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ABSTRACT 

This thesis describes the development of synthetic rock samples, representative of core 

samples from hydrocarbon reservoirs. The basic process consists of screening and sorting 

silica particles into discrete grain sizes, and then binding them together using a proprietary 

process known as CIPS, (Calcite In-situ Precipitation System). In the bonding process, the 

porosity of the system is substantially preserved, and the technique allows the manufacture 

of synthetic core samples with a tailor-made permeability.  The produced samples were 

extensively characterised using a variety of analytic techniques to determine their porosity, 

permeability and pore size distribution. These analyses were a necessary pre-cursor to a 

major part of this thesis: the characterisation of the pore space by nuclear magnetic 

resonance (NMR) techniques. The synthetic core samples, covering a 7 times factor in 

grain sizes were examined using NMR, and this data formed the comparative basis for the 

NMR studies that followed. 

 

Two fundamental NMR questions were posed and answered in this thesis: 

1. What is the effect of paramagnetic ions in the rock matrix on the NMR 

response? 

In pursuit of this question the CIPS process was extended to include co-precipitation 

of paramagnetic ions. A key feature is that the ions were deposited in predictable 

amounts at known sites (on the wall of the pore space). The NMR response in these 

doped samples was measured and compared with the general predictions of NMR 

response in porous media. The NMR signal in this system was explicable in terms of 

this general theory. The advance made in this thesis, is that, with the concentration and 

location of the paramagnetic defined by the CIPS fabrication method, the way is now 

clear for a theoretical electromagnetic and proton spin theory to be developed and 
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applied to this situation, ultimately leading to a better understanding of the 

perturbations produced by paramagnetic inclusions in field logging instruments. 

 

2. The second question was: What is the minimum difference between 2 distinct pore 

size distributions that can be resolved by the NMR technique? To answer this 

question, synthetic core samples were fabricated (again by the CIPS technique) to produce 

concentric cores, consisting of an inner and outer core bonded in the one synthetic sample. 

The cores were therefore spatially distinct, with the inner core being fabricated from a 

particular grain size, (that was systematically varied), and an outer core of a large grain size, 

which was kept constant in the suite of synthetic cores developed. The NMR response in 

these double cores was then measured and examined to provide an answer to the question 

posed at the beginning of this paragraph. The significance of this work is that the physically 

distinct cores are a cylindrical analogue of adjoining sedimentary strata. By answering the 

question posed above, the thesis gives an indication of the vertical porosity resolution 

ultimately possible in an NMR logging tool. At present this ranges from 9” to 24” in the 

most favourable circumstances. This work suggests that the NMR signal carries porosity 

information at a much higher resolution, and that advanced numerical analysis of the NMR 

signature could realise the potential of greater stratigraphic resolution in NMR logging 

 

In addition to the research outlined above, the application of the CIPS technique to 

produce analogues of reservoir rocks, pioneered in this thesis, has stimulated similar 

research to be undertaken at other institutions, including  

• the fabrication  of synthetic  reservoir cores containing clay particles (at CSIRO  - 

the Commonwealth Scientific and Industrial Research Organisation) and  

• a large scale application, formation of meter size blocks of CIPS bonded material, 

with separate strata, for laboratory studies of seismic waves (at Curtin University) 
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EXECUTIVE SUMMARY 

The purpose of this research was to study the Nuclear Magnetic Resonance (NMR) signal 

response in synthetically fabricated core samples. The research was in 3 parts: 

1. to prepare and characterise synthetic core plugs with known porosity and 

permeability. These provided the “basis set” of NMR data. 

2. to determine the capability of NMR measurements to resolve different pore size 

distributions 

3. to confirm the effect of paramagnetic ions, through proton spin/paramagnetic ion 

interaction at the surface of a pore space, separately from other relaxation 

phenomena such as bulk diffusion, on the NMR signal   

The research in these 3 areas is described in the 7 Chapters of this thesis. 

 

Structure of Thesis 

Chapter 1 

The historical background of solid state NMR and the theory that supports this useful 

hydrocarbon exploration tool is primarily covered in this chapter.   This chapter provides 

grounding for the reader and highlights the areas within the NMR realm that are of 

concern to current users of the technology, bringing about the drivers for the research 

undertaken for completion of this thesis. 

Chapter 2 & 3 

The fabrication technology CIPS (Calcite In-situ Precipitation System) together with the 

methodologies studied and those finally employed in the fabrication of the unique naturally 

representative synthetic core samples is covered in these two chapters.   The CIPS 

cementation process provides the user with a versatile and reliable method of fabricating 

synthetic core plugs to a specified permeability (and, although this was not specifically 

undertaken in this thesis, specified porosity) 
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The fabrication phase of the research produced three types of core sample:  

1. a narrow grain range homogeneous single core sample 

2.  double core samples created from two (different) narrow grain ranges held 

separate in the one core sample  

3. paramagnetically doped narrow grain range single core samples.    

All fabrication iterations and final methodologies are described in Chapter 3. 

Chapter 4 

The focus of this chapter is the characterisation and study of the single grain range core 

samples via NMR.   The study highlights the robust, versatile, user defined nature of the 

single grain range core samples.   The cores display a regular variation of permeability with 

the size of the grain range used.   They also have a constant total porosity value through the 

entire core set, highlighting the uniform nature of the sample packing procedure.   This set 

of core samples provides a foundation for the following sample sets, as it is the base case 

scenario.  

Chapter 5 

This section of the work documents the NMR study of the double core samples.. These 

synthetic cores were composed of 2 spatially distinct pore size distributions: an outer 

invariant core (of large grain size) and an inner core with a different pore size distribution, 

which was systematically varied across the core suite, from the smallest grain size through 

to the penultimate largest size.    This sample set was created to quantify the ability of 

NMR measurements to distinguish between separated porosity distributions. While this will 

be dependent on the separation AND the difference in porosity, in this research we kept 

the same spatial separation and varied the porosity contrast between the concentric layers 

of the double core.   The cores produced are an analogue to the natural geological 

production of sedimentary layers of differing porosity distribution.   
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The NMR measurements on the suite of double cores showed that on a scale of a few cm 

separation, particle size distributions that differed by >50% could be readily distinguished 

in the NMR signal. This corresponds to a much smaller variation in mean pore size. The 

results in this chapter imply that NMR field logging tools, which currently have a vertical 

resolution of 9”-24”, are capable of much greater stratigraphic resolution of porosity, and 

this is discussed in Chapter 7.   

Chapter 6 

The characterisation and analysis via NMR of the third type of synthetically produced core 

sample is presented in this chapter.   In this phase of the research, synthetic core samples 

were doped with known concentrations of paramagnetic ions, co-precipitated with the 

CIPS solution. This produced a system where the paramagnetic ions decorated the surface 

of the grains.   

The two main sample suites produced for the paramagnetic study were Series 0.2 and 

Series 0.3.   The experimental core design philosophy was to have a system that could be 

varied systematically, manipulating one variable at a time, together with the ability to 

comprehensively characterise the samples.    Incorporation of clays, whilst desirable to truly 

represent reservoir rock analogues detracts from the simple design philosophy. 

 

In Series 0.2, the concentration of paramagnetic material was varied, while the grain size 

was kept constant (and therefore the permeability and pore size distribution was also 

constant).    

In Series 0.3, by contrast, the paramagnetic concentration was held constant and the sand 

grain size range was varied.   This produced a set of synthetic sandstones with varying 

permeability entirely due to pore size change.   Of course in real reservoir rock the 

formation is substantially affected by clay content.   However, this was a complexity of real 

systems that would swamp the effect of pore size on the NMR signal.  Hence, for the 
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reasons of experimental simplification this thesis was devoted to non-clay perturbed 

samples. 

The results from this section of the research demonstrated the ability to place a measurable 

concentration of paramagnetic material on the surface of a grain. The NMR results showed 

that (as expected) the surface relaxation rate increased with decreasing pore size.   This was 

most clearly shown when using decane as a saturating fluid.    

Knowing the location and concentration of the paramagnetic ions around the pore surface 

will now enable (for the first time) a quantitative theoretical calculation of surface 

relaxation rates.  

 

Chapter 7 

The main conclusions of this work together with the recommendations for further work 

form the basis for this chapter. 

Conclusion 

This thesis has developed a powerful means of fabricating homogeneous synthetic 

reservoir core plugs. In addition, it has developed variations of the fabrication technique, 

enabling the production of  

• compound plugs, of known and separate pore size distributions,  

• paramagnetically doped core plugs with known concentration and location of the 

paramagnetic ions. 

The NMR measurements on these plugs have shown that 

• it is now conceptually possible to develop a quantitative quantum and 

electromagnetic model of the spin/surface interaction with paramagnetic ions, in 

porous media 
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• the spatial resolution of NMR logging tools is capable of significant improvement, 

through the development of advanced de-convolution of the NMR relaxation 

signal 

 Further work includes: 

• Incorporation of other materials such as clays into the synthetic core samples,  

• Homogeneous mixing of two sand grain ranges prior to sample packing and 

cementation, 

• Variation of fabrication technique to control the porosity of each sample, 

• Creation of a numerical algorithm to deconvolute the NMR signal to reveal  the 

two pore size distributions in each double core plug 

• A first principles calculation of the effect of paramagnetic material on the NMR 

signal, and hence on the inferred pore size distribution. 
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Chapter 1 - Nuclear Magnetic Resonance, history and theory  

- in the hydrocarbon industry 

1.1 Overview of this Thesis Research 

Nuclear Magnetic Resonance is a powerful tool providing; porosity, permeability and even 

fluid characterisation on fluid filled porous media, more specifically reservoir rock 

formations in the hydrocarbon industry.   Unlike conventional analysis techniques, modern 

day NMR logging tools are able to provide the user with real time information about the 

reservoir through non destructive analysis techniques in suitable borehole environments.  

The tool and its operating parameters can be adjusted to compensate for borehole 

conditions such as temperature and pressure, making the technique robust and largely 

unaffected by these parameters, but in some formations the rock matrix constituents can 

distort and even prevent the acquisition of data truly representative of the porous 

rock/saturating fluids systems. A particular perturbation arises from the presence of 

paramagnetic material in the rock matrix, and this is a major focus of this thesis. 

 

The NMR signal can be considered as three factors contributing to the overall signal.   

These three factors include, Bulk fluid relaxation, Diffusion and Surface relaxation.   Of 

these three the dominant contributor to the resultant signal is the surface relaxation effect.   

Surface relaxation is the influence of the surface sites as “seen” by the relaxing protons 

under investigation.   In other words, the topography and chemical make up of the surface 

site can either speed up or slow down the relaxation of excited protons and hence alter the 

true signal output.   The resulting interpretations of the NMR signal can then result in 

inaccurate hydrocarbon reserve estimations and fluid production complications. 
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Researchers for years have recognised the significant effect these surface sites, more 

particularly those sites with paramagnetic ions in place, can have on the NMR signal.   The 

presence of paramagnetic ions, such as Manganese and Iron, leads to an increased 

relaxation rate and ultimately to a reduced (and incorrect) estimation of porosity values. 

 

Research into this phenomenon has been hampered by the lack of suitable; homogeneous, 

naturally representative and easily manipulated, core samples.   NMR studies have relied on 

materials like Berea sandstone, a naturally occurring fairly reproducible and homogeneous 

sandstone without paramagnetic content, or solution packs of known paramagnetic 

concentrations that are not physically representative of natural core samples. 

 

The research in this thesis has developed and utilised a unique technique of synthetic core 

fabrication.  The synthetic core samples have been produced to a reproducible and 

homogeneous standard.  By varying the constituent particle size, a set value of permeability 

can be realised. 

 

 Once the base case of, clean, homogeneous, reproducible core samples of varying physical 

dimensions were created we studied the effect of paramagnetic ions on the NMR signal by   

doping the synthetic core samples with paramagnetic materials of varying concentrations.   

The unique feature of this technique is that not only was the concentration known but the 

location of the paramagnetic deposition was also known, a main stumbling point of 

previous research.   Once these versatile paramagnetically doped samples were fabricated 

they were analysed by a laboratory based 2MHz NMR apparatus to study the effect of 

paramagnetic ions located at surface sites in naturally representative core samples.  
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1.2 Historical developments of NMR – from the Lab to the field 

There have been a number of comprehensive reviews (Brown 2001) (Chandler 2001) 

(Kleinberg 2001a) (Kleinberg 2001b) (Prammer 2001a) (Prammer 2001b) (Woessner 2001) 

(Kleinberg and Jackson 2001) (Dunn, Bergman & Latorraca 2002) of the historical 

development of NMR as a logging technique. The account in this thesis draws principally 

on these articles. 

 

The historical development of the incorporation of the NMR technique into a logging tool 

has been a relatively short journey to present day.   Whilst the technique of NMR for the 

study of oil and water properties in rocks began in the mid 1940’s at both Harvard and 

Stanford Universities, it would be two decades before the technique was used down hole 

with mixed success.  

The first documented detection of a NMR signal in solid matter occurred in 1945 at both 

Stanford (Bloch, Hansen and Packard 1946) and Harvard (Purcell, Torrey and Pound 1946) 

Universities and it was Bloembergen (Bloembergen 1948) of Leiden University in 1948, 

who documented in his thesis, the mechanisms behind the proton spin relaxation.   

 

It was Russell Varian of Varian Associates however who filled the first successful patent 

for NML (Nuclear Magnetic Logging) in 1948 (Varian 1948); it was not until 1952 that a 

patent (Varian 1952), also filed by Varian, documented the acquisition of signals via free 

induction, using the Earth’s magnetic field, from samples either inside or outside of the 

borehole. 

Varian Associates was not alone in their pursuit of the first functioning NMR logging tool, 

a number of oil companies including Chevron, Mobil, Texaco and service companies (eg. 

Schlumberger) were also researching the validity of NMR as a new logging tool. 
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In the late 1950’s and early 1960’s data acquisition was a large impediment to the NMR 

program.   The use of electrical vacuum tubes for the amplification and recording of data 

was inhibited by the fact that any movement or “bump” would produce considerable 

electronic noise.   Hence, downhole information was difficult to transmit topside for 

manipulation.   With no computer, as we know it today, to store data, photographs of 

oscilloscope images were procured and catalogued by hand.   Again as computers were not 

available manipulation of these images was undertaken by hand with the aid of slide rules.   

Whilst the understanding of the NMR technique increased in the laboratory, difficulty was 

found in the field.   Even without these data acquisition, storage and manipulation 

problems, the NMR techniques were in a prototype state. 

 

The trials and tribulations of the early earth magnetic field tools of the 1960’s included the 

following; 

1. Instrument deadtime of 30ms – part of water signal in pore space not measurable 

a. Not able to distinguish oil from water in the pore space  

b. Measurement not representative of total porosity. 

2. Measures borehole fluid 

a. Necessary to “kill” borehole fluid signal by addition of magnetic iron 

oxides. 

i. No NMR measurements in deep holes 

ii. Technical limitations with regard to oxide addition to borehole. 

3. Sonde housing must be non metallic 

a. Environmental limits i.e. high temperature etc… 

4. Tool sensitivity dependant on orientation with respect to earths magnetic field 

a. Leads to complications with tool calibration 
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As part of the measurement technique the applied current was abruptly switched off and 

the current coil used to measure the proton precession.   The resultant instrument dead 

time was in the order of 30 ms, this was significantly larger than the relaxation time of 

water in pore space.   Hence, information such as total porosity or the ability to separate 

the oil from the water signal was hindered or even lost.   This was not the only draw back 

of the original tool, issues specific to the borehole such as drilling mud proved challenging.  

The mud used in the drilling of a well posed a problem for the earth magnet logging tools.   

Due to the small area of investigation “contamination” of the desired signal was 

experienced by the presence of drilling mud.   Often drilling mud is “weighted” to inhibit 

its ability to invade the reserve or pay zone.   By weighting the drilling mud a cake is able to 

form on the borehole face, and hold the reserve in place until such time as it is required to 

flow into the wellbore.   The weighting material increases the texture of the mud and limits 

the mud from invading past the wellbore.   These weighting materials were usually 

magnetic in nature; this caused localised inhomogeneities in the field and as such interfered 

with the resultant NMR signal. 

 

Initially the drilling mud would be analysed via the NMR equipment prior to addition to 

the wellbore.   This would give an indication of the mud’s contribution to the overall NMR 

signal.   What this did not do was account for residual steel powder that entered the drilling 

mud as a by-product of the drilling itself.   As the drill bit became worn, as a result of its 

cutting activity, steel powder would flake from the drill bit and incorporate into the drilling 

mud. This situation produced local field inhomogeneities, skewing the resultant NMR data.  

Suppression of these mud effects was undertaken by the addition of fine grained magnetite.   

Like the steel powder the magnetite was able to relax the mud signal so quickly that the 

NMR tool would effectively “not see” the mud.   The magnetite was kept in a fine grained 

state to minimise the effect it could have on the mud properties.   If altered significantly 

the barrier between the reserve and the well bore created by the drilling mud could be 
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compromised causing one of two things; 1) it could render the mud impenetrable when the 

time came to produce the well or 2) the barrier between the wellbore (of lower pressure 

than the reserves) and the reserves would not be maintained and hydrocarbon break 

through could occur resulting in loss of control of the wellbore.   Magnetite is a 

paramagnetic material capable of increasing the relaxation rate of the mud to such an 

extent that it would relax rapidly so that the NMR signal would not have a drill mud 

contribution.   As with the addition of any extra material to a wellbore risk of borehole 

damage is increased, the addition of magnetite to “kill” the mud signal was no exception. 

 

The limitations listed above applied to the first wave of NMR tools designed around the 

earth’s magnetic field. These were later overcome in part by new tool design, which 

incorporated a permanent magnet into the tool.   This step was fundamental in the creation 

of the modern day NMR logging tools. 

 

During the next 30 years tool design took a radical step forward and in the 1990’s the 

modern day NMR logging tools were born. 

1984 saw the last of the earth based magnetic field instruments produced by Schlumberger.  

Whilst the tool was profitable it was not widely utilised and with the permanent magnet 

tools waiting in the wings its time had come to an end. 

The new tools of the day created by both Schlumberger and Numar addressed some of the 

issues faced by their predecessors.   Gone were the problems faced when using the earth’s 

magnetic field, non-metallic sonde casing was no longer required and as such physical tool 

limitations such as high temperatures and logging in deep holes were overcome. 

Cooper and Jackson (Cooper & Jackson 1980) and separately Cook (Cook 1969-78) 

conceptualised a model for creating an inside out tool (inside out from the laboratory based 

NMR analytical devices).   This model incorporated the production of a toroidal region of 

homogeneous radial magnetic field outside the NMR probe.   This model required that the 
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sample be outside of the probe where as conventional NMR placed the sample inside the 

apparatus.   This was a giant step towards overcoming the tool sensitivity limitations faced 

by the early earth’s magnetic field tools.    

 

Whilst this was a positive advance, Cooper and Jackson’s design produced field variations 

over time depending on temperature, and changes in the earths magnetic field.   It was also 

limited by the fact that in tuning the rf coil to a fixed frequency (as was required in this 

design) flexibility to match the varying field conditions was lost.   Shtrikman and Taicher 

(Shtrikman & Taicher 1987) altered the way in which the static magnetic field was created 

and the rf coil was tuned.   In doing so they overcame the resonance matching problem 

faced by Copper and Jackson.   This design by Shtrikman and Taicher went on to become 

one of the foremost modern NMR tools on the market, the Magnetic Resonance Imaging 

Log or MRIL produced by Numar/Halliburton.     

 

The other important design of the time was that produced by Schlumberger.   

Schlumberger’s tool was a pad-type design incorporating the permanent magnet on the 

outer wall of the tool, which butts up to the borehole wall.   The major difference between, 

what would become the two leading tools on the NMR logging market, is the zone of 

investigation. 

1.3 NMR in porous media 

The observed NMR behaviour of fluids in porous media is that they act differently to that 

of bulk fluid in the same NMR environment (Dunn, Bergman and Latrorraca 2002).   T1 

values for water typically vary from 3 seconds in the bulk state to several milliseconds in a 

porous media, like sandstone.    Note that if the fluid were to be removed from the porous 

media it would again exhibit relaxation times of approximately 3 seconds.   Hence the fluid 

is influenced by its surrounds.   This concept is predominated by the surface relaxation 
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effect observed at the pore fluid/interface, “presumably due to a combination of 

paramagnetic impurity ions and reduced correlation times at the interface” (Dunn, 

Bergman & LaTorraca 2002, p71) 

1.3.1 Basic Theory 

The basic theory description in this section of the thesis largely derives from Dunn, 

Bergman & LaTorraca 2002.   

Consider a ground state atomic nucleus that has a non-zero spin angular momentum and 

an intrinsic magnetic moment in the same direction as the angular moment.   It is these 

moments that give rise to nuclear magnetism.   In particular NMR logging is interested in 

proton or 1H NMR phenomenon.   Protons have a spin of 
2
1  which leads to a nuclear 

magnetic resonance and it is the main constituent in hydrocarbons and water. 

