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Abstract 
 

Carbon dioxide capture and geo-sequestration is widely acknowledged as being an 

integral component of future global emission reduction strategies. A critical mechanism by 

which CO2 injected into the sub-surface is safely stored, is via capillary trapping where small 

ganglia of CO2 in the connate water are rendered immobile in the pore space by capillary 

forces. Knowledge of such entrapment processes are crucial for predicting the fate of CO2 

after it has been injected. The main body of work presented in this dissertation is a series of 

experimental studies that were aimed at quantifying and assessing the stability of capillary 

trapped CO2 in reservoir sandstone cores at reservoir conditions using low field NMR 

relaxometry techniques.  

Initial core flooding experiments were made at reservoir conditions using a model water/N2 

system. Transverse relaxation time (T2) time measurements were employed to measure 

both residual water (wetting phase) content and the surface-to-volume ratio distribution 

(which is proportional to pore size) of the void space occupied by this residual water.  

Consistent with a water-wet system, water was preferentially displaced from larger pores 

while relatively little change was observed in the water occupying smaller pore spaces. The 

impact of cyclic wetting/non-wetting fluid injection was explored and indicated that such a 

regime increased non-wetting trapping efficiency by the sequential occupation of the most 

available larger pores by nitrogen.  

Following on from this, core flooding experiments using brine/CO2 were then conducted on 

the same sandstones. It was found that transverse relaxation (T2) measurements were 

sensitive to the dissolution of paramagnetic ions from rock matrix minerals after exposure 

to carbonic acid; this response was observed on timescales relevant to core flooding 

experiments (i.e. minutes to hours). Subsequently, a brine ageing protocol was designed 

and implemented to minimize this effect, and hence changes in T2 time distributions during 

core flooding could be related to displacement of brine from pores of different sizes. 

Comparison of T2 distributions for partially CO2/brine saturated cores to that for the N2/H2O 

systems show an increased displacement of brine from small pores by CO2. Furthermore, 

results from cyclical brine/CO2 injections showed an increase in the total volume of 

residually trapped CO2 and an increase in trapping efficiency when compared to the results 

observed for N2/H2O; however, the improvement in trapping efficiency with cyclic injection 

was less pronounced. Potential causes for the observed differences are discussed in the 

context of effective N2 and CO2 wetting. 
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A novel NMR compatible core holder was then developed to study ultrasonic velocity-

saturation relationships which is an area of research that is critical to time-lapse seismic 

monitoring of injected CO2 plumes. We report on the design, construction and performance 

of this system allowing for the measurement of both ultrasonic P-wave velocities and NMR 

relaxation parameters in rock cores at reservoir pressure. Successful validation against a 

conventional benchtop ultrasonic measurement system was performed, whilst sequential 

NMR and ultrasonic measurements were demonstrated on a sandstone rock core at 

reservoir pressure as a function of variable brine/supercritical CO2 saturation. This new 

apparatus represents the first coupled NMR and ultrasonic measurements of rocks at 

reservoir conditions, and allows for a new approach to study pore scale saturation effects 

on elastic wave propagation in rocks.  

Lastly, Tikhonov regularisation techniques utilised in the analysis of NMR data in previous 

sections was, for the first time, applied to compute dielectric relaxation time distributions 

from broadband (40Hz to 110MHz) frequency domain dielectric data of shales. Complex 

dielectric polarisation processes that occur in rocks are strongly frequency dependent, 

making physically meaningful interpretation of broadband dielectric data difficult. The 

ability to de-convolve the contribution of various polarisation processes is critical for 

interpreting petro-physical properties from broadband dielectric data. To this end, the 

evolution of dielectric polarisation processes with increasing moisture content was 

analysed directly from changes in relaxation time distributions. It was found that the 

dominant polarisation mechanism, up to a critical partial saturation, occurred as surface 

polarisation within the electrical double layer (EDL). Above this critical partial saturation 

electro-diffusion mechanisms acting between the Stern and Diffuse layers resulted in a large 

low frequency response.  This work provides valuable insight into dielectric polarisation 

mechanisms in shales, and opens the possibility of using such dielectric measurements for 

capillary trapping studies in such tight rock systems. 
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Thesis Introduction 
 

1.1 Introduction 
Carbon dioxide emissions from the combustion of fossil fuels, as well as other 

industrial processes (i.e. cement manufacturing, LNG and steel production), has increased 

the capacity of the earth’s atmosphere to store thermal energy. As a result, current and 

projected temperature rise has increased the probability of altering the climate more 

rapidly than natural cycles, leading to changing rainfall patterns, increased frequency of 

catastrophic weather events and sea level rise (IPCC 2015). In 2016 the Paris Accord was 

ratified, whereby the majority of the world’s countries adopted policy positions that aim to 

limit global warming to 2°C by drastically reducing CO2 emissions. Carbon capture and 

storage (CCS) is widely recognized as a critical technology that must be deployed to change 

current CO2 emission trends and reach these targets (IPCC, 2018). CCS involves the capture 

of carbon dioxide emissions from large fixed points of emissions, such has power or LNG 

plants, and is then subsequently compressed and injected into geological formations for 

long term storage. Hence, enabling a relatively rapid reduction of CO2 emissions, while 

allowing for a moderated transition from current carbon intensive energy production and 

industrial processes to alternatives which inherently emit less CO2 (e.g. solar/wind energy, 

biofuels etc.).  The expected impact of CCS is significant with the International Energy 

Agency forecasting CCS will account for 1/6 of total carbon dioxide emissions reductions by 

2050 (IPCC, 2018). 

A critical factor for the uptake and success of CCS technologies is ensuring the ability to 

quantitatively model and predict the behaviour of CO2 after it has been injected into a 

reservoir. In this regard, core scale experimental studies provide crucial knowledge of flow 

and reactive transport of CO2 and connate fluids in reservoir rocks and are the subject of 

this thesis. It is recognised that there are four primary mechanisms (Figure 1.1) by which 

CO2 is trapped within the reservoir:  structural trapping, where the migration of CO2 is 

limited by a physical barrier (i.e. cap rock, sealing faults (Iglauer et al., 2015)); dissolution 

trapping, where CO2 dissolves into the formation fluid (Lindeberg & Wessel-Berg, 1997; Al-

Khdheeawi et al., 2017); capillary trapping, where small disconnected clusters of CO2 are 

rendered immobile in the pore space by capillary forces (Pentland et al., 2011; Iglauer et al., 
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2011); and mineral trapping where precipitation of solid carbonate minerals occurs after 

reactions between CO2 and formation fluids and minerals (Gaus, 2010).  Of relevance to this 

study is the process of capillary trapping which typically accounts for 10% to 30% of the 

trapped volume of CO2 in sandstone and carbonate rocks, and is considered a secure 

mechanisms of storage (IPCC, 2005).   

 

Figure 1.1. Conceptual model of the four primary trapping mechanisms of CO2 after injection 
into a subsurface reservoir.  Figure from (Emami-Meybodi et al., 2015). 

 

1.2 Research Focus  
The vast majority of porous media, including rocks, are considered to be “capillary 

systems” where the surfaces separating bulk phases play a significant role in determining 

the physical-chemical state of the system (Dullien, 1992). Capillarity of two immiscible 

phases in a porous medium results from a balance of opposing forces; cohesive surface 

tension which acts to minimise the interfacial area between the phases, and liquid adhesion 

to the solid surface. Thus the capillarity of a system is dependent on interfacial properties 

including; fluid affinity to a solid (wettability), surface tension and the physical geometry of 

the porous medium. Capillary trapping, or residual trapping occurs in immiscible multi-

phase flow in porous media when a non-wetting phase is circumvented by a flowing wetting 
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phase, trapping small blobs or ganglia of non-wetting phase via capillary forces (Dullien, 

1992; Roland Lenormand et al., 1988). When the capillary forces acting on the ganglia are 

stronger than the viscous flowing forces they are rendered immobile in pore spaces. 

In 2005 the International Panel on Climate Change (IPCC) published a Special Report on CCS 

(IPCC, 2005) that highlighted the significance of capillary trapping as a storage mechanism, 

and the relative lack of laboratory or field studies on relevant system. It was also noted that 

only a limited number of numerical models had considered this aspect of CO2 

immobilisation (Doughty & Pruess, 2004; Ennis-King & Paterson, 2002). As a result, the 

majority of storage capacity estimation and risk assessments prior to this failed to 

incorporate capillary trapping effects into their calculations (IPCC, 2005). Since then, there 

has been renewed focus on capillary trapping studies regarding CO2 geosequestration. 

Critical focal points of this research has been the fundamental properties that influence 

capillary trapping; such as wettability, (Akbarabadi & Piri, 2013; Al-Menhali et al., 2015; X. 

Li & Fan, 2015; Manceau et al., 2015; Pini & Benson, 2013), pore structures and 

heterogeneity (Andrew et al., 2014; Blunt et al., 2013; Pentland et al., 2010, 2011; Tanino & 

Blunt, 2012)  and flow kinetics and dissolution effects (Berg et al., 2013; M. J. Mitchell et al., 

2010; Silin et al., 2011; Zhang et al., 2014).  

 Low field Nuclear Magnetic Resonance (NMR) is a technology that is uniquely sensitive to 

key capillary trapping parameters in rock cores, such as pore sizes, wettability and reactive 

transport, but there are scarce examples of such studies in the literature. The few examples 

that do exist have been limited to higher magnetic fields  (Hussain et al., 2011; Manceau et 

al., 2015; Prather et al., 2016) where internal magnetic field gradients may distort NMR 

signals and have lacked a comprehensive core flooding methodology. Hence, it is the aim of 

this thesis  to develop robust and novel methodologies to quantify capillary trapping in 

reservoir rock cores using low field 1H NMR, and subsequently use these to study critical 

factors such as wettability and pore size effects on capillary trapping of CO2.  

 

1.3 Chapter Descriptions 
This thesis is arranged as a series of three peer reviewed published journal articles 

and a conference proceeding, corresponding to Chapters 2, 3, 4 and 5. While each chapter 

represents standalone published works, the combination of chapters follow the progression 

of work completed during this doctoral research and presents a coherent narrative.  The 

following section provides and introduction to each chapter and how they are related.  
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First, Chapter 2 demonstrates the successful quantification of capillary trapping using low 

field NMR (2MHz 1H resonance) relaxation time measurements. Transverse relaxation time 

(T2) time measurements were used to measure both residual water (wetting phase) content 

and the surface-to-volume ratio distribution (which is proportional to pore size) of the void 

space occupied by this residual water. In this instance, a model immiscible fluid pair of 

water and nitrogen was used. The core flooding apparatus assembled as part of this work 

and core flooding protocols are detailed.  Critically we systematically confirm this 

relationship between T2 and pore size by quantifying inter-pore magnetic field gradients 

due to magnetic susceptibility contrast, and demonstrate that our measurements at all 

water saturations are unaffected. The stability of capillary trapped N2 ganglia was probed 

through multiple drainage and imbibition cycles, and improvement in the amount of 

capillary trapping by alternating water and gas injection was observed.  

In Chapter 3, experimental protocols and the core flooding apparatus were improved such 

that core flooding studies using brine and CO2 could be successfully conducted. Sensitivity 

of T2 measurements to CO2-rock interaction was observed, namely the dissolution of 

paramagnetic ions from the rock matrix, and a brine ageing process was deployed to 

minimize such dissolution effects during core flooding.  Consequently, changes in the 

measured T2 probability distributions could be related to pore size occupation by the brine 

solution during and after core flooding.   Comparison of T2 distributions for partially 

CO2/brine saturated cores to previously published data for N2/H2O systems show an 

increased displacement of brine from small pores by CO2. Furthermore, results from cyclical 

brine/CO2 injections showed an increase in the total volume of residually trapped CO2 and 

an increase in trapping efficiency; compared to the results observed for N2/H2O, however, 

the improvement in trapping efficiency with cyclic injection was less pronounced. Potential 

causes for the observed differences are discussed in the context of effective N2 and CO2 

wetting. 

Following this, as described in Chapter 4, a novel apparatus to study the ultrasonic velocities 

and NMR responses of rock cores at reservoir conditions was designed, constructed and 

tested. The combination of these two measurement techniques allows for the direct study 

of elastic wave propagation in rocks and their relationships to important parameters like 

wettability, pore surface-to-volume (S/V)   ratios, pore connectivity and saturation.  

Development of models relating these properties is a critical area of rock physics research 

that underpins the successful implementation of seismic reservoir characterization and 

time lapse monitoring technologies, such as those used in CO2 plume monitoring. Successful 

validation of this novel system was made against a conventional benchtop ultrasonic 
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measurement system. Furthermore, sequential NMR and ultrasonic measurements were 

demonstrated on a sandstone rock core at reservoir pressure as a function of variable 

brine/supercritical CO2 saturation. This new apparatus represents the first coupled NMR 

and ultrasonic measurements of rocks at high temperature and pressure, and allows for a 

new approach to study pore scale saturation effects on elastic wave propagation in rocks. 

In Chapter 5, we present a study of dielectric polarisation in partially saturated shales that 

introduces a robust analysis method and interpretation framework to describe electrical 

double layer polarisation processes. The nanometer length scales that these measurements 

are sensitive to opens the possibility of using such dielectric measurements for capillary 

trapping studies in such tight rock systems. Tikhonov regularisation methods were used to 

compute continuous distributions of dielectric relaxation times directly from broadband 

(40 Hz – 110 MHz) frequency domain data for ten shale rock samples. The evolution of 

dielectric relaxation distributions was studied as a function of water content, with 

measurements of 6 incremental saturation states ranging from dry to fully saturated. 

Analysis of the relaxation time distributions obtained as moisture content increased reveals 

new insights into the consequent changes in electrical double layer (EDL) polarisation. 

Furthermore, we quantify the contribution of in-phase conduction currents by using 

inverted relaxation time distribution models and the Kramers-Kronig relation to link the 

solutions obtained for the real and imaginary components of the dielectric permittivity. 

Chapter 6 provides a summary of the main conclusions and the impact of research outcomes 

derived from this thesis is revised.  Lastly, suggestions for future research are listed.  

 

1.4 References 
Akbarabadi, M., & Piri, M. (2013). Relative permeability hysteresis and capillary trapping 

characteristics of supercritical CO2/brine systems: An experimental study at 
reservoir conditions. Advances in Water Resources, 52, 190–206.  

Al-Khdheeawi, E. A., Vialle, S., Barifcani, A., Sarmadivaleh, M., & Iglauer, S. (2017). Impact of 
reservoir wettability and heterogeneity on CO2-plume migration and trapping 
capacity. International Journal of Greenhouse Gas Control, 58, 142–158.  

Al-Menhali, A., Niu, B., & Krevor, S. (2015). Capillarity and wetting of carbon dioxide and 
brine during drainage in Berea sandstone at reservoir conditions. Water Resources 
Research, 51(10), 7895–7914.  

Andrew, M., Bijeljic, B., & Blunt, M. J. (2014). Pore-scale imaging of trapped supercritical 
carbon dioxide in sandstones and carbonates. International Journal of Greenhouse 
Gas Control, 22, 1–14.  



Chapter 1 

7 
 

Berg, S., Oedai, S., & Ott, H. (2013). Displacement and mass transfer between saturated and 
unsaturated CO2-brine systems in sandstone. International Journal of Greenhouse 
Gas Control, 12, 478–492.  

Blunt, M. J., Bijeljic, B., Dong, H., Gharbi, O., Iglauer, S., Mostaghimi, P., et al. (2013). Pore-
scale imaging and modelling. Advances in Water Resources, 51, 197–216.  

Doughty, C., & Pruess, K. (2004). Modeling supercritical carbon dioxide injection in 
heterogeneous porous media. Vadose Zone J., 3(3), 837–847.  

Dullien, F. A. L. (1992). Porous media: fluid transport and pore structure. AIChE Journal. 
New York: Academic Press.  

Emami-Meybodi, H., Hassanzadeh, H., Green, C. P., & Ennis-King, J. (2015). Convective 
dissolution of CO2 in saline aquifers: Progress in modeling and experiments. 
International Journal of Greenhouse Gas Control, 40, 238–266.  

Ennis-King, J., & Paterson, L. (2002). Engineering Aspects of Geological Sequestration of 
Carbon Dioxide. SPE Asia Pacific Oil and Gas Conference and Exhibition.  

Gaus, I. (2010). Role and impact of CO2-rock interactions during CO2 storage in sedimentary 
rocks. International Journal of Greenhouse Gas Control, 4(1), 73–89.  

Hussain, R., Pintelon, T. R. R., Mitchell, J., & Johns, M. J. (2011). Using NMR displacement 
measurements to probe CO2 entrapment in porous media. AIChE Journal, 57(7), 
1700–1709. 

Iglauer, S., Paluszny, A., Pentland, C. H., & Blunt, M. J. (2011). Residual CO2 imaged with X-
ray micro-tomography. Geophysical Research Letters, 38(21).  

Iglauer, S., Al-Yaseri, A. Z., Rezaee, R., & Lebedev, M. (2015). CO2 wettability of caprocks: 
Implications for structural storage capacity and containment security. Geophysical 
Research Letters, 42(21), 9279–9284.  

IPCC. (2005). IPCC special report on carbon dioxide capture and storage. IPCC Special 
Report on Carbon Dioxide Capture and Storage (Vol. 2). 

Lenormand, R., Touboul, E., & Zarcone, C. (1988). Numerical models and experiments on 
immiscible displacements in porous media. Journal of Fluid Mechanics, 189(1), 165.  

Li, X., & Fan, X. (2015). Effect of CO2 phase on contact angle in oil-wet and water-wet pores. 
International Journal of Greenhouse Gas Control, 36, 106–113.  

Lindeberg, E., & Wessel-Berg, D. (1997). Vertical convection in an aquifer column under a 
gas cap of CO2. Energy Conversion and Management, 38, S229–S234.  

Manceau, J. C., Ma, J., Li, R., Audigane, P., Jiang, P. X., Xu, R. N., et al. (2015). Two-phase flow 
properties of a sandstone rock for the CO2 /water system: Core-flooding 
experiments, and focus on impacts of mineralogical changes. Water Resources 
Research, 51(4), 2885–2900.  

Mitchell, M. J., Jensen, O. E., Cliffe, K. a., & Maroto-Valer, M. M. (2010). A model of carbon 
dioxide dissolution and mineral carbonation kinetics. Proceedings of the Royal 
Society A: Mathematical, Physical and Engineering Sciences, 466(2117), 1265–
1290.  

Pentland, C. H., Iglauer, S., Tsuchiya, Y., & Okabe, H. (2010). Measurement of Carbon Dioxide 
Capillary Trapping in Core Analysis. Spe 138476, 1–8. 



Chapter 1 

8 
 

Pentland, C. H., El-Maghraby, R., Iglauer, S., & Blunt, M. J. (2011). Measurements of the 
capillary trapping of super-critical carbon dioxide in Berea sandstone. Geophysical 
Research Letters, 38(6).  

Pini, R., & Benson, S. M. (2013). Simultaneous determination of capillary pressure and 
relative permeability curves from core-flooding experiments with various fluid 
pairs. Water Resources Research, 49(6), 3516–3530.  

Prather, C. A., Bray, J. M., Seymour, J. D., & Codd, S. L. (2016). NMR study comparing capillary 
trapping in Berea sandstone of air, carbon dioxide and supercritical carbon dioxide 
after imbibition of water. Water Resources Research, 52.  

Silin, D., Tomutsa, L., Benson, S. M., & Patzek, T. W. (2011). Microtomography and Pore-Scale 
Modeling of Two-Phase Fluid Distribution. Transport in Porous Media, 86(2), 495–
515.  

Tanino, Y., & Blunt, M. J. (2012). Capillary trapping in sandstones and carbonates: 
Dependence on pore structure. Water Resources Research, 48(8).  

Zhang, Y., Nishizawa, O., Kiyama, T., Chiyonobu, S., & Xue, Z. (2014). Flow behaviour of 
supercritical CO2 and brine in Berea sandstone during drainage and imbibition 
revealed by medical X-ray CT images. Geophysical Journal International, 197(3), 
1789–1807.  



Chapter 2 

5 
 

  

Quantification of Capillary Trapping 
Using Low Field NMR Relaxometry  
 

Foreword – The full text of this chapter has been published in Water Resources 

Research in 2017. It has been reformatted with minor amendments to fit style and 

structure of this thesis. The work presented demonstrates the core flooding protocol 

and NMR methods that were developed as part of this PhD work to quantify capillary 

trapping of a model N2/water immiscible fluid pair in sandstone cores.  

 

2.1 Abstract 
Capillary trapping of a non-wetting phase arising from two-phase immiscible flow in 

sedimentary rocks is critical to many geoscience scenarios, including oil and gas recovery, 

aquifer recharge and, with increasing interest, carbon sequestration.  Here we demonstrate 

the successful use of low field 1H Nuclear Magnetic Resonance (NMR) to quantify capillary 

trapping; specifically we use transverse relaxation time (T2) measurements to measure 

both residual water (wetting phase) content and the surface-to-volume ratio distribution 

(which is proportional to pore size) of the void space occupied by this residual water.  

Critically we systematically confirm this relationship between T2 and pore size by 

quantifying inter-pore magnetic field gradients due to magnetic susceptibility contrast, and 

demonstrate that our measurements at all water saturations are unaffected.  Diffusion in 

such field gradients can potentially severely distort the T2-pore size relationship, rendering 

it unusable.  Measurements are performed for nitrogen injection into a range of water-

saturated sandstone plugs at reservoir conditions.  Consistent with a water-wet system, 

water was preferentially displaced from larger pores while relatively little change was 

observed in the water occupying smaller pore spaces. The impact of cyclic wetting/non-

wetting fluid injection was explored and indicated that such a regime increased non-wetting 

trapping efficiency by the sequential occupation of the most available larger pores by 

nitrogen.  
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2.2 Introduction 
Capillarity is a critical phenomenon to a multitude of geoscience scenarios where two 

immiscible phases are present.  This is particularly true for Carbon Capture and Storage 

(CCS) where carbon dioxide emissions are compressed and injected into deep geological 

formations.  In recent decades, interest in CCS has been growing steadily and it is now 

widely recognized as a potentially integral component to future emissions reduction 

strategies (Scott, et al., 2012). A critical factor for the uptake and success of CCS technologies 

is ensuring the ability to quantitatively model and predict the behavior of CO2 after it has 

been injected into a reservoir. The flow characteristics of such systems are governed by the 

dynamics of two phase  (CO2 -water) immiscible flow and are broadly dictated by pore 

network geometry, fluid-rock properties, flow rates, reservoir-scale heterogeneity, and 

hydro-mechanical coupling of the fluid and rock matrix (Dullien, 1992; Iglauer et al., 2015; 

Al-Khdheeawi et al., 2016; Al-Khdheeawi et al., 2017). Furthermore, complex interaction 

between fluids and the matrix of a heterogeneous porous medium often results in hysteresis 

in both saturation and effective permeability for both phases (Land, 1968; Iglauer et al., 

2011). There are four primary mechanisms by which CO2 is trapped within the reservoir 

(IPCC, 2005):  structural trapping, where the migration of CO2 is limited by a physical 

barrier (i.e. cap rock, sealing faults (Iglauer et al., 2015)); dissolution of CO2 into the 

formation fluid (Lindeberg & Wessel-Berg, 1997; Al-Khdheeawi et al., 2017); capillary 

trapping where small ganglia of CO2 are rendered immobile in the pore space by capillary 

forces at the trailing edge of the injected plume (Pentland et al., 2011; Iglauer et al., 2011); 

and the precipitation of solid carbonate minerals after reactions between CO2 saturated 

fluids and formation minerals (Gaus, 2010).  Of relevance to this study is the process of 

capillary trapping which can account for 10% to 30% of the trapped volume of CO2 in 

sandstone and carbonate rocks and is considered a secure mechanisms of storage (Gunter 

et al., 2004).   

Initial work with capillaries (Roof, 1970) and etched micromodels (Lenormand et al., 1983) 

led to the description of two immiscible phase fluid displacement mechanisms in porous 

media which result in capillary trapping. To displace a Wetting Fluid (WF) by a Non-Wetting 

Fluid (NWF) (referred to as drainage), the viscous forces arising from the superficial flow 

need to be greater than the capillary threshold pressure. Alternatively, when a WF enters 

the porous medium (hereafter referred to as imbibition), it can potentially circumvent 

portions of the resident NWF as it flows in thin wetted films along pore surfaces. This can 

lead to a severing of the non-wetting phase from the primary interconnected plume, which 

is often referred to as a ‘snap-off’ event (Roof, 1970). The resulting NWF ganglia are hence 
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rendered immobile by capillary forces. The strength of these capillary forces, and the 

driving force for ‘snap-off’ to occur is dictated by the wettability contrast between the fluids, 

their thermo-physical properties (interfacial tension, viscosity, density), pore geometries, 

permeability and volumetric flow rates (Dullien, 1992). There are several examples of rock 

core flooding studies in the literature that have attempted to isolate the contribution of 

these variables on the macroscopic properties of the system, such as relative permeabilities 

and saturation hysteresis, at conditions relevant to CO2 sequestration (e.g. Krevor et al., 
2012; Pini & Benson, 2013; Akbarabadi & Piri, 2013).   

