Figure 8.35 shows the fluid weights in the uncoated and coated sand samples. Only the 

experiments involving adding water only (WO) and kerosene only (KO) were plotted 

here. The results from adding water to the sands aged in kerosene are determined as 

shown in Appendix B and depicted in Appendix D. Relative wettability can be inferred 

to some extent from this figure because factors such as sample size were kept constant. 
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Figure 8.35: Water weights in sand samples determined using mass balance and N M R 

data calculations 

However, other factors such as porosity were not kept constant. Figure 8.35 shows that 

the H A coated sand absorbed the most water and the asphaltene coated sand absorbed the 

least, which would suggest that H A coated sand is the most water wetting and asphaltene 

coated sand is the least water wetting. It appears that the preferential wetting of uncoated 

sand by kerosene is of similar magnitude as the preferential wetting of the asphaltene 

coated sand by water. The fact that the uncoated sand absorbed similar amounts of water 

as the H A coated sand further suggests similar degree of wettability between these two 

samples. 

The water weights in soil samples as calculated using the two different methods are 

plotted in Figure 8.36. This plot clearly shows that the soils deemed control wettable did 

absorb more water than the samples deemed water-repellent. 
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Figure 8.36: Water weights in soil samples determined using mass balance and N M R 

data calculations 

The similarities of Figures 8.35 and 8.36 show that the study of wettability alteration on 

uncoated and coated sands will give the same results as preferentially water-wet and 

water-repellent soils. The original and H A coated sand behaved the same as the 

preferentially water-wet soils and the asphaltene coated sand showed the same trends as 

the water-repellent soils. This is further verified by the similarities in the trends shown in 

Figures 8.15 and 8.26. The advantage of using uncoated and coated sands over soils 

collected from fields is that factors such as pore size distribution and porosity remains 

relatively constant for all the samples analysed, which allows for closer focus on the 

mechanisms of wettability alteration. Additionally, obtaining similar results from water-

wet and water-repellent soils will further verify any trends noted with the sands. 
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CHAPTER 9 : CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions 

The results in this thesis indicate that low-field N M R could be used on unconsolidated 

porous media to determine wettability, to detect wettability alteration in a sample and to 

monitor fluid uptake over time. The data shows that water in preferentially water-wet 

porous media produce considerably different N M R spectra than water in water-repellent 

samples because of the difference in solid-fluid interactions. Water in preferentially 

water-wet samples, whether they are separated soil fractions, soil or consolidated porous 

media, produce amplitude peaks at T 2 values on the order of 100 ms or less. Amplitude 

peaks at T 2 values of approximately 10 ms or less indicates the presence of clay-bound 

water or thin water films while water in small pores is usually denoted by the presence of 

amplitude peaks between 10 and 100 ms. Amplitude peaks often do not appear at T 2 

values of approximately 1000 ms for preferentially water-wet samples, despite the 

presence of water in the bulk phase within the sample, possibly due to the fast exchange 

of protons between the bulk water phase and the bound water phase. Water in water-

repellent porous media produce amplitude peaks at T 2 values close to that for bulk water, 

which is approximately 2500 ms. Amplitude peaks usually do not appear at lower T 2 

values for these samples immediately after water addition. 

These differences can be exploited in detecting wettability alteration and in monitoring 

fluid uptake. Numerous N M R measurements from the same sample show that water in 

preferentially water-wet samples do not migrate to other locations within the porous 

medium after initial water invasion. A possible explanation for this is a seemingly 

spontaneous rate of water uptake in samples deemed wettable towards water. Results 

also show that most of the signal amplitude originated from water in the small pores. The 

same experimental procedure shows that water in water-repellent samples wil l remain as 

a bulk phase in the centres of the large pores, but will eventually reach the same 
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equilibrium endpoint as the corresponding wettable sample when given enough time and 

provided the sample remains in contact with water the whole time. This may be difficult 

to implement in the field because water will evaporate under ambient conditions before 

reaching this point. 

Another parameter from N M R data that can be analysed to determine porous media 

wettability is the geometric mean of T 2 . When measured immediately after water 

addition, values of this parameter are one order of magnitude lower for preferentially 

water-wet samples than for water-repellent samples. However, the T2gm values for these 

two types of samples will eventually converge because this parameter stays constant for 

preferentially water-wet samples with water while T2gm for water-repellent samples with 

water decreases with time. 