 

Electrons orbiting the nucleus produce a magnetic moment and if an external magnetic 

field were to be applied to this system the direction of this magnetic moment would then 

be opposite to that applied (Lenz’s Law).   In this situation a resultant negative 

magnetization would occur.   This situation would see the atoms being labelled diamagnetic 

in response to their resultant negative magnetization.   Note that the following simple 

equation describes this situation 

HM χ=        Equation 1.1 

where M is the magnetisation and χ is the magnetic susceptibility and H is the applied field. 

 

When electrons are unpaired, as is the case with Iron, Manganese, Nickel and so on, the 

unpaired electron, when exposed to an applied field, will align with that field and if the 

resultant magnetic moment more than accounts for the diamagnetism the atom is said to 

be paramagnetic, with a positive susceptibility.   It is this case that is of great importance to 
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this body of research.   The presence of these paramagnetic atoms, particularly in rocks, 

even in small amounts, can greatly increase relaxation rates and skew subsequent porosity 

and permeability values derived from the relaxation data. 

 

The presence of paramagnetic material at surface sites is considered to be a surface relaxation 

effect.   Surface relaxation is but one of three components that combined produce the 

NMR signal.   The remaining two components are labelled bulk relaxation and diffusion.    

The resultant equation for T2 relaxation is shown below; 

 

DSB TTTT 2222

1111
++=       Equation 1.2 

where 

T2B is the bulk T2 value 

T2S is the T2 value caused by surface relaxivity [
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γ
= ],  

where tE = 2τ ( or the echo spacing), G = constant field gradient, D = self diffusion 

coefficient of the molecule where the spin resides, γ =gyromagnetic ratio. 

 

In general the bulk T2 component of a saturated porous media is very much smaller than 

that of the surface relaxivity and as such is neglected.   The surface relaxation component is 

also enhanced by the diffusivity component.   As we consider fluid filled pores, which are 

not infinite media, the protons during spin relaxation do hit pore walls/surfaces and hence 

deviations in relaxation data occur.   This effect is enhanced by strong internal field 

gradients, which are induced by two factors: the magnetic susceptibility of the pore surface, 

and the matrix pore geometry. 
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1.3.2 Longitudinal or T1 measurements and application 

As mentioned above hydrogen possesses both an angular momentum and a magnetic 

moment. Equation 1.3 describes this 

Jγμ =         Equation 1.3 

where μ is the magnetic moment, γ is again the gyromagnetic ratio and J is the spin angular 

momentum.    

 

A proton, in an external magnetic field, will precess about the applied external field in a 

gyroscopic fashion.   The magnetic moment spins around the applied magnetic field at a 

frequency called the Larmor frequency.   This frequency is the resonance frequency of the 

magnetic nuclei.   The ability of magnetic nuclei to emit or absorb energy will only occur at 

the Larmor frequency of the nuclei.    

 

Consider a proton in an applied field.   The orientation of the protons when there is no 

applied magnetic field is random yet when a magnetic field is applied in the z direction (Mz) 

the magnetisation of the system builds until it reached thermal equilibrium whereby Me , a 

net magnetisation is established. 

)1( 1T
t

ez eMM
−

−=       Equation 1.4 

Once the applied field is removed the protons relax back into a random state as expressed 

by equation 1.5 

1T
t

ez eMM
−

=        Equation 1.5 

The T1 or longitudinal relaxation time of the system is reached when t=T1; i.e at 

)1( 1−−= eMM ez  for Mz increasing  

1−= eMM ez  for Mz decreasing 
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Bloch (Bloch 1946), a pioneer of NMR in the solid state from Stanford University, 

introduced the following to describe the change of Mz with time, 

)1( 1/

1

Tt
ez

zez

eMM

T
MM

dT
dM

−−=

−
=

      Equation 1.6 

T1 may also be referred to as the spin-lattice relaxation time as it describes how effectively 

magnetic energy is transferred to or from the spin system to its surrounding environment. 

A key paper illustrating the use of simple inversion recovery is Kenyon and Kolleeny 

(1994).   In this paper the authors suspended calcite particles in a beaker of water and then 

spiked the solution with a MnCl2 solution.   After the appropriate reaction period has 

elapsed stirring ceased and the solution was allowed to settle.   A sub sample of the slurry 

was extracted via syringe and placed in a centrifuge for 6 mins.   The liquid was then 

carefully removed and analysed for manganese content whilst the particulate mater was 

measured for NMR relaxation. 

Kenyon and Kolleeny found that manganese readily adsorbs on to calcite and in doing so 

produces a large increase in NMR surface relaxivity, even at low concentrations of 

manganese ions.  The relationship established between the concentration of paramagnetic 

manganese ions and NMR relaxation rate was linear, as the concentration of manganese 

ions increased so to the relaxation rate.   This relationship plateaud, there was a point at 

which subsequent increases in manganese concentration produced no further increase in 

relaxation rate.   This paper, similar to this thesis, focuses on the variation of paramagnetic 

content and its effect on the resultant NMR relaxation rate.   It will also be shown in this 

thesis research also that there is a strong linear relationship between paramagnetic 

concentration and NMR relaxation rates.   The strength however of this thesis research 

over Kenyon and Kolleeny is that the pore size can be independently varied.   
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Roose et al 1995 conducted a similar suite of work to that of Kenyon and Kolleeny 1994 

by investigating the relationship between matrix adsorbed Mn2
+ and NMR relaxation rate.   

Roose et al constructed a different matrix to that of Kenyon and Kolleeny, they used a 

colloidal silica suspension.   The suspensions or silica sols, like Kenyons equilibrated calcite 

solution, were spiked with MnCl2.    The suspensions were measured to highlight the 

relaxation rate change with concentration of Mn2+adsorbate.   As expected a linear type 

relationship was again observed “The paramagnetic contribution increases linearly with ion 

concentration until a contribution attributed to free Mn2+ is observed” 

These papers investigate the effect of varying the paramagnetic concentration in a variety 

of media.   In this thesis research paramagnetic concentration is variable, in similar fashion 

to the preceding papers.   However, in this research and unlike the referenced papers 

above, the pore size could be independently varied, and this is the major thrust of this 

thesis research. 

1.3.3 Transverse or T2 measurements 

To measure T2 or transverse relaxation an rf coil is placed perpendicular to the z direction 

of the system.   This coil is tuned to the Larmor frequency and generates a linearly 

polarized, oscillatory transverse magnetic field in the x direction (Dunn, Bergman and 

Latorraca 2002, p19).   This situation causes the Me to tilt into the xy plane and once the rf 

is turned off the spins will precess about the z axis.   This situation can be visualised by 

considering the initial precession in the xy plane slowly traversing upward in the z direction 

forming a beehive or cone shape as it goes.   Figure 1.1 shows this situation.  
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Figure 1.1 Spin precessions for T2 relaxation 

 

In general the static or applied field is not uniform and this lack of uniformity across the 

system can cause a loss in transverse magnetisation and this will be added to the T2 

measurement.   There is a method of separating these two components and it is discussed 

in Section 1.3.6 below. 

1.3.4 Diffusion regimes 

The NMR signal, more specifically the surface relaxation component, is influenced by 

paramagnetic ions at surface sites 

However, before we consider relaxation at the surface site, in the presence of paramagnetic 

impurities or not, we must determine what diffusion regime we are looking at.   There are 

three diffusion regimes, Fast, Intermediate and Slow.   Brownstein and Tarr (Brownstein 

and Tarr 1979) studied each regime numerically and in doing so produced the following 

equation  
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 is the lowest eigenvalue  

ρ is the surface relaxivity 
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a is 
S
V  characteristic of the porous system. 

This equation is used to define the parameters in which the slow, intermediate and fast 

diffusion regimes operate. 

Hence the three different regimes are as follows; 

 

Fast diffusion     1<<
D
aρ  

Intermediate diffusion   101 <<<<
D
aρ  

Slow diffusion    
D
aρ

<<10  

Further, the fast diffusion regime exists when “the time taken for the spin to diffuse to the 

solid/fluid interface is much shorter that the spin relaxation time” (Dunn, Bergmen & 

LaTorraca 2002, p73), resulting in fast diffusion. 

If the slow diffusion regime were to be explored in fluid saturated media such as 

sandstones one would find that a strong dependence on temperature would exist.   

However, experimental data gathered by (Latour, Kleinberg & Sezginer 1992) shows that 

water saturated sandstones display a weak dependence on temperature.   Hence water 

saturated sandstones are considered to exist in the fast diffusion regime. 

For that reason the fast diffusion regime will only be considered herein.  
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As water saturated rocks are considered in the fast diffusion regime, the total relaxation of 

the fluid (water) in the pore is a volumetric rate average, not involving the diffusion 

constant.    The resultant equation describing this situation is displayed in Equation 1.8 

V
S

TV
S

TT mB

λλ

111

1111
+⎟

⎠
⎞

⎜
⎝
⎛ −=     Equation 1.8 

Where  

λ is the thickness of the surface layer. 

S is the pore surface 

V is the pore volume 

T1B is the bulk relaxation time 

T1m is the T1 relaxation rate of the matrix or the surface relaxation rate. 

 

If one is to consider that the surface relaxation rate is larger than the bulk relaxation rate 

the above Equation 1.8 can now be represented by the following equation. 

STV
S

T 11

11
≡≈

ρ   Where 
ST1

λρ ≡  Equation 1.9 

 

To make the connection between pore size distribution and NMR relaxation one must 

consider the self diffusion coefficient for water at 25°C is D= 2.5x10-5cm2/sec, and 

therefore in one second a single spin could travel Dt6  ≈ 120µm resulting in a distance of 

a few pore spaces connected by narrow throats.   Given that relaxation rates, (1/T) are 

proportional to pore size (S/V), the justification that NMR relaxation time distributions are 

proportional to pore size distributions is plausible and becomes the basis for porosity 

calculations derived from NMR core sample relaxation information. 

 

Not only is there a direct connection between relaxation rate data and pore size 

information, this relaxation rate data is strongly influenced by surface relaxation effects. 
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1.3.5 Surface relaxation 

As mentioned in section 1.3.4 above surface relaxation is the dominant of the three 

contributions (bulk, diffusion and surface) to the NMR signal. 

To highlight this fact a comparison between mercury injection pore size data and NMR 

relaxation data will be presented.   The mercury injection analysis technique provides pore 

throat size distribution data.   Not too dissimilar is the NMR pore size (body and throat 

inclusive) distribution.   On close comparison as displayed in Figure 1.2 mercury injection 

data can be overlayed on the NMR distribution.   The mercury injection technique is 

independent of environmental features other than topography, whereas the surface 

relaxation is influenced by the paramagnetic effect. The overlaying of the mercury injection 

data therefore requires a degree of calibration.   This calibration factor is proportional to 

the surface relaxivity experienced by the NMR signal, and is matrix dependent.  

 

 

Figure 1.2 Shift of Mercury injection data by the effective surface relaxivity to overlay with 
the NMR T2 data. (Coates, Xiao & Prammer 1999, p. 54) 
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If however, the average surface relaxivity, ρ, is not consistent across the sample then the T2 

distributions can be affected and a simple shift is not sufficient to provide a consistent 

overlay. 

 

1.3.6 CPMG description and applications 

The acquisition of T2 data was facilitated by advancements in operating sequencing 

advancements, which included the introduction of the CPMG sequence so named after it’s 

creators Carr & Purcell (Carr & Purcell 1954), Meiboom & Gill (Meiboom & Gill 1958).   

This technique allowed measurement times to be decreased and hence increased logging 

speeds making the NMR logging tool more attractive for in-field work.  

 T2 information, acquired by the use of the CPMG sequence, is the transverse relaxation 

information derived from proton relaxations transverse to the applied static magnetic field 

as described above in Section 1.3.3.   By applying a 90˚ pulse the magnetisation vector 

becomes aligned in the xy plane.   After a period of time τ, another degree pulse of 180˚ is 

applied to flip the protons that are now processing in the xy direction.   The 180˚ pulse is 

needed to re align those of the protons that are lagging, (i.e. those that were lagging now 

lead and those that were leading now lag).   This is done so that after another period of τ all 

proton spins will be in phase once more such that a spin echo amplitude measurement can 

be taken.   Repetition of the above sequence in the following fashion is considered to be a 

CPMG spin-echo train; 90° pulse, a wait period (τ), then a 180° pulse, followed by 

successive 180° pulses separated by a wait period of 2* τ , i.e. at τ= 0, 3, 5, 7 and so on.   

The amplitude of each spin echo is measured at time intervals of τ =2,4,6,8 and so on, each 

successive measurement taken is of a decreasing amplitude until such time that further 

rephrasing (or flipping) is not possible.   The decaying spin echoes produce an exponential 

decay curve from which pore size distributions can be derived.  
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A key paper illustrating the use of the CPMG sequence to determine and characterise 

paramagnetic relaxation is Hurlimann et al. 2004.   This group used a suite of Norwegian 

Sea sandstones to demonstrate the relationship between paramagnetic iron bearing chlorite 

and NMR relaxation.   The sample set of eight cores were analysed for mineralogical 

content together with porosity and permeability to gain an understanding of the matrix.  

Once complete the sample set was saturated in a brine solution and T2 measurements were 

taken.   The pore lining iron bearing chlorite concentration found in the natural core 

samples had a linear relationship to NMR relaxation rate.   As the iron bearing chlorite 

concentration increased so to the NMR relaxation rate.   This relationship is seen both in 

this thesis research and in other works (Kenyon & Kolleeny 1994).  However the 

advantage held by the research in this thesis is the decreased mineral complexity due to the 

simple nature of synthetic sandstone samples.   The effect of the complex mineralogy can 

be a hindrance to isolating specific surface relaxation effects caused by a combination of 

pore size and paramagnetic inclusions.   The synthetic sandstone measurements described 

in this thesis separate the two effects. 

 

1.4 Current NMR logging tools and logging interpretation 

1.4.1 The big players 

There are two main players in the world of NMR logging tool suppliers and operators. In 

no particular order, the first of the two companies is Schlumberger, a French company 

founded in 1912 by Conrad Schlumberger who conceived the idea of electrically mapping 

subsurface rock bodies.   Conrad and his brother Fabert opened their first office in France 

in 1920 and so started a very innovative company that has been at the forefront of 

reservoir characterisation for the past 84 years.   Of import to this research however, was 

that in 1984 the company started research into the use of NMR as a petrophysical tool and 
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two years later they produced a prototype of the now commercially available CMR or 

Combinable Magnetic tool.  

The second of the front runners is Halliburton, founded in 1919.   The company has 

grown in size and knowledge over the years internally and through the acquisition of many 

other large companies, for example Brown & Root and Dresser Industries (who had 

acquired M.W. Kellogg).   These acquisitions helped Halliburton to diversify and is today 

considered one of the world’s premier providers of engineering, construction and oilfield 

services.   Halliburton started their journey with NMR in 1984 as the NUMAR Company, 

formed specifically to commercialise advances in NMR logging technology.   Six years latter 

the MRIL tool was brought onto the market.   In 1993 MUMAR and Western Atlas signed 

a cooperative agreement with regard to the provision of MRIL services to the industry and 

finally Halliburton purchased NUMAR outright in 1997. 
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1.4.2 Their tools 

 

Schlumberger CMR-Plus tool 

 

Mechanical Specifications CMR-Plus Tool 
Temperature 

rating 
350°F [177°C] 

Pressure 
rating 

20,000 psi [138 MPa] 
High-pressure version: 25,000 psi 

[172 MPa] 
Borehole 

size—min. 
Without integral bow spring: 5 

7⁄8 in. [14.92 cm] 
With integral bow spring: 77⁄8 in. 

[20.00 cm] 
Borehole 

size—max. 
No limit, but must be eccentered

Outer 
diameter 

Without bow spring: 5.3 in. 
[13.46 cm 

With bow spring: 6.6 in. [16.76 
cm] 

Length 15.6 ft [4.75 m] 
Weight Without bow spring: 374 lbm 

[170 kg] 
With bow spring: 413 lbm [187 

kg] 
Tension 50,000 lbf [222,410 N] 

Compression 50,000 lbf [222,410 N]  

Figure 1.3 CMR-Plus tool and mechanical specifications. (Schlumberger 2006a) 

The operating specifications of above tool are displayed in Table 1.1 below. 
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Measurement Specifications CMR-Plus Tool 
Output  Transverse relaxation time (T2 ) distribution, total porosity, free- and bound-fluid 

volumes, permeability determined with Schlumberger-Doll Research (SDR) and 
Timur-Coates equations, capillary bound porosity, small-pore bound porosity, 
quality control curves and flags MRF* Magnetic Resonance Fluid station log: 
Saturation; oil, gas, and water volumes; oil viscosity; water and oil T2 distributions; 
hydrocarbon-corrected permeability; oil and water log-mean T2 distributions 

Logging 
speed  

Bound-fluid mode: 3,600 ft/hr [1,097 m/h] 
Short time constant for the polarizing process (T1) environment: 2,400 ft/hr [731 
m/h] 
Long T1 environment: 800 ft/hr [244 m/h] 

Range of 
measurement  

Porosity: 0 to 100 p.u. 
Minimum echo spacing: 200 μs 
T2 distribution: 0.3 ms to 3.0 s 
Nominal raw signal-to-noise ratio: 32 dB 

Vertical 
resolution  

Static: 6-in. [15.24-cm] measurement aperture 
Dynamic (high-resolution mode): 9 in. [22.86 cm], three-level averaging 
Dynamic (standard mode): 18-in. [45.72-cm] vertical resolution, three-level 
averaging 
Dynamic (fast mode): 30-in. [76.20-cm] vertical resolution, three-level averaging 
 

Accuracy  
 

Total CMR porosity standard deviation: ±1.0 p.u. at 75°F [24°C], three-level 
averaging 
CMR free-fluid porosity standard deviation: ±0.5 p.u. at 75°F [24°C], three-level 
averaging 

Depth of 
investigation  

Blind zone (2.5% point): 0.50 in. [1.27 cm] 
Median (50% point): 1.12 in. [2.84 cm] 
Maximum (95% point): 1.50 in. [3.81 cm] 

Mud type or 
weight 
limitations  

None 

Combinability  Combinable with most tools 
Special 
applications  

MRF station logging 

Table 1.1 Measurement specification of the CMR-Plus tool. (Schlumberger 2006a) 
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Figure 1.4 Halliburton’s MRIL Prime NMR logging tool and specifications. (Halliburton 
2006) 

 

The main differences between the two tools are the location of the magnet arrangement 

and the depth of investigation.   The Schlumberger CMR tool has a pad type arrangement, 

where the permanent magnet is placed flush with the borehole wall and depending on 

various arrangements of the tool the depth of investigation is less than that of the 

Halliburton tool.   The Halliburton MRIL tool in comparison centralises the permanent 

magnetic arrangement in the centre of the borehole.  The depths of investigation vary with 

the tool size and the operating frequency but in comparison to the CMR tool the MRIL 
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offers a greater depth of investigation.   The depth of investigation is not necessarily a 

measure of the tools’ effectiveness.   Both tools can and are tailored to suit each specific 

job; tool arrangement and operating parameters are varied to achieve the most accurate 

data to suit the client’s requirements. 

1.4.3 Field Use of NMR Logs 

Before briefly discussing some typical NMR logs, it is appropriate to reference and here 

highlight 5 pertinent trade papers, which not only give a thorough and comprehensive 

description of NMR logging, measurement and interpretation, but also reveal the extensive 

petrophysical information that can be obtained from current NMR logging tools. They are 

 

1. Kenyon, W., Kleinberg, R., Straley, C., Gubelin, G., Morriss, C., 1995“Nuclear Magnetic 

Resonance Imaging – Technology for the 21st Century”,Schlumberger Oilfield Review, pp 19-

33, Autumn 1995 

Abstract: Although well logging has made major advances over the last 70 years, 

several important reservoir properties are still not measured in a continuous log. 

Among these are producibility, irreducible water saturation and residual oil 

saturation. Nuclear magnetic resonance (NMR) logging has long promised to 

measure these, yet it is only recently that technological developments backed up by 

sound research into the physics behind the measurements show signs of fulfilling 

that promise. 

 

2. Dennis, R., 1997 “Pores Explored”, Middle East Well Evaluation Review, pp54-65, 1997 

Abstract: Nuclear magnetic resonance techniques can help to characterise the 

distribution of micorporosity in reservoir rocks. Pore size has a direct influence on 

oil and water movement within the rock, and information about this distribution 

can be used to determine how much, if any, bound water is contained in zones 

which show a high water saturation value. Detailed knowledge of porosity 
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distribution helps the reservoir engineer to plug and reperforate efficiently and to 

select optimum positions for production wells 

 

3. Allen,D., Crary,S., Freedman, R., Andreani, M., Klopf, W., Badry, R., Flaum, C., 

Kenyon, W., Kleinberg, R., Gossenberg, P., Horkowitz, J., Logan, D., Singer, J., White, J., 

1997 “ How to Use Borehole Nuclear Magnetic Resonance”Schlumberger Oilfield Review, pp 

34-57, Summer 1997 

Abstract: It is a rare event when a fundamentally new petrophysical logging 

measurement becomes routinely available. Recent developments in nuclear 

magnetic resonance measurement technology have widened the scope of formation 

fluid characterisation. One of the most significant innovations provides new insight 

into reservoir fluids by partitioning porosity into fractions classed by mobility. 