The approach to monitoring saturation changes during rock core flooding experiments 

evolved from volumetric methods (Saeedi et al., 2011) to x-ray imaging that can spatially 

resolve saturation changes (e.g. Perrin & Benson, 2010). A review by Wildenschild and 

Sheppard (2013) covers many of the recent advances in x-ray methods, with particular 

focus on micro-tomographic techniques that are capable of sub-millimeter resolution. 

These high resolution methods can be used to elucidate pores scale information such as 

ganglia distribution and connectivity (Iglauer et al., 2011; Iglauer & Wülling, 2016; Andrew 

et al., 2014; Rahman et al., 2016). However, the active Field of View (FOV) for such systems 

is typically of the order of millimeters. For x-ray tomographic imaging techniques with FOVs 

comparable to standard plug dimensions (several centimeters), the resolution achievable 

is on the order of millimeters (Pini & Benson, 2013; Niu et al., 2015). One alternative 

approach for studying rock flooding experiments on this length scale is the use of Nuclear 

Magnetic Resonance (NMR) imaging techniques (Chen et al., 2003; Prather et al., 2016; 

Romero-Zerón et al., 2010). Compared to x-ray methods, NMR imaging has a considerably 

poorer spatial resolution, and can potentially be compromised when applied to 

magnetically heterogeneous materials such as sedimentary rocks. NMR is, however, able to 

readily and rapidly measure transverse relaxation (T2) times that can both be used to 

monitor saturation changes and capture averaged pore-scale information (i.e. pore size 

distributions) in rock plugs.    

In the work presented here, we demonstrate how low field NMR (2MHz 1H resonance) can 

be used to directly observe capillary trapping during dynamic core flooding experiments at 

reservoir conditions. This is initially demonstrated using a model immiscible fluid pair of 

de-ionised (DI) water and nitrogen. Measurements of water saturation and T2 distributions 

are acquired over multiple drainage and imbibition cycles.  Initially we establish the 

influence of magnetic susceptibility gradients on the relationship between T2 and a nominal 

pore size and then proceed to quantify pore size occupation by water through the 

drainage/imbibition cycle process.  We then extend the measurements to supercritical CO2 
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and a brine solution and consider the impact on the acquired NMR data. Finally we note that 

the magnetic field strength employed here is consistent with that employed by downhole 

NMR logging tools as used for in situ reservoir characterization (Kenyon, 1997). 

 

2.3 Methodology  
2.3.1 Rock plug samples 
Three petroleum standard sandstone plugs with diameters of 2.54 cm and similar quartz-

dominant mineralogy were chosen for this initial study. Both Berea and San Saba plugs were 

very homogenous sandstones with no visible bedding planes. The nugget sandstone was 

similarly a homogeneous sandstone, however, minor bedding was present and aligned to 

the axial length of the plug. All sandstone plugs were sources from a petroleum standard 

supplier with basic petrophysical properties listed in Table 2.1: 

Table 2.1: Basic petro-physical properties of sandstone plugs. 

Sample Length [cm] Porosity [%] Permeability [mD] 
Berea 11.50 19.3 42 

San Saba 11.50 19.4 195 

Nugget 7.62 16.4 75 
 

2.3.2 Core flooding apparatus  
Figure 2.1 is a schematic of the assembled core flooding system used in these experiments. 

Two SS-ISCO 260D syringe pumps were used for NWF injection and back pressure 

regulation (BPR). A third ISCO 260D pump made from hastelloy was used to circulate the 

wetting fluid. The pumps were fitted with heating/cooling jackets which were set to the 

same temperature as that of the rock plug. All piping and fittings were either Swagelok 316 

stainless steel or hastelloy construction, depending on their proximity to the wetted 

sections.  A TEMCO FCH series NMR compatible composite core holder, which is primarily 

constructed of PEEK, was used. Both distribution plates in the core holder were ‘floating’ 

such that the pressure field on the sample plugs was isotropic. A non-protonated fluorine 

based oil (FluorinertTM FC-70) was used as the confining fluid because it does not exhibit a 

proton NMR signal and has efficient heat transfer properties. The pressure and temperature 

of the confining fluid was maintained with a Core Labs (USA) recirculation pump that slowly 

circulated the confining oil back and forth between the core holder and a heated oil 

reservoir. To maintain adequate separation between the pore fluids and confining fluid, a 

Fluorinated Ethylene Propylene (FEP) heat shrink sleeve was fitted over the rock plug and 
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distribution plugs. The core holder was orientated vertically and injection occurred at the 

base. Pressure was measured at the outlets of the core holder using Swagelok S-type 

transducers, which have a stated uncertainty of 0.038 MPa.  These pressure transducers 

were calibrated against a high accuracy quartz crystal pressure standard (Paroscientific 

model 745-1K, uncertainty 0.6 kPa). Temperature was measured with a T-type 

thermocouple installed inside the core holder with an estimated uncertainty of ±0.2 K. Both 

temperature and pressure data were logged to a PC with a National Instruments data 

acquisition system (DAQ 9203) using LabVIEW software. The boundary exit pressure was 

maintained by operating the BPR syringe pump in constant pressure mode. For the 

separation and re-cycle of both fluid phases, an inline hastelloy two phase separator was 

installed on the outlet side of the core holder.  

 

Figure 2.1. Schematic of experimental apparatus. 

2.3.3 NMR measurements 
All NMR measurements where made using a Magritek (New Zealand) Rock Core Analyzer 

(RCA) system with a B0 field strength of 0.049 T corresponding to a 1H Larmor frequency of 

~2 MHz. The Magnet was fitted with a Magritek P54 probe which is capable of a minimum 

tau time of 50µs.  T2 relaxation times were measured using the standard CPMG pulse 

sequence and a quadrature phase cycle (H. Y. Carr & Purcell, 1954; Meiboom & Gill, 1958). 

A total of 64 data points were acquired for each echo with a dwell tDW = 15 µs. The number 

of echoes acquired for each CPMG train was 10 000 corresponding to an acquisition time of 

1 s. The delay between each train (TRD) was 10 s in order to ensure that the magnetisation 
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had returned sufficiently to equilibrium. The CPMG trains were averaged until a minimum 

signal-to-noise ratio (SNR) of 200 was achieved. 

The NMR signal from a fluid containing non-zero spin state (i.e. 1H) nuclei that is bound in 

a porous medium is a convolution of all contributing volumes associated with 𝑛𝑛 pore 

environments (Dunn et al., 2002) in which, in principle, signal attenuation is characterized 

by a unique T2 relaxation constant.  The resultant NMR signal or magnetization (M(t)) can be 

described as follows: 

𝐌𝐌(𝑡𝑡)

𝐌𝐌(0)
=  

1
𝑉𝑉0

� �𝑉𝑉𝑖𝑖 × �𝑒𝑒
−𝑡𝑡

𝑇𝑇2,𝑖𝑖� ��
𝑛𝑛

𝑖𝑖

, (2.1) 

where 𝑉𝑉0 and 𝑉𝑉𝑖𝑖 are the total sample volume and ith pore environment volume contribution 

respectively, 𝐌𝐌(0) is the equilibrium magnetisation and 𝑇𝑇2,𝑖𝑖  is the relaxation rate for the ith 

pore (Mohnke et al., 2014). Brownstein & Tarr (1979) showed that for a fluid contained in 

a restricted environment (such as a pore in a sample of rock), T2 can be modelled as follows 

(Xiao 2018):  

1
𝑇𝑇2

=  
1

𝑇𝑇2,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
+ 𝜌𝜌

𝑆𝑆
𝑉𝑉

+ 𝜏𝜏0
(𝛾𝛾𝛾𝛾𝑡𝑡𝑒𝑒)2

12
, (2.2) 

where S/V is the surface to volume ratio of the pore space, which for a spherical pore 

equates to 3 𝑟𝑟⁄ . The magnitude of relaxation enhancement from proton surface interaction 

for a given material is represented through the surface relaxivity constant 𝜌𝜌, 𝜏𝜏0 is the self 

diffusion coefficient of water, 𝛾𝛾 is the gyromagnetic ratio of a 1H nuclei, 𝛾𝛾 is any magnetic 

field gradients (for example in rocks these occur due to magnetic susceptibility differences 

between the rock material and the contained fluid), and  𝑡𝑡𝑒𝑒  is the time between echoes. If 

the echo spacing is sufficiently short and the magnetic field gradients are weak, the impacts 

of diffusion related relaxation can generally be neglected (Kleinberg et al., 1994). In rocks, 

the solid surface of a pore typically has some measure of paramagnetic species present 

(Foley et al., 1996). Both the interaction of nuclear spins and electron spins of paramagnetic 

surface sites and the restriction in molecular motions as the fluid-solid interface enhance 

relaxation. Primarily only active interfaces significantly impact on the rate of relaxation and 

passive boundaries such as air-water interfaces are considered to have negligible effect on 

the overall relaxation rates (Mohnke et al., 2014). In such partially saturated systems the 

rate of relaxation is hence influence by the ratio of the ‘active’ surface and volume of the 

remaining liquid in the pore.  
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When considering a heterogeneous porous medium, such as sedimentary rocks, the 

observed T2 relaxation decay is multi-exponential. To compute a representative distribution 

of these relaxation times, the acquired NMR signal time series data (𝑆𝑆(𝑡𝑡)) must be inverted 

(Venkataramanan et al. 2002; Mitchell et al. 2013). The probability distribution of 

relaxation times (𝑃𝑃(𝑇𝑇2))  can be represented by a first order Fredholm integral: 

𝑆𝑆(𝑡𝑡)

𝑆𝑆(0)
=  � 𝑅𝑅(𝑇𝑇2, 𝑡𝑡

𝑇𝑇2𝑚𝑚𝑚𝑚𝑚𝑚

𝑇𝑇2𝑚𝑚𝑖𝑖𝑚𝑚

)𝑃𝑃(𝑇𝑇2)𝑑𝑑(𝑙𝑙𝑙𝑙𝑙𝑙10𝑇𝑇2) +  𝜀𝜀(𝑡𝑡) (2.3) 

where 𝑅𝑅 is the kernel function describing Eq. 1 and  𝜀𝜀(𝑡𝑡) is measurement noise. Considering 

the measured signal occurs at finite echo intervals the continuous model can be considered 

a discrete linear model and represented in matrix form,   

𝐬𝐬 = 𝐑𝐑𝐑𝐑 (2.4) 

where the vector 𝐬𝐬 is the measured signal inclusive of the measurement noise, 𝐑𝐑 is the 

probability distribution of T2 times and 𝐑𝐑 is the transfer matrix. It is not possible to solve 

for 𝑷𝑷, as 𝑹𝑹 is ill-conditioned, i.e. many of the rows are linearly dependent and small changes 

in the input data can disproportionately impact the solution  (Hansen & O’Leary, 1993). 

However, regularization techniques, such as minimizing the residual norm, can be applied 

to solve this linear system. 

𝐻𝐻 = 𝑚𝑚𝑖𝑖𝑛𝑛‖𝑹𝑹𝐑𝐑 − 𝐬𝐬‖2 (2.5) 

The method shown in eq. (2.5) does not necessarily compute valid results as the noise can 

lead to unrealistic oscillations in 𝐑𝐑. An improved method is achieved by Tikhonov 

regularization, where a penalty term (‖𝐋𝐋𝐑𝐑‖)  is minimized to balance the impact of noise 

against the fidelity of the final answer,  

𝐻𝐻 = 𝑚𝑚𝑖𝑖𝑛𝑛‖𝑹𝑹𝐑𝐑 − 𝐬𝐬‖2 +  𝛼𝛼‖𝐋𝐋𝐑𝐑‖ (2.6) 

Where the magnitude of the penalty term is governed by the smoothing coefficient 𝛼𝛼. If 

weighting of the penalty function is too small the resulting solution appears under 

regularized, often highly oscillatory and generally unphysical. Conversely, if the penalty 

function is too large not enough weight is given to the exact analytical solution. For this 

work 𝛼𝛼 values were selected using the generalised cross-validation (GCV) method, which is 

described in more detail elsewhere (Wahba, 1977; Wilson, 1992; Hollingsworth & Johns, 

2003; O’Neill et al., 2016). The general principle is based on the minimisation of 𝐻𝐻 by 

generating a regularised solution, omitting data points and assigning a GCV score based on 

the precision at which the revised solution predicts the removed data in order to select α.  
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2.3.4 NMR internal gradient effects 
The following section examines the role of internal gradients specifically for a system in the 

fast diffusion limit where the rate limiting step in relaxation is surface interactions and there 

is weak coupling between pores. Hence, for the case of no internal gradients signal 

relaxation of a single pore can be modelled as a single exponential decay. As discussed with 

reference to eq.  (2.2), T2 relaxation measurements can also be affected by diffusion across 

magnetic field gradients present in the pore.  Critical in our context is exploration of 

whether this effect still allows for the measured T2 times of the pore fluids to be a valid 

representation of the pores’ S/V ratio (and hence pore radii).  When  a rock is placed in a 

homogenous magnetic field (B0), the magnetic susceptibility contrast between the rock 

matrix and the pore fluids will cause magnetic field gradients in the pore space to arise, 

which are commonly referred to as internal gradients (Stoller et al., 1991; Xie et al., 2013). 

The signal decay between echoes of a CPMG train arising from diffusion through such a 

gradient, 𝑙𝑙, can be formulated in terms of the interplay of three representative length scales 

(Hürlimann, 1998): the molecular diffusion length that occurs between echoes,  𝑙𝑙𝑒𝑒 =

�(𝜏𝜏0𝑡𝑡𝑒𝑒); the pore length scale 𝑙𝑙𝑠𝑠; and the dephasing length 𝑙𝑙𝑔𝑔 = �(𝜏𝜏0 𝛾𝛾𝑙𝑙⁄ )3 . Depending on 

which of the three length scales are shortest, there are three corresponding asymptotic 

limits (Mitchell et al., 2010; Washburn et al., 2008; Sun & Dunn, 2002). When 𝑙𝑙𝑒𝑒 ≪ 𝑙𝑙𝑠𝑠 , 𝑙𝑙𝑔𝑔 the 

observed relaxation is said to be in the Short Time regime (ST), and relaxation contribution 

arising from molecular diffusion is negligible. In this regime, surface relaxation dominates 

the overall signal decay and T2 times are a valid representation of a pores’ S/V ratio. If   𝑙𝑙𝑠𝑠 ≪

𝑙𝑙𝑒𝑒 , 𝑙𝑙𝑔𝑔 then a given molecule will have multiple interactions with a pore surface while 

sampling the entire pore. This effectively averages out the local field gradients and as such 

is termed Motional Averaging (MAV). In this ‘fast diffusion’ regime, valid information about 

a pore geometry can potentially still be extracted; however, signal attenuation will likely be 

dominated by diffusion effects. Finally, if   𝑙𝑙𝑔𝑔 ≪ 𝑙𝑙𝑒𝑒 , 𝑙𝑙𝑠𝑠 then the signal may de-phase before it 

interacts with a pore surface site, resulting in higher eigenmodes of relaxation giving rise to 

multiple relaxation times for a single pore. This regime is known as the Localisation (LOC) 

regime and any simple correlation of the acquired signal to a physical pore model becomes 

extremely difficult, if not impossible.  

To determine the relaxation regime for the sandstone plugs considered here, effective 

gradients (geff) for the fully saturated and partially saturated sandstones were determined 

using methods outlined in detail by Mitchell et al. (2010). A series of CPMG experiments 

were run with 32 different echo times logarithmically spaced from 300 µs to 20 ms. The 
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additional transverse magnetization decay associated with the increasing diffusion time 

(echo spacing - 𝑡𝑡𝑒𝑒) as a function of internal gradient strength is given by: 

𝑀𝑀(𝑡𝑡0𝑡𝑡𝑒𝑒)
𝑀𝑀(0)

 ≅ � ℎ(𝑇𝑇2) exp �−
𝑡𝑡0

𝑡𝑡2,𝑖𝑖
� × � 𝑓𝑓�𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒�exp �−

1
12

𝛾𝛾2𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒
2 𝜏𝜏0𝑡𝑡𝑒𝑒

2𝑡𝑡0� 𝑑𝑑𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒

𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚

0𝑖𝑖

(2.7) 

Here 𝑡𝑡0 is the time at the kth echo. The same Tikhonov regularization methods described 

above were used except the kernel function, R, was replaced by the signal decay due to 

molecular diffusion through 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒  as detailed in eq 2.7.  

Brown and Fantazzini (1993) showed that the upper bound of 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒  is limited by the total 

local magnetic field variation. The critical length scale, where a given spin would dephase 

by 2𝜋𝜋 radians (𝑙𝑙𝑐𝑐) from molecular diffusion through a given field gradient (𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒), is bound 

by the  magnetic susceptibility contrast (𝛥𝛥𝛥𝛥) between the medium and the pore fluid and 

scales with field strength, such that 𝑙𝑙𝑐𝑐𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 𝛥𝛥𝛥𝛥𝐵𝐵0 (Hürlimann, 1998). The limit of 𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚  is 

thus, 

𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚 ≈  �
𝛾𝛾

𝜏𝜏0
�

1
2�

(∆𝛥𝛥𝐵𝐵0)3
2� (2.8) 

and the critical length is,  

𝑙𝑙𝑐𝑐 = �
𝜏𝜏0

𝛾𝛾∆𝛥𝛥𝐵𝐵0
�

1
2�

(2.9) 

Measurements of 𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑙𝑙𝑐𝑐 can be determined from the spectral line broadening caused 

by materials of different magnetic susceptibility (Washburn et al., 2008). The methods used 

here follow closely those also reported by Mitchell et al. (2010). First, the magnet was 

shimmed to a water sample contained in a thin PEEK container of the same dimensions as 

the sandstone plugs and the spectral line was measured. Secondly, the spectral line of the 

saturated sandstone plug was measured. The observed transverse relaxation of a single 

Free Induction Decay, denoted by 𝑇𝑇2
∗, arises from dipolar spin-spin coupling and the 

variations in the local magnetic fields such that, 

1
𝑇𝑇2

∗ =
1
𝑇𝑇2

+  𝛾𝛾∆𝛥𝛥𝐵𝐵0 + 𝛾𝛾∆𝐵𝐵0, (2.10) 

where ∆𝐵𝐵0 corresponds to minor inhomogeneity in the static field. With the assumption that 

the spectral line shapes are Lorentzian, the Full Width Half Maximum (FWHM) corresponds 

to 1 𝜋𝜋𝑇𝑇2
∗⁄ . By comparing the amount of spectral line broadening (∆𝜐𝜐0 𝑖𝑖𝑛𝑛 𝐻𝐻𝐻𝐻), the 
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susceptibility difference can be determined from the following relationship:  ∆𝛥𝛥 = 𝜋𝜋∆𝜐𝜐0
𝛾𝛾𝐵𝐵0

, and 

hence gmax can be determined using equation 2.8.   

2.3.5 Core Flooding Procedure 
To achieve complete water saturation of the sandstone plugs they were placed under 

vacuum at 30°C whilst assembled in the core holder, for at least 12 hours. Five to ten pore 

volumes (PV) of water were injected through the plugs under vacuum before the effective 

pore pressure was raised to 20 bar. A further 10-15 PVs of DI water at four volumetric flow 

rates between 0.5 to 4 ml/min were subsequently injected through the plugs in order to 

measure permeability. Saturation was validated by changing the pore pressure stepwise in 

20 bar increments from 20 to 100 bar while maintaining the same effective stress on the 

plugs and simultaneously measuring the initial NMR signal (S0) determined by the water 

content. The absence of residual air was inferred when no significant (<1.0%) change in S0 

occurred as pressure increased.    

Fluid injection occurred under ‘unsteady state’ conditions with set number of PVs injected 

at fixed volumetric flow rates. The injection strategy was as follows; 

i. The sandstone plugs and injecting fluids were stabilized at the same temperature 

and pressure, with the BPR in constant pressure mode. 

ii. Simulating drainage: three consecutive 20 PV aliquots of nitrogen were injected at 

a volumetric flow rate of 40 ml/min. After three injected aliquots, a stable pressure 

drop was achieved and thus considered a valid viscous displacement driven residual 

saturation.  Thus any further reduction in water saturation following additional 

nitrogen injection would be indicative of undesirable sample drying.   

iii. Simulating imbibition: five consecutive one PV aliquots of water were injected at a 

volumetric flow rate of 1 ml/min. The injection of multiple PV’s was aimed at 

assessing the hydrodynamic stability of the residually trapped nitrogen.  

iv. After each injected aliquot, the differential pressure was left to stabilize before T2 
measurements were made.  

Relative changes in wetting phase saturation were observed through variations in the NMR 

signal relative to the initial value (S0) corresponding to a fully saturated plug, while pore 

scale information on the distribution of that wetting fluid was determined from T2 

relaxation time measurements. Measurements were performed on the sandstone plugs as 

per the experimental conditions summarized in Table 2.2.   
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Table 2.2. Experimental conditions. 

Experiment Sandstone 
Plug 

T [°C] Pressure 
[MPa] 

 Drainage  
Flow rate [ml.min-

1] 

Imbibition  
Flow rate [ml.min-1] 

1 Berea 30 7.0 40 2 
2 Berea 30 10.0 40 2 
3 San Saba 30 10.0 40 2 
4 Nugget 30 10.0 40 2 

 

The relative influence of capillary and viscous forces during two phase immiscible 

displacement is often characterized by the dimensionless capillary number (Dullien, 1992; 

Lefebvre du Prey, 1973) defined as: 

𝐶𝐶𝐶𝐶 =  
𝜇𝜇𝜐𝜐
𝛾𝛾

, (2.11) 

where 𝜇𝜇 is the dynamic viscosity, 𝜐𝜐 is the superficial velocity and  𝛾𝛾 is the interfacial tension. 

When capillary forces dominate the flow, the distribution of the fluids is dictated by the 

capillary heterogeneity of the system and is inherently more sensitive to experimental 

conditions (flow rate, temperature and pressure) (Reynolds et al.,  2014). Conversely, if 

viscous forces dominate, the distribution of the fluids, and the associated flow behaviour 

becomes more uniform because the capillary threshold pressures for a broad range of flow 

paths are exceeded. From observations of relative permeability behaviour, the transition 

between a capillary limited and the viscous limited regime is considered to be 

approximately    𝐶𝐶𝐶𝐶 = 10−6 (Dullien, 1992; Fulcher et al., 1985).  In this work, the values of 

the viscosity and interfacial tension between water and N2 used in eq. (2.11) were estimated 

using the SUPERTRAPP and Macleod-Sugden Advanced (MCSA) models, respectively, 

implemented in the software package Multiflash 4.4.10 (KBC Advanced Technologies, 

2014). The Capillary numbers relevant to our experiments (Table 2.3) correspond to a 

displacement regime where viscous forces are expected to be slightly more dominant than 

capillary forces (Lefebvre du Prey, 1973). 

Table 2.3. Capillary numbers for drainage and imbibition at different experimental 
conditions. 

Pressure [MPa] H2O µ [Pa.s-1] N2 µ [Pa.s-1] IFT γ [N.m-1] Drainage Ca Imbibition Ca 

7 8.30E-04 1.90E-05 5.69E-02 2.31E-06 5.05E-06 

10 8.33E-04 1.99E-05 5.15E-02 2.68E-06 5.60E-06 
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2.4 Results and Discussion 
2.4.1 Core flooding – Saturation Data 
NMR signal intensity, corrected for any relaxation effects, is linearly proportional to the 

density of 1H protons in the active NMR detection volume, and can be used to determine 

porosity and water saturation (Mitchell et al., 2013).  Figure 2.2 shows the relative changes 

in NMR signal and hence water saturation across three cycles of drainage (equivalent to the 

total injection of 60 PVs of Nitrogen in three aliquots) followed by imbibition (equivalent to 

the total injection of 5 PVs of water in five aliquots), as detailed in the methodology section 

above, for the sandstone plugs and conditions stated.      

The residual wetting phase saturation (1-SNW,r) following imbibition was rapidly achieved 

after the injection of only 1 PV of water; its magnitude (0.2 to 0.3) is in general agreement 

with literature detailing capillary trapping studies based on core flooding  (e.g. Niu et al., 

2015a; Pentland et al., 2011). The rapid response observed following imbibition has also 

been reported previously for both nitrogen and CO2 brine/water systems (Saeedi et al., 

2011; Akbarabadi & Piri, 2013; Niu et al., 2015) and is attributed to the large viscosity ratio 

of the displacing fluid to the displaced fluid (Krevor et al., 2015).  The SNW,r observed for the 

Berea sandstone was lower than that observed for both the San Saba and Nugget 

sandstones, and is consistent with it having the lowest permeability (Table 2.1).  There is of 

course a complex relationship between permeability and SNW,r, which is a function of 

multiple parameters, as evident by the similar values of SNW,r for San Saba and Nugget 

sandstone despite a factor of ~3 difference in permeability.   