Based on these generalizations, the following conclusions were made: 

• There are porous media, such as the uncoated sand and the soil from Sarnia within 

this experimental program, can be wetted either by distilled water or by kerosene. 

• Humic acids are highly hydrophilic substances. Coating sand with this soil 

fraction appears to slightly increase the degree of water-wetness the sand exhibits. 

• Coating sands with asphaltenes extracted using n-pentane renders the coated sand 

water-repellent. 

• Porous media wettability can change with time and treatment is not necessary for 

this parameter to change because samples left undisturbed in storage were shown 

to have changing wettability characteristics over time. 

• The rate of water migration from the centres of the large pores to smaller pores is 

more dramatic in non-wettable samples than in the corresponding wettable 

samples. 

Unconsolidated porous media have usually undergone methods such as the M E D test or 

the Amott test for determining wettability. Wettability can be determined from N M R 
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results, specifically from the relative amounts of bound fluid and free fluid and the rate of 

change in T2gm over time. Advantages to using low-field N M R for determining the 

wettability of porous media include the fact that this tool requires only a small amount of 

sample for analysis and produces results quickly. Provided that N M R parameters for the 

same machine remain constant, direct comparison of spectra from different samples is 

possible. Small changes in the relative amounts of bound and bulk fluid could denote 

small variations in wettability that may not be apparent through visual observations. 

9.2 Recommendations 

The following recommendations are suggested for the continuation of this program: 

• Perform the multi-day experiments with kerosene and the water-repellent soils 

from Devon and Brudenheim. It is expected that the kerosene will interact with 

these soils the same way as water interacted with the preferentially water-wet 

soils from these two sites, but the results are required to verify this hypothesis. 

• Standardise measurement procedure to further ensure that any differences in 

results between samples is indeed due to wettability rather than other factors such 

as sample handling and researcher subjectivity. 

• Devise a measure that will minimise water evaporation from a sample (i.e., place 

samples in a closed vessel when they are not undergoing N M R measurements). 

• Compare N M R results regarding wettability to results obtained using other 

methods. 

• Perform more N M R measurements during the first half hour after fluid addition to 

obtain more information regarding fluid uptake in porous media. This will 

provide useful information, especially when adding water to preferentially water-

wet samples since measurements taken half an hour after fluid addition indicate 

that the system has already reached equilibrium at that point. 
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• Perform the same type of N M R measurements using different clays or add 

different fluids to the clays (i.e., brine, tap water) to verify wettability of these 

samples. 

• Perform dynamic imbibition experiments in the N M R relaxometer. 
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Figure A . l : T 2 distribution of 240 ms standard 

Duplicate measurements were taken when analysing bulk distilled water and bulk 

kerosene. The spectra from both runs have been plotted for each fluid. 
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Figure A.2: T 2 distribution of bulk distilled water 

Figure A.3: T 2 distribution of bulk kerosene 



APPENDIX B : FLUID WEIGHT CALCULATIONS 
144 

These calculations are based on the T 2 distribution obtained immediately after adding 

water to the asphaltene coated sand aged in kerosene. The weights of other fluids can be 

calculated in the same manner. 

Total amplitude from N M R spectrum, A T O T = 110.074. The sum of the amplitude terms 

from T 2 values less than 500 ms, AT2<SOO = 30.158. These contributions are assumed to 

be due to kerosene remaining in the sample. Similarly, the sum of the amplitude terms 

from T 2 values greater than 500 ms, AT2>SOO = 69.842. These contributions are assumed 

to be due to water added to the sample. 

Equation 5-3 is used to calculate the amplitude index for water, A I W . This parameter is 

calculated using the amount of distilled water added to dry, asphaltene coated sand and 

the total amplitude obtained from that sample. 

mHjr> 3.70g 

Using Equation 5-2, the mass of water in the asphaltene coated and kerosene aged sand, 

m w , can be calculated: 

r̂2>soo 69.842 
mw - —- = = 4.12g 

AIW 16.96g-' 

Mass balance calculations show the mass of water in the asphaltene coated and kerosene 

aged sand to be 4.18 g. The percent difference between these two values is 1.5%. 
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Similarly, the amplitude index for kerosene, Alk, can be calculated using equation 5-3 

and the amount of kerosene added to dry, asphaltene coated sand and the total amplitude 

obtained from that sample. 