 

4. Allen, D., Flaum, C., Ramakrishnan, T.S., Bedford, J., Castelijns, K., Fairhurst, D., 

Gubelin, G., Heaton, N., Minh, C.C., Norville, M.A., Seim, M.R., Pritchard, T., 

Ramamoorthy, R.,  2000“Trends in NMR Logging”Schlumberger Oilfield Review, pp 2-19, 

Autumn 2000 

Abstract: During the past decade, the remarkable technology of nuclear magnetic 

resonance (NMR) logging has improved continually. Oil companies are using NMR 

measurements for an ever-growing number and range of applications, such as 

characterising formation fluids during reservoir evaluation and assessing formation 

producibility. Now the measurements provided by these tools are dramatically 

changing well completion designs and reservoir development. 

 

5. Alvarado, R.J., Damgaard, A., Hansen, P., Raven, M., Heidler, R., Hoshun, R., Kovats, J., 

Morriss, C., Rose, D., Wendt, W., 2003“Nuclear Magnetic Resonance Logging While 

Drilling”Schlumberger Oilfield Review, pp 40-51, Summer, 2003. 

Abstract: Innovative drilling and measurements technologies now provide 

increasingly comprehensive borehole and formation-evaluation data in real time. 
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Recent developments in nuclear magnetic resonance logging while drilling are 

helping operators make more informed drilling and completions decisions, reduce 

risk and non-productive time and optimize wellbore placement and productivity 

 

The titles and abstracts indicate how rapid has been the development and deployment of 

NMR logging tools, from the more speculative and hopeful (“Nuclear Magnetic Resonance 

Imaging – Technology for the 21st Century”), to the technically most advanced current 

application (“Nuclear Magnetic Resonance Logging While Drilling”), and the increasing 

detail and sophistication of the reservoir description. 
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1.4.4 Typical NMR log 

 

Figure 1.5 Section from a typical CMR tool log output. (Schlumberger 2006b) 

Figure 1.5 above is a section of a typical well log produced by the Schlumberger CMR tool.   

The log plot is taken of borehole information at various depths (column A).   Column E 

shows the T2 pore size distribution plots as outputted by the NMR software package.   

From these plots and predetermined cut-off parameters the porosity and calculated 
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permeability information is gleaned and displayed in columns C and D.   General 

comments that a geologist can make from this data are: 

• the upper section of this depth zone, 6410 feet and above, is predominated by 

coarse grained material which is displaying increased porosity and permeability 

values. 

• at a depth of 6410 feet and beyond there is an increase in fine grained material that 

is possibly more densely packed resulting in a decrease in porosity and permeability 

values.    

 

1.4.5 Complete Log suite 

In section 1.4.3 a typical section of a NMR log was presented and discussed.   In reality this 

information is not often utilised in isolation.   As implied by the NMR tool specifications in 

section 1.4.2 the NMR logging tool is often used in conjunction with other logging 

techniques.   Commonly the NMR tool is run with a combination of the following 

conventional logging tools; Gamma Ray- recording natural radioactivity from around the 

borehole, Neutron- response primarily related to hydrogen concentration but also affected 

by mineralogy and borehole effects, or Resistivity- formations resistance to electrical activity, 

indicating hydrocarbon or water presence.   Each log plot is then considered with reference 

to each other hence no one technique is used as a stand-alone tool in the analysis of the 

reservoir environment.   A typical combination plot is displayed in Figure 1.6 below. 
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Figure 1.6 Combination Log plot. (Coates, Xiao and Prammer 1999, p 146) 
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1.4.6 Typical log interpretation 

 

Figure 1.7 MRIL log plot with laboratory core data overlayed. (Coates, Xiao and Prammer 
1999, p 20)  

 

Figure 1.7 above shows how a typical multi-log plot is combined with laboratory acquired 

core data such as porosity and permeability values.   The agreement between laboratory 

based core sample derived porosity values and the MRIL logging tools porosity shown be 

noted.   Discrepancy between the two values is expected due to the variation of 

environment in which the two values were acquired.   It is expected that the laboratory, 

controlled, environment would produce more accurate data points, but this is not 

necessarily the case.   There is a very close agreement between the two data acquisition 

methods.    
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In general petrophysicists use information derived from NMR and other logging tools in 

conjunction with laboratory data, where available, to produce a holistic view of the 

reservoir environment.   The main aim is to quantify the amount, location and possibility of 

removal for both hydrocarbons and water in the area of investigation.    This information 

forms the basis on which production methodologies are chosen. 

 

1.4.7 Limitations in NMR logging – factors affecting the NMR signal 

A number of properties influence the observed NMR signature (T1 and T2) of a fluid filled 

media, such as sandstone.   The following is a list of these parameters; 

• Chemical and physical rock properties. 

• Uniformity of the applied static magnetic field. 

• Variations in the pore size. 

• Differences in the magnetic susceptibilities of both the pore fluid and rock matrix. 

• Fluid viscosity. 

• Diffusion. 

• Presence of paramagnetic material on the pore walls or in the pore fluid. 

The physics of surface relaxation, whilst not high on the list of priorities in the early stages 

of solid state NMR experimentation, (Brown 2001) is one of the most influential on the 

NMR signal.   Variations in chemical and physical rock properties including wettability and 

the presence of paramagnetic material will all affect the dominant surface relaxation term.   

Surface relaxation can be considered by two distinct mechanisms. 

1. One that occurs at all sites on the surface, and 

2. One associated with dilute paramagnetic ion impurities. 

The increased relaxation rate observed at the pore fluid/matrix interface is more strongly 

influenced by the presence of paramagnetic impurities than the physical matrix (surface 

sites), and is a principal interest in this thesis. 
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1.5 Thesis description and structure 

Following this overview and introduction is a Chapter outlining the synthetic core 

fabrication technique as well as other techniques used to produce synthetic core samples 

similar to those used in this research.    

 

Chapter 3 details the techniques and methodologies employed throughout this research to 

produce three distinctly different core suites for analysis.   The three main core suites 

include single grain range undoped, double core undoped and single grain range doped 

core samples.    

 

The analysis of each of the main core suites is covered in Chapters 4 through to 6.   

Chapter 4 focuses on the undoped single grain range core sample, Chapter 5 on the 

Double grain range core samples and Chapter 6 the doped single grain range core samples.   

These three chapters cover the bulk of the research work undertaken in completing this 

thesis.   Each chapter includes a complete description of the physical characterisation the 

core (SEM, porosity, permeability, particle size distribution, ICP, paramagnetic impurity 

location and strength etc) followed by NMR analysis, interpretation and comparison with 

the physical characterisation.      

 

The final chapter, Chapter 7, draws conclusions from the research work and makes 

recommendations for future research. 
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2 Chapter 2 – Basis of  synthetic reservoir core production 

2.1 Calcite Insitu Precipitation System (CIPS) Overview 

The manufacture of synthetic core samples utilises a procedure known as CIPS (Calcite 

Insitu Precipitation System.) 

 

The samples produced physically simulate real reservoir rocks, with a distribution of pore 

sizes and a well defined porosity and permeability. The process variables can be adjusted to 

produce desired values of porosity and permeability. Further, the process allows samples to 

be doped with a known concentration of paramagnetic material 

 

The CIPS technique was developed by E. Kucharski and G. Price in 1996 (Kucharski & 

Price 1996) at the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO). 

The process controls the precipitation of calcium carbonate (calcite) on to particulate 

surfaces by the application of a water based proprietary solution, which is injected or 

flushed at low pressure through the sample.  

 

The CIPS process was designed to counter the problems faced in constructing an offshore 

structure standing on sediment and soft porous rocks.  

 

The North West Shelf off the coast of Western Australia is a region where the seabed is 

characterised by loosely consolidated calcareous soils of low mechanical stress.   The 

seabed soils are subject to “pore collapse” as a result of their high compressibility.   

Kucharski and Price designed a process to cement sand grains in such soils to increase 

mechanical strength in the same fashion as naturally occurring mineral cements.  
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The Centre for Offshore Foundation Systems at The University of Western Australia has 

characterised the mechanical properties of these calcareous soils, and in synthetic seabed 

soils formed by the CIPS process together with isostatic compression. For details see 

(Ismail 2000). 

 

The CIPS process involves the preparation of two non toxic, pH neutral, proprietary water 

based solutions, solution A and solution B.   The two solutions are combined immediately 

prior to sample application.   Once the two solutions are mixed a chemical reaction starts 

to take place.   During the first few minutes of this process the combined fluids, A and B, 

can be flushed through the sample.   The grains present in the sample assist the process of 

nucleation of the calcite crystal formation.  Hence over time the solution precipitates a 

coating over the grain particles creating a natural binding agent in the form of calcite.   The 

flushed sample may require a curing period of 1 day to as much as 7 days depending on the 

reaction rate of the CIPS solution.  

 

The deposited calcite acts as a natural cementing agent, binding the sand or soil particles at 

their grain boundaries.  

 

This flushing process can be replicated many times within the same sample to increase 

mechanical strength and decrease permeability.   The porosity change of the sample is 

almost negligible.    Figure 2.1 is a schematic representation of the CIPS flushing process 

through a packed sand grain sample. 
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Pore water 

CIPS 
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Figure 2.1- The CIPS cementation process - multiple flushes 

 

One of the unique characteristics of the CIPS method is that the cementing agent, unlike 

epoxy resin, Portland cement or grout, allows the sample to retain porosity and 

permeability (adjustable), in contrast to the resins, cements and grouts.    

 

The particulate nature of Portland cement or grout leads to pore space filling with the 

cement particles and pore throats are consequently blocked by such particles. The porosity 

is impaired and the permeability of the packed grains is drastically reduced and in some 

cases destroyed. 

 

Epoxy resins have a better ability to flow through porous media and affect the innermost 

spaces of the sample, however like Portland cement and grout it too blocks pore throats 

and voids with its deposition.   Once again, porosity and permeability of the sample are 

substantially destroyed 

 

With the use of CIPS both the porosity and permeability of the synthetic samples can be 

controlled and fashioned, to a given specification.   Unlike the other above mentioned 

media, CIPS, being water based, can readily flow through prepared packed sand samples 
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and deposit, via chemical reaction of the CIPS solution, ‘cement’ at grain boundaries 

without blocking pore throats or filling pores voids. 

  

The resultant porous media created after CIPS application is representative of natural 

sandstone and possesses physical properties capable of being tailored to specific 

application needs.   CIPS prepared synthetic media is thus a very useful and unique tool in 

the realm of petrophysical/geophysical research (Sherlock 2004). 

 

2.2 Other preparation methods 

The CIPS method has been adapted by using microbial forces for the deposition of calcite 

in rock matrices (Castanier, Le Me´tayer-Levrel & Perthuisot 1999), (Hammes & Verstraete 

2002), (Hammes et al. 2003a), (Hammes et al. 2003b) and (Whiffin 2004).  

These microbial agents operate in a similar fashion to the synthetically produced CIPS 

cement by “naturally” cementing soil particles to create rock. “Numerous diverse microbial 

species participate in the precipitation of mineral carbonates in various natural environments, including soils, 

geological formations, freshwater biofilms, oceans and saline lakes.” (Hammes et al 2003a) 

 

The chemical process that governs the microbial based precipitation of Ca-carbonates is 

controlled by four factors, as is the synthetic CIPS process.   These four factors are: 

1. calcium concentration  

2. concentration of dissolved inorganic carbon  

3. pH  of the surroundings 

4. the availability of a nucleation site. 

 

In this microbial/chemical process there are two pathway categories that are followed to 

precipitate Ca-carbonate.   The first pathway is autotrophic, whereby Ca-carbonates are 
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produced by using CO2 as a source of dissolved organic matter. The second pathway is 

heterotrophic, where two bacterial processes may occur either sequentially or, more often, 

concurrently. The first of these processes is active precipitation and it occurs independently 

of other metabolic pathways.  This system produces carbonate via ionic exchanges through 

the cell membrane by activation of ionic calcium or magnesium pumps or channels.  

The second of these bacterial processes is called passive precipitation, which can involve 

two metabolic cycles: the nitrogen or the sulphur cycle.    

This microbial process, similar to the CIPS used in this research, is able to produce natural 

rock-like material. 

 

Whilst versatile the microbial CIPS method is more complex to achieve as fabrication is 

very susceptible to any imbalance in the surrounding environment.   The microbial method 

was also thought to be less likely to facilitate the incorporation of paramagnetic material, a 

major requirement of this research.    

The chosen CIPS methodology, as described in Chapter 3, is easy to prepare for, as no 

particularly stable environment is required.  A simple laboratory with readily available 

preparation tools together with some purpose designed moulds is all that is required.   Not 

only is the preparation of the CIPS material as used in this work straightforward it is rapid.   

Twenty four hours are required between each CIPS flush, resulting in a 72 hour minimum 

turnaround for basic sample production.   This made it simple to create many replicates 

and extensive core sample suites for rigorous testing and characterisation.  Finally the 

addition of paramagnetic material at known sites with known concentrations, a foremost 

requirement for this work, could be carried out without substantially increasing fabrication 

complexity. 
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3 Chapter 3 − Synthetic core fabrication – Techniques and 

Methodology 

3.1 Overview  

This section describes the processes and apparatus involved in the fabrication and 

characterisation of CIPS undoped (no addition of paramagnetic material) single grain 

range synthetic core samples.    

 

Undoped single grain range synthetic core samples consist of silica sand that has been 

sieved and sorted into narrow grain ranges (see Table 3.1), packed into specifically 

designed core moulds, described in Section 3.3, and then flushed three times with the 

proprietary solution CIPS. 

 

A variety of sample packing environments and packing techniques were tested to 

ascertain the optimal method of consolidating the unflushed silica sand prior to CIPS 

flushing.   In this chapter the packing techniques are described along with their capacity 

to produce a sample that is radically and longitudinally homogeneous.  

 

The resultant synthetic core samples were then investigated for homogeneity by analysis 

of core sections using scanning electron microscopy (SEM) images. The analysis results 

are discussed in Section 4.4.   Further analysis of the synthetic core samples included 

determining permeability and porosity through different measurement techniques. 

The rationale behind utilising more than one measurement technique was not only to 

give a holistic picture of the sample properties but to highlight the variations experienced 

when undertaking measurements using differing methodologies.    
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The measured permeability was then correlated against the number of CIPS applications.   

This was done for each of the grain sizes included in this study.   The measured porosity 

was similarly correlated.  

 

3.2 Preparation 

The production of synthetic single grain range core samples, while straightforward, 

required a number of steps. The following sections describe the sequence of steps 

employed. 

 

3.2.1 Silica sand sieving 

The sand required for synthetic core manufacture was purchased from Cook Industries 

Pty Ltd Canning Vale Western Australia, in 20kg bags of moderately sorted, less than 300 

micron, grain specification.  The sand purity was confirmed by XRD (powder X-ray 

Diffraction). There were no other peaks other than silica at the detection limit of the 

SRD. In particular, there were no detectable paramagnetic materials present.  

After purity testing, the silica sand was then sieved into several grain ranges following the 

recommended procedures outline in Australian Standard 1289.3.6.1 (1995) “Methods of 

testing soils for engineering purposes. Soil classification tests- Determination of the particle size 

distribution of a soil- Standard method of analysis by sieving.”  

 

The apparatus used for this process consisted of a nest of sieves, covering various size 

ranges, and shaken by a motor with an eccentric cam. The model, a ROTAP, RX-29-10, 

was obtained from Lab Supply Australia.  The ROTAP used sieves with aperture sizes as 

listed by Table 3.1.   The sieves were produced by Endecotts Laboratory and certified to 

British Standard BS 410.  
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Silica sand was mechanically sieved via the ROTAP in small batches of approximately 80 

grams.   This batch size was determined through extensive testing to be the largest 

amount of sand that could be introduced into the system whilst maintaining effective 

separation of the grain ranges, without blocking the sieve mesh.   Each batch was sieved 

for a period of 10 minutes.   This time frame was also chosen after extensive sand sieving 

tests. It was determined to be the optimal time required to effectively sieve an 80 gram 

batch of unsorted sand.    The ROTAP does not adequately handle larger amounts of 

silica sand and no significant increase in grain range separation was observed on 

increasing the sieving period. 

 

Once sieved into varying grain ranges the silica sand was then bagged according to grain 

range groupings to minimise contamination prior to use. 

 

Sieve Aperture Size 
(µm) 

Grain Range 
(µm) 

500  

425 426-500 
355 356-425 

300 301-355 

250 251-300 

212 213-250 

180 181-212 

150 151-180 

125 126-150 

106 107-125 

Table 3.1 Sieve apertures and subsequent grain size ranges 
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3.3 Apparatus 

3.3.1 Core moulds 

Core moulds were designed to create a dimensionally uniform core sample that was easily 

removed from the mould once fabricated.   Removal of the core from the mould 

requires that the physical integrity of the sample not be compromised.  

 

3.3.1.1 Trial I 

The first core mould was PVC gardening/plumbing tubing, see Figures 3.1 and 3.2.   The 

failings of this method were that the internal diameter was not uniform down the long 

axis of the PVC tubing.   This made core extraction impossible.   The favoured mode of 

core extraction is to push the synthetic core sample out of the tubing.   With the long 

axis lacking in uniformity this was not possible.   As a result the core samples once 

formed in the PVC tubing had to be removed by cutting the mould down the long axis 

with a hot knife.   This method of removal effectively melted the tubing along the cut 

line, which also scored the outer surface of the core sample.   Whilst cost effective, this 

method of core extraction was difficult to undertake and did not create dimensionally 

uniform samples.   Also the core moulds could not be reused thus creating material 

waste. 
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Figure 3.1: Core mould I 

 

Figure 3.2: Core preparation using core 

mould I 

 

 

3.3.1.2 Trial II 

Core mould design II utilised grey PVC rod.   The PVC rod was machined and reamed 

down the long axis of the rod to give a precise internal diameter of 1 inch.   Figure 3.3 

shows the machined core mould.   Unconsolidated sands were introduced into the mould 

and the fabrication process used in trial I was used to produces a synthetic core sample.   

This part of the process was successful, in that no significant leaks were experienced and 

the sample formed as expected with the CIPS solution.   Once the CIPS flushing process 

had taken place the end caps were removed and the mould was placed in a warm oven, 

approximately 60ºC for at least 48 hours.   After this time the mould was taken out of the 

oven and the downfall of this technique became evident when the core came to be 

removed from the mould.   The slip or sliding friction properties of the grey PVC were 

too high and did not allow for the easy removal of the produced synthetic core sample.   

The extraction of the core from the mould was attempted via the use of a drill press.   At 
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this stage difficulty was experienced, so much so that the sample refused to move out of 

the mould and the test was deemed unsuccessful.   To remove the core sample and clean 

the mould, the mould with sample intact was placed in HCl and the calcium carbonate 

was dissolved from the sample, thereby destroying it. 

 

 

Figure 3.3 Core mould II 

 

  

3.3.1.3 Trial III 

After the failure of trial II the design was rethought and a split mould was designed in an 

attempt to eliminate the extraction problems experienced in trial II.   Figure 3.4 shows 

the new split core mould in cross section.  
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Figure 3.4 Cross section core mould III 

 

 

The thinking behind the split mould was to avoid the necessity of scoring the core 

sample on extraction.   The other benefits, like those of trial II, were thought to be that 

the mould would be uniform due to the machining of the original PVC rod and the 

mould could be reused again increasing sample uniformity throughout subsequent 

batches of core   Grey PVC rod was used to create mould III due to it’s ease of 

availability and low price. 

 

The mould required dowel inserts to ensure correct alignment of the two halves.   The 

dowel inserts were made from stainless steel to ensure that they did not rust from 

contact with the CIPS solution.   Once aligned the two pieces were fastened by counter 

sunk stainless steel Allen head screws.   The proprietary CIPS solution has the capacity to 
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oxidise iron bearing metals, hence the use of stainless steel dowel and screws to limit the 

possibility of metal oxides coming in contact with the sample. 

This core mould design was not as robust as the first grey PVC mould in that the fluids 

(DI water and CIPS) passing through the packed grain sample held within the mould 

tended to leak from the mould joins.   This situation was doubly unfortunate as not only 

was there a loss of CIPS fluid but also a loss of uniformity in CIPS application 

throughout the sample and hence a variation in mechanical strength across the sample.   

This situation was rectified with the use of hot glue to seal the mould joins.    

 

Core mould design III allowed for easy removal of one half of the core mould from the 

cemented synthetic core sample.   However, removal of the core from the remaining half 

mould proved difficult due to the unevenness of the PVC.   The unevenness of the PVC 

came about from the process of machining the rod to meet the specifications 1 inch 

diameter specifications required.   Produced core samples also possessed a score mark 

down the long axis of the core.   This score marks were created by the split nature of the 

mould itself.   The mould halves did not meet flush with one another, as indicated by the 

need to hot glue the joins to eliminate fluid leaks. 

 

Core mould design III was clumsy and not capable of producing dimensionally uniform 

synthetic core samples that could be removed from the mould in an efficient manner.  