 

Figure 2.2. Overview of the relative saturation changes measured during 3 alternating cycles 

of drainage and imbibition. After the plug was fully saturated (initial state), 3 aliquots of 
20PV of N2 were injected at 40ml/min. and then 5 aliquots of 1PV of DI water were injected 
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at 2ml/min. This cycle was repeated 3 times to investigate the response of cyclic injection 
regimes. 

The relationship between the initial non-wetting phase (𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖) saturation following 

drainage and the residually trapped volume (𝑆𝑆𝑁𝑁𝑁𝑁,𝑟𝑟) observed after imbibition (Figure 2.2) 

is frequently described using the following model proposed by Land (1968): 

𝑆𝑆𝑁𝑁𝑁𝑁,𝑟𝑟 =
𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖

1 + 𝐶𝐶𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖
(2.12) 

As C  tends to zero, the amount of NWF present in the porous medium after drainage is 

equivalent to that after imbibition. Conversely, as C moves to ∞, no NWF is residually 

trapped after imbibition. This purely empirical model was developed to describe 

observations in the literature of saturation hysteresis resulting from the entrapment of gas 

in water wet sandstone plugs after imbibition (Kyte,  et al., 1956; Holmgren & Morse, 1951). 

Higher order models, aimed at describing the more complex behavior of mixed wetted oil-

water systems are also reported in the literature (e.g. Jerauld 1997; Spiteri et al., 2008). 

Recently, Krevor et al. (2015) presented a large collation of data from several publications 

with 𝑆𝑆𝑁𝑁𝑁𝑁,𝑟𝑟 plotted  as a function of 𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖 for CO2 systems (similarities between the 𝑆𝑆𝑁𝑁𝑁𝑁,𝑟𝑟 

and 𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖behavior of CO2 and N2 have been previously reported (e.g. Niu et al., 2015a).  

About 95% of the data were located between the Land model predictions for C ranging from 

0.7 to 2.0. These predictions are shown in Figure 2.3 together with the results of the present 

NMR-based measurements for N2-water systems, all of which consistently lie within these 

bounds.  

 

Figure 2.3.  𝑆𝑆𝑁𝑁𝑁𝑁,𝑟𝑟 - 𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖 relationships for all three sandstones. Each point corresponds to a 

single cycle. Upper and lower bounds representing Land model (Eq. 2.12) curves (C=0.7 
and 2 respectively) 
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The stability of a residually trapped non-wetting phase over several hours has been well 

documented (e.g. Akbarabadi & Piri, 2015; Krevor et al., 2012; Lu et al., 2013; Niu et al., 
2015b), and the resilience of the residually trapped phase to further displacement observed 

in Figure 2.2 is thus consistent. Most two-phase core flooding experiments in the literature 

area targeted at determining relative permeability trends (e.g. Burnside & Naylor, 2014; 

Reynolds & Krevor, 2015) and the injection regimes typically used correspond to the 

associated techniques for relative permeability measurements (i.e. steady state, un-steady 

state etc.) Consequently, there is somewhat of a paucity of data concerning cyclical injection 

regimes, although there are some exceptions (e.g. (Ruprecht et al., 2014; Saeedi et al., 2011; 

Herring et al., 2016). Studies of cyclic injection regimes, which are also known as Water 

Alternating Gas (WAG) injection, have mostly been concerned with oil-gas-water systems 

in the context of Enhanced Recovery (Suicmez et al., 2007; Oak, 1990). However, the 

application of WAG injection to increase the capillary trapping achievable during CO2 

sequestration has only been explored through field scale simulations, which suggested up 

to 95% of the injected CO2 could be trapped via this mechanism (Qi et al., 2009).   

Figure 2.4 shows the Land coefficients (as per Equation 2.12) normalized by the Land 

coefficient value for the first drainage/imbibition cycle.  The clear decrease in Land 

coefficient between successive cycles confirms that such WAG strategies could increase the 

overall fraction of capillary trapped NWF.  The results are reasonably consistent for all three 

sandstones suggesting that this enhancement in trapping efficiency is somewhat 

independent of pore network microstructure.    

 
Figure 2.4. Decrease in normalised Land model coefficients after sequential 

drainage/imbibition cycles. Four injection cycles were conducted for Berea sandstone and 
3 for San Saba and Nugget Sandstones. 
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2.4.2 Analysis of T2 – pore size Relationship  
As detailed above, a consideration when measuring T2 is its susceptibility to increased 

relaxation due to diffusion through internal magnetic field gradients. The magnitude of 

these gradients, geff, scale with magnetic field strength (B0) and can be quite significant for 

B0 fields > 0.5 T (Mitchell et al., 2010).  For suitably low magnetic field strengths, and by 

utilizing short echo times, it is generally accepted that the resultant T2 decay times are 

dominated by surface relaxation and provide a reasonable proxy for pore size distribution 

(e.g. Washburn et al., 2008). Here we assess whether this assumption is valid for our fully 

and partially saturated sandstone plugs by measuring geff values and then testing 

whether 𝑙𝑙𝑒𝑒 ≪ 𝑙𝑙𝑠𝑠 , 𝑙𝑙𝑔𝑔.  

  The calculated probability distributions for the internal gradients measured at 2 MHz for 

three fully (water) saturated sandstones are shown in Figure 2.5, as determined via 

application of eq. (2.7) and the regularization methodology detailed above.  The probability 

weighted average of internal gradients (geff) for the Nugget, Berea and San Saba sandstones 

were 0.13, 0.15 and 0.26 T⋅m-1, respectively.   These values are broadly consistent with 

Hurlimann (1998) who reported gmax values (for a definition see eq. (2.8)) falling between 

0.01 to 40 Tm-1 following a survey of 193 sandstones.   Determinations of gmax from our data 

via application of eq. 2.8 yielded values of 0.14, 0.40, 0.44 T⋅m-1 for Nugget, Berea and San 

Saba sandstones, respectively – the same trend as for geff.   From the weighted average geff 

values, we calculated the corresponding dephasing lengths, lg ( �(𝜏𝜏0 𝛾𝛾𝑙𝑙⁄ )3 ) as 3.8, 3.7 and 

3.1 µm for Nugget, Berea and San Saba sandstones, respectively.  The diffusion length le 

(�(𝜏𝜏0𝑡𝑡𝑒𝑒)) under the applied experimental conditions was 0.48 µm.  Pore sizes in similar 

sandstones to those considered here are widely reported (e.g. Øren & Bakke, 2003) to 

contain void dimensions or pore length-scales, ls, of the order of several to tens of µms.   Thus 

for our fully saturated samples 𝑙𝑙𝑒𝑒 ≪ 𝑙𝑙𝑠𝑠 , 𝑙𝑙𝑔𝑔 existed; the desirable Short Time regime is extant 

and thus T2 values are a valid representation of a pore’s S/V ratio (as discussed above in 

section 2.4).     
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Figure 2.5. Probability density distribution of geff for three fully saturated sandstones 
measured at 2 MHz. 

We are however also interested in T2 distribution measurements of partially saturated rock 

plugs. The impact of partial saturation on the internal gradient fields could be expected to 

be small by considering that N2-water interfaces have comparatively low Δχ, and assuming 

that geometric changes to fluid distributions to have minimal impact; the latter is a 

significant assumption. To test this, geff  probability distributions were measured for a fully 

saturated and partially saturated (49%) Berea sandstone.  The results are shown in Figure 

2.6; there is minimal difference between the measured internal gradients for the fully and 

partially saturated Berea. To our knowledge, this represents the first measurements of geff 

for partially saturated rocks presented in the open literature. 

 
Figure 2.6. Probability distributions of geff for fully saturated and 49% saturated Berea 
sandstone. 

 

As the sandstone porous network becomes partially saturated during drainage, the inter-

pore volumes of water are reduced, effectively reducing the path length a diffusing water 
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molecule can travel in a given pore. Hence, for T2 interpretation, a progressively desaturated 

water-wet porous media will correspond to reduction in the volume average of 𝑙𝑙𝑠𝑠, as water 

is displaced from larger pores. If the reduction in 𝑙𝑙𝑠𝑠 is significant, and given that 𝑙𝑙𝑔𝑔 remains 

relatively constant during desaturation, T2 relaxation will shift towards the undesirable 

motional averaged regime, where 𝑙𝑙𝑠𝑠 ≪ 𝑙𝑙𝑒𝑒 , 𝑙𝑙𝑔𝑔. Figure 2.7 presents this data in the form of a 

regime map (Mitchell & Chandrasekera, 2014) with the three regimes articulated above 

indicated.  The range of our acquired data for both fully and partially (49 wt%) saturated 

Berea sandstone is shown (with  𝑙𝑙𝑠𝑠 lengths of 40 and 10 µm for fully and partially saturated 

samples, respectively - estimates of these lengths were derived from reconstructed pore 

network models of Berea sandstone (Øren & Bakke, 2003). Figure 2.7 confirms that our T2 

relaxation results can be interpreted with confidence, and are reflective of each sandstones’ 

pore size distributions.  

 
Figure 2.7. T2 relaxation regimes (ST – Short Time, MAV – Motionally Averaged, LOC- 
Localised) when accounting for molecular diffusion through internal gradients. Adapted 

from (Mitchell & Chandrasekera, 2014). Our experiments (saturated and partially 
saturated) occupy the required Short Time regime for all sandstone samples studied. 

2.4.3 T2 Distributions during Drainage/Imbibition  
T2 distributions for the 1st drainage/imbibition cycle for all the three sandstones at 10 MPa 

are shown in Figure 2.8.  The area under these distributions are proportional to the 

prevailing saturation value.  Upon drainage, it is abundantly clear that NMR signal and, thus, 

water is lost predominately from regions of larger T2 and hence the larger pores.  This 
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response is consistent with a water-wet system and has been observed extensively with 

NMR when rock plugs are drained using a centrifuge at incrementally increasing velocity 

(e.g.  Straley et al. (1995)). Upon subsequent imbibition, for all three rock samples, the 

additional water preferentially occupied available pore space with comparatively low T2 

relaxation characteristics and thus essentially the smallest available pores.  This is most 

abundantly evident for Berea and San Saba sandstones and is again consistent with water 

wet behavior, as the wetting fluid quickly flows within the interconnected water phase 

trapping a residual fraction of non-wetting nitrogen as small ganglia.  The residual nitrogen 

is then bound under capillary forces within pore voids, and resists further displacement 

unless the viscous force of the applied flow increases above the capillary forces trapping the 

ganglia.  

 

 

 

Figure 2.8. T2 relaxation distribution during the 1st drainage/imbibition cycle for the three 
sandstones considered. 
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Of course, sedimentary rocks are a complex structure of pore voids and interconnected pore 

throats of highly irregular geometry.  This naturally influences the order of pore filling in 

addition to partial occupation of pores by water.  Water, as the wetting fluid, will also form 

a wetted film throughout the under-saturated regions – however this is usually in the realm 

of < 20 nm thick (Tokunaga & Wan, 1997)  and is not expected  to make a significant 

contribution to the overall NMR signal (Mohnke et al., 2014).  Partial occupation of the pores 

is potentially visible in Figure 8 whereupon drainage, the two peaks between 0.01 and 0.1 

seconds in the T2 distribution partially merge for all sandstone samples, with the peak 

corresponding to the smallest pores being largely unaffected. Similar NMR relaxation 

response has been observed experimentally for partially saturated synthetic samples and 

natural sandstones (Borgia et al., 1994; Liaw et al., 1996), and also modelled using a bundle 

of irregular triangular capillaries (Mohnke et al., 2014).  

Figure 2.9 shows the T2 distributions measured during the consecutive cycles of drainage 

and imbibition for the Berea plug at 10 MPa.  There is little discernible difference between 

the three cycles: all show consistent wetting behavior and pore occupation through the 

three cycles.  This was not the case for the equilibrium pressure drop across the plug 

measured for the three cycles, which increased from 9.7 to 12.2 to 17.1 bar (for nitrogen) 

during drainage and 33.3 to 38.4 to 41.8 bar (for water) during imbibition.  The plugs’ 

permeability was measured before and after the full experimental campaign and found to 

not have changed from ~42 mD.  This observed increase in pressure drop through the 

drainage/imbibition cycles accompanied by consistent T2 distribution behavior was the 

case for all plugs and conditions considered.   This reduction in fluid conductance has been 

observed previously for capillary trapping core flooding studies (Saeedi et al., 2011). We 

also note the increases in the total volume of residually trapped N2 detailed above in Figure 

2.2 and Figure 2.4, which can explain in part the increases in pressure drop observed during 

imbibition (although the magnitude of pressure drop increase suggests additional effects, 

plausibly relating to the water having to follow a more tortuous path through the sandstone 

plugs). However, the opposite is true regards to the increase in pressure drop during 

drainage.  With virtually no change in absolute water permeability between experiments, 

the decrease in conductance to both phases might be related to very subtle variations in 

pore occupation by nitrogen ganglia.  These are not evident in the measured T2 distributions 

but might be resolvable by multi-dimensional NMR relaxation diffusion measurements as 

detailed in Mitchell et al. (2013). 
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Figure 2.9. T2 responses for Berea Sandstone during 3 consecutive cycles of drainage and 
imbibition.  

2.5 Conclusions 
Capillary trapping of nitrogen at supercritical reservoir conditions in various sandstone 

plugs was monitored using NMR through a sequence of drainage/imbibition cycles.  

Initially, the ability of NMR to quantitatively detect pore size distributions in the presence 

of potential background magnetic field gradients was established; in the case of partially 

saturated sandstone plugs this was done for the first time.  Drainage resulted in water 

retention within the smallest pores, while subsequent imbibition resulted in the next 

smallest available pores filling with water.   The process was reproducible over three cycles 

in terms of bulk pore size occupation but gradually resulted in a greater volume of capillary 

trapped N2 and a decrease in Land model coefficients (and hence increase in capillary 
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trapping efficiency).  In the following chapter, N2 will be replaced with CO2 and the impact 

of carbonic acid dissolution of the rock minerals will be investigated.  
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Capillary Trapping of CO2 in Sandstone 
Using Low Field NMR Relaxometry 
 

Foreword – The full text of this chapter has been published in Water Resources 

Research in 2019. It has been reformatted with minor amendments to fit the style 

and structure of this thesis. The work presented highlights the challenges of 

conducting quantitative  NMR core flooding studies using CO2 and proposes a 

method to manage these challenges. Results are then compared to those presented 

in the previous chapter and are discussed in the contexts of differences in wetting 

charateristics. Because this is an extension of the previous chapter, but is also a 

standalone publication, there is some overlap in the content.  

 

3.1 Abstract 
Injecting carbon dioxide into geological formations for long term storage is considered 

integral to reducing greenhouse gas emissions. Residual trapping of CO2 is a primary storage 

mechanism, whereby CO2 ganglia are trapped in the pore space by capillary forces. 

Experimental knowledge of residual trapping processes in rocks is critical to the 

development of safe storage strategies. Here we present a quantitative low field 1H Nuclear 

Magnetic Resonance (NMR) core flooding study of CO2 residual trapping in three different 

sandstones. It was found that transverse relaxation (T2) measurements were sensitive to 

the dissolution of paramagnetic ions from rock matrix minerals after exposure to carbonic 

acid; this response was observed on timescales relevant to core flooding experiments (i.e. 

minutes to hours). Subsequently, a brine ageing protocol was designed and implemented to 

minimize this chemical effect, and hence, by applying the well-known T2-pore size 

relationship, changes in T2 time distributions during core flooding could be related to 

displacement of brine from pores of different sizes. Comparison of T2 distributions for 

partially CO2/brine saturated cores to data for N2/H2O systems presented in chapter 2 show 

an increased displacement of brine from small pores by CO2. Furthermore, results from 

cyclical brine/CO2 injections showed an increase in the total volume of residually trapped 
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CO2 and an increase in trapping efficiency; compared to the results observed for N2/H2O, 

however, the improvement in trapping efficiency with cyclic injection was less pronounced. 

Potential causes for the observed differences are discussed in the context of effective N2 and 

CO2 wetting.  

 

3.2 Introduction 
Carbon dioxide capture from large fixed point sources (e.g.  liquefied natural gas, power and 

cement plants) and injection into deep geological reservoirs for long term storage is widely 

considered an integral technology for reducing greenhouse gas emissions (Scott et al., 

2012). The two-phase immiscible flow of CO2 and connate water in reservoir rocks leads to 

significant volumes of CO2 becoming trapped and rendered immobile under capillary forces 

in the pore space (Metz et al., 2005). Core scale experiments on reservoir rocks that quantify 

capillary trapping and assess the stability of trapped CO2 ganglia under varied conditions 

are critical to modelling and predicting the fate of CO2 after it has been sequestered.  In 

particular, sandstone reservoirs are ideal prospective formations for sequestration given 

that they provide favorable storage conditions (abundance, porosity, permeability etc.) and 

are typically considered to be water-wet, while CO2 behaves as a non-wetting fluid as is 

required for capillary trapping  (e.g. Berg et al., 2013; Herring et al., 2013; Iglauer et al., 

2011; Krevor et al., 2015; Pini & Benson, 2013).  Nonetheless, uncertainty in the reported 

data for CO2-wettability of geological material suggests the assumption of non-wetting CO2 

behavior in reservoirs rocks may not be universally applicable (Iglauer et al., 2014). 

Numerous experimental studies have measured capillary trapping of CO2 in rock cores (e.g. 

Angerer et al., 2014; Iglauer et al., 2011; Krevor et al., 2015; Ni et al., 2019; Niu et al., 2015; 

Pentland et al., 2011); several have also identified water alternating gas (WAG) injection 

(Edlmann et al., 2019; Herring et al., 2016; Saeedi et al., 2011) and injection of foaming 

agents (Adebayo, 2018) as viable methods that increase the volume of capillary trapped 

CO2. Although the wettability of CO2 is a critical factor controlling capillarity in such 

experiments, the assessment of CO2 wettability under core flooding conditions remains an 

experimental challenge. Advancements in x-ray imaging and micro-tomographic techniques 

have enabled in situ contact angle measurements  thus providing direct insight into wetting 

behavior (e.g. Wildenschild & Sheppard, 2013); however, these are limited in their volume 

of investigation (typically mm3). At the larger core scale (several centimeters), inferences 

regarding wettability are largely taken from capillary pressure curves (e.g. Garing & Benson, 

2019) or relative permeability behavior (e.g. Al-Menhali et al., 2015) with saturation 
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measured by x-ray or volumetric methods (Saeedi et al., 2011). One alternative approach 

for studying fluid wettability in rock cores is via Nuclear Magnetic Resonance (NMR) 

relaxometry measurements which are inherently sensitive to brine-surface interactions 

(e.g. wetting) and can also provide quantitative saturation information. Furthermore, many 

other related pore fluid and porous medium properties can be measured including: self-

diffusion of pore fluids for fluid typing and tortuosity (eg. Arns et al., 2011; Zecca et al., 

2018), NMR relaxation times for saturation as function of pore size (eg. Connolly et al., 2017; 

Kleinberg et al., 1994), multi-dimensional relaxometry for pore to pore fluid exchange 

characterization and surface adsorption energetics (e.g. Callaghan et al., 2007; Robinson et 

al., 2018), and the ability to make many of these measurements with spatial resolution (e.g. 

(Marica et al., 2006; Petrov et al., 2011; Xiao et al., 2013). 

In the work presented here, we utilize low field NMR (2 MHz 1H resonance) transverse 

relaxation time (T2) measurements to quantify the capillary trapping of CO2 in three 

sandstone cores during dynamic core flooding experiments at a pressure (10 MPa) that is 

relevant to reservoir conditions. The sensitivity of T2 measurements to CO2-rock 

interaction, namely the dissolution of paramagnetic ions from the rock matrix, is also 

explored and a brine ageing process adopted to minimize such dissolution effects during 

core flooding.  Consequently changes in the measured T2 probability distributions can be 

related to pore size occupation by the brine solution during and after core flooding.   Results 

are then compared to NMR results for N2 capillary trapping in similar sandstones presented 

in the previous chapter.  

 

3.3 Experimental Methodology 
3.3.1 Rock Plug Samples 
Three petroleum standard sandstone cores were used in this study. The mineral 

composition of the samples was determined using standard powder X-ray diffraction 

techniques and is reported in Table 3.1; these indicated that the three samples had similar 

quartz-dominant mineralogy and minor clay content. Furthermore, to characterize pore 

sizes of the samples conventional 3D X-ray micro-computed tomography (μCT) images 

(10243 with a voxel resolution of 3.43 μm) were acquired using an Xradia Versa XRM-500T 

instrument. Mean image filtering was applied prior to segmentation, and the Otsu method 

(Otsu, 1979) was used to automatically determine the threshold for segmentation.  Figure 

3.1 shows sample 2D slices demonstrating the range in pore sizes with Berea having the 

largest and San Saba the smallest. All samples were 11.5 cm in length and 2.54 cm in 
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diameter. San Saba sandstone was homogenous with no visible bedding planes while 

Nugget and Berea sandstone had minor bedding that was aligned to the axial direction and 

perpendicular to the plug, respectively. 

 

Figure 3.1.  Segmented µX-ray CT images of a) Berea, b) nugget, c) San Saba sandstone in 

order of pore size, and d) photograph of cores. Black is the rock matrix and blue is the pore 

space 

Table 3.1. Mineralogy, porosity and permeability of the three sandstones considered 

Mineral (wt %) Berea Nugget San Saba 
Quartz 90.8 95.5 87.7 
Kaolin 2.0 0.5 1.1 
Microcline 4.7 1.6 6.2 
Dolomite 0.2 1.3 0 
Illite 0.9 0.2 1.0 
Albite  1.4 0.8 4.0 
Gravimetric Porosity (%) 19.7 19.1 12.2 
Brine Permeability (mD) 74 160 38 

 

3.3.2 NMR T2 Measurements 
Brownstein & Tarr (1979) showed that for a fluid contained in a restricted environment the 

T2 relaxation time can be described as follows (Xiao 2018):  

1
𝑇𝑇2

=  
1

𝑇𝑇2,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
+ 𝜌𝜌

𝑆𝑆
𝑉𝑉

+ 𝜏𝜏0
(𝛾𝛾𝛾𝛾𝑡𝑡𝑒𝑒)2

12
, (3.1) 

where S/V is the surface to volume ratio of the pore, 𝜌𝜌 is the surface relaxivity constant that 

captures the relaxation enhancement from proton surface interactions for a given material, 

𝜏𝜏0 is the self diffusion coefficient of water, 𝛾𝛾 is the gyromagnetic ratio of a 1H nuclei (NMR 

detection of which was used here exclusively), 𝛾𝛾 is an average magnetic field gradient 

experienced by a diffusing molecule between echoes and  𝑡𝑡𝑒𝑒  is the time between spin echoes. 

The first term on the right hand side (RHS) of Equation 3.1 is the relaxation time of the bulk 

solute phase (T2,bulk), which for typical brines is diamagnetic, and is primarily controlled by 

the spin-spin interactions between water molecules. When paramagnetic ions are present, 
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relaxation of the solute phase is significantly enhanced by interactions with large and 

fluctuating magnetic fields proximal to paramagnetic centers. In the absence of solute-

solute interactions, the contribution of diamagnetic and paramagnetic solutes to the 

observed relaxation time of bulk phase (T2,bulk)  are additive (Lauffer, 1987); 

 
1

𝑇𝑇2,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
=  

1
𝑇𝑇2,𝑑𝑑

+ 𝑅𝑅𝑖𝑖[𝑀𝑀] (3.2) 

where T2,d is the diamagnetic relaxation time of the brine, 𝑅𝑅𝑖𝑖  is the relaxivity and is defined 

as the slope the of relaxation rate with paramagnetic ion concentration ([𝑀𝑀]). The second 

term on the RHS of Equation 3.1 captures the relaxation enhancement from surface 

interactions: for rock pore surfaces relaxation arises from dipolar coupling with solid 

paramagnetic centers  and other restrictions to molecular motion (Foley et al., 1996). The 

last term on the RHS of Equation 3.1 relates to transverse relaxation which occurs when 

spins diffuse through magnetic field gradients. In the pore spaces of rocks these gradients 

arise from magnetic susceptibility contrast between the rock matrix and pore fluids, and are 

generally greatest proximal to phase boundaries (Connolly et al., 2019; J. Mitchell & 

Fordham, 2019). For short echo times and low magnetic field strengths, such internal 

gradients are often assumed to have a negligible effect.  This was found previously to be the 

case for our current experimental system, as discussed in chapter 2.   