A J k = 4 O ^ l = ^ 1 9 = 2 Q 4 1 g - i 

mKer 4.37g 

Equation 5-2 is used to calculate the mass of kerosene in the asphaltene coated and 

kerosene aged sand: 

^r2<5oo 30.158 . , 
mk = — r = 1.48g 

AIk 20.41s-1 

Based on mass balance calculations, the amount of kerosene remaining in the asphaltene 

coated and kerosene aged sand is 1.42 g. The percent difference between the mass of 

kerosene using the two different methods is 4.2%. 
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APPENDIX C : AMPLITUDE VALUES FOR THE STANDARD 

Legend 

A s i amplitude calculated during single exponential analysis 

A s t amplitude calculated during stretch exponential analysis 

Figure C . l : Amplitude values from the standard during analysis of B clay 
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Figure C.2: Amplitude values from the standard during the analysis of Troy clay 
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Figure C.3: Amplitude values from the standard during the analysis of humic acids 
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Figure C.5: Amplitude values from standard during analysis of untreated Berea 
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Figure C.6: Amplitude values from standard during analysis of fired Berea and Devon 

soils 
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Figure C.7: Amplitude values from the standard during the analysis of Brudenheim and 

Ellerslie soils 
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Figure C.8: Amplitude values from the standard during the analysis of uncoated and 

coated sands with water 
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Figure C.9: Amplitude values from standard during the analysis of uncoated and coated 

sands with kerosene 
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Figure C.10: Amplitude values from the standard during the analysis of uncoated and 

coated sands, aged in kerosene, with water 

Trends in the figures above appear to be vary significantly but that is due mainly to the 

scale of the y-axis. As Table C . l shows, variance in amplitude is very small. 



Table C . l : Variance in amplitude values during the analysis of a given sample 

Sample 

Difference in 

amplitude (%) 

Belay 1.40 

Troy clay 4.33 

Humic acids 3.44 

Fulvic acids 3.13 

Untreated Berea 2.49 

Fired Berea and Devon soils 1.82 

Brudenheim and Ellerslie soils 1.89 

Sands with water 2.61 

Sands with kerosene 2.14 

Aged sands with water 1.75 
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APPENDIX D : FIGURES REGARDING FLUID UPTAKE 
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Figure D . l : Water uptake for B clay over time 

Figure D.2: Water uptake in Troy clay over time 
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Figure D.4: Water uptake for fulvic acids over time 
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Figure D.5: Water uptake in uncoated LM-70 sand with water 
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Figure D.6: Kerosene uptake in uncoated LM-70 sand over time 
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Figure D.7: Water uptake in kerosene aged LM-70 sand 

Figure D.8: Water uptake in H A coated sand over time 
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Figure D.9: Kerosene uptake in H A coated sand over time 
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Figure D.10: Water uptake in kerosene aged H A coated sand over time 
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Figure D . l l : Water uptake in asphaltene coated sand over time 

Figure D.12: Kerosene uptake in asphaltene coated sand over time 
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Figure D.13: Water uptake in kerosene aged asphaltene coated sand over time 
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Figure D.14: N M R spectra of E L L PW over time 
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Figure D.16: Water uptake in non-wettable Sarnia soil over time 



161 

80 

70 

| 60 
c 
I 50 
> 
2 40 
0 c 

1 30 

S 20 
p 

U 
10 

* * ~ A r i 
t—-A—A>*^~**k 

+ < 5 ms 

- • — 5 - 500 ms 

—A— > 500 ms 

0.01 0.1 1 10 

Time after kerosene addition (days) 

100 

Figure D.17: Kerosene uptake in non-wettable Sarnia soil over time 

Figure D.18: Water weights in soil fractions, calculated using mass balance and N M R 

data calculations 
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Figure D.19: Water weights of sands, calculated using mass balance and N M R data 

calculations 
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Figure D.20: Water weights of soils, calculated using mass balance and N M R data 

calculations 