3.3.1.4 Trial IV 

Core mould mark IV was designed from Ultra High Molecular Weight Polyethylene 

(UHMWPE) rod that was purchased from E-plas Pty Ltd, Brennan Way, Belmont 

Western Australia.   UHMWPE is a linear polyethylene with an average molecular weight 
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that is 10 times greater than conventional high-density polyethylene.   This increased 

molecular weight gives UHMWPE the following characteristics: 

• Increased chemical resistance  

• Excellent sliding properties due to its low friction co-efficient  

• Self lubrication (non-stick properties similar to Teflon)  

• Abrasion resistance  

• Easily machined 

 

It was because of these properties that it was chosen as the material for the core mould 

mark IV.   The chemical resistance meant that there would be little to no effect on the 

CIPS solution or of the CIPS solution on the mould itself.   The sliding and non-stick 

properties were also a main attraction of the material as it meant that the synthetic cores, 

once prepared, could be pushed out of the mould as there would be little resistance from 

the mould.   Abrasion resistance was another useful property, as the samples are 

fabricated from silica sand; abrasion resistance lends itself to increased longevity of each 

mould. 

 

The Mark IV was manufactured in a single piece, see Figure 3.5.   The UHMWPE rod 

was machined to an internal diameter of 25.4mm and the ends of each 186mm long core 

mould were fashioned to accommodate the pre-existing end-caps.   This mould trial was 

similar to trial II with the exception of the mould material.    

 

Testing of the core mould was conducted using unsorted sands.   The unsorted sand 

samples were consolidated through the normal application of CIPS (see Section 3.4).   

Once three CIPS applications were completed the samples were dried via storage in a 
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moderate (~ 50C) oven under vacuum for up to 3 days.  From here the warm samples, 

still in the moulds, are pushed out by a drill press with minimal applied pressure.    

 

Core mould Mark IV, unlike the other moulds created could be routinely utilised to 

produce externally consistent core samples, which were easily removed from the mould.   

Mark IV moulds due to their simplicity of structure and material characteristics are 

uniquely suited to the fabrication of synthetic core samples required for this research. 

 

 

 

Figure 3.5 Core mould IV with end caps. 

 

Figure 3.6 Core preparation using Core 
mould IV 

 

For the final batches of synthetic core sample production (Doped single core - Series 0.2, 

0.3) a new set of miniature core moulds were prepared.   The miniature moulds 

maintained the same internal diameter and end cap configurations however the mould 

length was decreased to 100 mm so less sand was required and cutting of the produced 

core was not necessary.   Figures 3.7a and 3.7b show the schematics of the two length 

variations of the mark IV core mould produced.    
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Figure 3.7a Schematic of a 1 inch bore large core mould 

 

Figure 3.7b Schematic of a 1 inch bore small core mould 

 

Large core mould 

Small core mould 

End cap 
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3.3.2 End Caps for Mould II, III & IV 

 

The end caps were machined from polyvinylchloride (grey PVC) rod.   Figure 3.8 and 3.9 

shows the end caps as used in three of the four core mould trials.   Figure 3.7b shows a 

cross sectional schematic of the designed end caps.  

 

 

Figure 3.8 Side view of end cap Figure 3.9 Internal view of end cap 

O-ring 

Screw cap 

 

The internal diameter of the end caps was specified as 43 mm so that they would slide 

over the core mould ends and fit firmly in place.   Within the base of the end cap, as 

shown in Figure 3.9, o-rings were fitted to minimise fluid egress.   In an attempt to 

further reduce fluid egress from the core mould end fitting; hot glue was employed to 

hold the fitting in place.   The end caps were also fitted with a standard threaded end; see 

Figure 3.8, to marry up with the CIPS flushing tube.   As seen in Figures 3.10a and 3.10b 

a plastic screw cap was modified to hold the flushing tubing.   These screw caps are 

standard gardening PVC tubing ends that have had a hole cut in the centre to 
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accommodate a tapered end.   Figure 3.11b shows this end and its function is to provide 

a connection with the flushing tubing.   The tapered ends are held in place by an epoxy 

resin.   This resin is the yellow/orange section as seen in Figure 3.10a.    O-rings were 

also fitted inside the screw caps to provide a tight leak free fitting onto the end caps. 

 

 

 

Figure 3.10a screw cap fitting  
– bottom view 

Figure 3.10b screw cap fitting – top view 

Tapered 

O-ring 

Resin 

 

3.3.3 Filters for moulds  

The filters for mould IV were the same as those used for previous core mould trials.   A 

cross sectional representation, as seen in Figure 3.11, shows the use of porex, 3mm 

drilled glass beads and scotch brite™.   The porex filter was precision cut using a 

machined metal cutting device as shown in Figure 3.12.   This method produced porex 

filters that tightly fitted the internal diameter of the core mould.    

 

Porex, a plastic polymer, is an integral component in keeping the packed sand in place.   

The structure of porex is such that the fine-grained sand particles are not readily able to 

migrate from the internals of the core mould through to the glass beads of the filter 

ensuring that the mechanical uniformity and strength of the synthetic core samples is 

maintained.   The porex whilst stopping sand migration is still able to allow the passing 

of water and CIPS solution to the packed sand grains. 
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Figure 3.11 Cross-section of filter layout 

End cap Glass beads 

Porex 

Scotch brite™ 

Small core mould 

 

 

 

Figure 3.12 Metal cutting tool 

 

Other than merely holding the packed sand grains in place the filters provide another 

useful service.   The filters held within the end caps diffuse the CIPS solution across the 
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endface of the packed sand and facilitate the development of a piston front invasion 

profile of the solution through the packed grains.   This situation ensures a uniform 

distribution of the CIPS solution across the diameter and length of the packed sand 

grains. 

 

3.3.4 Preparation of mould and filters 

Core mould mark IV was used in the preparation of the undoped single grain grange 

core samples.   The mould and all tubing and taps were washed with hydrochloric acid 

prior to every use.   The acid wash removed all previous depositions of calcite that may 

have built up on the apparatus.   All preparation pieces were then rinsed in deionised 

water to removal any residual hydrochloric acid.   Deionised water was used to ensure 

that no contamination could occur from minute amounts of impurities found in tap 

water.   The rinsed apparatus was then set to naturally air dry in the laboratory. 

 

Once dry the bottom end cap was placed onto the core mould and glued in place with 

hot glue.   This process was repeated for each mould being used in the batch production.   

The mould, with bottom end cap, was then put to one side whilst the hot glue dried and 

hardened.    Once the hot glue had cooled and hardened the filters for the bottom end 

cap were put in place.    

 

Filters are required in the end caps of the core mould arrangement.   Their purpose is to 

obstruct sand grain movement/loss from the system and to provide a distributed flood 

front for CIPS application.   Each end of the core mould holds two filters, porex and 

Scotch Brite™.   Figure 3.11 shows this arrangement.   The first filter, porex, is put in 

place to maintain sample integrity during the flushing process.   Porex is a porous 

 59 



Chapter 3 

polymer material that exhibits filtering properties such that fine-grained material, such as 

the smallest silica sand used in this study (107µm), is unable to pass through.   The 

second filter external to the porex is placed on the 3mm drilled glass beads.   This filter is 

composed of a scotch-brite™ scourer mitt and is used to hold the packing glass beads in 

place.   The glass beads along with the filters, as described above, create a flood front 

prior to the CIPS contacting the packed sand. 

 

Once the bottom end cap has the outer Scotch Brite filter and the glass beads put in 

place the mould is put into a holding rack.   Porex filters are then cut using the cutting 

tool, Figure 3.12, which is placed over the porex sheet and then hammered into the sheet 

to cut out the desired filter.   The pre-cut porex filter is then pushed into place, through 

the core mould, using a metal rod with a 20 mm diameter. 

 

3.3.5 Apparatus arrangement 

Once the bottom end cap and its internal filters are in place the flush tubing is 

connected.   The flush tubing is clear plastic tubing that is able to with stand small 

pressure loads.   The tubing is connected to the tapered fitting on the end cap and 

secured in place with a twisted piece of wire.   As the pressure of flushing is not 

significant this effectively holds the tubing in place and due to the tapered nature of the 

fitting leakage of fluid is not experienced.     
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Figure 3.13 Tubing connection to end cap 

Tubing 
connection

 

Other connections to the tubing, i.e. at the tubing ends and to the pressurised solution 

bottle are made with simple plastic valves.   These valves are connected to the plastic 

tubing via glass inserts, wide o-rings and adjustable metal clamps.   The valves at the ends 

of the tubing are in place to encourage and regulate fluid flow from the pressurised 

solution bottle through to the core mould end.   These valves can be seen in Figure 3.14. 

 

 

Figure 3.14 Tubing end valves with glass 
connectors and clamps 

 

 61 



Chapter 3 

The remaining items of the system include the pressurised solution bottle and regulators 

that connect the system up to compressed air.   These items can be seen in Figure 3.15, 

which shows the system prior to flushing. 

 

 

Figure 3.15 Layout of the CIPS preparation apparatus. 

Pressure 
regulators 

Pressurised 
solution bottle 

Tubing end 

 

3.4 Fabrication Methodology 

3.4.1 Silica sand packing methodology 

Once the bottom end cap and filters and the bottom tubing is in place (though not 

connected to the pressurised solution bottle), the silica sand is introduced. 

 62 



Chapter 3 

Packing of the sand grains within the core mould is of upmost importance, not only to 

ensure homogeneity but also to achieve the greatest density of packing.   The desire for 

increased density comes from trying to limit movement of the particles during the 

flushing steps of production. 

Work carried out by McGeary (McGeary 1961) indicates that the greatest density to be 

expected from a randomly packed particulate sample is in the order of 64% of the 

density of the parent grain.   For example if marbles, all of the same size, were randomly 

packed into a box they would occupy 64% of the available space, leaving 36% porosity. 

However, new works (Torquato et al 2000) have shown that the density of a randomly 

packed structure is determined by the manner in which it is packed.   As a result of these 

studies and worked carried out by Manolis (Manolis 2002) under supervision by Ronan 

the methodology for the packing procedure was established, and the 3 steps involved are 

described below. 

 

Controlled filling of the mould with sand 

Silica sand was introduced to the core mould through a funnel system consisting of a 

plastic funnel with a tubing attachment at the stem of the funnel.   The funnel system 

was placed into the core mould and silica sand was poured in through the funnel.   As 

the sand filled up the lower portion of the mould the funnel system was slowly raised to 

allow further flow of sand into the mould.   Once the sand had reached a level 

approximately 10 mm from the first lip of the mould, sand pouring was stopped. 

 

Vibrational packing 

The loosely packed sample was then subjected to vibration by way of rubbing a 

pneumatic air driven chisel along the length and breadth of the mould.   This vibrational 

process was carried out for a period of no more than one minute, during which time the 
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chisel was moved up, down and horizontally over the core mould held in the mould rack.   

The use of the one minute time frame was standardised, as observations indicated that a 

longer time frame would be of little benefit and could also pose a risk of separating the 

sieved grain range.   Other tests looked at water wet packing of the sand grains also using 

the air driven chisel but this method proved inferior to the dry vibrational method 

described above. 

The resultant packing arrangement of the vibrated samples was examined by Scanning 

Electron Microscopy, SEM, and associated image processing software.   These results 

indicate that the packing of the sand grains, which were subsequently cemented by the 

CIPS process, had an average porosity range from 0.30 through to 0.40 as calculated 

from void fraction measurements on the SEM images.   These void fractions were 

examined from four different sections (A, B, C, and D) of each studied core and 7 planar 

positions within these four sections. See Figures 3.16 and 3.17 below show this 

arrangement 
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Figure 3.16: Four planes (A, B, C, D) 
investigated  

(Manolis, 2002, p34) 

Figure 3.17: Cross section of Figure 3.6. Areas 
shaded red show section locations. 

 (Manolis, 2002, p34) 

 

This study showed that the as produced core samples were consistent both down the 

long axis and across the diameter of the samples.   It also showed that there was no 

favoured grain orientation of the grain ranges tested.   The samples tested to ascertain 

these outcomes included the largest, smallest and mid sized grain ranges (425-500 μm, 

107-125 μm and 213- 250 μm respectively) of the studied grain ranges.   Refer to section 

4.4 for results.  

 

Placement of the top diffuser 

Once the vibrational packing was complete the top filter set was secured in place in the 

reverse fashion to the bottom filter.   For example the porex filter was the first to be 

introduced, then the glass beads and finally the Scotch Brite™ filter.   The screw cap was 

A 

B 

C 

D 

10mm 

15mm 

25mm 

6.6mm

Investigated 

sections within 

Investigated 

l
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then securely fastened.   Plastic tubing was connected to the tapered end in the same way 

as the bottom tubing, however the open end of this piece of plastic tubing did not 

require a valve as the output flow did not need regulation.   The open ended tubing was 

placed into a 500 ml plastic graduated cylinder so that fluid flows through the packed 

sample could be measured, both rate and volumes. 

 

3.4.2 Preflush de ionised water check 

Once the packed sample was ready for flushing it was subjected to a pre-CIPS washing 

flush of deionised water.   This flush was undertaken at a differential pressure of between 

5 and 10 psi.   The differential pressure employed depended on the sample.   For 

example the smaller the sand grain, the tighter the packing and hence, the lower the 

permeability and the higher the pressure needed to obtain fluid flow through the sample.   

The purpose of this flush was to check the integrity of the sand packing (are the filters 

holding it in place?) and determine if there were any leaks that needed fixing.   If at this 

stage the sample was not deemed fit for CIPS flushing the mould would be dismantled 

and acid washed and the wet sand would be dried ready for repacking.  

 

The other purpose for de ionised water flushing is to allow any trapped air to be expelled 

from the sample.   Trapped air has an adverse affect on the packing integrity and hence 

sample completion.   To further ensure no trapped air existed in the sample the top of 

the sample was tapped with a rubber mallet until no more bubbles were expelled. 

 

When the sample shows no sign of leakage of sand grains past the porex filter, bubble 

evolution had ceased, and with all fittings leak-tight, CIPS flushing could commence. 
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3.4.3 CIPS flushing 

The proprietary CIPS solutions A and B are prepared on the day of the application and 

placed into two separate beakers.   The two solutions are only combined immediately 

prior to flushing commencement.   Once combined the solution is quickly introduced 

into the solution bottle at which time the lid is closed and securely screwed on and the 

bottle pressurised to the flushing pressure.   The pressurised solution bottle is a plastic 

spraying bottle with the top entry port adapted to receive compressed air and expel the 

solution from the exit port on the same fitting.   The expelled pressurised CIPS solution 

then flows through to fill up the bottom tubing, at which time the open end valve is 

closed and the solution enters the core mould.   The CIPS solution like the de ionised 

water flush is introduced at a pressure range between 5- 10 psi, which again is sample 

dependent.   During the flushing process the sample mould is tapped on the top by a 

rubber mallet to ensure no trapped air remains in the sample.   This process of ensuring 

there is no trapped air in the system is standard procedure however once the system is 

full of fluid, at the deionised water stage, there is little need for this step, though it is 

good practice to continue with its use. 

 

The flow of the solution was controlled by valves as seen in Figure 3.4 and described in 

section 3.2.3.   The flow of CIPS is stopped prior to the volume in the pressurised 

solution bottle becoming too low.   If this is not carried out the chance of air being 

introduced into the sample is increased.  

 

On cessation of the flush the tubing at the bottom of the core mould is blocked off and 

the system remains untouched for 24 hours, during which time the CIPS solution 

naturally cements the packed sand grain sample.   The process of deionised water 

flushing and CIPS flushing, with a 24 hour curing period was then repeated in duplicate.   
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The resultant three flush core sample is robust, mechanically strong, homogeneous 

sample with uniform porosity and permeability throughout. 

 

3.4.4 Core sample drying 

On completion of the CIPS flushing procedure the synthetic core samples needed to be 

dried in preparation for sample sectioning and analysis.   The undoped core samples 

whilst still in the core moulds were placed in a laboratory oven whose temperature was 

set no higher than 60ºC.   As the samples remained in the oven for a period of no less 

than 24 hours the moderate oven temperature was considered appropriate.   The oven 

temperature affected no only the samples but the sample moulds that contained the 

samples.   The moderate oven temperature decreased the chance of core mould 

deformation, which would have required mould re-fabrication for each core set 

produced.   It was observed that the moulds did not deform and the core samples were 

sufficiently dried at a temperature no greater than 60ºC. 

 

3.4.5 Core sample extraction 

Once dried the warm synthetic core samples were extracted from the moulds using a drill 

press.  A stand was designed to hold the mould in place under the drill press whilst 

moderate pressure was applied to the core held in the mould.   So as to reduce 

contamination of the samples from the drill press, pre-cut porex filters were inserted into 

the top end of the mould (the end in connection with the drill press).   Again, in an effort 

to reduce contamination, an assistant escorted the sample to the drill press operator 

whose hands were covered with clean tissues.   The core was subsequently labelled with a 

permanent marker to indicate the sample ID and which end was the top and bottom.   
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The sample was then wrapped in the clean tissue and stored until sectioning and analysis 

was required.  

 

3.5 Undoped double core 

3.5.1 Overview  

NMR techniques are applied to reservoir samples to determine the porosity size 

distribution.   With single grain range synthetic core samples, a unimodal distribution is 

expected, leading to a T2 spin echo spectrum of relaxation times characterising the 

distribution.   As explained in Chapter 1, the pore size distribution is extracted from the 

NMR signal by discretising the signal into equal time intervals and fitting a multi-

exponential decay function to the spectra.   The procedure is not mathematically 

rigorous.   For instance, pseudo data can be generated with defined values of time 

intervals and amplitude.  This pseudo data can then be input into industry software.   

The resultant characterisation while apparently fitting the pseudo decay spectra produces 

best fit parameters significantly different from the generating parameters.   In other 

words, uniqueness of solution is a difficulty. 

 

A prime purpose of the NMR measurements on the single grain range samples is to 

provide a calibration scale converting T2 times to a length scale, as discussed in Chapter 

2. 

A subsidiary question is “What is the resolution of the NMR measurements?” Or alternatively, 

“Can bimodal distributions be readily seen on the observed spectrum?”   To address this latter 

question, deliberately bimodal synthetic cores were developed, following a suggestion 

from Tom Mason of Woodside Energy (Private conversation 2002). 
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If two grain sizes are mixed in a perfectly random manner the resultant NMR signal will, 

most likely, still be uni-modal.   However, if two grain size ranges are discretely present, 

the NMR signal will be expected to show bimodal features, which can be directly 

compared with the known bimodal construction of the synthetic core, providing an 

answer to the second question posed above. 

The arrangement of the double core samples is such that one core of a given grain range 

size lies within another core of differing grain range size.   Figure 3.18 shows the 

arrangement of the internal core, 
3
1  of the whole, and the outer core, the remaining

3
2 .   

The inner core differs from the outer core by way of sand grain range size and overall 

volume, as mentioned above.   All double core samples produced in this research have an 

outer sand grain range of 425-356 µm and the internal core was prepared using varied 

sand grain ranges. 

 

 

Figure 3.18: Representation of the 
double core configuration.  

Figure 3.19: SEM image of section of double 
core sample, (425-326/180-151)μm, showing 

grain boundary. 

Grain range boundary 

12.7mm 

7.3mm 

 

Table 3.2 below shows the sand grain ranges used to produce the double core samples. 

Note that some core samples were duplicated.   In such cases the sample ID is followed 
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with a numerical subscript to represent which replicate is in discussion.   For example, C2 

is the second replicate of the C arrangement.  

 

Sample ID Outer Sand Grain 
Range (μm) 

Inner Sand Grain 
Range (μm) 

A 425-326 355-301 
B 425-326 300-251 
C 425-326 250-213 
D 425-326 212-181 
E 425-326 180-151 
F 425-326 150-126 
G 425-326 125-107 

Table 3.2: Grain range distribution for double core samples. 

 

Theoretical porosities were calculated for all the produced double core samples prior to 

physical analysis so as to determine the average porosity that would typify the produced 

samples.   This process involved a simple volume weighted average of the porosities for 

the component sand grain range.    The values displayed a consistent core average (which 

included the inner and outer core) porosity of 0.511 with a standard deviation from the 

mean of 1.78%.   These values whilst high are consistent throughout the sample set.   It 

should be noted that these calculations do not include the contribution of the CIPS 

cementation material.   As discussed in Chapter 4 and shown by Figure 4.2 the addition 

of the three CIPS cementation flushes reduces the permeability of the silica sample so to 

must it affect, albeit to a small degree, the sample’s porosity.  

 

As expected, the experimental porosity averages as derived from measurements carried 

out by ACS laboratories, showed an average porosity of 0.314 with a standard deviation 

from the mean of 2.5% was very similar to the measured values of the component single 

core porosity values (Section 4.2).   Taking into consideration the addition of CIPS 

cementation and experimental error, the standard deviation of 2.5% experimentally and 
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1.78% calculated are in good agreement.   This method provided a basic consistency 

check of the produced synthetic core samples.   The samples were then measured for 

permeability and porosity values, using the AP608 automated permeameter/porosimeter 

apparatus (described in Chapter 4).  

 

3.5.2 Preparation variation 

The method of CIPS application is the same for the double core series as it was for the 

single sand grain range samples (discussed above).   The similarities cease with respect to 

the packing of the sand grains prior to the CIPS application.   

The preparation and assembly of the core mould, filters and tubing for the bottom 

section of the set up is the same as mentioned in Section 3.3.  