In the so called “fast diffusion” limit, where  𝜌𝜌 𝑆𝑆
𝑉𝑉

𝜏𝜏0� ≪ 1 (Brownstein & Tarr, 1979), the 1H 

providing the NMR signal exchanged rapidly between the bulk and pore surface relative to 

the time scale of the NMR experiment; NMR signal relaxation within a single pore is then 

proportional to the pore’s surface to volume ratio as per Equation 3.1 (Mitchell et al., 2013). 

Assuming that magnetization exchange between pores is negligible over the same 

experimental time scale, the T2 times measured for a heterogeneous porous media are then 

approximately representative of a pore size distribution.  However, the observed T2 

relaxation distribution for saturated rocks is also influenced by the intrinsic T2,bulk  of the 

saturated pore fluid as per Equation 3.1. Hence, if the chemical make-up of the pore fluid 

changes (e.g. increases in paramagnetic ion concentrations) during the course of a core 

flooding experiment, then the change in T2,bulk must be accounted for if the observed 

variations in T2 distribution are to be interpreted reliably as relative changes in the fluid’s 

occupation of different pore sizes.  

All NMR measurements where made using a Magritek (New Zealand) Rock Core Analyzer 

(RCA) system with a B0 field strength of 0.049 T corresponding to a 1H Larmor frequency of 

2 MHz. The magnet was fitted with a Magritek P54 probe which is capable of a minimum 

tau time of 50µs.  T2 relaxation times were measured using the standard CPMG (H. Y. Carr & 
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Purcell, 1954; Meiboom & Gill, 1958) pulse sequence and a quadrature phase cycle Core 

flooding measurements were made using an echo time of 100 µs with the number of echoes 

ranging from 20-30 thousand depending on the core sample studied. T2 measurements of 

ageing brine were made using an echo time of 600 µs and 15 thousand echoes. For each 

echo, 64 data points were acquired at a dwell time of 0.5 µs. Tihkhonov regularisation 

methods were applied to obtain T2 relaxation time distributions (Venkataramanan et al. 

2002), and an automated statistical generalised cross-validation (GCV) method was used to 

determine the required optimum regularisation parameter (Wahba, 1977; Wilson, 1992; 

Hollingsworth & Johns, 2003).  

3.3.3 NMR T2 Measurements of Ageing Brine  
In the presence of carbonic acid minerals in a rock matrix may dissolve and liberate 

paramagnetic ions into the pore fluid. When the concentration of paramagnetic ions 

increases in a brine the T2,bulk time is reduced (Equation 2.2). To quantify the kinetics and 

magnitude of the dissolution effect, a basic batch reaction experiment was conducted where 

the T2 of the bulk brine in the presence of CO2 and the Berea sandstone was measured as a 

function of reaction time. The reaction cell and associated fittings used are shown in Figure 

3.2, these were entirely constructed from PEEK thus removing the possibility of 

contamination from metal surfaces and allowing for in-situ NMR measurements.  A small 

disc of Berea sandstone (diameter of 2.54 cm and length of 0.85 cm) and 50 ml of 3 wt % 

NaCl brine were added to the cell.  The reaction cell was then lowered into the sensitive 

region of the NMR magnet and 50 bar of CO2 was applied. The temperature of the system 

was 26 ± 1.0 °C. 

 

Figure 3.2. a) Schematic of PEEK batch reaction cell, and b) image of HP PEEK cell 

A series of 38 CPMG measurements of T2, logarithmically spaced in time over 12 days, was 

made. After this ‘ageing’ period, the brine was extracted and analyzed using an Inductively 

Coupled Plasma-Optical Emission Spectrometer (ICP-OES) to determine its composition. 

Furthermore, to quantify the major ionic species responsible for any changes in T2, several 

calibration solutions containing CaCl2, MgSO4, FeCl3, FeCl2 and MnCl2 at concentrations 
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ranging from 10-1000 ppm were prepared and their respective T2 NMR times measured. 

The solubility limit of these salts in water are at least two orders of magnitude higher than 

the concentration range studied. The ionic concentrations of these calibration solutions 

were also determined via ICP-OES. 

3.3.4 Core Flooding Apparatus  
Figure 3.3 is a schematic of the assembled core flooding system used in these 

experiments. For each experiment, 280 ml of NaCl brine was aged with ~20 g of the relevant 

sandstone under 100 bar of CO2 in a Hastelloy batch reactor, with the solution stirred 

constantly by a magnetic stirrer. Two SS-ISCO 260D syringe pumps were used for CO2 

injection and back pressure regulation (BPR). A third ISCO 260D pump made from Hastelloy 

was used to circulate the CO2 saturated brine. The rock cores were placed within a TEMCO 

FCH series NMR compatible composite core holder constructed of PEEK. A non-protonated 

fluorine based oil (FluorinertTM FC-70) was used as the confining fluid because it does not 

exhibit a proton NMR signal. The pressure and temperature of the confining fluid were 

maintained with a Core Labs (USA) recirculation pump. Fluorinated Ethylene Propylene 

(FEP) heat shrink was used to seal the rock core from the confining fluid. The core holder 

was orientated vertically and injection occurred at the base. Pressure was measured at the 

outlets of the core holder using Swagelok S-type transducers which were calibrated against 

a high accuracy quartz crystal pressure standard (Paroscientific model 745-1K, 

uncertainty 0.6 kPa). Temperature was measured with a T-type thermocouple installed 

inside the core holder with an estimated uncertainty of ±0.2 K. Both temperature and 

pressure data were logged by a PC with a National Instruments data acquisition system 

(DAQ 9203) using LabVIEW software.   
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Figure 3.3. Schematic of the core flooding system. 

3.3.5 Core Flooding Procedure  
Complete saturation of the cores was achieved by placing the core under vacuum for 12 

hours, whilst assembled in the core holder inside the NMR magnet. Then 3 wt% NaCl brine 

was injected into the core until a pore pressure of 10 MPa was reached. A confining pressure 

7 MPa greater than the pore pressure was maintained throughout all experiments. The back 

pressure regulation pump was operated in constant pressure mode to maintain outlet pore 

pressure and the injection pump operated in constant flow mode.  A further 10-15 pore 

volumes (PVs) of brine were pumped through the core at four increasing flow rates between 

1 and 5 ml/min; once a stable differential pressure was observed the permeability was then 

calculated at each flowrate. Following this, 220 ml of brine was introduced into the batch 

reactor along with fragments of the relevant sandstone. Then 10 MPa of CO2 was applied 

with the solution being constantly stirred. After 72 hrs,  10 PVs of the ‘aged’ CO2 saturated 

(‘live’) brine was injected through the rock core, effectively displacing the ‘dead’ brine in 

the core with ‘aged live’ brine. The NMR signal remained constant between each stage, 

indicating that no reduction in brine saturation had occurred. The core fully saturated with 

‘aged live’ brine was hence considered the ‘initial saturation state’ at the beginning of each 

core flooding experiment. This also ensured that the potential for paramagnetic dissolution 

effects during further CO2 injection was minimized. 
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Injection of CO2 (drainage) and ‘live aged’ brine (imbibition) occurred under ‘unsteady 

state’ conditions with a set number of PVs injected at fixed volumetric flow rates. The 

injection strategy and sequence was as follows: 

i. Simulating drainage: three consecutive 20 PV aliquots of CO2 were injected at a 

volumetric flow rate of 10-20 ml/min. The pump was refilled between each injection 

and a stable pressure drop occurred by the third aliquot injection. 

ii. Simulating imbibition: five consecutive one PV aliquots of ‘live aged’ brine solution 

were injected at a volumetric flow rate of 1 ml/min. The injection of multiple PV’s was 

aimed at assessing the hydrodynamic stability of the residually trapped CO2.  

iii. After each injected aliquot, the differential pressure was left to stabilize before T2 

measurements were made.  

iv. The above sequence of drainage and imbibition was repeated a further 2 times (3 in 

total) to determine the effectiveness of alternating fluid injection to increase the 

capillary trapped CO2 volume. 

Relative changes in wetting phase saturation were observed through variations in the NMR 

signal relative to the initial value (S0) corresponding to a plug fully saturated with brine 

solution, while pore scale information on the distribution of that wetting fluid was 

determined from NMR  T2 relaxation time measurements via Equation 3.1. Measurements 

were performed on the sandstone plugs as per the experimental conditions relating to liquid 

CO2 are summarized in Table 3.2. The current experimental system was not technically 

capable of reliably reaching the required stable temperature conditions to study capillary 

trapping of supercritical CO2; this will be a focus of future work. 

Table 3.2. Experimental conditions. 

Experiment Sandstone 
Plug 

T 
[°C] 

Pressure 
[MPa] 

 Drainage  
 [ml.min-1] 

Imbibition 
[ml.min-1] 

Drainage 
[Ca] 

Imbibition 
[Ca] 

1 Berea_a 26 10.0 10 1 3.94E-06 4.63E-06 
2 San Saba 26 10.0 10 1 4.06E-06 4.77E-06 
3 Nugget  26 10.0 10 1 6.36E-06 7.47E-06 
4 Berea_b 26 10.0 20 1 7.88E-06 4.63E-06 
* 𝐶𝐶𝐶𝐶 =  𝜇𝜇𝜐𝜐

𝛾𝛾
 is the dimensionless capillary number, where μ is the dynamic viscosity of the injected phase, υ is the superficial velocity and γ is 

the interfacial tension. 

In this work, the values of the viscosity and interfacial tension between the (NaCl) brine 

solution and CO2 were estimated using the SUPERTRAPP and Macleod-Sugden Advanced 

(MCSA) models, respectively, implemented in the software package Multiflash 4.4.10 (KBC 

Advanced Technologies, 2014). The Capillary numbers relevant to our experiments (Table 
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3.2) correspond to a displacement regime where viscous forces are expected to be slightly 

more dominant than capillary forces (Lefebvre du Prey, 1973) and as such represent a near 

well bore environment (Cavanagh & Ringrose, 2011). The capillary numbers are similar to 

those in reported in chapter 2 for nitrogen core flooding experiments (2.86E-6 and 5.6E-6 

for drainage and imbibition, respectively) allowing for suitable comparison with the 

measurements presented here. 

 

3.4 Results and Discussion  
3.4.1 CO2 Mineral Dissolution Effects on Bulk T2 Times 
The interpretation of T2 times as a proxy for the occupation of brine in pores of different 

sizes during a core flooding experiment is predicated on T2,bulk (Equation 3.1) remaining 

constant throughout. In the presence of carbonic acid, dissolution of paramagnetic ions 

from minerals in the rock matrix can occur and will reduce T2,bulk (Connolly et al., 2017). 

Understanding the likely magnitude and kinetics associated with such a reaction is critical 

if such chemical effects are to be minimized and T2-pore size information retained. To this 

end, the evolution of T2 relaxation time distributions for 50 ml of 3 wt% NaCl brine and 

saturated Berea sandstone fragments, which had an approximate pore volume of 1 ml, was 

collectively measured after exposure to CO2 (50 bar, 26°C)  with results shown in Figure 3.4 

(a). The dominant long T2 population represents the bulk brine phase and the minor short 

T2 population the brine bound in the rocks pores. Over the course of 12 days the median T2 

time of the bulk brine phase reduced by an order of magnitude from 2.4 to 0.15 s, and the 

T2 times of pore bound brine also reduced at a similar rate to a point where these relaxation 

times could not be resolved with the 600 µs echo time used in these experiments. This 

decrease is consistent with an increasing aqueous paramagnetic ion concentration 

enhancing T2 relaxation. At low to moderate concentrations of paramagnetic species, spin 

relaxation enhancement is proportional to concentration as per Equation 3.2 (Belorizky et 

al., 2008), hence changes in 1/T2 time can be used as a proxy for changes in paramagnetic 

ion concentration. Figure 3.4 (b) shows the median 1/T2 of the bulk brine plotted as a 

function of reaction time, which is indicative of the rate of dissolution by paramagnetic 

species induced by the presence of carbonic acid.   
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Figure 3.4. a) Change in the distribution of T2 times for brine aged in the presence of Berea 

sandstone and CO2, and b) normalized median 1/T2 times of bulk brine plotted as function 
of time  and compared against literature data for Fe and Mn from comparable batch reaction 

experiments involving Berea and CO2 (Dawson et al., 2015). 

A similar mineral dissolution study has been reported by Dawson et al. (2015), where 

changes in brine chemistry were periodically measured for an unstirred batch reactor 

containing CO2 and Berea sandstone at 10 MPa and 50°C. Normalizing the concentrations of 

paramagnetic Fe and Mn ions measured by Dawson et al. (2015) as a function of time to the 

maximum concentration observed in their study allows a comparison with to normalized 

increases in the median 1/T2 of our study: a similar kinetic response is observed for both 

(Figure 3.4(b)).  Furthermore, as reported in Table 3.3 our post reaction brine compositions 

are comparable with those of Dawson et al. for the cations Mg, Ca, and Mn.  The 

concentration of Fe measured by Dawson et al. was significantly higher than measured in 

this work, which may relate to variation in sample mineralogy and/or differing 

experimental conditions for the samples considered. The sources of Fe2+/3+ and Mn2+ are 

likely minor clay species such as chlorite or possibly trace siderite (Dawson et al., 2015). In 

addition to dissolved metal ions, paramagnetic oxygen in solution also contributes to 

relaxation enhancement and has been reported in detail for bulk phase petroleum fluids 

and saturated rock cores (Shikhov & Arns, 2016). All brines used in our experiments were 

at equilibrium conditions with air (e.g. similar oxygen saturations), hence, relative changes 

in relaxation enhancement during brine ageing and core flooding experiments are not 

affected by changes in dissolved oxygen concentrations. 
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Table 3.3: Final aged brine composition compared to Dawson et al., 2015. 

Mag. Susc. Element (ppm) Brine post ageing (ppm)  Dawson et al. (2015) 

Diamagnetic 

Ca 231 249 

Mg 56.4 59.6 

K 10.5 27.3 

Paramagnetic 
Mn 6.94 8.26 

Fe 19.8 114 

 

To determine which cation dominated the observed relaxation enhancement several 

calibration solutions of brine containing varying amounts of Mn2+, Fe3+, Fe2+, Ca2+ and Mg2+ 

were measured,  with the results shown in Figure 3.5. The Mn2+ relaxivity (𝑅𝑅𝑖𝑖  as per 

Equation 3.2) was measured to be 3.2 times greater than that for Fe3+, which in turn was 

23.7 times greater than the relaxivity measured for Fe2+. From the final reacted brine 

composition (Table 3.3) and the measured paramagnetic ion relaxivities (Equation 3.2),  we 

calculated expected T2 times assuming two cases; a) a mixture of Mn2+ and  Fe2+ which 

yielded 0.165 s, and b) a mixture of  Mn2+ and Fe3+ which yielded in 0.023 s. Hence, 

considering that the measured T2 of the reacted brine was 0.148 s, Fe2+ was likely the 

dominant ionic form of iron present and the dissolved manganese was the primary cause of 

the observed T2 relaxation enhancement. While the exact valence state of the dissolved ions 

in the aged brine is not known, the results can still be considered as broadly indicative of 

which ions contributed to the T2 relaxation enhancement of the brine in this study 

 

Figure 3.5. Invers of the median T2 times of 3 wt% NaCl brine with varying concentrations 
of paramagnetic and diamagnetic ions. 

Using this unstirred example as a benchmark, a brine ageing protocol was developed where 

several fragments of the rock under study were placed in a vigorously stirred batch reactor 
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for 72 hours (detailed previously) prior to being used in the core flooding experiment. The 

kinetics for such a system are expected to be significantly faster due to the greater surface 

area of the fragmented sample and the vigorous stirring, and was deemed sufficient to 

minimise paramagnetic ion dissolution effects on measured T2 times over the course of a 

core flooding experiment (~8 hrs). The difference between a Berea core saturated with 

brine that wasn’t aged, and after it was flushed with aged CO2 saturated brine containing 

paramagnetic ions is shown in Figure 3.6. The NMR signal intensity remained constant 

before and after flushing, proving no degassing of CO2 occurred during this step. The large 

pore T2 population decreased as the lower T2 of the aged bulk brine phase was introduced, 

while the small pore T2 times remained mostly constant. This is expected, as the short T2 

times are dominated by signal from clay-bound water and have a greater proportion of 

surface interactions, while the large pore population is still sensitive to bulk fluid T2 

properties. It is conceivable that not all small pores were completely flushed during this 

step, however, the position of the short T2 population was consistent after several cycles of 

imbibition in subsequent core flooding experiments.  

 

Figure 3.6. Berea sandstone before and after being flushed with brine aged in the presence 

of Berea fragments and CO2 for 48 hrs (26°C, 10 bar). 

3.4.2 Core Flooding – Saturation Data 
Figure 3.7 shows the relative changes in CO2 saturation across three successive 

drainage/imbibition cycles for the three sandstones considered, as detailed in the 

methodology section above, with the assumption that CO2 or N2 is the non-wetting fluid. 

Non-wetting fluid saturations were calculated by relative changes in NMR signal intensity, 

which is proportional to water saturation. The relationship between the initial non-wetting 

fluid (𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖) saturation and the non-wetting fluid residually trapped (𝑆𝑆𝑁𝑁𝑁𝑁,𝑟𝑟) after 
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sequential drainage and imbibition cycles (Figure 3.7) is frequently described by the 

empirical model proposed by Land (1968): 

𝑆𝑆𝑁𝑁𝑁𝑁,𝑟𝑟 =
𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖

1 + 𝐶𝐶𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖
(3.3) 

Here the parameter C  is known as the Land model coefficient, which quantifies the extent 

to which the non-wetting fluid is trapped.  As C tends to zero, the amount of non-wetting 

fluid present in the porous medium after drainage is equivalent to that after imbibition, 

which would equate to a capillary trapping efficiency of 100%.  Conversely, as C tends to ∞, 

no non-wetting fluid is residually trapped after imbibition. A review of published CO2 core 

flooding data found about 95% of the data for sandstone were located between the Land 

model curves for values of C ranging from 0.7 to 2.0 (S. Krevor et al., 2015). All the results 

obtained for the present NMR-based measurements with CO2-brine and N2-water systems 

(presented in chapter 2) consistently lie within these bounds. Berea sandstone 

demonstrated the largest trapped volume of CO2, which we speculate reflects the fact that it 

contains the largest pores.   San Saba sandstone had marginally the next highest trapped 

volume of CO2 which was contrary to expectation given the larger pore sizes found in the 

Nugget sandstone. This may relate to the differences in permeability of the samples, but 

could also relate to differing CO2 wettability - this is discussed below with respect to the 

relative T2 time distributions measurements for these two sandstones.   

 

Figure 3.7.  𝑆𝑆𝑁𝑁𝑁𝑁,𝑟𝑟 - 𝑆𝑆𝑁𝑁𝑁𝑁,𝑖𝑖 relationships for all three sandstones. Each point corresponds to a 

single cycle. Upper and lower bounds represent Land model (Eq. 3.3) curves (C=0.7 and 2, 
respectively). Red symbols correspond to CO2 data from this work, and black symbols to the 

N2 data presented in chapter 2. 
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Studies of cyclic injection regimes, which are also known as Water Alternating Gas (WAG) 

injection, have mostly been concerned with oil-gas-water systems in the context of 

Enhanced Recovery (Suicmez et al., 2007; Oak, 1990). However, there are several examples 

of cyclical injection regimes for enhancing CO2 capillary trapping (e.g. Edlmann et al., 2019; 

Saeedi et al., 2011; Herring, Andersson & Wildenschild, 2016; Ruprecht et al., 2014) which 

all indicate that the total amount of CO2 trapped increases under such an injection regime. 

This was also the case observed in the current study, with each injection cycle leading to a 

greater volume of trapped CO2, as shown by the increasing residual non-wetting phase 

saturation in Figure 3.7. Furthermore, despite scatter in the experimental data arising from 

variations in samples and experimental protocols, Land coefficients through each injection 

cycle generally decreased relative to the first cycle indicating an improvement in trapping 

efficiency as shown in Figure 3.8. Comparison between trends for N2 and CO2 (black and red 

areas in Figure 3.8, respectively) indicate that the magnitude of the improvement in 

efficiency for cyclic core flooding was less for CO2/brine than N2/water.  

 

Figure 3.8. Decrease in normalised Land model coefficients after sequential 
drainage/imbibition cycles; comparison of N2 (black) vs. CO2 (red) data.  

3.4.3 Core Flooding – T2 Distributions  
T2 distributions for the three drainage/imbibition cycles of the three sandstones studied are 

shown in Figure 3.9.  The areas under these distributions are proportional to the prevailing 

brine saturations.  Upon drainage, brine is displaced predominately from regions of larger 

T2 and hence the larger pores. A minor shift in the shortest T2 times observed for Berea and 

San Saba sandstone suggests that some brine may also have also been displaced from the 

smallest pores; for Nugget sandstone this response was significantly more pronounced. 

Upon subsequent imbibition, for all three rock samples, the additional brine preferentially 
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occupied available pore space with comparatively low T2 relaxation characteristics and thus 

essentially the smallest available pore spaces. There was no observable evidence that any 

CO2 remained trapped in the small pores, as this would have presented as hysteresis in the 

short T2 population between saturated and imbibed states.  Possible explanations for this 

lack of small pore trapping could be that the shift observed in the drained state relates to 

partial saturation of pore throats that fully re-saturate upon imbibition, or that CO2 wetting 

may lead to small CO2 ganglia being unstable in small pores. Across the three repeated 

drainage/imbibition cycles and the imbibition of multiple pore volumes of brine, ganglia of 

CO2 occupying the larger pores remained stably trapped (as indicated by the stable 

differences between the initial saturation distributions and the imbibition distributions 

shown in Figure 3.9. The relatively small increases in trapped volumes of CO2 across 

subsequent injection cycles, as reported in the prior section, did not result in significant 

changes in T2 time distributions, thus suggesting the minor increments of trapped CO2 

continued to fill and occupy pores in a similar sequence. 

 

Figure 3.9. T2 relaxation time distributions during 3 consecutive drainage/imbibition cycles 

for the three sandstones considered. 

Comparison of the T2 time distributions from the first drainage/imbibition cycle for 

N2/water and CO2/brine fluid pairs for the same type of sandstones are shown Figure 3.10. 

Although these are not the same rock cores, the lithology of the samples is very similar as 

they are cored from the same source blocks. The maximum T2 times measured for the initial 

saturated state for the CO2 flood are smaller than those for the N2 flood, which is a result of 
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the paramagnetic ions introduced into the brine during the ageing process which effectively 

reduces the bulk T2 relaxation time of the brine. After imbibition both capillary trapped N2 

and CO2 have preferentially displaced water from regions with larger T2 times and hence 

occupy larger pores. This leads to some larger pores being partially occupied with 

water/brine, which in turn causes the observed T2 times to be shorter than those for fully 

saturated large pores and longer than those for fully saturated small pores (Figure 3.10). 

This NMR relaxation response for partial pore occupation of a wetting phase is known and 

has previously been observed experimentally for synthetic samples and natural sandstones 

(Borgia et al., 1994; Liaw et al., 1996), as well as modelled using a bundle of irregular 

triangular capillaries (Mohnke et al., 2014). The greatest difference between the N2 and CO2 

flooding responses occurred after drainage, where for both cases the small T2 population 

shifted to shorter values, likely as a result of the wetting phase being displaced from the 

small pores as discussed previously. The effect was more pronounced for the CO2/brine, 

despite the drainage capillary numbers and the initial non-wetting phase saturation (NWi -

Figure 3.7) reached after drainage being similar for both N2 and CO2 floods. On average the 

decrease in mean T2 during drainage was 65% for N2 and 73% for CO2 while after imbibition 

reductions of 39% and 20% relative to the initial saturated mean T2 were observed, 

respectively. This further suggests CO2 displaced the wetting phase from a greater 

proportion of small pores relative to N2, but then exhibited a reduced tendency for capillary 

trapping to occur in those smaller pore populations relative to the N2/water system. This 

response is consistent with CO2 being slightly more surface wetting than N2. Furthermore, 

the repeated drainage and imbibition cycles lead to a trapping efficiency improvement for 

N2 that was not realized to the same extent for CO2 (Figure 3.8). The combination of these 

results would suggest that CO2 is more wetting than N2 under these experimental 

conditions; however differences in fluid compressibility may also have affected the 

observed brine displacement behavior (e.g. local transient flow instabilities leading to the 

possible bypassing of small pores) (H. Singh, 2018). Interestingly, time dependent changes 

in brine wettability after extended exposure (periods of months) to CO2 have been observed 

for limestone sands, and along with increasing in CO2 pressure, correlated to increased 

volumes of capillary trapped CO2 (Wang & Tokunaga, 2015). However, this phenomenon 

remains poorly understood, and other authors have found results for similar systems to the 

contrary (Garing & Benson, 2019). Time dependent wetting alteration may well be an 

important factor when attempting to translate core scale results to the reservoir. 
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Figure 3.10. Comparison of T2 times for brine and capillary trapped N2 vs. CO2 in the three 
sandstones considered. Capillary trapped N2 data from previously published work 

(Connolly et al., 2017).  

 

3.5 Conclusions  
Residual trapping of reservoir pressure CO2 ganglia in various sandstone rock cores was 

studied using low field 1H Nuclear Magnetic Resonance (NMR).   NMR T2 measurements are 

able to provide a core-averaged probability distribution of pore size occupied by the 

aqueous brine phase (and, by difference, the CO2 phase).  However the relationship between 

CO2-occupied pore size and the measured T2 value is compromised by dissolution of 

paramagnetic species from the rock core in the presence of carbonic acid.  The kinetics of 

this dissolution process were studied, enabling a suitable brine ageing process to be 

implemented such that the pore-size – T2 relationship was retained.   The residual or 

capillary trapping of CO2 through multiple imbibition-drainage cycles was quantified and 
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shown to be consistent with results in the literature. Via NMR T2 measurements we were 

able to quantitatively identify that the CO2 preferentially occupied the larger pores, although 

to a lesser extent that the same core flooding cycles executed with N2.  This is consistent 

with a slightly more surface wetting characteristic for CO2. 

3.6 References  
Adebayo, A. R. (2018). Viability of foam to enhance capillary trapping of CO2 in saline 

aquifers—An experimental investigation. International Journal of Greenhouse Gas 
Control, 78, 117–124.  

Al-Menhali, A., Niu, B., & Krevor, S. (2015). Capillarity and wetting of carbon dioxide and 
brine during drainage in Berea sandstone at reservoir conditions. Water Resources 
Research, 51(10), 7895–7914.  

Angerer, T., Bijeljic, B., & Blunt, M. J. (2014). Pore-scale imaging of trapped supercritical 
carbon dioxide in sandstones and carbonates. International Journal of Greenhouse 
Gas Control, 22, 1–14.  

Arns, C. H., AlGhamdi, T., & Arns, J.-Y. (2011). Numerical analysis of nuclear magnetic 
resonance relaxation–diffusion responses of sedimentary rock. New Journal of 
Physics, 13(1), 015004.  

Belorizky, E., Fries, P. H., Helm, L., Kowalewski, J., Kruk, D., Sharp, R. R., & Westlund, P. O. 
(2008). Comparison of different methods for calculating the paramagnetic 
relaxation enhancement of nuclear spins as a function of the magnetic field. Journal 
of Chemical Physics, 128(5).  

Berg, S., Oedai, S., & Ott, H. (2013). Displacement and mass transfer between saturated and 
unsaturated CO2-brine systems in sandstone. International Journal of Greenhouse 
Gas Control, 12, 478–492.  

Borgia, G. C., Brancolini, A., Brown, R. J. S., Fantazzini, P., & Ragazzini, G. (1994). Water-air 
saturation changes in restricted geometries studied by proton relaxation. Magnetic 
Resonance Imaging, 12(2), 191–195.  

Brownstein, K. R., & Tarr, C. E. (1979). Importance of classical diffusion in NMR studies of 
water in biological cells. Physical Review A, 19(6), 2446–2453.  

Callaghan, P. T., Arns, C. H., Galvosas, P., Hunter, M. W., Qiao, Y., & Washburn, K. E. (2007). 
Recent Fourier and Laplace perspectives for multidimensional NMR in porous 
media. Magnetic Resonance Imaging, 25(4), 441–444. 

Carr, H. Y., & Purcell, E. M. (1954). Effects of diffusion on free precession in nuclear magnetic 
resonance experiments. Physical Review, 94(3), 630–638.  

Cavanagh, A., & Ringrose, P. (2011). Simulation of CO2 distribution at the In Salah storage 
site using high-resolution field-scale models. Energy Procedia, 4, 3730–3737.  

Chen, Q., Gingras, M. K., & Balcom, B. J. (2003). A magnetic resonance study of pore filling 
processes during spontaneous imbibition in Berea sandstone. Journal of Chemical 
Physics, 119(18), 9609–9616.  

Connolly, P. R. J., Vogt, S. J., Iglauer, S., May, E. F., & Johns, M. L. (2017). Capillary trapping 
quantification in sandstones using NMR relaxometry. Water Resources Research, 1–
16.  



Chapter 3 

49 
 

Connolly, P. R. J., Yan, W., Zhang, D., Mahmoud, M., Verrall, M., Lebedev, M., et al. (2019). 
Simulation and experimental measurements of internal magnetic field gradients and 
NMR transverse relaxation times (T2) in sandstone rocks. Journal of Petroleum 
Science and Engineering, 175, 985–997.  

Dawson, G. K. W., Pearce, J. K., Biddle, D., & Golding, S. D. (2015). Experimental mineral 
dissolution in Berea Sandstone reacted with CO2 or SO2-CO2 in NaCl brine under CO2 
sequestration conditions. Chemical Geology, 399, 87–97.  

Edlmann, K., Hinchliffe, S., Heinemann, N., Johnson, G., Ennis-King, J., & McDermott, C. I. 
(2019). Cyclic CO2 – H2O injection and residual trapping: Implications for CO2 
injection efficiency and storage security. International Journal of Greenhouse Gas 
Control, 80, 1–9.  

Foley, I., Farooqui, S., & Kleinberg, R. (1996). Effect of Paramagnetic Ions on NMR Relaxation 
of Fluids at Solid Surfaces. Journal of Magnetic Resonance. Series A, 123(1), 95–104.  

Garing, C., & Benson, S. M. (2019). CO2 Wettability of Sandstones: Addressing Conflicting 
Capillary Behaviors. Geophysical Research Letters, 46(2), 776–782.  

Herring, A. L., Harper, E. J., Andersson, L., Sheppard, A., Bay, B. K., & Wildenschild, D. (2013). 
Effect of fluid topology on residual nonwetting phase trapping: Implications for 
geologic CO2 sequestration. Advances in Water Resources, 62, 47–58.  

Herring, A. L., Andersson, L., & Wildenschild, D. (2016). Enhancing residual trapping of 
supercritical CO2 via cyclic injections. Geophysical Research Letters, 43(18), 9677–
9685.  

Hollingsworth, K. G., & Johns, M. L. (2003). Measurement of emulsion droplet sizes using 
PFG NMR and regularization methods. Journal of Colloid and Interface Science, 
258(2), 383–389.  

Iglauer, S., Wülling, W., Pentland, C., Al-Mansoori, S., & Blunt, M. (2011). Capillary-Trapping 
Capacity of Sandstones and Sandpacks. SPE Journal, 16(4), 8–11.  

Iglauer, S., Salamah, A., Sarmadivaleh, M., Liu, K., & Phan, C. (2014). Contamination of silica 
surfaces: Impact on water-CO2-quartz and glass contact angle measurements. 
International Journal of Greenhouse Gas Control, 22, 325–328.  

KBC Advanced Technologies. (2014). InforChem Multiflash, 4.4.10. 

Kleinberg, R. L., Kenyon, W. E., & Mitra, P. P. (1994). Mechanism of NMR Relaxation of Fluids 
in Rock. Journal of Magnetic Resonance, Series A. 108 (2), 206-214. 

Krevor, S., Blunt, M. J., Benson, S. M., Pentland, C. H., Reynolds, C., Al-Menhali, A., & Niu, B. 
(2015). Capillary trapping for geologic carbon dioxide storage – From pore scale 
physics to field scale implications. International Journal of Greenhouse Gas Control, 
40, 221–237.  

Land, C. (1968). Calculation of imbibition relative permeability for two and three-phase flow 
from rock properties. SPE Journal, 8(2), 149–156.  

Lauffer, R. B. (1987). Paramagnetic Metal Complexes as Water Proton Relaxation Agents for 
NMR Imaging: Theory and Design. Chemical Reviews, 87(5), 901–927.  

Lefebvre du Prey, E. J. (1973). Factors Affecting Liquid-Liquid Relative Permeabilities of a 
Consolidated Porous Medium. Society of Petroleum Engineers, 13(1), 39–47.  

Liaw, H.-K., Kulkarni, R., Chen, S., & Watson,  a. T. (1996). Characterization of fluid 
distributions in porous media by NMR techniques. AIChE Journal, 42(2), 538–546.  



Chapter 3 

50 
 

Marica, F., Chen, Q., Hamilton, A., Hall, C., Al, T., & Balcom, B. J. (2006). Spatially resolved 
measurement of rock core porosity. Journal of Magnetic Resonance, 178(1), 136–
141.  

Meiboom, S., & Gill, D. (1958). Modified spin-echo method for measuring nuclear relaxation 
times. Review of Scientific Instruments, 29(8), 688–691.  

Metz, B., Davidson, O., Coninck, H., Loos, M., & Meyer, L. (2005). IPCC Special Report on 
Carbon Dioxide Capture and Storage. Inter-governmental Panel on Climate Change. 

Mitchell, J., & Fordham, E. (2019). Magnetization exchange in a single pore due to diffusion 
in internal fields: Simulation and experiment. Physical Review Materials, 3(5), 
55604.  

Mitchell, J., Chandrasekera, T. C., Holland, D. J., Gladden, L. F., & Fordham, E. J. (2013). 
Magnetic resonance imaging in laboratory petrophysical core analysis. Physics 
Reports.  

Mitchell, J., Chandrasekera, T. C., & Gladden, L. F. (2013). Measurement of the true 
transverse nuclear magnetic resonance relaxation in the presence of field gradients. 
Journal of Chemical Physics, 139(7).  

Mohnke, O., Nordlund, C., Jorand, R., & Klitzsch, N. (2014). Understanding NMR relaxometry 
of partially water-saturated rocks. Hydrology and Earth System Sciences 
Discussions, 11(11), 12697–12729.  

Ni, H., Boon, M., Garing, C., & Benson, S. M. (2019). Predicting CO2 residual trapping ability 
based on experimental petrophysical properties for different sandstone types. 
International Journal of Greenhouse Gas Control, 86(May), 158–176.  

Niu, B., Al-Menhali, A., & Krevor, S. C. (2015). The impact of reservoir conditions on the 
residual trapping of carbon dioxide in Berea sandstone. Water Resources Research, 
51(4), 2009–2029.  

O’Neill, K. T., Fridjonsson, E. O., Stanwix, P. L., & Johns, M. L. (2016). Quantitative velocity 
distributions via nuclear magnetic resonance flow metering. Journal of Magnetic 
Resonance, 269, 179–185.  

Oak, M. J. (1990). Three-Phase Relative Permeability of Water-Wet Berea. SPE/DOE 
Enhanced Oil Recovery Symposium, 20183-MS.  

Otsu, N. (1979). Threshold selection method from gray level histograms. IEEE Transactions 
on Systems, Man, and Cybernetics, SMC-9(1), 62–66.  

Pentland, C. H., El-Maghraby, R., Iglauer, S., & Blunt, M. J. (2011). Measurements of the 
capillary trapping of super-critical carbon dioxide in Berea sandstone. Geophysical 
Research Letters, 38(6).  

Petrov, O. V., Ersland, G., & Balcom, B. J. (2011). T2 distribution mapping profiles with phase-
encode MRI. Journal of Magnetic Resonance, 209(1), 39–46.  

Pini, R., & Benson, S. M. (2013). Simultaneous determination of capillary pressure and 
relative permeability curves from core-flooding experiments with various fluid 
pairs. Water Resources Research, 49(6), 3516–3530.  

Robinson, N., Robertson, C., Gladden, L. F., Jenkins, S. J., & D’Agostino, C. (2018). Direct 
Correlation between Adsorption Energetics and Nuclear Spin Relaxation in a Liquid-
saturated Catalyst Material. ChemPhysChem, 19(19), 2448.  



Chapter 3 

51 
 

Romero-Zerón, L. B., Ongsurakul, S., Li, L., & Balcom, B. (2010). Visualization of the effect of 
porous media wettability on polymer flooding performance through unconsolidated 
porous media using magnetic resonance imaging. Petroleum Science and Technology, 
28(1), 52–67.  

Ruprecht, C., Pini, R., Falta, R., Benson, S., & Murdoch, L. (2014). Hysteretic trapping and 
relative permeability of CO2 in sandstone at reservoir conditions. International 
Journal of Greenhouse Gas Control, 27, 15–27.  

Saeedi, A., Rezaee, R., Evans, B., & Clennell, B. (2011). Multiphase flow behaviour during CO2 
geo-sequestration: Emphasis on the effect of cyclic CO2-brine flooding. Journal of 
Petroleum Science and Engineering, 79(3–4), 65–85.  

Scott, V., Gilfillan, S., Markusson, N., Chalmers, H., & Haszeldine, R. S. (2012). Last Chance for 
Carbon Capture and Storage. Nature Climate Change, 3(2), 105–111.  

Shikhov, I., & Arns, C. H. (2016). Temperature-Dependent Oxygen Effect on NMR D-T2 
Relaxation-Diffusion Correlation of n-Alkanes. Applied Magnetic Resonance, 47(12), 
1391–1408.  

Singh, H. (2018). Impact of four different CO2 injection schemes on extent of reservoir 
pressure and saturation. Advances in Geo-Energy Research, 2(3), 305–318.  

Suicmez, V. S., Piri, M., & Blunt, M. J. (2007). Pore-scale simulation of water alternate gas 
injection. Transport in Porous Media, 66(3), 259–286.  

Venkataramanan, L., Song, Y. Q., & Hürlimann, M. D. (2002). Solving Fredholm integrals of 
the first kind with tensor product structure in 2 and 2.5 dimensions. IEEE 
Transactions on Signal Processing, 50(5), 1017–1026.  

Wahba, G. (1977). Practical Approximate Solutions to Linear Operator Equations When the 
Data are Noisy. SIAM Journal on Numerical Analysis. 14 (4), 651-632. 

Wang, S., & Tokunaga, T. K. (2015). Capillary Pressure-Saturation Relations for Supercritical 
CO2 and Brine in Limestone/Dolomite Sands: Implications for Geologic Carbon 
Sequestration in Carbonate Reservoirs. Environmental Science and Technology, 
49(12), 7208–7217.  

Wildenschild, D., & Sheppard, A. P. (2013). X-ray imaging and analysis techniques for 
quantifying pore-scale structure and processes in subsurface porous medium 
systems. Advances in Water Resources, 51, 217–246.  

Wilson, J. D. (1992). Statistical approach to the solution of first-kind integral equations 
arising in the study of materials and their properties. Journal of Materials Science, 
27(14), 3911–3924.  

Xiao, L., Liu, H., Deng, F., Zhang, Z., An, T., Zong, F., et al. (2013). Probing internal gradients 
dependence in sandstones with multi-dimensional NMR. Microporous and 
Mesoporous Materials, 178, 90–93. 

Xiao, L. 2018. Practical NMR for Oil and Gas Exploration. Royal Society of Chemistry. 

Xie, R., Xiao, L., Dunn, K. J., & Fu, S. (2013). Determination of T2 distribution in the presence 
of significant internal field gradients. Journal of Geophysics and Engineering, 10(5). 

Zecca, M., Vogt, S. J., Connolly, P. R. J., May, E. F., & Johns, M. L. (2018). NMR Measurements 
of Tortuosity in Partially Saturated Porous Media. Transport in Porous Media, 
125(2), 271–288.  



Chapter 4 

52 
 

  

A New Apparatus for Coupled Low-Field 
NMR and Ultrasonic Measurements in 
Rocks at Reservoir Conditions 
 

Foreword – Work from this chapter was originally presented at the International 

Society of Petrophysicists and Well Log Analysts (SPWLA) conference at Houston, 

Texas, as well as the international Society of Core Analysts (SCA) conference at Pau, 

France in 2019. At SCA it was voted as one of the top 10 papers, and has 

subsequently been included in a special ‘best of SCA 2019’ issue of the peer reviewed 

Petrophysics journal to be published in March 2020. The full text presented in this 

chapter was published in the SPWLA conference proceedings. It has been 

reformatted with minor amendments to fit the style and structure of this thesis. 

In this chapter we present the design, calibration and testing of a novel NMR 

compatible core holder capable of measuring ultrasonic velocities at reservoir 

conditions. The motivation here was to apply the unique capabilities of NMR 

responses (signal intensity, relaxation, lineshape, diffusion etc.) to improve models 

of elastic wave propagation models for partially saturated rocks; a critical input for 

4D seismic data inversion in applications such as monitoring CO2 plume migration 

and estimating capillary trapping in reservoirs.  The novelty of the instruments 

opens a wide range of possibilities for further valuable experimental studies of 

relevance to rock physics models dealing with elastic wave propagation at reservoir 

conditions.  

 

4.1 Abstract 
Models which describe the effect of pore fluids on elastic wave propagation in rocks are the 

basis for quantitative reservoir analysis. Laboratory ultrasonic measurements conducted 

on rock cores are used to develop and tune these models, which requires inputs such as 
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fluid saturation and distribution, pore aspect ratio, wettability and fluid viscosity. Hydrogen 

(1H) Nuclear magnetic resonance (NMR) is a technique that can be used to quantitatively 

describe some of these important parameters. Here we report on the design, construction 

and performance of a novel NMR-compatible rock core holder system allowing for the 

measurement of both ultrasonic P-wave velocities and NMR relaxation parameters in rock 

cores at reservoir pressure. Successful validation against a conventional benchtop 

ultrasonic measurement system was performed, whilst sequential NMR and ultrasonic 

measurements were demonstrated on a sandstone rock core at reservoir pressure as a 

function of variable brine/supercritical CO2 saturation. This new apparatus represents the 

first coupled NMR and ultrasonic measurements of rocks at high temperature and pressure, 

and allows for a new approach to study pore scale saturation effects on elastic wave 

propagation in rocks.  

 

4.2 Introduction 
Low field Hydrogen (1H) Nuclear Magnetic Resonance (NMR) is an important tool in petro-

physics and is readily used to determine important reservoir parameters such as porosity, 

permeability, fluid type and saturation(Arns, 2004; Hürlimann et al., 2003; Liu et al., 2019; 

Shikhov et al., 2017, 2018). Measurements are made both in situ in reservoirs using well 

logging tools, and ex situ on recovered reservoir plugs using benchtop spectrometers (Dunn 

et al., 2002). For quantitative assessment, low-field NMR employing magnetic field 

strengths less than 0.5 T have been shown to be more robust than higher fields as the 

impacts of internal magnetic field gradients are minimized (J. Mitchell et al., 2010a; 

Christian Straley et al., 1997). Furthermore, due to the technological challenge of operating 

well logging tools on long wire lines in harsh reservoir conditions, only low magnetic fields 

(e.g. ~<0.1T) are currently attainable (Jonathan Mitchell & Fordham, 2014).  

Another key toolbox used in quantitative reservoir assessment and dynamic reservoir 

monitoring is seismic attribute analysis. The propagation of elastic waves in rocks can be 

related to their key lithological and geo-mechanical properties (Mavko et al., 2009), and is 

also sensitive to the properties of the pore fluids (Batzle & Wang, 1992). Regional scale 

seismic surveys are used to map subsurface structures and delineate economic 

concentrations of hydrocarbons (Sheriff & Geldart, 1995). Furthermore, with 

improvements in 4D seismic techniques, effective monitoring of reservoir fluids during 

hydrocarbon production (Greaves & Fulp, 1987; Lumley, 2001) and CO2 sequestration (Arts 

et al., 2008; Lumley et al., 2008) has been demonstrated. The interpretation of seismic data 



Chapter 4 

54 
 

requires seismic inversion, which is generally constrained by rock physics models based on 

calibrated laboratory measurements. These rock physics models relate the elastic 

properties of rocks to effective stress, rock anisotropy, lithological and geo-mechanical 

properties, and also consider the impact of pore fluids (e.g. (Dautriat et al., 2016; Delle Piane 

& Sarout, 2016; Mavko et al., 2009). A critical aspect in the application of these models to 

seismic reservoir characterisation, and time lapse monitoring, is their ability to predict the 

elastic response of rocks partially saturated with multiple pore fluids. Typical laboratory 

ultrasonic measurements of rocks at high pressure and temperature under varied fluid 

saturation conditions are coupled with energy dispersive imaging techniques (i.e. X-ray or 

Neutron tomography) to determine saturation profiles, or by simply accounting for fluid 

volumes that are injected and recovered (Caspari et al., 2011; Delle Piane & Sarout, 2016; 

Pimienta et al., 2017). 

By combining laboratory ultrasonic and NMR measurements, which are sensitive to 

parameters like wettability, pore surface-to-volume (S/V) ratios, pore connectivity and 

saturation, new relationships between elastic wave propagation and these important 

parameters may be elucidated. Hence, NMR fluid relaxation and diffusion measurements 

can provide new insight regards elastic wave propagation in saturated and partially 

saturated rocks, which would otherwise not be accessible using conventional experimental 

rock physics methods. Furthermore, the ability to calibrate these measurement directly 

against in situ reservoir ultrasonic and NMR measurements made by wireline logging tools 

may also offer a novel approach to improving well log interpretation. 

Here, we present, as far as the authors are aware, the first example of an NMR compatible 

core flooding system capable of measuring ultrasonic wave velocities at high temperature 

and pressure conditions. The system has been designed to fit within the constraints of a 

53mm borehole which is typical for low field NMR instruments used for rock core analysis. 

Only one other example of combined NMR and ultrasonic measurements of geological 

material was cited in the literature where the authors utilized a small animal Magnetic 

Resonance Imaging (MRI) system (85.7 MHz 1H or 2.0 T magnet) to study the formation of 

methane hydrates in sand packs (Howard et al. 2011). We have conducted a series of 

preliminary tests in a 2 MHz 1H NMR spectrometer up to temperatures and pressures of 

45°C and 21 MPa. The design challenges and noise considerations are discussed, 

comparisons to a well-established ultrasonic measurement standard are made, and initial 

results are reported for a dry Berea sandstone and for a Bentheimer sandstone saturated 

with variable amounts of brine solution and supercritical CO2. 
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4.3 Materials and Methods 
4.3.1 Rock Samples 
Two quartz-dominated sandstone rock cores widely considered as petro-physical 

standards, Berea and Bentheimer, were used in this study. For comparison purposes, 

ultrasonic data on a dry Berea sandstone were acquired with both our novel apparatus and 

a well-established instrument, namely the Autonomous Triaxial Cell (ATC) available at the 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) in Perth, Australia 

(Pimienta et al., 2017; Sarout et al., 2015). The gravimetrically determined porosity for this 

core sample was 19.4%. The original Berea sandstone rock core had an original diameter of 

3.81 cm and a length of 4.60 cm. The P-wave velocity in this dry core was first measured on 

a benchtop ultrasonic system. To adapt this core to our new NMR-Ultrasonic core holder 

(and with the desire to repeat the experiments on the same sample), its diameter was 

reduced to 2.54 cm using a diamond grinding wheel. For the core flooding tests a 

Bentheimer sandstone rock core was used due to its lower clay content and well-established 

NMR response (Caspari et al., 2011; Lebedev et al., 2014). The core sample used had a 

diameter of 2.54 cm and was 11.45 cm long, with a gravimetrically-determined porosity of 

21% and a permeability (to brine) of 3.4 D. 

4.3.2 NMR Relaxation Time Measurements 
NMR signal or magnetisation (M(t)) decay occurs via two mechanisms, namely spin-spin 

(T2) and spin-lattice (T1)  relaxation, corresponding to the transverse and longitudinal 

components of the magnetic field, respectively. Longitudinal decay is described by:  

𝐌𝐌(𝑡𝑡)

𝐌𝐌(0)
= 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑡𝑡
𝑇𝑇1

�  , (4.1) 

while the transverse component decay is described by: 

𝐌𝐌(𝑡𝑡)

𝐌𝐌(0)
= 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑡𝑡
𝑇𝑇2

�  . (4.2) 

Measuring T2 relaxation times can be achieved significantly faster than measuring T1 

relaxation times, whilst providing similar pore scale information. Hence T2 times are a 

standard measurement approach for reservoir rock characterisation.  When bound in a 

porous medium, proton (1H) spins interacting with pore walls undergo enhanced relaxation 

due to increased dipolar interactions and/or restrictions to molecular mobility. Brownstein 

and Tarr (Brownstein & Tarr, 1977) showed that for a fluid contained in a restricted 

environment, T2 can be modelled as (Xiao 2018): 
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(𝛾𝛾𝛾𝛾𝑡𝑡𝑒𝑒)2

12
, (4.3) 

where 𝑆𝑆 𝑉𝑉⁄  is the surface-to-volume ratio of the pores; 𝜌𝜌𝑠𝑠 is the surface relaxivity constant 

representing the magnitude of proton (1H) relaxation enhancement from surface 

interactions; 𝜏𝜏0 is the fluid’s self-diffusion coefficient; 𝛾𝛾 is the gyromagnetic ratio of a 

proton nuclei; 𝛾𝛾 is any magnetic field gradients (in fluid-saturated rocks these are induced 

by the difference in magnetic susceptibility between phases); and 𝑡𝑡𝑒𝑒  is the time between 

NMR spin echoes. Typically, the impact of diffusive decay is negligible for conventional 

porous sandstones analysed with low magnetic field instruments (such as the 0.049 T 

system used here) and where sufficiently short echo times are used (J. Mitchell et al., 

2010b).  