The inner and outer sand grain ranges are separated during the packing process by a 

length of thin walled stainless steel tubing.   The stainless steel tubing is centred in the 

middle of the mould by lining it up with the bottom porex filter, which has been lightly 

scored prior to being put in place.   The top of the stainless steel tubing is held in place 

by a piece of porex filter that has had the centre removed.   This arrangement is such that 

the tubing need not be held during the sand pouring phase.    

The internal grain range sand is then poured, via a funnel, into the stainless steel tubing.   

Once full the funnel is removed and the stainless steel tubing is then lightly tapped.   The 

tapping of the stainless tubing is to encourage adequate packing of the internal core sand 

grains, following the procedures outlined above.   Without this tapping, loosely packed 

inner sands could be contaminated by larger grain size particles encroaching from the 

outer layer, leading to a broad ill-defined grain boundary.  

The outer sand grain range is introduced into the core mould whilst the stainless tubing 

is still in place.   The top porex filter, used for alignment of the tubing, is removed and 
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the larger sand grain range is carefully poured into the mould with the assistance of a 

small funnel.   Like the inner sand grain range, the outer sand is tapped with a rubber 

mallet to encourage dense packing.    

 

The double core series is dissimilar from the single grain range core in that vibrational 

packing during the packing process is not possible.   Vibrational packing of the sample 

with a pneumatic air driven chisel is a much too violent process, when trying to keep 

sand grain sizes separated. 

On completion of outer sand grain filling the stainless steel tubing is gently raised from 

the sample, and being kept truly vertical, to prevent grain mixing across the grain size 

discontinuity. 

The remaining top end cap, associated tubing and flushing apparatus are attached to the 

flushing system, as previously seen in Figure 3.15.   The core mould is then flushed using 

the same process and number of CIPS applications, (3), described above. 

The process of flushing the CIPS solution particularly during the second and third 

flushes becomes markedly problematical, as compared to the single grain range samples.   

As the inner sand grain ranges tend toward the smallest size of 125-107 μm the flushing 

pressure used to apply the CIPS solution to the sample needed to be increased.   Samples 

F and G (inner grain range of, 150-126μm and 125-107μm) required an increased 

flushing pressure to ensure total coverage of the inner and outer section of the samples 

with the CIPS solution.   The pressure was nominally increased by 1psi to 3psi.   The 

CIPS solution was also “cleaned up” prior to its application.   The process of “cleaning 

up” the solution required that the components of the CIPS solution were filtered to 

remove fine particulate matter from the suspension.   This filtering ensured that the 

underlying permeability of the sample is not altered by injection of unwanted particles. 
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Once the samples have been treated with CIPS they are subjected to the same extraction 

process as described for the single grain range core samples. 

 

3.6 Doped single core - Initial samples 

3.6.1 Overview 

Preparation of paramagnetically doped core samples is an important segment of this 

research.    Interest in the effect of paramagnetic susceptibility on the NMR signature is 

wide ranging.   The presence of paramagnetic ions in naturally occurring reservoir rock 

can significantly affect any acquired NMR data.   Hence calculations and decisions based 

on such data, without the proper understanding of the paramagnetic effects, can have 

serious consequences on the development and handling of reserves.    

 

The presence of paramagnetic material (particularly certain compounds of iron and 

manganese) is known to increase the T2 relaxation rate as obtained by the NMR tool.   

The difficulty comes in adequately defining and accounting for this increased relaxation 

rate, and the subsequent calculations of reserves.   An increased relaxation rate implies 

diminished pore size and any reserves estimate using this porosity will be incorrect 

(undervalued).    To quantify this paramagnetic effect, synthetic CIPS core samples, 

doped with paramagnetic material, were prepared. 

 

As discussed in Chapter 1 there are three contributing aspects to the NMR signal, (bulk, 

surface relaxation and diffusivity).   The dominant term is the surface interaction and its 

effect on the resultant relaxation rate.   Ideally, these terms would be studied 

independently.    Thus the creation of an experiment to isolate the surface relaxation 

response from the others is the aim of this body of the research.    
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Previous researchers (Kenyon and Kolleeny 1994) and (Roose et. al. 1995) in this field 

have used uniformly sized particles (silica gel particles) packed in sample tubes, as an 

experimental basis for measuring the NMR response to paramagnetic material.   The 

paramagnetic ions are introduced into the saturating fluid.   This approach does not 

simulate real reservoir matrix structure.   In the natural environment (reservoir rocks), 

the paramagnetic ions are incorporated in the rock matrix (and in the pore space in the 

case of Illite inclusions), not within the pore.   Thus, these studies are more akin to 

studying the bulk relaxation rate displayed by closely coupled paramagnetic ions and 

proton spins, interacting over a short range.   The more natural and dominant occurrence 

is the action at a distance between a proton in the pore volume and a paramagnetic ion in 

the surrounding rock matrix.   It is this arrangement that we have produced by 

paramagnetically doping the CIPS solution.   After fabrication, the location of the 

paramagnetic ions (and their concentration) in the cemented layer is well defined.   The 

silica gel studies did, however, show that increased paramagnetic concentration decreases 

relaxation time. 

 

By producing paramagnetically doped, physically representative core samples, this 

research has been able to not only support the conclusions of previous studies but also 

look deeper and establish surface relaxation significance.   The use of CIPS in this 

manner has allowed for the study of the paramagnetic effect as a function of 

concentration, porosity and permeability of the sample. 
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3.6.2 Preparation of doped core  

3.6.2.1 Sample Preparation - First and second batches  

Early stages of the research saw the addition of ferric chloride to the CIPS solution prior 

to mixing and introduction to the packed sand grains.   

Known concentrations of the Ferric chloride solution were produced for this method 

however during the short period between preparation of the Ferric solution and addition 

to the unmixed CIPS solution, the Ferric chloride had oxidised in air and was no longer a 

strongly paramagnetic solution.   This state change occurred over a period of 5 minutes.   

For this reason further work with Ferric solution was discarded and Manganese ions 

were considered as a more stable material.   Manganese ions are more paramagnetic than 

their Iron counterparts and they are considerably more stable in air and water.   “In 

sedimentary rocks, the most common paramagnetic ions are iron and manganese”(Kenyon and 

Kolleeny 1994).   Kenyon and Kolleeny also point out the importance of burial of the 

paramagnetic ion in the calcite particles – in their investigation a paramagnetic ion buried 

even one atomic layer below the solid surfeace is expected not to contribute to surface 

relaxivity. 

The key reasons for using manganese nitrate in this thesis research were; 

1) Oxidative stability 

2) Compatibility of Mn(NO3)2 with CIPS chemistry 

3) Ability to co-precipitate with CIPS calcite  

Kenyon and Kolleeny (1994) prepared calcite particles and allowed Mn2+ to adsorb onto 

the particles.   This produced a large increase in NMR surface relaxivity.   The increase is 

much larger than when similar amounts of iron were adsorbed onto the calcite.   Their 

conclusion was that “manganese may well dominate the surface relaxivity of calcite rocks in 

subsurface conditions”. 
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In this thesis research, paramagnetic manganese enabled the production of a generic 

paramagnetically doped sandstone.   As such it is an analogue to naturally occurring 

reservoir sands where paramagnetic chlorite is found lining the pores.   In contrast to 

naturally occurring samples where the chlorite content varies from core to core 

(Hurlimann et al 2004), and the core itself is mineralogically complex, the synthetic 

sandstones prepared for this research were compositionally simple with a selectable 

paramagnetic concentration, plus, as already mentioned, the pore size in the synthetic 

samples was also selectable.  

Known concentrations and amounts of manganese chloride were added to the unmixed 

CIPS solution, as listed in Table 3.3.   The highest concentration of Manganese was 

chosen as it was thought to be a limiting factor to the precipitation of the CIPS material, 

at that level.   The lowest concentration of Manganese was selected as being just 

sufficient to minimally perturb the NMR signal from that of an undoped sample.   The 

combined CIPS solution was then introduced to the packed sand samples in the same 

fashion as a normal undoped CIPS flush.   The flushing of the packed samples with the 

doped CIPS solution took place on the second application of flushing material and was 

followed by a final flush of undoped CIPS solution.   It was thought that this method 

would help bind the precipitated manganese in the matrix and inhibit losses to the bulk 

solution post fabrication. 

Sample ID MnCl added 
(g) 

Doped Low (DL) 0.028g 
Doped High (DH) 5g 
Table 3.3 Volumes of added Manganese chloride 

 

Once removed from the core moulds, the fabricated core samples were cut into sections 

and analysed using; 
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• ICP AES (Inductively coupled Plasma Atomic Emission Spectroscopy)  

• SEM X-ray mapping 

• NMR  

 

These techniques were employed in the expectation of determining: 

1. The quantities of manganese chloride throughout the prepared samples,  

2. Mapping to pin point the location of the manganese within the matrix  

3. NMR to determine the success of the fabrication methodology in 

returning a sample with sufficient paramagnetic material to substantially 

affect the NMR signal response.    

 

The Manganese chloride doped samples failed to show a significant alteration of the 

NMR signal from that of an undoped core sample. 

Either the precipitate was not remaining fixed to the core sample matrix or the 

Manganese was no longer in a strongly paramagnetic state.    

 

On consultation with the CIPS designers a new approach was developed.   The CIPS 

base material was altered and the chemical composition of the paramagnetic dopant to be 

added to the base CIPS solution was also altered.   Both the CIPS and the dopant 

became nitrate based.   Manganese nitrate in the following form, Mn(NO3)2.4H2O, was 

used as the paramagnetic material added as the doping agent.   Although this compound 

introduces extra protons via the water of crystallisation molecules, the close coupling of 

the paramagnetic spin of water of crystallisation proton produces an immeasurably short 

relaxation time, and does not interfere with the pore proton/paramagnetic ion relaxation. 
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All doped core samples produced from this stage forward were packed and pre-flushed 

with deionised water in the same fashion as the undoped samples, Sections 3.4.1 and 

3.4.2.   Table 3.4 show the four doped core series produced and the nomenclature 

applied to each sample series.  

 

Series Name Description 

M series 
Middle section of first batch of new Nitrate core. Constant grain 
range <300μm. With varying added paramagnetic concentration 
(0.038-0.566 mol/L) UPT 

 
T series 

Top section of first batch of new Nitrate core. Constant grain range 
<300μm. With varying paramagnetic concentration (0.038-0.566 
mol/L) 

0.2 series Second batch of nitrate cores. Constant grain range (213-250μm) with 
varying added paramagnetic concentration (0.038-0.566 mol/L). 

0.3 series 
Third batch of nitrate cores. Paramagnetic concentration held 
constant (0.038 mol/L) and each sample had a different grain size 
ranges including those between 125 and 425μm. 

Table 3.4 Series nomenclature legend for the four core series 

3.6.3 UPT (Unsorted, Paramagnetic, Test Samples) Series  

3.6.3.1 Overview  

The UPT series of synthetic core samples were produced to test the new nitrate 

combination of the modified base CIPS and dopant material.  

The purpose of this phase of testing was two fold: 

1. was the new paramagnetic material, manganese nitrate, a suitable inclusion to the 

CIPS blend 

2. to determine the maximum concentration of paramagnetic material that could be 

successfully added to the CIPS solution before the precipitation of the “natural 

cement” was compromised.  
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3.6.3.2 Core fabrication 

The UPT series of synthetic samples represent a single fabrication of six single grain 

range core samples doped with varying degrees of paramagnetic material.   Table 3.5 

below shows the dimensions and volumes of sand used to create the UPT series.    The 

sample nomenclature regime indicates that the samples were produced from unsorted 

sand grains having less than 300 micron diameter (U), were to be treated with 

paramagnetic material (P), were test samples (T), and had varying concentrations of 

paramagnetic material, for example (20).   The variation in concentration was noted as a 

percentage of the total CIPS material, for example sample UPT20 had a manganese 

concentration that was 20% of the CIPS base material calcium. 

The core sample series was prepared with the following sample ID’s and dimensions 

 

Sample ID Sample length 
(mm) 

Sand  mass 
(g) 

Calculated Volume  
(cm3) 

UPT20 78 65.7 6.13 
UPT40 76 64.2 5.97 
UPT80 75 62.4 5.89 
UPT100 75 64.2 5.89 
UPT200 76 62.1 5.97 
UPT300 77 65.1 6.05 

Table 3.5 Sample dimensions – UPT sample set 

 

Figure 3.20 shows the concentrations of the manganese dopant when added to the 400ml 

of CIPS solution prior to flushing the UPT core series. 
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Concentrations of paramagnetic material in each sample
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Figure 3.20 Designed exponential increase in Mn dopant concentration in CIPS solution 

 

This sample batch followed the same sample preparation technique and flushing regime 

as outlined in Section 3.4.   The manganese doped solution was prepared to a volume of 

100ml, from which 75mls of solution is extracted and added to the 400ml of CIPS 

solution immediately prior to flushing.   The addition of the doped CIPS material 

occurred as the third flush in the three flush process.   Once removed from the core 

moulds, on completion of the final curing time, the samples were cut in half using a 

precision cutting wet saw, giving two separate samples of similar lengths.   Once 

sectioned the core samples were then dried, as per the drying method discussed in 

Section 3.4.4.   The sample set was also renamed to reflect the division of the UPT core 

samples.   The two pieces were renamed with the titles of series M and series T.   The M 

denoted the bottom half of the cut sample and the T denoted the top section.   Below, 

Table 3.6 displays the new sample dimensions and ID’s.   Note, all prepared core samples 

posses the same diameter, that of the sample preparation mould, 1 inch (25.4mm).  
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M Series T Series Old Sample 
ID Sample ID Length 

(mm) 
Sample ID Length 

(mm) 
UPT20 20M 39.90 20T 38.7 
UPT40 40M 36.3 40T 37.81 
UPT80 80M 35.10 80T 38.26 
UPT100 100M 34.46 100T 39.57 
UPT200 200M 33.68 200T 40.23 
UPT300 300M 37.10 300T 38.64 

Table 3.6 Renaming of UPT series core 

 

The reason for the division of the core samples was to allow for a more effective and 

rigorous sample analysis regime to take place. 

 

The M series core batch was immersed in deionised water and the resultant conductivity 

change over time was measured in a study to discover the stability of the paramagnetic 

content within the CIPS precipitate.   On completion of this the samples were then dried 

and introduced into a very weak bleach solution.   The introduction of the bleach 

solution was to discourage the dissolution of the manganese precipitate into the bulk 

saturating deionised water.   This course of action was undertaken after study of the 

NMR results of the initial water saturation tests.   Repetition of these two techniques 

occurred and the results of all these studies can be found in Chapter 6.    

 

This study, as is evident, was to determine if the paramagnetic material would remain 

bound to the synthetic rock matrix or would it be re-dissolved into the saturating fluid, 

de ionised water.   These tests also provided information as to the robust nature of the 

synthetic core samples with respect to the rigors of wet sample analysis.   All core 

samples produced throughout the research process needed to be suited to de ionised 

water, as a saturating fluid, and wet analysis techniques so as comparison of results of all 
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sample suites could be made where appropriate.   The saturating fluid, deionised water, 

was chosen as it would not add contaminants to the system/matrix, was readily available 

and produces a useful NMR spectrum. 

 

The series T sample set was analysed post sample suite M analysis.   The lessons learned 

from the M series testing were transferred and the techniques used to understand the 

stability of the manganese precipitate differed from those above.   The T series core set 

was subjected to continual deionised water flushing to determine if there was a limit at 

which the manganese precipitate no longer re-entered the bulk solution of the saturating 

fluid.   A continuous deionised water flushing system was constructed with the use of an 

automated pump and appropriate tubing.    At various stages of the flushing regime the 

samples were analysed by the NMR instrument.   The results of this analysis, once again, 

can be found in Chapter 6.  

 

3.7 Doped single core – Variation in dopant inclusion timing 

The second and third samples experienced the doped flush during the second and third 

flush respectively.    These samples were manufactured to study the effect both on the 

doped CIPS flush by changing it’s inclusion time and the effect, if any, seen by the NMR. 

These core samples where prepared in the same fashion as the undoped core samples, 

using a grain range of 213-250μm, to the point of CIPS flushes, at which point they 

differ slightly.   During the flushing stage a 500ml stock solution of manganese nitrate 

was prepared by dissolving 5 grams of Mn(NO3)2.4H2O into a volumetric flask and 

making the solution up to the mark.   From this stock solution and just prior to the 

required flush time a 47ml aliquot of the stock solution was removed and added to 

500mls of CIPS solution.   This addition, as outlined above, occurred at different stages 
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for each of the samples prepared.   With the exception of the doped flush the remaining 

steps of the sample preparation follow that of the general synthetic core preparation, e.g. 

remaining undoped flushes, curing time, water flushes drying and extraction processes.    

The results of all analysis carried out on these samples where the doped addition came 

during different CIPS flushes and are so labelled 1.1, 1.2 and 1.3 to reflect this addition 

time, can be found in Chapter 6.  

 

3.8 Doped single core - Series 0.2 

3.8.1 Overview  

Following on from the fabrication of and measurements on the unsorted core samples 

(the UPT series), the same techniques were applied to sorted, single grain range samples.   

The objective of this section of research was to investigate the effect of varying the 

concentration of precipitated paramagnetic material on the resultant NMR signature 

produced for each synthetic sandstone of a given particle size.  

 

The CIPS, calcite cemented, synthetic sandstones were created with an addition of 

Manganese ion in the form of Manganese nitrate, as discussed in Section3.6.2.   The 

concentration of Manganese nitrate was varied from core sample to core sample, but all 

other physical parameters of the synthetic core samples, such as permeability and 

porosity, was held constant in a bid to focus solely on the paramagnetic effect on the 

NMR signature. 
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3.8.2 Production of series 0.2 core samples 

Produced with a variation in paramagnetic content, Series 0.2 samples were prepared 

using the same methodology as the undoped samples, (as regards core mould 

preparation, sand packing, pre-flushing); the only difference is the addition of a 

paramagnetic solution which was added to CIPS solution part A prior to mixing with 

part B and being flushed through the packed sand. 

 

3.8.2.1 Sample packing  

As stated above, Series 0.2 samples were prepared using the same methodology as 

previous core sample preparations, see Section 3.4 above.   The addition of the doped 

paramagnetic CIPS solution occurred in the first flush of the three flush regime.   The 

introduction of the paramagnetic solution at this stage as discussed in Section 3.6.3.2 was 

to have two subsequent undoped flushes providing a barrier to paramagnetic 

precipitation re-dissolution during the analysis steps.   The sand grain range used to pack 

the core mould was 213-250 μm and the weights of the unconsolidated sands are shown 

in Table 3.7.   All samples followed the same packing techniques discussed in Section 

3.4.1 

 

Sample ID Initial weight 
(g) 

Final weight 
(g) 

Total weight 
(g) 

20.2 275.8 208.2 67.6 
40.2 208.2 142.8 64.4 
80.2 142.8 74.6 68.2 
100.2 74.6 7.9 66.7 
200.2 199.6 134.2 65.4 
300.2 134.2 69.2 65.0 

Table 3.7 Series 0.2 unconsolidated weights of silica sand. 
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This sand grain range was chosen, as it was mid way through the available grain ranges 

for the study, and for ease of manufacture.   For example if a smaller grain range was 

chosen the CIPS flushing pressures would have had to be increased. 

 

3.8.2.2 Paramagnetic solution  

The paramagnetic solutions were created using standard volumetric glassware and known 

weights of analytical grade Manganese Nitrate in the form of Mn(NO3)2.4H2O.   Cleaned 

100ml volumetric flasks had known weights of manganese nitrate quantitatively added 

and made up to the mark with deionised water.    Prior to use the prepared solutions 

were covered with aluminium foil and stored in a dark cupboard.   Preparation of the 

standard solutions was undertaken as close to the flushing time as was possible to reduce 

the chance of sun exposure and oxidation of the manganese.   The weights and resultant 

concentrations are shown in Table 3.8. 

 

Sample ID 

Weight of 
Mn(NO3)2.4H2O 

(g) 
[Mn2+] in 100ml 

(mol/L) 

20.2 3.593 0.153 
40.2 7.000 0.298 
80.2 14.282 0.608 
100.2 17.782 0.757 
200.2 36.292 1.545 
300.2 54.050 2.301 

Table 3.8: Series 0.2 concentrations of 100ml Manganese solutions 

 

Of the 100ml manganese nitrate solutions, 75 mls was extracted, via volumetric pipettes, 

and added to the CIPS solution part A immediately prior to flushing.   The two-part 

CIPS solution (part A and B) was mixed immediately prior to flushing. 
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The flushing method is the same as for the undoped samples; see Section 3.4.3, the 

exception being the addition of the manganese doped solution to the first flush.   The 

successive flushes 2 and 3 were undoped (i.e. no paramagnetic solution was added) and 

carried out in the same fashion as stated in Section 3.4.4. 

 

Following a 24 hour curing period, a post flush of deionised water rinsed the samples to 

ensure all loose precipitate was removed.   The core sample whilst still in the mould was 

then placed in a vacuum oven for 48 hours at a temperature of no more than 40°C.  