Considering T2 times as a proxy for fluid-filled pore sizes is well-established (Kleinberg, 

1994). This correlation assumes that diffusive exchange between pores is slow compared 

to the timescale of a measurement. For heterogeneous porous materials such as rocks, the 

observed T2 response is represented by a convolution of exponentially decaying signals 

arising from pores of different sizes: 

𝐌𝐌(𝑡𝑡)

𝐌𝐌(0)
=  

1
𝑉𝑉0

� �𝑉𝑉𝑖𝑖 × �𝑒𝑒
−𝑡𝑡

𝑇𝑇2,𝑖𝑖� ��
𝑛𝑛

𝑖𝑖

, (4.4) 

where 𝑉𝑉0 and 𝑉𝑉𝑖𝑖 are the total sample volume and the ith pore volume contribution 

respectively; 𝑛𝑛 is the number of pores; 𝐌𝐌(0) is the equilibrium magnetisation; and 𝑇𝑇2,𝑖𝑖  is the 

relaxation rate for the ith pore (O. Mohnke & Hughes, 2014). To solve for the probability 

distribution of relaxation times the raw NMR data must be inverted. Tikhonov’s 

regularisation (Tikhonov, 1963) is well suited to this ill-posed problem and has been used 

here. This method differs from a simple minimisation of residual norms in that an additional 

penalty term is added to balance the impact of noise. A more detailed description of 

Tikhonov’s regularisation, was covered in chapter 2.  

All NMR measurements presented here were made using a Magritek (New Zealand) Rock 

Core Analyzer (RCA) with a magnetic field strength of 0.049 T (corresponding to a 1H 

Larmor frequency of 2 MHz) and a 54 mm r.f. probe with a minimum echo time of 100 µs.  

To demonstrate the combination of NMR and ultrasonic velocity measurements on a sample 

at reservoir conditions, NMR transverse (T2) relaxation time measurements were made on 

a Bentheimer sandstone core after sequential injection of brine and supercritical carbon 

dioxide.  The calibrated NMR signal amplitude determines the brine filled porosity and the 

T2 times are indicative of the pore sizes the brine occupies (M. Li et al., 2016; Jonathan 
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Mitchell & Fordham, 2014; O. Mohnke & Hughes, 2014). All T2 relaxation time 

measurements were made using a standard CPMG pulse sequence (Carr & Purcell, 1954; ). 

4.3.3 Ultrasonic Wave Velocity Measurements 
The velocity of the primary compression (𝑉𝑉𝑃𝑃) and secondary shear (𝑉𝑉𝑆𝑆) waves in a 

homogeneous, isotropic and elastic medium are related to its elastic moduli through (Mavko 

et al., 2009), 

𝑉𝑉𝑃𝑃 = �𝐾𝐾 + 4
3 µ

𝜌𝜌𝑚𝑚
 , (4.5) 

𝑉𝑉𝑆𝑆 = �
µ

𝜌𝜌𝑚𝑚
 , (4.6) 

where 𝐾𝐾 and µ stand for the bulk and shear moduli, respectively; and 𝜌𝜌𝑚𝑚  is density.  

Here we apply one of the most widely applied methods to measure wave velocities in rocks, 

the pulse transmission technique where travel times of a single-pulse wave are measured 

over a known length (Birch, 1960).  In the physics of wave propagation, velocities can be 

referred to as the phase or group (or energy, or ray) velocity. For the majority of laboratory 

apparatuses described in the literature, including our new apparatus, the phase velocity is 

estimated from pulse travel time measurements conducted along the axis of a cylindrical 

rock specimen. Only in cases for which substantial rock anisotropy exists and/or very small 

sensor widths (<2mm) are used, can the pulse travel times yield a group velocity (Delllinger 

& Vernik, 1992).  

In practice, one transducer is used as the source of mechanical vibration while an opposing 

transducer is the sensor that converts the propagated mechanical energy back into an 

electrical signal. Our design utilized ring shaped piezo-ceramics that were nominally P-

wave type (polarised along the ring’s symmetry axis, which corresponds to the propagation 

direction) and produce clear first arrival times. These P-wave piezo-ceramics also generate 

some shear energy, although they are not designed for that purpose. Hence, shear wave 

arrival times were not determined from our data.  Using dedicated shear wave piezo-

ceramics allowing for an unambiguous determination of the shear wave velocity is possible 

and will be a focus for future apparatus development.  

Electrical excitation of the source transducer was made using square wave pulses generated 

by an Olympus 5077PR pulse generator, which can generate pulses up to 400 V at 

frequencies from 0.1 to 20 MHz.  Resulting waveform signals generated at the sensing 
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transducer were captured using an oscilloscope and averaged (stacked) 128 times at a pulse 

rate of 100 Hz to enhance the signal to noise ratio (SNR). Due to the compliant nature and 

acoustic impedance compatibility of the PEEK spacers, no additional coupling fluid was 

required in our new apparatus. 

 

4.4 Apparatus Design and Calibration 
4.4.1 Core holder 
A FCH series Core Labs NMR-compatible core holder was retrofit with custom built PEEK 

fluid distribution plugs and piezo-ceramics transducers (Figure 4.1). Connecting coaxial 

cables were run through the confining oil ports using Kelmon™ K-25 series high-pressure 

feed-throughs. A NMR-inert fluorocarbon oil (Fluorinert™ FC-70) was used as the confining 

medium, and was circulated in the annulus between the primary fluid sealing sleeve and a 

fluorinated ethylene propylene (FEP) heat shrink sleeve covering the rock core sample. 

Sealing O-rings made of chemically inert fluroelastomer (Kalrez®) capable of handling 

corrosive fluids like supercritical CO2 were used. The distribution plugs move freely with an 

O-ring seal on the injection lines, meaning that at elevated pressure the rock is subject to 

isotropic stress conditions. The range of operational conditions for the altered design was 

tested from ambient conditions to a confining pressure of 22 MPa at 45 °C.  

 

Figure 4.1. Top left - Commercially available NMR core holder comprised of; a) a primary 

pressure containment, b) a fluid sealing sleeve, and c) two PEEK fluid distribution plugs. 
Top right - Custom PEEK distribution plugs with ring-shaped piezo-ceramic transducers 

incorporated. Bottom left – Schematic of the assembled core holder. Bottom right – Custom-
designed distribution plugs involving a) a PEEK to steel pipe fitting union, b) a custom 
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piezo-ceramic transducer made of aluminium and PEEK, and c) a fluid distribution plug. The 

transducer’s electrical contacts rely on mechanical force only (pressure), with the design 
allowing for PEEK insulation and piezo-ceramic crystals with different dimensions (hence, 
resonant frequencies) to be interchanged. 

Electrically conductive components placed in or near NMR instrumentation usually result 

in residual eddy currents causing undue electrical noise in the recorded NMR data (Webb 

2016). Initially, when the assembled core holder was placed inside the NMR magnet 

borehole residual background noise on the order of 7-8 µV was observed. This level of 

background noise is approximately two orders of magnitude greater than when the core 

holder is not present. This noise level is commensurate with the NMR signal typically arising 

from a fully saturated rock core, making meaningful relaxation time measurements 

impossible without excessive signal averaging. A solution to this problem was obtained by 

earthing the coaxial lines connected to the ultrasonic transducers, and all metallic 

components of the core holder and associated injection lines to the base plate of the magnet, 

effectively reducing the RMS background noise to ~ 0.15 µV, which is only ~ 0.09µV greater 

than the background RMS noise of an empty magnet (i.e. without core holder). 

Consequently the NMR and ultrasonic measurements could be performed sequentially 

(with a switching time of less than 1 second) with no sample manipulation required 

ensuring that both measurements were performed at exactly the same stress-pressure-

temperature conditions for the same rock core sample.  

Another concern for NMR measurements was the potential distortion of the applied 

magnetic field (B0) by having the ultrasonic transducers in or near the homogeneous 

magnetic field region where the NMR signal is detected (the NMR field of view as shown in 

the apparatus schematic in Figure 4.1). In the apparatus configuration reported here, the 

ultrasonic transducers remain on the outer edges of the NMR field of view and did not 

significantly affect the homogeneity of B0 within this region (i.e., no change in the full width 

at half maximum (FWHM) of the NMR spectrum was observed).  This was not the case when 

the transducers were positioned within the NMR field of view, where severe distortions in 

the B0 field were observed.  Shorter rock cores than used here could be accommodated in 

this apparatus by simply extending the length of the PEEK distribution plugs, which would 

ensure that the transducers remained outside the NMR field of view. 

4.4.2 Piezo-ceramic Transducers 
The active piezo-ceramic components were made of lead zirconate titanate material that 

was well suited for sensing applications (larger piezoelectric constants and larger 
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electromechanical coupling factors). The characteristic ultrasonic frequencies generated by 

the piezo-ceramic transducers are defined by their resonant vibrational modes, which are 

determined by their piezo-elastic and geometric properties. The geometry of the ring-

shaped piezo-ceramics used here had dimensions of 19.0 mm OD, 12.0 mm ID and were 

2.5 mm thick.  The directionally-dependent wave velocities within the piezo-ceramic 

material as quoted by the manufacturer are 1500, 2040, and 1980 m/s for the planar, axial 

and radial modes, respectively. The first harmonic vibration modes for flexural motion (in 

and out of plane bending), and radial and axial contraction were calculated to have 

frequencies of 104, 429 and 816 kHz, respectively.  

These ceramics were housed in custom-built aluminium casings while PEEK was used as 

electrical insulation to shield terminal connections. The power spectrum of the assembled 

transducers was measured by placing two transducers in direct contact (face-to-face) and 

conducting a calibration pulse-transmission test. Single excitation square wave pulses at 

400 V with durations of 10, 1 and 0.1 µs at a repetition rate of 100 Hz were used, with the 

results shown in Figure 4.2a. The observed frequency response is a convolution of the 

multiple modes of vibration of the ring-shaped piezo-ceramics, repeated waves reflected at 

rock-PEEK-transducer interfaces and the body effects of the transducers’ casing. Despite 

this complexity, comparison to the first nodal vibrations calculated above were reasonable, 

with peaks at about 80 kHz, a broader band response around 400 kHz and a minor 

contribution at 830 kHz. When the length of the excitation pulse was increased from 0.1 to 

10 µs, the preference for exciting the lower frequency vibrational modes is shown by the 

increase in the peak at around 80 kHz in Figure 4.2b. 

 

Figure 4.2. a) Time domain signal and b) power spectrum of ring piezo-ceramic transducers 
in direct contact with one another. 

To account for contributions from the PEEK distribution plugs and aluminium casing to the 

total wave travel times, a calibration of the empty system in which the PEEK distribution 
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plugs were in direct contact (without rock specimen) was conducted. Measurements were 

taken at temperatures between 25 and 48 °C, and pressures between 1 and 22 MPa. A linear 

elastic response was observed and fitted with a two-parameter linear model in the form: 

𝐶𝐶𝑒𝑒 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐. The resultant fit had a correlation coefficient (R2) of 0.9938 and a Root Mean 

Square Error (RMSE) of 0.0125 µs. A list of coefficients with corresponding 95% confidence 

intervals are listed in Table 4.1. Pressure and temperature inputs to the model were made 

in Mpa and °C respectively, with the output in µs.   Using this calibration mode, the 

instrument’s inherent contribution to the ultrasonic travel times could then be subtracted 

from measurements carried out on actual rock cores.  

Table 4.1. Fitting parameters for P-wave PEEK distribution plug time of flight calibration 
model. 

Equation: f(p,T)= ap + bT + c 
 

Coefficient Value 95% confidence bounds 

a -0.00125 -0.001321 -0.001172 

b  0.01667 0.01606 0.01728 

c  15.8 15.78 15.82 

 

4.5 Results and Discussion 
4.5.1 Comparison Test 
Examples of ultrasonic waveforms acquired with the new NMR-Ultrasonic apparatus for a 

dry 11.5cm Berea sandstone sample and for increasing confining pressures up to 21 MPa 

are shown in Figure 4.3. The transmitted waveforms were digitised at a sampling rate of 

100 MHz with a sampling window of 10000 points. The SNR of the initial peak amplitude 

was typically greater than 1000. The excitation source was a 400 V single-pulsed square 

wave with a duration of 1 µs and a pulse repetition rate of 100 Hz.  
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Figure 4.3. For a dry Berea sandstone a) example of P-wave arrival time and b) response as 

a function of increasing effective stress. Clear P-wave arrivals are observed with excellent 
signal-to-noise ratio. Each waveform is typically the average of 128 repeated pulse-
transmissions tests at a given pressure condition. 

 
To evaluate the accuracy of P-wave velocities recorded in this new NMR-Ultrasonic 

apparatus, we conducted comparison measurements on the same rock sample using a well-

established Autonomous Triaxial Cell (ATC)(Dautriat et al., 2016; Delle Piane & Sarout, 

2016; Pimienta et al., 2017; Sarout et al., 2015). P-wave velocities were measured at 25°C 

with a stepwise increase in the confining pressure (3 MPa increments) up to 21 MPa, with 

repeated measurements at the same confining pressures during unloading.  The results of 

the comparison are shown in Figure 4.4 and agree remarkably well for both the loading and 

the unloading parts of the applied pressure cycle.  Increasing wave velocity in rocks with 

increasing pressure is expected (Mavko et al., 2009) and relates to the compaction of 

compliant porosity, grain boundaries and matrix defects leading to an increase in the 

stiffness of the rock frame. Note also that some amount of P-wave velocity hysteresis is 

observed between the loading and unloading parts of the pressure cycle, which is also a 

well-documented behaviour (Mavko et al., 2009). 
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Figure 4.4. Comparison of the P-wave velocity as a function of effective stress for dry Berea 

sandstone measured using the new NMR-Ultrasonic apparatus (closed squares,) and the 

well-established Autonomous Triaxial Cell (open circles). The error bars correspond to 
uncertainties in length and arrival time measurements and typically correspond to ~1% of 
the estimated P-wave velocity.  

4.5.2 Core Flooding Test 
To demonstrate the combined application of NMR and ultrasonic measurements using the 

new apparatus, a series of core flooding tests involving supercritical CO2 and brine were 

conducted on the Bentheimer sandstone rock core. The core was vacuumed for 12 hours 

before dead 3 wt% NaCl brine was injected to a pressure of 10 MPa. Following this, 10 pore 

volumes of ‘live’ CO2-saturated brine was injected through the core to achieve an initial 

100% brine saturated state. Prior to injection, the ‘live’ brine was exposed to Bentheimer 

sandstone for 12 hours to chemically equilibrate the solution, minimising the risk of mineral 

dissolution effects.  The temperature of all fluid pumps, vessels and the core holder were 

maintained at 40 °C throughout the core flooding experiment. Pressure at the outlet of the 

core was maintained at 10 MPa with a backpressure regulator. A series of 10 pore volume 

aliquots of supercritical CO2 were then injected at flow rates ranging between 20 and 40 

ml/min resulting in a number of different partial CO2-brine saturation states. Following this 

step several pore volumes of CO2-saturated brine were injected at 1 ml/min until a stable 

saturation was reached, with a portion of the pore space occupied by capillary trapped CO2. 

After each injection aliquot, NMR transverse relaxation (T2) times and ultrasonic P-wave 

travel time measurements were carried out. The acquisition and processing of the P-wave 

arrival times followed the same procedure as the effective stress test on the dry Berea 

sandstone. Changes in brine saturation were calculated from the decrease in NMR signal 

relative to the fully saturated state. 
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Figure 4.5. a) P-wave velocity in the Bentheimer sandstone at varying levels of supercritical 
CO2 saturation as determined by NMR signal intensity, b) examples of V/S ratio distributions 

(converted T2 time distributions) of brine-invaded pores at three particular saturation 
states, i.e., 100%, 79% and 43% brine saturation, and c) corresponding median V/S of the 

brine-invaded pores. Roman numerals indicate data pertaining to saturated (I.), after forced 
brine imbibition (II.), and after drainage by CO2(sc) injection (III.) respectfully.  

Figure 4.5 shows the change in P-wave velocity and corresponding change in T2 relaxation 

times with increasing fraction of supercritical CO2 content. In general terms, the reduction 

in T2 relaxation times is evidence of fluid displacement from pores with various surface-to-

volume ratios. However, it is worth noting that the interpretation relaxation times of 

partially saturated rocks reflect the S/V of remaining partially occupying a pore. In such 

cases, restricted diffusion effects, passive fluid/fluid boundaries and reduction in active 

pore surface in contact with the fluid mean that some partially saturated pores may also 

exhibit longer relaxation times than the corresponding fully saturated pore (Arns et al., 

2007). As the surface relaxivity of Bentheimer sandstone is well-known and quite consistent 

between samples, we have converted the T2 times to V/S ratios using a surface relaxivity 𝜌𝜌𝑠𝑠 

value of 9.5 µm/s (Washburn et al., 2017).   P-wave velocity was observed to decrease with 

increasing CO2 content as the effective pore fluid compressibility increased. To aid 

demonstration, we have included the Gassmann’s fluid substitution model which remains 

the most widely used model in the oil & gas industry for predicting P-wave velocity for 

variable pore fluid compressibility (Gassmann, 1951; Yan & Han, 2016).  The largest change 
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in velocity coincides with the preferential displacement of brine from the largest pores, as 

indicated by the decrease in signal from pores with a larger V/S ratio, and an increase in 

median relaxation rate (1/T2) (Figure 4.5). Furthermore, the change in the distributions of 

T2 times corresponds to the transition between a rock with pores fully saturated with water 

to one with pores partially occupied by water. Future work will focus on testing NMR 

determined petro-physical and pore scale saturation properties against the current 

understanding of how fluid impacts the ultrasonic wave properties in sedimentary rocks. 

 

4.6 Conclusion 
A novel design for an NMR compatible rock core holder is presented which allow for 

the combined measurement of P-wave velocity and NMR fluid responses of rocks at 

reservoir conditions. The P-wave velocities measured in this system for Berea sandstone at 

varied effective stress were compared to results from a well-established standard rock 

physics tri-axial test instrument and showed excellent agreement. Furthermore, pulse 

transmission velocity measurements of rocks at reservoir conditions are presented for 

which NMR has been utilised to quantify varied fluid saturation states. This was 

demonstrated using sequential NMR T2 time relaxation and P-wave velocity measurements 

on a Bentheimer sandstone that was both fully saturated and partially saturated with brine 

and supercritical CO2. By converting the T2 times to V/S ratios, these measurements allowed 

for the study of pore fluid effects on elastic wave propagation as a function of the relative 

changes in pore fluid displacement and residual occupation in the pore size population.  To 

the author’s best knowledge, this is the first example of NMR being used to monitor effects 

of saturation state whilst recording the P-wave velocity response of a rock at reservoir 

pressure and temperature conditions. Future work will include extending the application of 

NMR relaxation, diffusion-weighted and spatially-resolved measurements to further the 

understanding ultrasonic wave propagation in saturated and partially saturated rocks.  

Additional improvements to this instrument will include installation of transversely 

polarised piezo-ceramic transducers to include the ability to also quantitatively determine 

shear wave velocities.  
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Dielectric Polarization Studies in Partially 
Saturated Shales 
 

Foreword – The full text of this chapter has been published in the Journal of 

Geophysical Research: Solid Earth in 2019. It has been reformatted with minor 

amendments to fit the style and structure of this thesis.  

The work presented in this chapter utilises common NMR data analysis methods to 

improve the interpretation of broadband dielectric data allowing for a unique 

perspective on dielectric polarisation phenomena in partially saturated shales. The 

proposed mechanistic model of electro-diffusion polarisation processes opens the 

possibility of using these electrical measurement techniques to elucidate nanometer 

scale pore structure information in shales which is otherwise extremely difficult to 

measure. The aim of future work will be to integrate these methods with NMR 

measurements and apply them to study capillarity and penetration of CO2 into cap 

rocks (e.g. shales). 

 

5.1 Abstract 
Dielectric measurements of reservoir rocks are used to estimate important petro-physical 

properties such as water filled porosity and pore surface textures. However, complex 

dielectric polarisation processes that occur in rocks are strongly dependent on frequency, 

making physically meaningful interpretation of broadband dielectric data difficult. At high 

frequency (> 10MHz) dielectric permittivity primarily relates to the volume fractions of 

constituents (i.e. saturation, minerals), while at lower frequency (< 10 MHz) interpretation 

is complicated by interfacial polarisation, electro-diffusion phenomena and ohmic 

conduction. The ability to de-convolve these electrical processes is critical for interpreting 

petro-physical properties from broadband dielectric data. Here we demonstrate the 

application of Tikhonov regularisation methods to compute dielectric relaxation time 

distributions from broadband (40Hz to 110MHz) dielectric data for ten shale core samples 
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at varying partial saturation.  Furthermore, via the Kramers-Kronig relation, the 

contribution from in-phase conduction currents to the imaginary component of the 

dielectric response was quantified. The evolution of dielectric polarisation processes with 

increasing moisture content was analysed directly from changes in relaxation time 

distributions. It was found that the dominant polarisation mechanism, up to a critical partial 

saturation, occurred as surface polarisation within the electrical double layer (EDL). Above 

this critical partial saturation electro-diffusion mechanisms acting between the Stern and 

Diffuse layers resulted in a large low frequency response.  This work provides valuable 

insight into dielectric polarisation mechanisms in shales, and demonstrates such 

measurements are sensitive to EDL properties and electro-diffusion length scales that are 

potentially relevant to characterising pore-scale properties in shales.  

 

5.2 Introduction 
The complex broadband (Hz to GHz) dielectric response of moisture containing rocks arises 

from a range of polarisation processes related to individual molecules, interfacial charge 

phenomena and electrochemical potentials (Knight et al., 2010; Lesmes & Morgan, 2001). 

Several authors have highlighted the potential of using electrical relaxation times to extract 

important hydraulic properties of rocks such as permeability (Titov et al. 2010; Revil & 

Florsch 2010), textural properties of pore surfaces (Kenyon, 1984) and pore body and 

throat sizes (Osterman et al., 2016; Revil, 2013). However, despite many experimental 

studies (e.g. Swanson et al., 2015) and theoretical considerations (e.g. Leroy et al., 2008; 

Leroy et al., 2017a; Leroy et al., 2017b), a complete model for broadband dielectric 

polarisation in permeable rocks is still yet to be realised (Binley et al., 2010). 

 There are two general modelling approaches used to describe broadband dielectric 

dispersion data for heterogeneous systems. The most widely used are Cole-Cole type 

models (Cole & Cole, 1941; Davidson & Cole, 1951; Havriliak & Negami, 1966) that 

implement empirical fitting parameters to broaden or skew the well-known Debye model  

for a single dipole (Debye, 1912). These models are powerful in their simplicity, but require 

a priori assumptions regarding which model (e.g. Cole-Cole, Cole-Davidson, Havrilak-

Negami etc.), the number of models (e.g. number of representative dipole polarisation 

processes) (Loewer et al., 2017) and their relative contributions in domains where multiple 

overlapping models have been applied. Alternatively, broadband dielectric dispersion data 

can be modelled using a continuous distribution of relaxation times reflecting a distribution 

of  individual Debye-like polarisation events (Morgan & Lesmes, 1994; Schäfer et al., 1996; 
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Usmanov, 1990). Critically, this method does not require a priori information like Cole-Cole 

type models and the resultant relaxation time distributions can be analysed directly in 

terms of unique dipolar polarisation events. Very few examples of fitting dielectric 

relaxation time distributions to data pertaining to geological material can be found in the 

literature; the few examples have largely been limited to time domain (induced 

polarisation) measurements (Nordsiek & Weller, 2008; Tarasov & Titov, 2007; Tong et al., 

2006) while examples for frequency domain data were not found. For reference, time 

domain (TD) techniques measure the voltage across a sample due to the application of a 

step current, while frequency domain (FD) methods measure the ability of a sample to pass 

sinusoidal current. 

Here we demonstrate the successful application of Tikhonov regularisation methods which 

are commonly used in the analysis of NMR data, to compute continuous distributions of 

dielectric relaxation times directly from broadband (40 Hz – 110 MHz) frequency domain 

data for ten shale rock samples. The evolution of dielectric relaxation distributions was 

studied as a function of water content, with measurements of 6 incremental saturation 

states ranging from dry to fully saturated. Analysis of the relaxation time distributions 

obtained as moisture content increased reveals new insights into the consequent changes 

in electrical double layer (EDL) polarisation. Furthermore, we quantify the contribution of 

in-phase conduction currents by using inverted relaxation time distribution models and the 

Kramers-Kronig relation to link the solutions obtained for the real and imaginary 

components of the dielectric permittivity.  