This temperature and time frame was used to dry the core sample without the onset of 

sample oxidation.   Oxidation of the sample would adversely change the paramagnetic 

state of the precipitated manganese.    Once the core samples were dry they were 

extracted as per the methodology outlined in section 3.4.5, and sectioned into two pieces 

using a dry diamond encrusted precision rock-cutting saw.    The core samples were then 

subjected to numerous studies to determine the effect of varying the paramagnetic 

concentration in the rock matrix on the resultant NMR signature, (Chapter 6). 

 

3.9 Doped single core - Series 0.3 

3.9.1 Overview  

The foremost variation from series 0.2 is in the paramagnetic concentration and the sand 

grain range size.    The 0.2 series had a varying paramagnetic ion concentration, but 

constant grain size, whereas this 0.3 series has a constant paramagnetic concentration but 

a varying particle size. 

The 0.3 series of single grain range synthetic core samples was produced with a constant 

concentration of the paramagnetic material, Mn(NO3)2.4H2O, and each sample was 

packed with a different sand grain range.   This produced core samples with varying grain 
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size, and hence pore size, and permeability.   Table 3.9 shows the sample identification 

and parameters. 

 

Sample ID Sand grain 
range (μm) 

Mn(NO3)2.4H2O 
(mol/L) 

Aa0.3 356-425 0.134 
Bb0.3 301-355 0.134 
Cc0.3 251-300 0.134 
Dd0.3 213-250 0.134 
Ee0.3 181-212 0.134 
Ff0.3 151-180 0.134 
Gg0.3 126-150 0.134 
Hh0.3 107-125 0.134 

Table 3.9 Series 0.3 sand grain ranges and paramagnetic concentrations. 

 

Kenyon and others (Kenyon and Kolleeny 1994) indicated that on varying particle size 

one could test to see if surface relaxivity would be seen to be independent of pore size.   

Chapter 6 of this thesis presents and analyses the data acquired with these 0.3 samples. 

 

3.9.2 Preparation 

The preparation of Series 0.3 core samples follows that of the 0.2 Series. 

The similarities are;  

• The packing technique, as used throughout this research, and described in 

Section 3.4.1 

• The CIPS application methodology (including the timing of the paramagnetic 

material addition), as described in Sections 3.4.3 and 3.6.2. 

3.9.2.1 Paramagnetic solution  

The weakly paramagnetic solution is flushed through the packed silica sand during the 

first CIPS flush, as was the case in the preparation of Series 0.2 samples.  The second and 
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third flushes do not contain paramagnetic manganese.   The purpose of the second and 

third flushes is to ensure that the manganese doped CIPS precipitate is maintained at the 

grain surface and is protected, to some extent, by undoped CIPS precipitate. 

 

A single stock preparation of paramagnetic solution was created for use in this study.   A 

1 litre volumetric flask was cleaned and used.   33.647g of Mn(NO3)2.4H2O was weighed 

and quantitatively transferred to the volumetric flash which was made up to the mark 

with deionised water.   From this stock solution, 75ml, via a standard volumetric pipette, 

was added to the CIPS part A solution immediately prior to combination with solution B 

and addition to the flushing apparatus.   Once again as with sample Series 0.2 the 

preparation of the stock and addition of 75 ml to the CIPS solution took place with 

minimal time between preparation and flushing of the sample. 

 

Following a 24 hour curing period the post final flush the prepared core was rinsed, via 

flushing procedure, with deionised water to ensure all loose precipitate was removed.   

The core sample whilst still in the mould was then placed in a vacuum oven for 48 hours 

at a temperature of no more than 40°C.  

 

This temperature and time frame was chosen to dry the core sample without the onset of 

sample oxidation.   Oxidation of the sample would change the paramagnetic state of the 

precipitated manganese.   Once the core samples were dry they were extracted as per the 

methodology outlined in section 3.4.5, and sectioned into two pieces using a dry 

precision diamond encrusted rock-cutting saw.   The core samples were then subjected to 

numerous measurements to determine the effect of varying the rock matrix size on the 

resultant NMR signature (with constant paramagnetic ion concentration).  
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4  Chapter 4 - Single Grain Range Results: Undoped Core 

4.1 Chapter introduction 

Chapter 4 describes the characterisation of the produced single grain range CIPS 

synthetic core samples.   Many and varied analysis techniques were utilised to effectively 

demonstrate the robust, reproducible and customisable nature of the CIPS produced 

synthetic core samples.   Sections 4.1 through to 4.3 present and discuss permeability and 

porosity data acquired using several analysis techniques employed at separate stages of 

core production.    Section 4.4 illustrates the use of the scanning electron microscopic 

techniques to study the sand grain arrangement/packing environment.   Comprehensive 

analysis techniques and data manipulation are presented and examined.   The last section 

of this chapter describes the analysis of fully characterised sample sets by NMR 

spectroscopy.   This step, fundamental to future study of “doped” CIPS synthetic 

samples, provides a baseline measurement for undoped samples of varying grain size 

range. 

 

4.2 Water flushing/ permeability 

4.2.1 Technique 

During the preparation of the single grain range core, water permeability testing was 

carried out.    This process involved deionised water being flushed through the core 

moulds, via gravity feed, prior to each CIPS application.   The first deionised water flush 

was carried out once the sand was successfully packed into the mould.   Figure 4.1 shows 

the layout of the gravity fed deionised water system.    
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ΔH on Figure 4.1 shows the head of pressure experienced by the core sample; this head 

was constant across all the samples tested. 

ΔH = head of pressure

Measuring cylinder 

Core mould 

20 L deionised water  

Tubing 

 
Figure 4.1 Layout representation of deionised water flushing apparatus  

*Not to Scale 

 

4.2.2 Acquired data and analysis 

Given that each sample is constructed with a narrow size range of sand grains, each 

sample will be known by its sand grain range mid point.   Table 4.1 below shows this. 

 

Sample grain range 
(µm) 

Sample grain range 
mid point (µm) 

301-355 328  
251-300 276  
213-250 232  
181-212 196  
151-180 166  
126-150 138  
107-125 116  

Table 4.1 Grain ranges and their mid points 
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The results below show the significant effect each application of CIPS solution has on 

the permeability of the produced samples.



Chapter 4 
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Permeability vs Grain Size vs # CIPS
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Figure 4.2 Permeability vs. grain size for each flush step. 
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Trendlines have been included on Figure 4.2 to display the exponential nature of the 

relationship between the samples of varying grain size and their permeability values 

subsequent to repeated CIPS flushings.   The exponent in the curvefit varies in a 

reasonably consistent way as each sample is exposed to yet another flush of CIPS 

solution. This displays the consistent nature of the CIPS precipitate deposition through 

the varying grain size ranges.   Whilst complex at first glance Figure 4.2 shows a wealth 

of information.   It shows the comparison between the variation in grain range and each 

step of the flushing procedure.   On looking at the legend, 0 CIPS, indicates that no 

application of the CIPS solution has taken place and the sample is simply packed silica 

sand held within the mould.   The subsequent flushes are referred to as CIPS 1, CIPS 2 

and the final flush CIPS 3.   The decrease in the permeability across all samples tested is 

displayed in this figure. 
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Figure 4.3 Third and final CIPS flush permeability 
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On closer analysis of the third and final CIPS flush we can see the variation in the 

permeability with respect to the grain size ranges.   This displays yet another strength of 

the synthetic CIPS samples.  These samples can be purpose built to a specific 

permeability by controlling two factors, the sand grain size used and the number 

of CIPS applications.  

 

4.2.3 Discussion  

As expected, the porosity is largely independent of grain size and CIPS application, but 

the permeability is strongly dependent on both parameters. The relationship between 

permeability and the CIPS application enables the fabrication of core samples to 

specified permeabilities by controlling both the sand grain range and the number of CIPS 

applications.   The CIPS method of sample preparation is versatile and applicable to 

many areas.   The robust nature of these versatile synthetic core samples will be explored 

in the following sections of Chapter 4. 

 

4.3 Permeability and Porosity: ACS data  

4.3.1 ACS laboratories 

Amdel Core Services Pty Limited otherwise known as ACS Laboratories Pty Ltd was 

commissioned to measure the permeability and porosity of the single grain range core 

samples.    This company, which started in 1983, specialises in routine and specialised 

core analysis for the oil and gas industry. 
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4.3.2 Principals of porosity measurement  

The principle of porosity measurement, as calculated using Boyle’s Law, is described with 

the use of Figure 4.4a, 4.4b and the following equations; 

  
Figure 4.4a Initial situation Figure 4.4b Final situation 

Vs 

Vc 

P1 

Vc

P2

Vmatrix 

 

where  

P1 =  Pressure initial 

P2 =  Pressure final 

Vc =  Volume of sample chamber 

Vs =  Volume of solid (i.e. Stainless steel billets) 

Vmatrix = Volume of the sample matrix 

Vpore =  Volume of the pore space  

Knowing that: 

)(1 sc VVV −=         Equation 4.1 

)()(2 porescmatrixc VVVVVV −−=−=      Equation 4.2 
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Using Boyles Law we get: 

)(1 sc VVP −  =      Equation 4.3 )(2 poresc VVVP −−

This equality is the basis for the porosity measurements and experimental protocol 

described below 

Porosity measurements undertaken by ACS laboratories were conducted using helium 

injection porosimetry.   This method characterises the ratio of void space volume to bulk 

volume of the core.  

 

4.3.3 ACS Testing methodology - Porosity 

Clean dry core samples were supplied to ACS laboratories. These samples, in being 

measured for porosity, were subjected to the following procedure. 

A helium porosimeter was used to acquire the porosity data.  The apparatus is comprised 

of a sample chamber, which has minimal dead space once the sample is loaded.   The 

chamber is connected, via valves and regulators to a helium gas source that can be 

regulated to adjust the pressure.   A precision pressure transducer with a digital display 

unit monitors the gas pressure inside the apparatus at all times.   The apparatus also 

comprises a reference chamber connected to a pressure transducer.   The reference 

chamber is used to determine a value of (Vchamber – Vsample, gross) which is required for the 

porosity measurement as described above. 

 

A reference volume is determined prior to sample measurement. The measurement 

procedure is as follows:  Stainless steel billets are placed into the sample chamber and 

this chamber is filled to a pressure of 100 psig of helium.   The pressure is recorded as 

Pof, after which a valve between the sample chamber and a reference chamber is opened. 

Once the pressure has equilibrated between the two chambers a pressure reading of, Pf, 
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is recorded. Knowing the volume of the reference chamber, the net volume in the 

sample chamber can now be determined.  The system is depressurised and a number of 

billets, equal in volume to the gross volume of the sample being tested, are removed 

from the sample chamber.   Once removed the volume of the billets is recorded as Vbillets.   

The procedure is now repeated with the smaller of number of billets in place.   The initial 

reference chamber pressure is recorded as Pob and the final sample chamber pressure is 

recorded as Pb. 

 

Manipulation of the recorded data in the following manner (equation 4.4) gives a value 

for the reference volume (RV).  

 

RV = ))/()/(( fofbobbillets PPPPV −      Equation 4.4 

 

Once a reference volume is recorded the clean dried core sample is placed into the 

sample chamber at ambient conditions.   If the sample is small the void space is filled 

with stainless steel billets.   The volume of the billets not used is recorded as Vbillets2, the 

sample chamber is then isolated via a valve in preparation for helium injection.   The 

reference chamber is then filled with helium to a pressure of 100psi. The pressure inside 

the chamber is measured and called Pos.  The helium is then introduced into the sample 

chamber and on equilibration of the helium between the two chambers and the sample 

pressure reading is recorded as Ps. 

 

The grain volume (GV) of the core sample being tested is calculated using equation 4.5 

below. 

GV =    Equation 4.5 ))/(())/((2 RVPPRVPPV sosfofbillets −+
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Once the grain volume (GV) has been determined the core sample is then weighed and 

its value recorded.  

 

Lastly the bulk volume (BV) of the sample must be considered.   The physical 

dimensions of the sample (length, diameter) are measured via a vernier calliper and 

multiplied to attain the BV. 

 

Upon subtraction of the acquired GV from the BV (Equation 4.6) a pore volume (PV) 

will be acquired.   This number when taken as a percentage of the BV will give the 

porosity or percentage of void space within the sample. 

 

Pore volume (PV) = Bulk volume (BV) – Grain volume (GV)  Equation 4.6 

100% ×=
BulkVolume

VolumePorePorosity      Equation 4.7 

 

The porosity values for the single grain range core samples are shown in Table 4.2 below. 

This method of porosity determination is limited by the fact that some pore spaces may 

be occluded and impenetrable by the helium gas.   Hence this is not an absolute measure 

for porosity, but a measure of connected porosity. 
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Grain range (µm) 
 

Grain range  
mid point (µm)

 

Porosity- at 
300psi (%) 

 

Porosity-at 
2000 psi (%) 

 
425-356 390.5 32.1 31.8 
355-301 328 30.1  
300-251 276 31.9  
250-213 232 31.0  
212-181 196 32.2 31.9 
180-151 166 32.2  
150-126 138 32.4  
125-107 116 32.1  

    

 
 
Average 31.75  

 
Standard 
deviation 0.79  

 
Standard 
deviation (%) 2.49  

Standard 
deviation as a 
percentage of 
the mean 

Table 4.2: Porosity values for single grain range core samples 

 

Although only two samples were subjected to 2000 psi confining pressure, a value used 

to mimic that of overburden conditions, Table 4.2 reveals complete consistency between 

these two samples.  

Deviation from mean porosity value (31.8%)
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Figure 4.5 Deviation from mean porosity value 
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These porosity results show a substantial independence from grain size, as expected from 

McGeary (McGeary 1961). Over a four-fold range of grain sizes, the porosity is constant 

to within ± 2.5% (standard deviation / average).   This phenomenon is highlighted nicely 

by figure 4.5, which shows the deviation from the mean porosity for each sample tested.   

The synthetic CIPS samples have been shown to be manufactured in a uniform and 

reproducible fashion.    The consistency in the porosity values for the CIPS samples, 

irrespective of sand grain size, confirms that the sand grain packing methodology is 

sound.  

 

4.3.4 ACS testing methodology - Permeability 

Permeability is a measure of the core samples ability to allow fluid to pass through it.   It 

is a measure of the connectivity of the pores within the core sample. Permeability 

measurements conducted by ACS staff were carried out using nitrogen gas as the flowing 

medium.   Core samples were placed in a Hassler cell.   The Hassler cell is a rigid 

cylindrical chamber fitted with a rubber internal sleeve.   This apparatus allows an 

external pressure to be exerted onto the core outer surface, with the exclusion of the end 

faces.   This external pressure forces the sleeve onto the cylindrical surface of the core, 

providing a hermetic seal around the core, and ensuring that the permeability of the 

internal matrix of the core is measured.   To this end, the end faces are left free so that 

the flowing medium, nitrogen, can pass through the internal matrix of the core only.   

The end caps of the cell are slotted and not only hold the samples in place they also allow 

nitrogen to enter the vessel across the end face of the sample.  Once the sample is in 

place the rubber sleeve is pressurised to 250 psig to hold the core in place.  A bubble 

tube is used to measure the flow over time (cm3/sec).  
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The following equation, Equation 4.8, was used to calculate the permeability.   The 

equation is a form of Darcy’s Law. 

 

ABPBPP
LQBP

K
u

gas
gas

×−+×
××××

=
])()06805.0[(

2000
22

μ
    Equation 4.8 

 

Where: 

BP  = Barometric pressure in atmospheres 

µgas = viscosity of gas in centipoise 

Q = flow rate= flow volume (cm3)/flow time (sec) 

L = length of plug in cm 

Pu = upstream pressure in psi 

0.6805 = conversion factor for psi  

A = cross sectional area of plug 

  

Table 4.3 and Figure 4.6 show the permeability data acquired for the single grain range 

core samples.   The unit of measure is the milliDarcy (mD) and once again, as with the 

porosity measurements, a representative overburden pressure of 2000psi was also 

incorporated into the measurement suite. 
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Grain range 
(μm) 

 

Grain range  
mid point (μm) 

 

Permeability at 
250 psi (mD) 

 

Permeability 
at 2000 psi 

(mD) 
 

425-356 390.5 32485 32094 
355-301 328 17260  
300-251 276 13511  
250-213 232 9487  
212-181 196 7925 7782 
180-151 166 6022  
150-126 138 4801  
125-107 116 3146  

 

Table 4.3 Permeabilities of single grain range core samples 
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Figure 4.6 Permeability of the single grain range core samples. 
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4.3.5 Discussion  

The measured permeability values display a consistent and expected decrease with 

decreasing sand grain size.   Once again two samples were tested at a representative 

overburden pressure of 2000 psi.   The permeability of the samples, like the porosity 

values, displays the consistent nature of the synthetically manufactured samples.   These 

results once again reinforce the robust and reproducible nature of the CIPS synthetic 

core samples. 

 

4.4 Permeability and porosity: AP608  

4.4.1 AP608 Porosimeter/permeameter  

All single grain range core samples were measured for both porosity and permeability 

values using the AP608 located at CSIRO – Petrophysics laboratory. 

The AP608 Porosimeter /Permeameter (AP608) is a fully automated instrument used for 

the measurement of gas permeability and porosity of rock core samples under realistic 

reservoir stress conditions.   The system is capable of simulating an overburden pressure 

of up to 9500 psi.   The instrument analyses the permeability of rock samples using an 

unsteady state decay technique, which once processed by the associated software, 

determines an equivalent liquid permeability.   This instrument differs from that used at 

the ACS laboratory in that it is a fully automated system that is computer controlled to 

produce accurate and repeatable measurements.  

 

The AP608 apparatus uses helium expansion and Boyle’s Law calculation to measure 

pore volume (as discussed in Section 4.2.2).   Unlike conventional testing apparatus the 

AP608 uses the advanced technique of injecting Helium from both the bottom and top 

ends of the core holder, instead of just one end.   This enables the equilibration of the 
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pore pressure to occur at least twice as fast as conventional equipment.   The injection 

pressures of the AP608 are also higher, at 250 psi, than conventional apparatus once 

again speeding up pressure equilibration particularly on lower permeability samples. 

The AP608 measures core permeability by a pressure decay technique to determine the 

Klinkenberg corrected permeability. (Klinkenberg 1941) 

 

The AP608 system is fully automated by a unique software package.  Once the core 

sample has been loaded, the AP608 system is fully operated by computer interface 

software.   All air actuated valves within the system can be remotely operated by the 

software system.   The operator via the software selects all operating procedures and 

tolerances. 

 

The system is such that the core sample is measured for permeability and porosity within 

the same test sweep.   Multiple testings on the same sample are possible so as to obtain 

averages.   The software interface, during analysis, shows the path of the helium gas and 

confining fluid external to the core sample throughout the system.   The pressures of the 

gas and fluid can be monitored via a digital readout both in the software and on the 

apparatus.   A live graphical display of the pore pressure of the sample is also displayed 

on the software interface.   This allows the user to monitor the progress and check for 

sample or valve distress. 

The core data recorded for each sample can be exported to excel.   Table 4.4 below 

shows a typical readout for a three sweep analysis for both porosity and permeability. 
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Confining 
Pressure 

Pore 
Volume Porosity Permeability     

Pconf 
(psi) 

Vpore 
(cm3) % 

Ka 
mD  

Kl 
mD Slip Alpha Beta 

336.45 3.994 32.29 28870 28766.14 1.90E-01 2.20E+00 2.36E+04
331.14 3.989 32.25 28238 28138.71 1.86E-01 2.16E+00 2.37E+04
328.37 3.988 32.24 28613 28510.82 1.88E-01 2.19E+00 2.37E+04

Table 4.4 Typical AP608 readout 

 

4.4.2 Sample preparation 

Each core sample is prepared for analysis by squaring off the ends of the sample and 

drying overnight in a vacuum oven.   The temperature of the vacuum oven was set 

between 40ºC and 50ºC. This method of sample preparation was employed to firstly 

ensure sample integrity in the apparatus at the high working pressures.  If the sample was 

not uniform, it may collapse and disintegrate due to the external confining pressure being 

applied on edges and discontinuities.  

 

As the porosity and permeability experiments can be adversely affected by the presence 

of residual water., a vacuum oven was used instead of a conventional oven to maintain 

the samples internal wettability properties The time period for drying the core samples 

(12 hours) proved to be a sufficient time to suitably dehydrate the samples ready for 

introduction to the AP608 apparatus.   The time frame and oven temperature was also 

selected so as not to encourage oxidation of CIPS precipitate. 
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4.4.3 AP608 Operating procedure 

A dead volume measurement is carried out on the sample chamber prior to sample 

introduction. This step is necessary, as described in the ACS measurements, to account 

for any space in the sample chamber that would otherwise be considered sample volume.   

The measured dead volume is automatically included into sample calculations. 