 

5.3 Background and Theory 
5.3.1 Effective Electrical Parameters 

In an applied electrical field (𝜏𝜏�⃗ ), the effective current density (𝐽𝐽𝐸𝐸���⃗ ) of a homogenous material 

is composed of two parts: conduction currents (𝐽𝐽𝐶𝐶���⃗ ) and displacement currents (𝐽𝐽𝐷𝐷���⃗ ), 

𝐽𝐽𝐸𝐸���⃗ = 𝐽𝐽𝐶𝐶���⃗ + 𝐽𝐽𝐷𝐷���⃗ (5.1) 

where, 

𝐽𝐽𝐶𝐶���⃗ = 𝜎𝜎𝜏𝜏�⃗ (5.2) 

and, 

𝐽𝐽𝐷𝐷���⃗ = 𝜀𝜀
𝜕𝜕𝜏𝜏�⃗
𝜕𝜕𝑡𝑡

 . (5.3) 
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Here 𝜎𝜎 is the electrical conductivity and 𝜀𝜀 the dielectric permittivity (Wagner et al., 2011). 

Conduction currents are defined as an ordered translation of free charge, which for rocks 

corresponds primarily to the translation of charge-carrying ions present in fluids within the 

pore space. The magnitude of conduction is related to the electronic charge, concentration 

and drift velocity (Fuller & Ward, 1970; Revil & Glover, 1997) of the mobile charges being 

translated. Displacement currents broadly relate to the time dependent polarisation 

processes of charges (Fuller & Ward, 1970), which can occur from an atomic scale to macro 

assemblages of molecules. The extent of electrical polarisation is related to the density of 

effective dipoles, their polarizability and mobility.  

In a time varying electrical field (𝜏𝜏�⃗ ) with angular frequency 𝜔𝜔 = 2𝜋𝜋𝑓𝑓, the relationship 

between the complex frequency dependence of conductivity and displacement currents can 

be derived from Maxwell’s equations (Fuller & Ward, 1970; N. Wagner et al., 2011), 

𝐽𝐽𝐸𝐸���⃗ (𝜔𝜔) = 𝜎𝜎∗(𝜔𝜔)𝜏𝜏�⃗ =  𝜀𝜀∗(𝜔𝜔)
𝜕𝜕𝜏𝜏�⃗
𝜕𝜕𝑡𝑡

(5.4) 

where 

𝜀𝜀(𝜔𝜔)
∗ = �𝜀𝜀(𝜔𝜔)

′ +
𝜎𝜎(𝜔𝜔)

"

𝜔𝜔𝜀𝜀0
� − 𝑖𝑖 �𝜀𝜀(𝜔𝜔)

" +
𝜎𝜎(𝜔𝜔)

′

𝜔𝜔𝜀𝜀0
� (5.5) 

and 

𝜎𝜎(𝜔𝜔)
∗ = �𝜎𝜎(𝜔𝜔)

′ + 𝜀𝜀(𝜔𝜔)
" 𝜔𝜔� + 𝑖𝑖�𝜎𝜎(𝜔𝜔)

" + 𝜀𝜀(𝜔𝜔)
′ 𝜔𝜔�. (5.6) 

The imaginary permittivity (𝜀𝜀(𝜔𝜔)
" ) and real conductivity (𝜎𝜎(𝜔𝜔)

′ ) relate to the in-phase current 

density components, respectively, while real permittivity (𝜀𝜀(𝜔𝜔)
′ ) and imaginary conductivity 

(𝜎𝜎(𝜔𝜔)
" ) components are those occurring in quadrature (i.e. with a phase shift of 90 degrees). 

Formulating in terms of these fundamental electrical properties highlights that measured 

quantities in the laboratory are effective electrical parameters (𝜎𝜎∗(𝜔𝜔) and 𝜀𝜀∗(𝜔𝜔)) that 

reflect composites of complex conduction and polarisation processes. It is also useful to 

normalise 𝜀𝜀∗(𝜔𝜔) by the dielectric permittivity of free space 𝜀𝜀0 and report the relative 

permittivities 𝜀𝜀𝑟𝑟 = 𝜀𝜀∗/𝜀𝜀0. The sign convention adopted in eq. 5.5 and 5.6 are those given by 

Ward and Hohmann (1988) and ensure that the effective parameters will be positive values 

(Knight & Endres, 2005). However, other valid notations appear in the literature (Fuller & 

Ward, 1970; De Lima & Sharma, 1992). 
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5.3.2 Maxwell-Wagner and Surface Polarisation Models 
Dielectric dispersion observed in moisture containing rocks arises from several polarisation 

mechanisms of effective dipoles that vary in mobility and size. At high electric field 

frequencies (>1 GHz) only small mobile dipoles, which typically correspond to individual 

molecules, and atomic and ionic structures can be polarised. As frequency is reduced, less 

mobile and larger effective dipoles related to restricted molecules, assemblages of 

molecules, and surface effects start contributing to the measured displacement current, as 

do electro-diffusion processes. Numerous models have been developed to describe 

electrical processes in rocks, which can be broadly divided into those derived from bulk 

properties (Bruggeman, 1935; Hanai, 1962; Maxwell, 1891; Sillars, 1937; Wagner, 1924) 

and those that incorporate surface related mechanisms (i.e. conduction and polarisation of 

surface charges) ( Knight et al., 2010; O’Konski, 1960; Leroy et al., 2008; Leroy et al., 2017a; 

Leroy et al., 2017b; Schwarz, 1962).  

For composite dielectrics, seminal work by Maxwell (1891) derived a model for the 

dielectric permittivity and conductivity of a two layer dielectric by considering its response 

in terms of an equivalent circuit containing a resistance and capacitance in series with 

values set by bulk dielectric properties of both phases. This was extended to describe a 

dilute suspension of spheres by Wagner (1924).  Bruggeman (1935) extended this work 

further by deriving a self-consistent differential model for 𝜀𝜀′𝑚𝑚𝑖𝑖𝑚𝑚 in an attempt to account for 

interactions between inclusions. Hanai (1962) built upon Bruggeman’s work by deriving 

models for the complex dielectric permittivity (ε*), which are applicable to concentrated 

suspensions of spheres. The underlying basis for these models is that bulk dielectric 

properties of individual phases can be combined using mixing rules and some geometrical 

considerations to calculate the effective electrical properties of a composite. These models, 

however, do not consider the distribution of dielectric phases and they also treat the 

interface between phases as inert. Experimentally, Maxwell-Wagner-Bruggeman-Hanai 

(MWBH) theories have been shown to successfully describe experimental results well for 

most moisture containing rocks at frequencies above 10 MHz. However, at frequencies 

lower than this, contributions from surface processes to conduction and displacement 

currents can be much stronger than those accounted for by bulk effect models alone 

(Chelidze & Guéguen, 1999).  

The interaction of an electrolyte and a charged surface leads to the adsorption and 

complexation of counterbalancing ions at the interface forming an electrical double layer 

(EDL). It is the presence and nature of EDL’s that strongly controls the extent of surface 

polarisation and conduction effects in clay rich rocks. The structure of an EDL is described 
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as a layer of adsorbed counter-ions known as the Stern layer, which can be adsorbed as 

inner-sphere or outer-sphere surface complexes (Hiemstra & Van Riemsdijk, 2006). 

Extending outward to the bulk electrolyte phase, for charged materials in dilute aqueous 

electrolytes exhibiting a high surface electrical potential such as clay montmorillonite in 

contact with 1 mM NaCl, a diffuse layer of counter-ions exists in considerably higher than 

co-ions concentration compared to the bulk electrolyte (Leroy et al., 2015). 

O’Konski (1960) considered polarisation of charge carriers within an EDL moving 

tangentially along the surface of a spherical particle with radius a. In this approach, the 

surface conductivity (σs) is considered to account for the mobility of charges in the EDL and 

displacement normal to the surface is not permitted. The relaxation time (τs) for 

establishing polarisation was hence derived, 

𝜏𝜏𝑠𝑠 =
𝐶𝐶(𝜀𝜀2 + 2𝜀𝜀1)

8𝜋𝜋𝜎𝜎𝑠𝑠
(5.7) 

where ε1 and ε2 are the dielectric permittivities in the low frequency limit corresponding to 

the electrolyte and particle respectively. Schwarz (1962) argued that O’Konski’s approach 

of expanding MWBH theory to include ohmic surface conductance around the particle was 

not enough to account for experimental observations, with dielectric permittivities many 

orders of magnitude higher than their constituents found for some composite materials.  

Instead, the relaxation time for polarisation in the EDL should be considered to be 

controlled by the diffusion of surface bound ions (Ds),  

𝜏𝜏𝑠𝑠 =
𝐶𝐶2

2𝜏𝜏𝑠𝑠
(5.8) 

Comparisons of these surface diffusion models to experiments with suspensions of 

polystyrene spheres in an electrolyte solution showed improved agreement (Schwarz, 

1962). However, these models do not account for interaction between the Stern and Diffuse 

layers and the diffusion of free ions in the Diffuse layer. Although applicable to a wide range 

of materials, these electrical layer models fail to capture the very large low frequency 

dielectric response observed at low frequency, for example, colloidal systems (Rosen et al., 

1993) and clay sand mixtures (Okay et al., 2014).  

These models were later improved to allow for counteracting diffusional fluxes of counter 

and co-ions which can arise in the presence of deformed EDL, with respect a electroneutral 

condition (Dukhin & Shilov, 1974; Fixman, 1980). The driving force for this flux is a result 

of electrochemical potentials that arise between the diffuse layer and the distorted charge 

distribution of the polarised Stern layer. These diffusive fluxes of ions occur out of phase 
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with the applied field and result in very large displacement currents. The characteristic 

relaxation times for these systems are also controlled by diffusion; however, in this case it 

is the bulk diffusion (𝜏𝜏) of counter and co-ions across a length scale l, which reflects the 

compositional front associated with the electrochemical potential, 

𝜏𝜏𝐷𝐷 =
𝑙𝑙2

2𝜏𝜏
(5.9) 

The exact dielectric polarisation mechanisms that occur in clay rich rocks are complex and 

likely to be a convolution of multiple different phenomena dependent on various length and 

time scales. Having a better fundamental understanding of the different polarisation 

process enables the interpretation of observed relaxation times in terms of various length 

scales. This in turn may lead to more accurate applications of dielectric relaxation time 

models to determine various key properties of rock samples that are otherwise difficult to 

determine (e.g.  pore surface textures, cation exchange capacity etc.).  

 

Figure 5.1. Conceptual schematic of EDL polarisation process occurring primarily in the 

stern layer with characteristic relaxation time 𝜏𝜏𝐸𝐸𝐷𝐷𝐸𝐸 . Tangential polarisation of counter-ions 
in the Stern layer results in deformed EDL, which in turn can result in diffusive fluxes (𝜏𝜏𝑖𝑖) 

of counterions to and from the diffuse layer. If concentration gradients of ionic species are 
sufficiently sustain diffusional exchange with bulk phase ions may also contribute to the 

measured response. 

5.3.3 Dielectric Relaxation Time Models  
For a single dipole, the frequency dependent complex dielectric permittivity, 𝜀𝜀(𝜔𝜔)

∗ ,  is given 

by the Debye model, 
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ε(ω)
∗ − ε∞ =  

Δε
1 + iωτ

(5.10) 

Here 𝜏𝜏 is the characteristic relaxation time, 𝜀𝜀∞ is dielectric permittivity at the high frequency 

limit and 𝛥𝛥𝜀𝜀 is the difference in permittivity between the high and low frequency limits. 

While the Debye model eloquently describes the response of a single dipole, heterogeneous 

rocks exhibit complex dielectric responses where multiple dipolar polarisation events occur 

at varied length scales. To better represent such ensemble of relaxation processes that occur 

in many complex dielectrics, the most widely used approach has been to empirically alter 

the exponential form of the Debye model by broadening (Cole & Cole, 1941) or by 

combining broadening with functional asymmetry (Havriliak & Negami, 1966). The 

Havriliak-Negami (HN) adaptation is one such model and takes the form, 

𝜀𝜀(𝜔𝜔)
∗ − 𝜀𝜀∞ =  

𝛥𝛥𝜀𝜀
(1 + (𝑖𝑖𝜔𝜔𝜏𝜏)𝛼𝛼)𝛽𝛽 , (5.11) 

where both 𝛼𝛼 and 𝛽𝛽 are empirical fitting parameters ranging between 0 and 1. Note that if 

𝛽𝛽 is set to 1 the HN equation reduces to the Cole-Cole equation (Cole & Cole, 1941), and if 𝛼𝛼 

is set to one it reduces to the Cole Davidson equation (Davidson & Cole, 1951). Although 

capable of fitting complex dielectric response data, the relationship of the values obtained 

for these empirical fitting parameters with physical processes is ambiguous.  

Alternatively, the complex dipolar polarisation processes occurring in rocks can be better 

described by a continuous distribution of Debye-like processes,  

𝜀𝜀(𝜔𝜔)
∗ − 𝜀𝜀∞

𝛥𝛥𝜀𝜀 = �
𝑙𝑙(𝜏𝜏)

1 + 𝑖𝑖𝜔𝜔𝜏𝜏 𝑑𝑑𝜏𝜏,

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚

𝜏𝜏𝑚𝑚𝑖𝑖𝑚𝑚

 (5.12) 

where 𝑙𝑙(𝜏𝜏) represents the probability distribution of characteristic relaxation times. 

Analysis of the dielectric response data using this form provides distinct benefits over 

parametrised methods as the various polarisation mechanisms can be analysed directly as 

distributions of characteristic relaxation times. Numerically, however, this analysis is more 

difficult as the solution to Equation 12 is ill-conditioned (i.e., many of the solutions for 𝑙𝑙(𝜏𝜏) 

are linearly dependent and noise in the signal can disproportionately impact the solution). 

One way to overcome the numerical problems associated with the ill-conditioned nature of 

the integral equation is through the use of regularisation methods, as developed for example 

by Tikhonov (Tikhonov, 1963). Regularisation methods have been applied for the analysis 

of dielectric materials (e.g. Usmanov, 1990), with good demonstrations exhibited for 

microporous glass for example (Schäfer et al., 1996).  However, examples of regularisation 

being applied to time domain (TD) data of rocks (Tarasov & Titov, 2007; Titov et al., 2010) 
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are sparse and limited in the range of relaxation processes observed. Furthermore, 

examples of analysis of frequency domain (FD) data for rocks have been limited to simple 

least squares fitting (Morgan & Lesmes, 1994) and transforming FD data to TD (Nordsiek & 

Weller, 2008) with limited success.  

 

5.4 Methods 
5.4.1 Samples 
This study focused on ten shale samples obtained at different depths from the same well in 

the Permian basin in Texas, U.S.A.; in their native state they contained both oil and gas. After 

acquisition from the well the samples were air dried, and thus still contained remnant 

formation salt. The porosity of the samples, as measured by water immersion porosimetry 

(Kuila et al., 2014) ranged between 2% and 8% and had clay contents which ranged 

between 9  and 32% by volume. Dielectric measurements were made on thin discs which 

were 8 mm thick and 25.4 mm in diameter. The flat surfaces of the shale samples were cut 

with a tolerance of ±0.08 mm. 

5.4.2 Saturation Protocol  
First, the as received samples were left in different RH environments allowing them to reach 

several different partial saturation states. Specifically, the samples were exposed to RH 

conditions at (23 ± 1) ˚C of 99%, 75%, 43% and 23% generated by placing saturated salt 

solutions of potassium sulfate, sodium chloride, potassium carbonate and potassium 

acetate, respectively, into temperature-controlled glass desiccators (Greenspan, 1977). The 

shale samples were removed periodically for weighing and equilibrium saturation was 

determined when the mass had stabilised to within ± 0.0005 g; this process typically took 

6 weeks. The effect of exposing the shale samples to different RH environments was to 

hydrate or dehydrate them through the addition or removal of H2O vapour, which 

effectively dilutes or concentrates any electrolytes in the pore space.  

Following this, the samples were placed under vacuum for 48 hrs and then pressure 

saturated (150 bar) with a 1% NaCl solution for a further 48 hrs. Finally, the samples were 

dried in a vacuum oven at 105˚C for 3 weeks. Electrical measurements are sensitive to 

temperature, hence it was necessary for the samples to be at room temperature before ‘dry’ 

measurements were made. To achieve this cooling the samples were set in a desiccator with 

an RH of 11% for 20 minutes just prior to being measured.  
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5.4.3 Dielectric Measurements 
Dry rocks are mostly good insulators and exhibit a flat dielectric response across a broad 

range of frequency. Rocks saturated with even a small fraction of conducting pore fluid 

exhibit both conductive and dielectric behaviours, which are markedly dependent on 

frequency. When the effective electrical parameters are measured, if the electrodes are in 

direct contact with the conducting pore fluid saturating the rock, ohmic conduction 

dominates the electrical response at frequencies less than 100 kHz. Furthermore, the effects 

of electrode polarisation can adversely affect measurements (Jonscher, 1977). In this work, 

we are primarily concerned with dielectric polarisation. To minimise the effects of ohmic 

conduction and electrode polarisation we have made measurements with a regenerated 

cellulose sheet that acted as a blocking film in place between the sample and electrodes 

(Josh et al., 2016). The ratio of the cellulose film to sample thickness was ~ 0.0025-0.005 

which is expected to have negligible contribution to the measured permittivity (Richert, 

2009) besides reducing direct ohmic conduction and electrode polarisation. Repeat 

measurements were made without the blocking film in place to record the equivalent 

conductivity with the influence of ohmic conduction included.  

At each partial saturation state, capacitance and resistance measurements were made using 

the three terminal parallel plate method, which includes the addition of a guarding 

electrode that minimises stray edge effects (Figure 5.2). Samples were placed in between 

the two platens (20 mm sensing diameter) with a small compression force applied using a 

manual hydraulic pump to ensure a firm surface contact. The dielectric measurement cell 

was connected to an Agilent 4294A impedance analyser which has a basic impedance 

accuracy of ±0.08% over the measurement range. The conductance and resistance was 

measured for 201 frequencies logarithmically spaced between 40 Hz to 110 MHz. Parasitic 

capacitance contributions associated with the transmission lines and terminals were 

subtracted from the experimental data by conducting calibration measurements at the 

beginning of each experimental run. After each measurement the samples were rotated 

180° and a repeat measurement was made, with the average of the two measurements 

reported here.  

For a parallel plate arrangement, the real and imaginary relative dielectric permittivity are 

calculated from the measured capacitance (𝐶𝐶𝑝𝑝) and resistance (𝑅𝑅𝑝𝑝) by, 

𝜀𝜀𝑟𝑟
′ =

𝐶𝐶𝑝𝑝𝑑𝑑
𝜀𝜀0𝐴𝐴

, (5.13) 

and 
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𝜀𝜀𝑟𝑟
" =

𝑑𝑑
2𝜋𝜋𝜔𝜔𝜀𝜀0𝑅𝑅𝑝𝑝𝐴𝐴

, (5.14) 

where 

𝜎𝜎 =  
𝑑𝑑

𝑅𝑅𝑝𝑝𝐴𝐴
, (5.15) 

𝑑𝑑 is the distance between the two electrode plates, 𝐴𝐴 is the cross sectional area of the 

guarded electrode, and 𝜎𝜎 is equivalent conductivity.  

 

Figure 5.2. Conventional three-electrode dielectric cell (figure adapted from (Josh, 2017)). 

Depicted are (a) external circuit diagram, (b) Schematic of electrical field in sensitive 
region. 

5.4.4 Relaxation Time Distributions 
To solve for 𝑙𝑙(𝜏𝜏) from logarithmically spaced data we first introduce the following 

normalization condition,  

� 𝑙𝑙(𝜏𝜏)𝑑𝑑(ln 𝜏𝜏)
𝜏𝜏𝑚𝑚𝑖𝑖𝑚𝑚

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚

= 1 (5.16) 

Then the measured real and imaginary components of the dielectric permittivity can be 

represented by a calculation based on a specified 𝑙𝑙(𝜏𝜏) 

𝜀𝜀(𝜔𝜔)
′ = 𝜀𝜀∞ + (𝛥𝛥𝜀𝜀) �

𝑙𝑙(𝜏𝜏)
1 + 𝜔𝜔2𝜏𝜏2 𝑑𝑑(𝑙𝑙𝑛𝑛𝜏𝜏)

𝜏𝜏𝑚𝑚𝑖𝑖𝑚𝑚

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚

(5.17) 

𝜀𝜀(𝜔𝜔)
" = (𝛥𝛥𝜀𝜀) �

𝑙𝑙(𝜏𝜏)𝜔𝜔𝜏𝜏
1 + 𝜔𝜔2𝜏𝜏2 𝑑𝑑(𝑙𝑙𝑛𝑛𝜏𝜏)

𝜏𝜏𝑚𝑚𝑖𝑖𝑚𝑚

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚

(5.18) 

This more mathematically complex representation is a Fredholm integral of the first kind. 

The task then becomes to solve the inverse problem to determine 𝑙𝑙(𝜏𝜏) from the measured 

complex dielectric permittivity. Regularisation methods, such as minimizing the residual 

norm, can be used to solve these Fredholm integrals for approximate solutions but discrete 

noisy signals can lead to unrealistic, highly oscillatory solutions. A well-established method 
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for generating robust solutions for noisy data is Tikhonov regularisation (Tikhonov, 1963) 

where the minimisation quantity, H, is defined as (Kim & Kim, 1998), 

𝐻𝐻(𝛼𝛼) = ��𝜀𝜀𝑗𝑗
𝑒𝑒𝑚𝑚𝑝𝑝 − 𝜀𝜀𝑗𝑗

𝑒𝑒𝑠𝑠𝑡𝑡�
2

+ 𝛼𝛼‖𝑙𝑙(𝜏𝜏)‖
𝑗𝑗

(5.19) 

where 𝜀𝜀𝑗𝑗
𝑒𝑒𝑚𝑚𝑝𝑝 are the experimental data, 𝜀𝜀𝑗𝑗

𝑒𝑒𝑠𝑠𝑡𝑡  is the estimated solution and 𝛼𝛼‖𝑙𝑙(𝜏𝜏)‖ is the 

penalty term which balances the impact of noise to the fidelity of the final answer. The 

summation extends over both the real and imaginary components (i.e. contains 2N elements 

where N is the number of frequencies at which 𝜀𝜀𝑗𝑗
𝑒𝑒𝑚𝑚𝑝𝑝 were measured). In our implementation 

the penalty term is proportional to the second derivative of 𝑙𝑙(𝜏𝜏) with respect to (ln 𝜏𝜏), 

‖𝑙𝑙(𝜏𝜏)‖ = � [𝑙𝑙"(𝜏𝜏)]2𝑑𝑑(ln 𝜏𝜏)
0

𝐷𝐷
(5.20) 

The magnitude of the penalty term is governed by the smoothing coefficient 𝛼𝛼. Translating 

this to matrix form we get, 

𝐻𝐻(𝒈𝒈, 𝛼𝛼) = |𝑹𝑹𝒈𝒈 − 𝒔𝒔|2 + 𝛼𝛼‖𝑳𝑳𝒈𝒈‖ (5.21) 

𝑹𝑹 is the transfer matrix (the discrete complex combination of Equations 5.17 and 5.18), 𝒈𝒈 

is the discrete probability distribution vector of dielectric relaxation times, 𝒔𝒔 is the 

measured signal (complex combination of Equations 5.13 and 5.14), and ‖𝑳𝑳𝒈𝒈‖ is the 

discrete penalty term as detailed in Equation 20 with L the second derivative operator.  

Equation 5.21 is solved to render 𝒈𝒈 as the solution distribution.   

The selection of the smoothing parameter, α, is an important step. If the magnitude of 

penalty function is too small then the solution appears under-regularised resulting in a 

highly oscillatory and generally unphysical 𝒈𝒈 distribution. Conversely, if the penalty 

function is too large, then not enough weight is given to the exact analytical solution 

resulting in very broad, under-defined 𝒈𝒈 distribution (Connolly et al., 2017). To select the 

alpha value we have used the automated method of generalized cross validation (GCV), 

which is described in detail elsewhere (Hollingsworth & Johns, 2003; Wahba, 1977; Wilson, 

1992). The basis of the GCV method is to sequentially remove data from 𝒔𝒔 and determine 

which value of 𝛼𝛼 for the regularised solution best predicts the omitted data. Scores are 

assigned to a defined range of 𝛼𝛼 values, with the 𝜶𝜶 that minimizes the GCV score being 

selected as the optimal smoothing parameter.  

The aforementioned regularisation process was coded in MATLAB (© 1994-2018 The 

MathWorks Inc.) and used for all subsequent analyses. The minimisation of 𝐻𝐻(𝒈𝒈, 𝛼𝛼) was 
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solved for 201 logarithmically spaced relaxation times (𝒈𝒈) bound by the maximum and 

minimum experimental frequencies (𝑓𝑓= 40 – 1x108 Hz, where 𝜏𝜏 = 1 2𝜋𝜋𝑓𝑓)⁄ , while a vector 

of 40 𝛼𝛼 values logarithmically spaced between 10-1 and 103 was deployed. Example of a 

typical GCV plot for a shale at the 6 saturation state measured is shown in Figure 5.3. 

 

Figure 5.3. Example smoothing parameter selection from GCV score. Black diamonds 
indicate optimum α.  

5.5 Results and Discussion  
 5.5.1 Experimental Results  
For the ten shale samples studied, changes in complex dielectric response observed with 

varying sample saturation were consistent across the sample set. Figure 5.4 shows sample 

experimental data for the real and imaginary relative permittivity of one of the shale 

samples at the six moisture saturation conditions measured. In the dry state, the real part 

of the dielectric response was relatively flat with minimal dispersion, ranging from about 7 

at 100 MHz to about 10 at 40 Hz. At the first RH condition (23%), at frequencies < 10 MHz, 

the real part of the dielectric response rapidly increased to several hundred as frequency 

decreased to ~1 KHz, where a low frequency plateau was observed.  In the high frequency 

range (10-100 MHz) the real part of the dielectric response began to converge toward a 

plateau. With increasing saturation the plateau in the low frequency region remained fairly 

constant, until at a critical saturation (typically occurring for samples exposed to greater 

than RH 75-99%) the real part of the dielectric response began to increase again at 

frequencies around 1 kHz and lower. At full saturation this effect was greatest, with some 

real relative permittivity values at 40 Hz reaching several tens of thousands for some 

samples. This low frequency transition to higher real permittivity as moisture content 

increased was coupled with a sharp increase in the imaginary component of the permittivity 

at sub-kHz frequencies. These variations in the permittivity responses are consistent with 
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a system transitioning from purely dipolar polarisation to a combination of dipolar and 

charge carrier polarisation processes (Jonscher, 1977).  

  

Figure 5.4. Sample real (left) and imaginary (right) relative dielectric permittivity 
corresponding to one of the shale samples. This was measured using blocking film to 
minimise ohmic conduction and electrode polarization effects. 

5.5.2 Data Analysis 
The regularisation procedure produced good fits to the real and imaginary components of 

the measured dielectric response over the entire frequency range and was stable in the 

presence of experimental noise. An example of a typical fit and corresponding relaxation 

time distribution is shown in Figure 5.5 for a shale sample at 43% RH. The root mean square 

error normalised by Δε (e.g. RMSE/Δε) for 𝜀𝜀(𝜔𝜔)
′  and 𝜀𝜀(𝜔𝜔)

"  was 0.05% and 0.06%, respectively. 

Fitting a model relating a distribution of dipolar relaxation times in this way has the 

advantage of identifying, quantifying the magnitude and linking relaxation times to physical 

polarisation mechanisms to the measured dielectric permittivity. The alternative approach 

would be to conduct parametric fits of several Debye, Cole-Cole or Havirialak-Negami 

(Loewer et al., 2017) functions, which would require a priori assumptions about the choice 

of model and the number of functions to fit.  
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Figure 5.5. Measured dielectric response of a Shale sample at 43% RH and model fit for the 

distribution of dielectric relaxation times (left), and corresponding distribution of 
relaxation times (right). 

5.5.3 Conduction Currents  
At low frequencies, charge carriers have sufficient time to track the oscillating field resulting 

in a dominant conduction current. Conversely, at high frequency, the ability for charge 

carriers to follow the field diminishes and displacement currents dominate (Fuller & Ward, 

1970; Jonscher, 1977).  To examine the extent to which conduction affects the observed 

dielectric response at low frequencies, we extend equations 5.17 and 5.18 and account for 

conduction in the measured dielectric permittivity: 

𝜀𝜀(𝜔𝜔)
′ =

𝜎𝜎(𝜔𝜔)
"

𝜔𝜔𝜀𝜀0
+ 𝜀𝜀∞ + (𝛥𝛥𝜀𝜀) �

𝑙𝑙(𝜏𝜏)
1 + 𝜔𝜔2𝜏𝜏2 𝑑𝑑(𝑙𝑙𝑛𝑛𝜏𝜏)

𝜏𝜏𝑚𝑚𝑖𝑖𝑚𝑚

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚

(5.22) 

 

𝜀𝜀(𝜔𝜔)
" =

𝜎𝜎(𝜔𝜔)
′

𝜔𝜔𝜀𝜀0
+ (𝛥𝛥𝜀𝜀) �

𝑙𝑙(𝜏𝜏)𝜔𝜔𝜏𝜏
1 + 𝜔𝜔2𝜏𝜏2 𝑑𝑑(𝑙𝑙𝑛𝑛𝜏𝜏)

𝜏𝜏𝑚𝑚𝑖𝑖𝑚𝑚

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚

(5.23) 

Using the regularisation steps previously outlined, we obtain a solution of 𝑙𝑙(𝜏𝜏) against the 

capacitance data (i.e. 𝜀𝜀(𝜔𝜔)
′  only) using equation 5.17. Then, via the Kramers-Kronig relation, 

we generate the model solution for the imaginary component (e.g. equation 5.18) of the 

permittivity using the approximate 𝑙𝑙(𝜏𝜏) solution derived from on the real part of the 

permittivity data . This model solution, 𝜀𝜀(𝜔𝜔)
′′ (𝐾𝐾𝐾𝐾), is then compared against the measured 

values for the imaginary permittivity (i.e. 𝜀𝜀(𝜔𝜔)
" ). Assuming 𝜎𝜎(𝜔𝜔)

′ ≫ 𝜎𝜎(𝜔𝜔)
" , which to a first order 

approximation should be true at frequencies < 1 MHz , then the differences between 𝜀𝜀(𝜔𝜔)
′′ (𝐾𝐾𝐾𝐾) 

and the experimental data will be related to in phase conduction current. This assumption 

is based on the fact that mathematically, 𝜎𝜎(𝜔𝜔)
"  is an odd function and must go to zero at the 

origin, and on a physical and intuitive basis charge translation is better able to track the 

electric field at low frequencies (Fuller & Ward, 1970). Results for two shale samples that 

exhibit varying degrees of low frequency (< 10 kHz) polarisation are shown in Figure 5.6.  
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Figure 5.6. The regularised solutions fit only to the real component of the permittivity (top), 
corresponding imaginary component of the permittivity calculated from the resultant g(𝜏𝜏) 

and the KK relations, together with the experimental 𝜀𝜀(𝜔𝜔)
"  data (middle), and the values of 

σ’ extracted from the differences, plotted as function of frequency (bottom) for two different 

shale samples (left and right respectively). 

The increase in a sample’s moisture content driven by humidity produced negligible 

contributions to in-phase conductivity up to a RH of 43%. At higher values of RH, conduction 

increased at frequencies below a critical value which also increased with moisture content. 

Above RH 43%, the conduction magnitude was also largely independent of frequency. 

Comparison of the two shale samples indicates that the contribution of conduction to the 

dielectric response was significantly greater for one of them, with the critical frequency 

where conduction effects become resolvable occurring at a higher frequency and being 
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more sensitive to moisture content. We suspect the observed onset of conduction arises 

from mechanisms associated with counter diffusion currents between the Stern and Diffuse 

layers (P. Leroy & Revil, 2009; Okay et al., 2014). However, contribution of diffusion of ions 

between the bulk electrolyte and EDL, as well as electrode polarisation effects cannot be 

completely discounted. In this case, the electrochemical potential that results from a 

deformed EDL drives the mass diffusion of ions as the system moves to electro-neutrality 

(Shilov et al., 2000).  The magnitude of the conduction relates to the number of charge 

carriers, as well as the critical frequency associated with the electrostatic activation energy 

a charge carrier needs to overcome in order to exchange from the diffuse layer to the bulk. 

5.5.4 Characteristic Relaxation Times  
Sample dielectric relaxation time distributions calculated using Equation 5.21 for the same 

two shale samples reported in Figure 5.6  are shown in Figure 5.7. For the ‘dry state’ 

measurements, the dominant relaxation times were slow and on the order of 10-1 – 10-3 s 

with values of Δε ranging only from ~10-20. The origins this low frequency dispersion is 

likely related to concentrated ions in the EDL with retarded motion (Saint-Amant & 

Strangway, 1970) and small amounts of clay interlayer water (Vasilyeva et al., 2014).  

At the lowest RH condition (23%), the magnitude of Δε dramatically increased and the 

dominant relaxation time observed ranged from 10-3 – 10-4 s. Subsequent increases in 

moisture resulted in a downward shift of the dominant relaxation time, while the magnitude 

of Δε contribute by this polarisation process remained relatively constant. This observation 

is better described by the phenomenological model for EDL polarisation (Schurr, 1964; 

Schwarz, 1962) than by a MW-type polarisation. For example, the interfacial nature of MW 

effects and their restriction to the Stern layer means increases in water should not change 

the characteristic relaxation time as the charges are strongly bound by electrostatic forces. 

Furthermore, MW effects alone cannot account for the magnitude of the low frequency 

dielectric constants observed ( Knight & Endres, 1990; Lesmes & Morgan, 2001).  
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Figure 5.7. Evolution of dielectric relaxation time distributions after exposure to different 

RH environments for the same shale samples reported in Figure 5.6 (left and right 

respectively). Key domains with different dominant polarisation mechanisms are 
identified: Maxwell-Wagner (τMW), surface diffusion polarisation (τEDL) and electro-

diffusion between EDL layers (τD).  Arrows indicate trend with increasing saturation. Due 
to the difference magnitudes of Δε for the fully saturated, partially saturated and dry states 

they have been presented separately for clarity. 

In contrast, increased water vapour saturation will result in a decrease in charge 

concentration, which in turn will result in the expansion of diffuse part of the EDL (Bohn & 

Mcneal, 1983) and an increase in the counter-ion diffusivity (Bourg & Sposito, 2011). From 

numerical studies of the Debye-Falkenhagen dynamics, a decrease in charge density would 

result in an increased characteristic relaxation time (opposite to that observed) while an 

increased counter-ion diffusivity would reduce the apparent relaxation time (M. B. Singh & 

Kant, 2013). Hence, our experimental results suggest that the increased surface diffusion of 



Chapter 5 
 

87 
 

charge carriers in the EDL is the controlling factor in the observed shift in relaxation times 

between 10-3-10-6 s (τEDL) as RH is increased.  The relatively constant magnitude of Δε 

suggests that for relative humidities between 23% and 45%, suggests polarisation is 

constrained to surface diffusion processes in the Stern layer. 

Across all samples, at either RH 75% or 99%, there was a sharp increase in Δε that is related 

to a polarisation process with characteristic relaxation times ~10-2-10-1 s. Furthermore, at 

a fully saturated conditions this polarisation mechanism completely dominates (Figure 5.6 

bottom panel). This very large low frequency dielectric response is consistent with onset of 

a coupled electro-diffusional mechanism acting between the diffuse part of the EDL and the 

Stern layer, giving rise to large in-phase displacement currents and slow relaxation times 

(τD) (Chelidze & Guéguen, 1999).  

Figure 5.8 shows the change in dominant relaxation time peaks within the EDL region (10-

3 to 10-6 s) as a function of the mass of additional moisture for all ten samples. At some 

critical saturation, the characteristic relaxation time observed in this EDL region reached a 

minimum, coinciding with the onset of counteracting diffusion flux of ions associated with 

EDL polarisation as indicated by the appearance of a significant peak at 10-2 to 10-1 s. 

Definitive interpretation of this observation is complex, however, possible explanations 

include a) some kind of dilute limit for the diffusion of counter-ions in the diffuse layer has 

been reached, or b) that activation energy associated with diffusional exchange between the 

Stern and Diffuse layers has become less than the activation energy associated with the 

tangential movement of counter-ions in the EDL.  
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Figure 5.8. Change in dominant peak locations of EDL surface polarisation relaxation times 

with increasing moisture content. At a critical saturation the EDL relaxation time reaches a 
minimum and a new large peak emerges in the diffusive relaxation time region (not shown). 

Results have been presented in three graphs for clarity and were separated by which 

saturation [(a) 0.5-1.0%, (b) 1.0-1.5% and (c) 1.5-2.0%] the minimum EDL relaxation time 
was observed. 

5.6 Conclusions  
Dielectric relaxation time distributions were directly calculated from broadband (40 Hz to 

110 MHz) frequency domain (FD) dielectric response data for ten shales samples at six 

variable saturation states.  The evolution in the dielectric response with moisture content 

was driven by polarization processes restricted to the tangential diffusion of ions at the 

surface up to an apparent critical partial saturation. Thereafter, the polarisation was 

dominated by counteracting diffusional fluxes between the Stern and Diffuse layer.  Future 

work will extend the analysis such that the relaxation time analysis can be readily converted 

into diffusion lengths, hence allowing for microstructure quantification in these inherently 

complex structures. Furthermore, quantification of surface polarisation processes may also 

provide insight into pore surface properties and mineral contents (i.e. cation exchange 

capacity and clay content). 
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Conclusions and Future Work  
 

6.1 Consolidated Conclusions 
The main objective of this thesis was to develop robust and novel methodologies to quantify 

capillary trapping in reservoir rock cores using low field 1H NMR, and subsequently use 

these to study critical factors such as wettability and pore size effects on capillary trapping 

of CO2. Although NMR is uniquely sensitive to these key parameters, as well as reactive 

transport phenomena, there were very few examples of CO2 capillary trapping studies using 

NMR in the open published literature, and of those that exist they were limited to higher 

magnetic fields and lacked a comprehensive core flooding approach fields (Hussain et al., 

2011; Manceau et al., 2015; Prather et al., 2016). This thesis has successfully demonstrated 

the application of NMR to quantify capillary trapping of CO2 in rock cores at reservoir 

conditions and in doing so, has delivered valuable pore scale insight on ganglia behaviour. 

Furthermore, new experimental methods to study partially saturated, and by extension, 

capillary behaviour in rocks was developed.   

Initially, significant core flooding infrastructure was established and measurements were 

performed using a model N2/deionised water fluid pair.  The methods and justification for 

using T2 relaxation times to monitor capillary trapping were established, and experiments 

on three reservoir analogue sandstones was conducted. The amount of capillary trapping 

observed was consistent with other capillary trapping studies of sandstones and Land 

model predictive relationships were reported. Consistent with a water-wet system, water 

was preferentially displaced from larger pores while relatively little change was observed 

in the water occupying smaller pore spaces. The impact of cyclic wetting/non-wetting fluid 

injection was explored and indicated that such a regime increased non-wetting trapping 

efficiency by the sequential occupation of the most available larger pores by nitrogen.  

Replacement of nitrogen by CO2 revealed that dissolution of paramagnetic minerals from 

sandstone caused by exposure to carbonic acid, which reduced the in-situ bulk fluid T2 

relaxation time on a timescale comparable to our core flooding experiments. For the first 

time, the kinetics of mineral dissolution effects in sandstone caused by exposure of carbonic 

acid was measured using paramagnetic T2 relaxation enhancements as a proxy. These 

results were then used to establish a brine ageing protocol designed to minimize this 
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chemical effect on T2 time measurements, allowing for the well-known T2-pore size 

relationship to be applied to core flooding results involving CO2.    Comparison of T2 

distributions for partially CO2/brine and N2/H2O systems show an increased displacement 

of brine from small pores by CO2. Furthermore, results from cyclical brine/CO2 injections 

showed an increase in the total volume of residually trapped CO2 and an increase in trapping 

efficiency; compared to the results observed for N2/H2O, however, the improvement in 

trapping efficiency with cyclic injection was less pronounced. Observed differences were 

discussed in the context of effective N2 and CO2 wetting and was hypothesised to be related 

to a slightly more surface wetting characteristic for CO2.  

Overall, results confirmed that CO2 and N2 most likely act as non-wetting phases when 

injected into sandstone reservoirs, but exhibit slightly different wetting behaviours 

averaged over the core scale. We highlighted that sandstone, in the presences of carbonic 

acid, dissolution of paramagnetic ions from the rock matrix may occur on timescales 

relevant to core flooding experiments (i.e. minutes to hours) and the resultant relaxation 

enhancement should be carefully considered in NMR core flooding experiment involving 

CO2. Furthermore, improvement in the amount of capillary trapping via cyclical water 

alternating gas injection may be limited by the extent of how non-wetting a fluid is, however, 

further experimental work is needed to confirm this.  

In addition, a novel apparatus capable of measuring elastic wave propagation and NMR 

responses on rock cores in the same system at reservoir conditions was designed, 

constructed and validated. P-wave velocities measured in this system for Berea sandstone 

at varied effective stress were compared to results from a well-established standard rock 

physics tri-axial test instrument and showed excellent agreement. The development of such 

a system enables a wide range of possibilities to use NMR measured responses (e.g. signal 

intensity, relaxation, lineshape, diffusion etc.) to improve the current understanding of 

elastic wave propagation for saturated and partially saturated rocks. A particularly 

important application where such models are critical is the inversion of 4D seismic data to 

quantitatively monitor CO2 plume migration. Hence, demonstration of sequential NMR T2 

time relaxation and P-wave velocity measurements on a Bentheimer sandstone that was 

both fully saturated and partially saturated with brine and supercritical CO2 were made. To 

the author’s best knowledge, this is the first example of NMR being used to monitor effects 

of saturation state whilst recording the P-wave velocity response of a rock at reservoir 

pressure and temperature conditions in the same system. Furthermore, the ability to 

calibrate these measurement directly against in situ reservoir ultrasonic and NMR 
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measurements made by wireline logging tools may also offer a novel approach to improving 

well log interpretation. 

Finally, significant improvements to broadband dielectric data analysis methods for rock 

cores was made, and new insights into dielectric polarisation processes in shale presented. 

These novel observations and analysis workflows provide new opportunities to study pore 

scale partial saturation effects in tight rocks, including capillary trapping behaviour. 

Specifically, we demonstrated the application of Tikhonov regularisation methods to 

compute dielectric relaxation time distributions from broadband (40Hz to 110MHz) 

dielectric data for ten shale core samples at varying partial saturation. Evolution of 

dielectric polarisation processes with increasing moisture content was then analysed 

directly from changes in relaxation time distributions. It was found that the dominant 

polarisation mechanism, up to a critical partial saturation, occurred as surface polarisation 

within the electrical double layer (EDL). Above this critical partial saturation electro-

diffusion mechanisms acting between the Stern and Diffuse layers resulted in a large low 

frequency response. Via the Kramers-Kronig relation, the contribution from in-phase 

conduction currents to the imaginary component of the dielectric response was quantified, 

representing the first successful application of such an approach and presents a framework 

to study the transitional behaviour of conducting and insulating behaviours of rocks at 

different frequencies. The demonstration of Tikhonov regularisation analysis methods to 

compute distributions of electrical quantities (e.g. Debye relaxation times) has 

demonstrated a clear advantage of paramatised modelling approached (e.g. Cole-Cole type 

models) which require a priori information and is expected to gain traction in the 

geophysics community. 

 

6.2 Future Work 
Over the course of this PhD work significant experimental work was performed and novel 

methods were developed to study of capillarity in sedimentary rocks, the following sections 

outline suggestions for continuing and developing future research programs.  

6.2.1 Continuation of core flooding studies 
Subtle differences in drainage and imbibition behaviour of supercritical N2 and liquid CO2 

was observed using NMR. However, further experiments over a greater range of 

temperatures and pressures (i.e. supercritical CO2 conditions) are required to assess the 

extent of this behaviour and its implication to wider range of CCS conditions.  To achieve 

this, improvements to the core flooding system to enable better control of high temperature 
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conditions (e.g. injection lines and valves etc.) is required. A focus for future experiments 

should also be to assess the relationship of cyclical injection regimes to increase trapping 

efficiency and how this may be related to wettability.  The use of T2 relaxation time 

measurements was extensively covered in this thesis, however, an improved understanding 

of capillary trapping phenomena could be gained through the other NMR measurements, 

such as diffusion, multidimensional correlation and exchange, and spatially resolved 

measurements. Measurements requiring pulsed magnetic gradient fields would need to be 

conducted on a different NMR magnet than the one used in this study; this would require 

some adjustments to the current core flooding apparatus so it would be more transportable. 

Furthermore, additional data and studies over a broader range of lithology would enable 

predictive capillary trapping models utilising T2 relaxation information to be developed. 

Such models could be integrated with other rock hydraulic parameters, such as 

permeability and tortuosity, to improve the simplistic current initial/residual saturation 

based models that are currently used to predict the extent of capillary trapping.  

6.2.2 NMR measurements of CO2 rock interaction  
The work presented here has highlighted that NMR measurements are sensitive to carbonic 

acid induced mineral dissolution effects when paramagnetic ions are liberated. The kinetics 

and extent of CO2-rock interactions are of significant interest to the CCS community as they 

are important for both mineral trapping and reservoir integrity predictions. The use of T2 

time measurements as a proxy for mineral dissolution reactions offers a unique opportunity 

to explore kinetics of these processes in-situ on the core scale. There a several systems 

where such measurements, particularly spatially resolved measurements would be useful 

to study, such as; i) integrity of borehole concrete seals and tracking CO2 penetration, ii) 

whether such effects could be observed in shales and if so, applied to assessing CO2 

penetration in reservoir seals, and iii) combined measurements of mineral dissolution 

effects and elastic wave propagation in porous reservoir rocks to examine postulates of CO2 

induced rock frame weakening. 

6.2.3 NMR studies of fluid effects on elastic wave propagation in rocks  
To ensure the unambiguous determination of shear wave velocities which allows for the 

determination of both the bulk and shear modulus, installation of transversely polarised 

(shear wave generating) piezo-ceramic transducers should be installed. Following this, 

work will include extending the application of NMR relaxation, diffusion-weighted and 

spatially-resolved measurements to further the understanding ultrasonic wave 

propagation in saturated and partially saturated rocks. There are several key fluid 

saturation-velocity model classes that may benefit significantly from an NMR perspective in 
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regards to the distributions of different saturating phases, and include; squirt flow velocity 

dispersion,  partial saturation effects (e.g. patchy saturation), anisotropic velocity 

dispersion and fluid substitution models (e.g. Gassmann model). Many of these models 

make simple assumptions about the occupation of fluids in pores, the localised flow of pore 

fluids and wettability in partial and multiphase saturated system. The range of NMR 

experiments that can be deployed to study such effects is extensive, however, we make the 

following few suggestions;  

i) Identification and definition of the gas/oil boundary is critically important in 

oil/gas exploration and reserve predictions using seismic models. Partial 

saturation as well as viscosity and density effects of dissolved gas on oil are 

important in defining appropriate rock physics model to be used in the inversion 

of seismic data in such cases. To this end, D/T2 of partially oil and methane 

saturated rocks at different methane pressures would provide novel insight to 

the relationship of dissolved gas and oil viscosity effects on elastic wave 

propagation in reservoir rocks.  

ii) Future CO2 capillary trapping core flooding studies using the system and 

protocols presented in this thesis should also include systematic ultrasonic 

measurements. Relationships of pore size distributions and residual water 

occupation as a function of pore size should then be systematically compared to 

current effective medium models to see if systematic partial pore occupation 

effects exist.  

iii) A relatively contentious area of research, particularly for ultrasonic frequency 

measurements, are Biot dispersion and squirt flow theories which describe how 

pore fluids may move independently of the rock matrix undergoing elastic 

deformation, giving rise to wave velocity dispersion and attenuation. NMR 

propagator measurements are useful for analysis fluid dispersion under 

constant flow. Relating NMR resolved flow dispersion to ultrasonic velocity 

dispersion may provide unique experimental evidence for these theories.  

6.2.4 Dielectric relaxation time relationships to shale microstructure 
A robust method to model broadband dielectric dispersion data as a distribution of 

individual debye-like process with corresponding relaxation times in shales was 

established. The mechanistic interpretation framework for how relaxation time 

distributions evolved with increasing moisture content identified some critical electro-

diffusion processes. Future work will extend the analysis such that the relaxation time 

analysis can be readily converted into diffusion lengths, hence allowing for microstructure 
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quantification in these inherently complex structures. This can be achieve by more 

appropriate control over salinities and through the study of simple model systems with 

better defined pore structures. Once confirmed for a simple systems, then capillary trapping 

studies in shales should be undertaken. Residual wetting state saturations can be achieved 

via the relative humidity saturation techniques previously described, and imbibition 

induced spontaneously.  Furthermore, quantification of surface polarisation processes and 

their relationship to pore surface properties, mineral contents (i.e. cation exchange capacity 

and clay content) and hydraulic properties should be investigated.  
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