 

The clean, dry and “squared off” core sample is placed into the sample sleeve within the 

sample holder.   Top and bottom core fittings are secured in place. These fittings enclose 

the vessel and also provide the means for introduction of the confining fluid and 

flooding Helium.   The operating software is utilised to select and implement a confining 

pressure of 300psi to the sample.   Once the confining pressure is at equilibrium and the 

sample has maintained integrity, the sample chamber is flooded with helium gas and the 

previously measured dead volume is compared to that of the measured sample volume 

and an appropriate adjustment is undertaken.   This flooding process is triplicated for 

statistical purposes.   The recorded data (as demonstrated by Table 4.4) is then exported 

to Excel and averaged using the Excel software to give a final result.   The averaged 

porosity value, as a deviation from the mean has been plotted and can be seen in Figure 

4.7. Figure 4.8 shows the average permeability values.   Note that the AP608 

measurements in Figure 4.7 have half the deviation found in Figure 4.5, measured by the 

ACS laboratories. This reflects the greater control of experimental variables and 

conditions possible in the AP608   
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Grain range (µm) 
 

Grain range  
mid point (µm)

 

Porosity- 
(%)  

 
355-301 328 32.45 
300-251 276 32.85 
250-213 232 32.54 
212-181 196 33.94 
180-151 166 33.70 
150-126 138 33.74 
125-107 116 34.03 

   

 
 
Average 33.32 

 
Standard 
deviation 0.68 

 
Standard 
deviation (%) 2.05 

Standard 
deviation as a 
percentage of 
the mean 

Table 4.5 Porosity values for single grain range core samples (AP608) 

Absolute deviation from mean porosity (33.32%)
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Figure 4.7 Porosity of single grain range core samples as measured by the AP608. 
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Single grain range permeability 
- AP608

0

5

10

15

20

25

30

328276232196166138116

Grain range mid point (μm)

Pe
rm

ea
bi

lit
y 

(D
)

 
Figure 4.8 Permeability of single grain range samples as measured by the AP608. 

 

Figure 4.8 illustrates the correlation between grain range size and permeability.   The 

permeability of the synthetic core samples is shown to dramatically decrease with the 

decrease in grain size range, as was also revealed by the ACS data.    

The mean value of the porosity is 33.3%, with a tight relative standard deviation of 

2.05% indicating the robust and repeatable nature of the core sample fabrication method.  

 

4.4.4 Discussion 

The porosity results from the AP608 (33.3±0.7) are close to those produced by the ACS 

laboratories (31.8±0.8). The variation is attributed, as before, to the better performance 

of the more sophisticated AP608 system 

 

Once again the permeability decreases with grain size as seen in Figure 4.9, which 

compares the two acquired permeability results.  
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Figure 4.9 Comparison of the ASC and AP608 acquired permeability values 

 

4.5 Microscopy 

All single synthetic core samples were prepared for and analysed by Scanning Electron 

Microscope (SEM) methods.   The analysis of the single core samples in this manner was 

to determine the internal configuration including, but not limited to, the orientation and 

shape of the sand grains.   The preparation techniques and acquired digital images will be 

shown in this section. 

 

4.5.1 SEM overview 

The Scanning Electron Microscope rasters a focused beam of electrons across the 

surface of a sample.   The information gleaned from such an operation is attributed to 

the variation in secondary electron emission intensity across the sample, which is 

governed by the angle of incidence of the focused beam onto the undulating surface.   
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This analysis technique gives information as to the topography of the sample under 

investigation.   This process uses a Cathode Ray Tube or CRT.   Another detector called 

the backscattered detector can also be utilised in this apparatus to yield information on 

the atomic number of the spot under investigation and hence provide an indication of 

the samples composition.   A further analysis tool within the SEM family is the Energy 

Dispersive X-ray Spectrometer or X-ray EDS detector. The EDS detector allows for the 

identification of x-rays produced by the excited atoms on the solid surface.   This 

produces information that characterises both quantitatively and qualitatively (by use of 

standards) the elemental arrangement of the sample.   The output of such a study can 

produce an elemental “map” of the sample under investigation.   

 

All of these techniques were used to study the undoped single grain range CIPS 

produced samples. The preparation of these samples for electron microscopy is 

discussed in the following section. 

 

Environmental Scanning Electron Microscopy (ESEM) was also used. This tool has the 

great advantage of minimal sample preparation, unlike the samples required for the other 

above techniques. The ESEM technique was used to study the paramagnetically doped 

synthetic core samples and will be discussed at a later stage. 

 

4.5.2 Preparation techniques for microscopy 

All sample preparation for SEM analysis was done with the facilities and assistance of the 

staff from the Geology Department of The University of Western Australia. 

A small section was trimmed from each core sample included in the testing suite, see 

Table 4.1 for grain size ranges.   The small section was then trimmed to produce a “flat 
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face” on either end.   Impregnation of the sample with a minimal volume of epoxy resin 

was then employed.   The resin was prepared by mixing, in a 1:4 ratio, hardener and 

Epirex stable mounting compound.   The purpose of the resin is two fold; one, to lend 

strength to an otherwise friable and unstable sample, the other is to provide a surface for 

polishing and carbon coating, a requirement for SEM analysis. The impregnated samples 

were left to harden for 3 hours on a hotplate set to approximately 100ºC.   Once 

hardened, any excess resin was removed by cutting it away with a sharp scalpel.   The 

face of investigation (the face to be studied by SEM) was then ground down with a 

lapidary wheel covered with coarse carbon based grit until a smooth surface was attained.   

This was a two step process in that 2 lapidary wheels of differing grit were use to achieve 

the smooth face on the sample.   The sample was then washed of the carbon grit and 

subjected to a finer polishing step that employed a chalk like powder and an automated 

apparatus that applied weight during polishing.   Once the polishing step with the chalk 

like powder was complete the samples were once again washed, though this time an 

ultrasonic bath was used to ensure maximum removal of the fine grit.   The final step 

prior to diamond polishing, which was undertaken by technical laboratory staff at the 

Geology Department, involved a very fine powder and a glass plate. The samples were 

rubbed on the wet plate, which was covered in the polishing powder, in a figure of eight 

motion; this motion ensured even wear on the sample face and the glass polishing plate.   

Finally the samples were again washed in an ultrasonic bath to remove any loose 

polishing powder.   The samples were now at a sufficient smoothness level to be 

introduced into the final diamond paste polishing step.   This polishing stage utilises a 

diamond impregnated paste as the polishing medium, and was again performed by 

technical laboratory staff at the Department of Geology UWA. 

The highly polished samples were then carbon sputter coated by the technical staff at the 

Centre for Microscopy UWA prior to being analysed under the SEM.  
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4.5.3 SEM – Images and plots 

As mentioned above, the analysis of the single grain range CIPS synthetic core samples 

by SEM was to determine internal uniformity with respect to grain packing, and the 

reproducibility of samples, across similarly manufactured core.   Prior to analysis of the 

sample sets the SEM apparatus was calibrated using a 200 mesh copper grid of known 

dimensions, shown in Figure 4.10.   This grid allows the user to accurately calibrate the 

scale bar that appears with the SEM image.   This calibration is necessary so as to have 

confidence in the produced SEM images.   If no calibration were performed prior to the 

image being exported from the SEM apparatus to a separate computer for image analysis, 

the subsequent calculation would have no merit.   The transfer from one software 

package (the SEM operating software to the image analysis software) to another causes 

shifts in the images vertical and horizontal outputs and as such no confidence could be 

placed in the numerical length calculations made therein.   The comparison of the copper 

grid image before and after file transfers is able to give the appropriate scaling factor for 

the vertical and horizontal representations of any subsequent image (Digital Image 

Manipulation & Storage (DIMS) Course, 2000)  

 

 

 

Figure 4.10 Copper calibration grid (200 mesh) 
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Uniformity within samples was studied using samples prepared with the following grain 

ranges;    

   Maximum range 426-500 μm 

   Medium range  213-250 μm 

   Minimum range 107-125 μm 

 

These ranges were chosen so as to study both variation within the sample and any 

variation that may exist as a result of grain size. 

 

Reproducibility was investigated using a duplicate core suite.   One suite was used for the 

porosity and permeability measurements discussed earlier in this chapter.   The duplicate 

suite was prepared with a medium sand grain range of 213-250 μm.   The prepared core 

samples were analysed by selecting 24 image areas throughout the core sample.  

 

These images were acquired by creating four planes and selecting seven sections within 

each of the planes.   Figures 4.11 and 4.12 below show the locations of these areas in the 

core sample.  
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Figure 4.11: Four planes investigated 

 (A, B, C, D) 

Figure 4.12: Cross section of Figure 4.10 

Areas shaded red show section locations. 

 

 

The notation used to locate a ‘plane-section’ is A, B, C and D from top to bottom, and 

numerical values of 1 through to 7 within the planes to locate a section. For example, B7 

represents plane B, section 7. Reference lines and axes drawn on the polished samples 

enabled sections on different planes to be lined up and compared down the length of the 

sample. For example, section 2 is in the same location on each of the four planes A, B, C 

and D.  

 

4.5.4 Analysis of SEM images 

The images collected by the SEM were analysed using an image manipulation software 

package.   The manipulation of the images was necessary to glean the required pore space 
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information.   To ensure the image analysis software was able to completely explore the 

matrix features of the synthetic core, images were visually ‘thresholded’ by Photoshop 

software package. The Photoshop software package converted the grey scale of the SEM 

images to pure black and white.   This conversion is shown in Figures 4.13 and 4.14.  

 

 
Figure 4.13 Phillips XL30 ESEM image of a resin impregnated and polished 

213-250μm sample. 

 

 

 

Figure 4.14 Thresholded SEM image to produce a pure black and white image. 

 116 



Chapter 4 

 

Once thresholded a representative area was selected from each image.   The selected 

portion of the image was maintained identical in size and relative position in each image 

case; this made the subsequent image processing by the analysis software easier and more 

comparable.   The images were assessed in terms of porosity and pore size.  

 

 
Figure 4.15: Selected area from Figure 4.13 ready for analysis 

 

4.5.4.1 Image porosity  

Image porosity was obtained by measuring both the pore and bulk areas using the image 

analysis software package NIH Image.   These area based measurements were assumed to 

be representative of the samples’ real (volume based) porosity. 

 

4.5.4.2 Image pore size  

Pore size measurement methods were investigated and the most effective was found to 

be the ‘watershed’ command in the software package Fovea Pro (Reindeer Graphics 2002).   

This command separated each pore space into small, semi-spherical areas.    Figure 4.16 
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shows this division of the pore spaces.   The length of each pore was measured along 

major and minor axes, and used to generate pore size distributions.   The pore 

orientation was based on the angle between the pore major axis and the horizontal axis 

of the SEM image.  

 

 
Figure 4.16 Enlarged ‘thresholded’ and ‘watersheded’ image 
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Figure 4.17 Image showing labelled and measured pores. 

 

The porosity results derived from the measured major and minor axis using the image 

analysis software are expressed as void fractions. All values are calculated for sections 1 

to 7 and planes A, B, C and D.  A summary of the averaged data across each plane is 

represented in Table 4.6. On average the data shows that the void fractions range from 

0.30 to 0.40 across all samples tested.  
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107-125 A 0.297 0.100+/- 0.045 0.090 0.050+/- 0.024 0.050
B 0.392 0.115+/- 0.048 0.110 0.067+/- 0.027 0.060
C 0.456 0.124+/- 0.051 0.120 0.075+/- 0.030 0.070
D 0.452 0.121+/- 0.051 0.110 0.073+/- 0.030 0.070

Average 0.399 0.115 0.108 0.066 0.063
Standard Deviation 0.074 0.011 0.011
Standard Deviation(%) 18.6 9.2 17.2

213-250 1A 0.335 0.132+/- 0.058 0.120 0.081+/- 0.037 0.080
1B 0.343 0.123+/- 0.054 0.110 0.075+/- 0.032 0.070
1C 0.335 0.134+/- 0.060 0.120 0.082+/- 0.039 0.080
1D 0.364 0.138+/- 0.061 0.130 0.086+/- 0.041 0.080

Average 0.344 0.132 0.120 0.081 0.078
Standard Deviation 0.014 0.006 0.005
Standard Deviation(%) 4.0 4.6 5.6

213-250 2A 0.336 0.131+/- 0.059 0.120 0.079+/- 0.036 0.070
2B 0.331 0.127+/- 0.056 0.120 0.077+/- 0.034 0.070
2C 0.333 0.129+/- 0.058 0.120 0.080+/- 0.038 0.070
2D 0.347 0.125+/- 0.057 0.120 0.078+/- 0.037 0.070

Average 0.337 0.128 0.120 0.078 0.070
Standard Deviation 0.007 0.003 0.001
Standard Deviation(%) 2.1 2.0 1.5

213-250 3A 0.298 0.120+/- 0.052 0.110 0.070+/- 0.031 0.070
3B 0.311 0.123+/- 0.054 0.110 0.073+/- 0.034 0.070
3C 0.353 0.128+/- 0.057 0.120 0.078+/- 0.036 0.070
3D 0.356 0.137+/- 0.062 0.130 0.084+/- 0.039 0.080

Average 0.330 0.127 0.118 0.077 0.073
Standard Deviation 0.029 0.007 0.006
Standard Deviation(%) 8.9 5.9 8.0

426-500 A 0.299 0.155+/- 0.083 0.140 0.098+/- 0.058 0.090
B 0.308 0.153+/- 0.084 0.140 0.097+/- 0.059 0.080
C 0.309 0.146+/- 0.073 0.130 0.091+/- 0.052 0.080
D 0.324 0.156+/- 0.083 0.140 0.099+/- 0.059 0.090

Average 0.310 0.153 0.138 0.096 0.085
Standard Deviation 0.010 0.005 0.004
Standard Deviation(%) 3.3 3.1 4.0

Minor Axis

Mean Pore Length 
(mm)

Median Pore 
Length (mm)

Mean Pore Length 
(mm)

Median Pore 
Length (mm)

Grain 
Range 

(μm)
Section

Average 
Porosity

Major Axis

 

Table 4.6 Void fractions and pore lengths - planes A, B, C and D on each sample.  

*Standard deviations have only been calculated for mean values. 

 

Pore size distributions were also calculated, for each of the planes A, B, C and D on each 

sample.   As expected, the mean and median pore lengths increase with the sand grain 

size range. The porosity shows a weak decreasing trend with increasing grain size.  
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4.5.5 Discussion  

4.5.5.1 Consistency across the sample set 

Overall consistency is affected by in-plane and plane-to-plane variation within the 

synthetic core samples (Table 4.7). Analysis of porosity (void fraction) and pore length 

indicate consistency varies with grain range size and that large grain range samples have a 

more consistent porosity than the small grain samples.   Poor consistency of small grain 

range samples may be related to cementation.   It is postulated that the small pores found 

between the 107 to 125 μm sand grains may prevent an even flow of CIPS solution 

throughout the sample and thus produce irregular cementation.  

 

It was also expected that porosity would be independent of grain size.   However, 

porosity showed some small variation with grain size. This may relate to the poor 

consistency seen in the small grain range sample set. 

 

The pore size distributions are seen to be similar across all tested grain size ranges.   This 

similarity is expressed in terms of shape, spread and skewness.   This information has 

been displayed in Figures 4.18 through to 4.21.  
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Major Axis Pore Size Distribution
213-250 micron particle size
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Figure 4.18: Major axis pore distribution of sample 213-250 μm grain range. 
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Figure 4.19: Minor axis pore distribution of 213-250 μm grain range. 
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Figure 4.20: Major pore length distributions for all three tested grain range sizes. 
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Figure 4.21: Minor pore length distributions for all three tested grain range sizes. 

 

4.5.5.2 Consistency through the vertical axis 

Vertical consistency throughout the long axis of each sample was obtained by comparing 

average porosity (Table 4.6, 1st data column) and pore lengths within the planes A, B, C 

and D. 
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The major axis and minor axis size distribution plots are shown below for the middle 

grain range sample, 213-250 μm. 
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Figure 4.22 Major pore axis size measured along the length of 213-250 μm samples. 
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Figure 4.23 Minor pore axis size measured along the length of 213- 250 μm samples. 
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These measurements through the long axis show some variation along the sample length.   

The smallest of the tested grain ranges, 107-125 μm, exhibits the largest variation.   The 

degree of variation diminishes with the increasing grain size range, for example the 

largest grain range samples, 425-500 μm, have the least variation through the length of 

the sample.  

 

On consideration Figures 4.20 through to 4.23, the pore size distributions suggest a 

lognormal distribution.   Taking the logarithm of the pore size distributions of a single 

medium grain sample tested this theory.   The selection of only one sample on which to 

apply the logarithm calculation was due to the assumption that all other sample data 

would produce a similar result due to similar apparent lognormal appearances in the 

above plots.   The lognormal distribution is shown in Figure 4.24 (Bean 2001).   The pore 

size data however deviated from this distribution, as shown in Figure 4.25.  

 

Figure 4.24: Lognormal distribution  

(Bean 2001, p.256) 
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Log-normal Test 
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Figure 4.25: Lognormal test of a 213-250 μm grain range sample. 

 

The non-normal nature of these distributions (Figure 4.25) was verified using a 

‘goodness of fit’ statistical test, which compared the number of pores within an 

incremental range to theoretical expectations (Ross 2000). A range of mean and standard 

deviation values were tested and estimated from Figure 4.25. The results indicate that 

pore lengths are not log-normally distributed to a confidence level of 99.9%. 

Pore size distribution spread was quantified using upper and lower median pore lengths 

and a five-number summary; minimum, first quartile, median, third quartile and 

maximum values.   Figures 4.26, 4.27 and 4.28, display this data.   Little variation exists 

between the first quartile, median and third quartile values.   Comparison of these results 

to the original data suggests that the variation is insignificant and caused by outliers.   

Thus it is considered that the distributions are similar.   
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Major and Minor Pore Axis Distributions: Five Number Test
107-125 micron grain range 
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Figure 4.26: Five number test using the 107-125 μm grain range sample.  
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Figure 4.27: Five number test: 213-250 μm grain range sample 
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Major and Minor Pore Axis Distributions: Five Number Test
426-500 micron grain range 
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Figure 4.28: Five number test: 426-500 μm grain range sample. 

 

4.5.5.3 Consistency through the horizontal axis 

Porosity within the cross sections of sample sets was analysed for consistency.   The 

variations seen are in accordance with grain range size, Table 4.8, and once again, the 

smallest grain range size, 107-125 μm, exhibits the greatest variation, whilst the large 

grain range size, 426-500 μm displays the least.   In general, all the samples investigated 

show less variation along the horizontal axes as compared to vertical axes (Table 4.7).  
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Grain range 
(μm) 

Section Variation in void fraction  
(% from mean) 

A 10.9 
B 4.9 
C 11.1 
D 6.5 

107-125 

Average 8.3 
A 6.9 
B 6.9 
C 5.7 
D 6.7 

213-250 

Average 6.6 
A 2.5 
B 4.3 
C 3.6 
D 6.5 

426-500 

Average 4.2 
 

Table 4.7: Variation in porosity horizontally across each sample. 

 

4.5.5.4 Consistency - grain orientation   

Grain orientation was inferred using the angle between an arbitrary SEM line (defined as 

the horizontal axis) and major pore axis.     Large grain size samples, 426-500 μm and the 

mid sized grain range samples, 213-250 μm, displayed a random orientation of the sand 

grains.   Figures 4.29 and 4.30 show this orientation distribution.   The smallest grain size 

range however, shows a grain orientation preference.   Figure 2.31 shows this grain 

orientation distribution.    
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Figure 4.29: Grain orientation of the 426-500 μm grains. 

Angle Between Major Axis and Horizontal Axis
213-250 micron grain range

0

5

10

15

20

25

30

35

40

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 102 108 114 120 126 132 138 144 150 156 162 168 174 180

Angl e ( degr ees)

 

Figure 4.30: Grain orientation of the 213-250 μm grains. 

Angle  Between Major Axis and Horizontal Axis
107-125 micron grain range

0

5

10

15

20

25

30

35

40

45

Angl e ( degr ees)

 

Figure 4.31: Grain orientation of the 107-125 μm grains. 
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4.5.5.5 Reproducibility across the sample set 

The reproducibility of the produced synthetic core samples was investigated by 

fabricating in triplicate a core sample of medium grain size (213-250 μm). 

Results from this investigation indicate that variation in pore lengths along the major axis 

is larger than that seen along the minor axis (Table 4.8).   The most noteworthy feature is 

the consistency of the porosity, which exhibits a standard deviation of only 2%. 

 

213-250 1 0.34 0.115 0.120 0.081 0.078
213-250 2 0.34 0.128 0.120 0.078 0.070
213-250 3 0.33 0.127 0.118 0.077 0.073

0.34 0.12 0.12 0.08 0.07
2.2 5.7 1.2 2.6 5.2

Minor Axis (Average of 
Each Section)

Mean Pore 
Length (mm)

Median Pore 
Length (mm)

Mean Pore 
Length (mm)

Median Pore 
Length (mm)

Grain Range 
(microns) Sample

Void 
Fraction

Major Axis (Average of 
Each Section)

Standard Deviation (%)
Average

 

Table 4.8: Overall void fraction and pore lengths along major and minor axes for 213- 
250 μm samples. 

 

4.5.5.6 Reproducibility through the vertical axis 

On comparison of the four planes of investigation (planes A, B, C and D), within the 

smallest grain range sample set 213-250 μm, it becomes evident that the pore lengths 

along the minor axis have an 8% variation while major axis have only a 5% variation 

Table 4.9 shows this data. 

 

1 0.12 0.08 0.11 0.07 0.12 0.08 0.13 0.08
2 0.12 0.07 0.12 0.07 0.12 0.07 0.12 0.07
3 0.11 0.07 0.11 0.07 0.12 0.07 0.13 0.08

Average 0.12 0.07 0.11 0.07 0.12 0.07 0.13 0.08

4.6 7.55.1 0.0 0.0 7.9

Major Axis 
(mm)

Plane A- Median 
Pore Lengths 

Standard 
Deviation (%)

Sample       

(213-250 μm)

4.9 7.9

Plane D- Median 
Pore Lengths 

Major Axis 
(mm)

Minor 
Axis (mm)

Minor 
Axis (mm)

Major Axis 
(mm)

Minor 
Axis (mm)

Plane C- Median 
Pore Lengths 

Major Axis 
(mm)

Plane B- Median 
Pore Lengths 

Minor 
Axis (mm)

 

Table 4.9: Variation in pore length along major and minor axes for planes A, B, C and D 
of 213 to 250 μm samples. 
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Void Fraction 

Grain range  
(μm) 

Sample
Plane A Plane B Plane C Plane D 

213-250 1 0.33 0.34 0.33 0.36 
213-250 2 0.34 0.33 0.33 0.35 
213-250 3 0.30 0.31 0.35 0.36 

Average  0.32 0.33 0.34 0.36 
Standard Deviation (%)  6.4 4.7 3.4 1.6 
Table 4.10: Variation in void fraction along planes A, B, C and D for 213-250 μm 

samples. 
 

Porosity values within the horizontal planes (sections 1 to 7) were also investigated to 

determine the reproducibility of the CIPS produced samples.   The centre, middle and 

external areas as seen in Figure 4.32 below were compared to determine the 

reproducibility of the produced samples across the vertical axis.   No variation existed as 

a result of measurement position across the planes and as such each sample is considered 

to be equally reproducible in the vertical direction. 

 

 
Figure 4.32: Sample plane cross section. Central areas are yellow, middle areas red and 

external areas blue.  
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As in Section 4.5.2, the pore distribution shapes were compared using the five-number 

test.   The results of this test are plotted in Figures 4.33 and 4.34.   It is evident from the 

data that the horizontal planes (planes A, B, C and D) down the long axis of the three 

samples investigated, 213-250 μm samples, have similar first quartile, median and third 

quartile pore lengths.   This fact suggests that the pore length distributions are 

comparable.   However, pore length distribution variation is greater along major axes 

than along the minor axes. 

 

 Major Pore Axis Distributions: Five Number Test
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Figure 4.33: Major axis pore lengths across planes on the three 213-250 μm samples are 

compared from A to D (left to right). 
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 Minor Pore Axis Distributions: Five Number Test
213-250 micron grain range 
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Figure 4.34: Minor axis pore lengths across planes on the three 213-250 μm samples are 

compared from A to D (left to right).  

 

4.5.5.7 Reproducibility - grain orientation  

The distribution of the pores as seen in the 213-250 μm sample set is shown to be 

randomly oriented.   A sample plot of this information can be see in Figure 4.35.   This 

figure shows the consistent spread of angles, ranging from 0º to 180º, between the major 

and minor axis.   This random pore and grain orientation indicates an even packing of 

the silica sand material.   The vibrational packing and sample preparation method has 

given no preference to grain orientation.  
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Angle Between Major Axis and Horizontal Axis
213-250 micron grain range
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Figure 4.35: Grain orientation of a 213-250 μm sample.  

 

4.5.6 Image analysis – Pore widths 

Further image acquisition and analysis was undertaken using the CSIRO Phillips XL40 

controlled pressure SEM with EDAX (eds) attachment.    Each of the single grain range 

polished core sections were re-images using the CSIRO SEM equipment.   The apparatus 

was set up to auto sample each of the eight polished sections using a program called 

AutoGeoSEM.   This software application was programmed to recognise each separate 

polished section by a grid set up and then collect a 5 x 5 image area, hence a total of 25 

images.   The 25 images were then processed to mosaic them into one larger image of the 

polished surface.   During the mosaic step the alignment was adjusted by the operator as 

necessary to ensure correct pixel alignment of every image in the mosaic.   The large 

mosaic image was imported into Photoshop software package.   Prior to image 

manipulation a calibration of pixel size to true image size was undertaken to ensure the 

correct measurements were being carried out.   With the aid of extra plug-ins the images 

were thresholded to create a pure black and white image.   The image was then 

duplicated and watersheded.   The watershed feature has been described briefly as being 

a powerful function that is capable of selecting the low points or smallest distances 
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across pore throats and bodies.    Once this function was carried out a black and white 

reversal was carried out on the image.   This duplicate image was then subtracted from 

the original leaving only the pore width lines in place.   Yet another plug-in function was 

utilised to measure the lengths of the resultant pore widths and frequency with which 

each length occurred.   The measured data was exported as a text file and converted into 

an excel file.   Using the data analysis tool within Excel to create a histogram processed 

the length and frequency data.   The histogram for each core sample is individually and 

collectively, represented below.   The right hand axis and data represented as a pink line 

is indicative of the frequency accumulation over the whole sample, for obvious reasons 

this information is not present in the group data histogram.   Once again a colour regime 

has been utilised to highlight each different core sample by fabrication grain size ratio.   

Table 4.11 shows this information. 

 

Sample ID 
Sand Grain Range 

mid point (μm) 
Colour 

AA 356-425 Black 
BB 301-355 Brown 
CC 251-300 Red 
DD 213-250 Orange 
EE 181-212 Yellow 
FF 151-180 Green 
GG 126-150 Blue 
HH 107-125 Purple 

Table 4.11: Sample ID, colour information.  
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Figure 4.36a Histogram of SEM image data, sample AA 
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Figure 4.36b Histogram of SEM image data, sample BB 
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Histogram CC
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Figure 4.36c Histogram of SEM image data, sample CC 
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Figure 4.36d Histogram of SEM image data, sample DD 
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Histogram EE
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Figure 4.36e Histogram of SEM image data, sample EE 

Histogram FF

0
100
200
300
400
500
600
700

0.0
07

0.0
14

0.0
20

0.0
27

0.0
34

0.0
41

0.0
47

0.0
54

0.0
61

0.0
68

0.0
74

0.0
81

0.0
88

0.0
95

Bin

Fr
eq

ue
nc

y

0%

20%

40%

60%

80%

100%

120%

Figure 4.36f Histogram of SEM image data, sample FF 
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Histogram GG
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Figure 4.36g Histogram of SEM image data, sample GG 
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Figure 4.36h Histogram of SEM image data, sample HH 
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Group Histogram
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Figure 4.37 Collation of SEM image data for each single grain range core sample studied 
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4.5.7 Discussion 

Mathematical manipulation of data acquired from the SEM images provides vital spatial 

information regarding the packing nature of the single grain range CIPS samples.   The 

information derived from this data demonstrates the packing nature of each sample to be 

hexagonally close packed (HCP).   The following discussion will elicit this fact.   A 

theoretical arrangement of the silica grains, assuming complete sphericity and HCP is 

shown in Figure 4.38a, b.    

 

 
Figure 4.38a Hexagonally close packed arrangement 
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Figure 4.38b Enlarged section of the hexagonally close packed arrangement 

2 1

4 

3 

 

A combination of the two figures above were used to calculate the area left when grains 

1, 2 and 3 are aligned in a HCP fashion.   The triangle drawn was used to determine the 

void area.   Once obtained this hatched area was converted into an equivalent area of a 

circle.    From this equivalent area of a circle the radius was determined.   The histogram 

data as described above is the frequency of measured lengths of void space acquired 

from the SEM/Photoshop combination.   The intent with this data manipulation was to 

find a pattern created within the measured data by comparison with the theoretically 

calculated void area.   The following equations were utilised to discover the theoretical 

void space left by HCP sand grains of known size. 
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Area of the hexagon = 6 x triangle ABC 

where the height of the triangle is determined by  

 

rx

rx

x
r

732.1
30tan

30tan

=

=

=

°

°

 

and given we are concerned with 6 of these triangles 

2392.10)732.1)(2(
2
166 rrrCtriangleAB =×=×  

 

The total area, within the hexagonal that is occupied by the sand grains is then 

determined by the following; 

   
2
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Therefore the 6 void spaces are calculated as follows 

22 3)732.16(6 rrspaces π−×=  

and one space is 1/6th of this result 

222 )
2

732.1(
2

732.11 rrrspace ππ
−=−=  

 

The resultant value is 0.226r where r is the radius of the known sand grain. 

This theoretical value was compared to the measured data in the following way. 
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HH bin HH freq

Pseudo 
Pore size 
dp units 
approx 
hcp calcn

0.007 118 0.258022
0.008 0 0.312524
0.010 0 0.367025
0.011 0 0.421526
0.013 233 0.476028
0.014 109 0.530529
0.015 0 0.58503
0.017 521 0.639532
0.018 93 0.694033
0.020 104 0.748534
0.021 477 0.803036
0.023 131 0.857537
0.024 134 0.912039
0.025 38 0.96654
0.027 592 1.021041
0.028 49 1.075543
0.030 77 1.130044  

Table 4.12 Excerpt from Excel worksheet 

 

The information in the far right column is the result of dividing the BIN value by the 

diameter as calculated by the theoretical method.   This comparison elicits a number 

close to 1 at a measured diameter of 0.027 and this value possesses the largest frequency 

of occurrence.   Hence in this case, the smallest sand grain sample HH, shows a 

correlation to the mathematically calculated HCP arrangement. 

 

The same comparison was carried out with all other samples and such a conclusive 

agreement was not reached.   The comparison of all samples including sample HH the 

greatest frequency of occurrence of a measured diameter tended to a value of 0.027.   

This pattern may be a result of the limitation of the software by way of pixel limitation.   

This pattern is thought to be a large influence in the inability of the HCP mathematical 

comparison failing. 
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The same HCP arrangement was also considered with the internal grain, numbered 3 in 

the above figures, to be square in nature.   This experiment elicits a comparison with 

even less similarity than the HCP spherical arrangement.    In conclusion it was thought 

that whilst not perfect the HCP spherical arrangement to be the closest to the measures 

data gained from the SEM/Photoshop study, considering the limitations in pixel size and 

assumptions made in the HCP theoretical comparison. 

 

4.6 NMR 

4.6.1 Technique overview 

Single grain range core samples were subjected to NMR testing to acquire a relaxation 

signal for each core sample of differing permeability.   This suite of testing was 

undertaken for a number of reasons.   Firstly, to gain familiarisation with the NMR 

apparatus and the resultant synthetic core signatures and secondly, to provide a “Base 

Case” scenario for future paramagnetically doped sample testing.   The creation of the 

single grain range undoped samples provided a platform from which we could fully 

understand the CIPS created media.   Not only was it important to understand the 

physical parameters such as permeability and porosity, but equally important was the 

NMR signature of each sample.   The NMR signature provides information on the 

samples pore size distribution. 

 

4.6.2 Preparation and methods 

All core samples were prepared in the same fashion, saturation with deionised water, and 

introduced to the NMR apparatus and kept at 35°C. 
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The preparation of the single grain range synthetic core samples for NMR analysis is 

discussed below. 

 

Every core sample in the testing suite had been previously measured via the AP608 for 

permeability and porosity values, as discussed above and as such were completely dry and 

possessed square ends prior to the NMR sample preparation stage 

 

The samples were individually immersed in approximately 20 mls of deionised water, 

with the exception of sample 125-107 μm which required 25mls due to its extended 

length.   The weights of each sample vial and sample were recorded at all stages of 

preparation so as to monitor any loss or gain of water.   An abridged table showing the 

weight of the dry and saturated core sample, together with the resultant volume of the 

saturating de ionised water can be found below in Table 4.13. 

 

Weight (g) 
 Sample ID 

(µm) Dry core  
(g) 

Saturated 
core  
(g) 

Saturating 
water  

(g) 
355-301 21.17 25.21 4.04 
300-251 21.65 25.48 3.83 
250-213 22.91 26.97 4.06 
212-181 20.79 24.55 3.76 
180-151 21.99 26.16 4.17 
150-126 18.2 21.91 3.71 
125-107 27.36 32.62 5.26 
Table 4.13 Abridged NMR core preparation data 

 

The preparation of the synthetic core in deionised water for analysis by NMR allowed for 

the validation of porosity measurements taken by the AP608 apparatus.   Considering all 

 147 



Chapter 4 

samples were vacuum saturated with deionised water for a period of not less than 24hrs, 

it is assumed that full saturation occurred. 

 

To confirm this theory a comparison was made between the NMR sample preparation 

weights and the acquired porosity values from the AP608.   Table 4.14 below shows the 

porosity values as calculated from the NMR deionised water preparation and the values 

obtained by the AP608 apparatus. 

 

Sample ID 
(µm) 

Resultant porosity 
(NMR Prep)  

(%) 

Measured porosity  
(AP608) 

(%) 

355-301 33.49 32.45 
300-251 31.59 32.85 
250-213 31.53 32.54 
212-181 31.23 33.94 
180-151 32.74 33.70 
150-126 34.81 33.74 
125-107 32.87 34.03 
Average 32.61 33.32 

Table 4.14 porosity values from NMR preparation and AP608 

 

As is evident from the numerical agreement seen in Table 4.13 each core sample was 

fully saturated with deionised water.   The agreement of the NMR preparation results 

with the AP608 data is to within 2% of the average of the AP608 values. 

 

The fully saturated core samples were then raised to the NMR operating temperature of 

35°C by immersion of the sample vial containing the sample into a water bath that was 

equilibrated to 35°C.   Once at the NMR operating temperature the samples were 

removed from the sample vials and generously wrapped in Teflon tape to prevent the 

loss of the saturating water during the NMR measurement.   The wrapped, warm 
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saturated core sample was then introduced into a Teflon sample pot and placed in the 

centre of the NMR’s magnetic field. 

 

The NMR core environment consists of an ultra low field, 2MHz magnet which 

minimises the effect of magnetic susceptibility and complements the operating frequency 

of down-hole logging tools and is held at a stable 35°C. 

The parameters used to measure the de ionised water saturated core samples and their 

reciprocal saturating fluid are shown in Table 4.15. 

 

Parameter 
Value – 

saturated 
core 

Value – 
saturating 

fluid 

NECH  
(number of echoes) 8192 8192 

NS  
(number of scans) 256 128 

RG  
(receiver gain) 100 % 70 

RD  
(receiver delay) 5000000 μs 15 

Tau  
(90-180 degree pulse gap) 128 μs 512 

Table 4.15 Operating parameters for NMR deionised water saturated core and their 
saturating fluid. 

 

These parameters are entered into the NMR operating software, RiNMR, such that the 

acquisition of a fully decayed T2 NMR signature can occur.   The raw NMR data is fed 

into an inversion software package called Win DXP.   This weighted, regularized 

inversion software converts the raw T2 decay curve to a spectrum of relaxation times.   

An indication of the pore size distribution is inferred and hence a porosity value can be 

derived from this converted T2 information.   A typical distribution curve as produced by 

Win DXP can be seen below. 
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Figure 4.39: A typical distribution curve as produced by Win DXP. 

 

4.6.3 Acquired data and analysis 

Once the raw data has been manipulated by the Win DXP software not only can graphs 

like the one shown in Figure 4.39 be produced but the manipulated data is able to be 

exported to Excel software for further calculations.   Once in Excel the data is re-

graphed with appropriate x and y axis values such that curves may be laid over one 

another for comparison.  

 

The raw T2 decay data can also be acquired directly from the NMR operating software, 

RiNMR.   The following graph is a representative of the data produced by the RiNMR 

software.  
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Figure 4.40: A typical T2 graph as seen in RiNMR software 

 

From this graph the T2 value can be found in the Time Constant shell.   In the above 

case, Figure 4.40, the T2 time constant value would be 252.719ms.  

 

All saturated single grain range synthetic core samples, and their saturating fluids were 

studied by the NMR apparatus.   Graphs of the spectrum times, T2 values (as calculated 

by the RiNMR software) and relaxation rates (1/T2) are presented below. 

 151 



Chapter 4 

T2 Distribution
Single grain range - 355-301
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Figure 4.41a Single undoped T2 distribution, 355-301μm grain range 

T2 Distribution
Single grain range - 300-251
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Figure 4.41b Single undoped T2 distribution, 300-251μm grain range 
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T2 Distribution
Single grain range - 250-213
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Figure 4.41c Single undoped T2 distribution, 250-213μm grain range 

T2 Distribution
Single grain range - 212-181
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Figure 4.41d Single undoped T2 distribution, 212-181μm grain range 
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T2 Distriburion
Single grain range - 180-151
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Figure 4.41e Single undoped T2 distribution, 180-151μm grain range 

T2 Distribution
Single grain range - 150-126
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Figure 4.41f Single undoped T2 distribution, 150-126μm grain range 

 154 



Chapter 4 

 155 

T2 Distribution
Single grain range - 125-107
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Figure 4.41g Single undoped T2 distribution, 127-107μm grain range 
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T2 Distribution
Single undoped core
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Figure 4.42 Combined single undoped T2 distributions 
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T2 data and the reciprocal relaxation rates as calculated by the multi-exponential inversion 

software package, DXP, are tabulated in Table 4.16 below. 

 

Saturated core Saturating fluid 
Sample ID 

T2 value 1/T2 value T2 value 1/T2 value 
355-301 291.922 0.003425573 3276.655 0.000305 
300-251 241.185 0.004146195 3081.921 0.000324 
250-213 267.909 0.003732611 3281.807 0.000305 
212-181 250.011 0.003999824 3341.387 0.000299 
180-151 252.71 0.003957105 3094.72 0.000323 
150-126 179.948 0.005557161 3051.566 0.000328 
125-107 181.433 0.005511676 3385.476 0.000295 

Table 4.16 Tabulated T2 and 1/T2 values for saturated core and the saturating fluid. 

 

The relaxation rate variations of the single grain range core samples are more easily studied 

in graphical form as presented in Figure 4.43. 
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Figure 4.43 NMR relaxation rates for saturated core samples and associated fluids. 
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It is not surprising that the saturating fluid samples exhibit relaxation rates that closely 

resemble those of pure water. 

The core samples however display a relationship that agrees with NMR theory in that as 

the pore size of the sample decreases the relaxation rate increases.   As discussed previously 

in this Chapter, the porosity shows a slight dependence on grain size.   Reassuringly, this is 

also shown by the NMR measurements Figure 4.44 shows the 1/T2 relaxation rate and the 

porosity φ, both as a function of the mid-point grain size.   The two curves show a 

reasonable consistency of behaviour. 
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Figure 4.44 Comparison of NMR relaxation data with measured porosity values 
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4.6.4 Discussion 

This body of research and study of the single grain range CIPS cemented core sample 

properties is of great import.   The study lays the foundation for the confidence vested in 

the fabrication procedure and its ability to produce consistent, robust, naturally 

representative, reproducible core samples in such a way that the researcher has complete 

control over the physical parameters of the as-produced core.   This is a very important 

point that has been reinforced by way of exhaustive testing and characterisation of the 

synthetic core samples.   The samples not only have the ability to mimic nature through 

their chosen materials but they can be fashioned with variable permeability.   The 

repeatability of the samples is just as important as their ability to mimic natural core 

samples.  In addition, the NMR measurements in this Chapter are in accord with the 

independent porosity measurements.  

 

The confidence held in these samples, the base case, is the corner stone which supports the 

later work on paramagnetically doped samples.  
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5 Chapter 5 - Undoped double core results 

5.1 Chapter introduction 

The intention behind the design and fabrication of the “double core” CIPS produced 

synthetic samples was to produce a robust and reproducible core with physical parametric 

duality.   These core samples were fabricated to test the NMR apparatus and its ability to 

differentiate between two distinct core matrices held within the one sample.   Many natural 

core samples process a spread of property variation.   However the fabrication of this core 

suite was aimed at introducing another variable, which could be manipulated and 

controlled by the creator. 

 

Sections 5.1 through to 5.3 focus on the analysis undertaken in an effort to quantify the 

physical parameters of each core in the set.   Sections 5.1 and 5.2 draw attention to the use 

of two different techniques possible in the analysis of permeability and porosity.   Section 

5.3 concentrates on the scanning electron microscopy images acquired for each sample, 

accenting the exemplary nature of the fabrication process; producing a unique core with 

dual parameters.   The results from all three analysis procedures are discussed. 

 

After the characterisation of the matrix parameters each sample was analysed using the 

NMR to investigate the apparatus’ ability to differentiate between the dual parameters held 

within each sample.   Section 5.4 emphasizes the NMR’s ability to do precisely that.   

Techniques and results from the NMR analysis are discussed.  
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5.2 Permeability and porosity: ACS data  

5.2.1 Results 

The services of ACS laboratories were again utilised to measure porosity and permeability 

values, this time of the double core synthetic samples.   The methodologies used by the 

staff members at ACS laboratories are the same as those described in Section 4.2.   A few 

of the double core samples, like the single core samples, were randomly selected and tested 

with a simulated overburden pressure of 2000 psi. 

 

Tabulated below, in Table 5.1, is the permeability and porosity data, measured by ACS 

Laboratories, on the double core samples.   The grain size ratios, used to fabricate the 

double core samples were discussed in Chapter 3.   Note that Table 5.1 has a “sample ID” 

column to identify each core.  

 

Porosity 
 

Permeability 
(mD) 

Outer core/ 
Inner core 

Sample ID 
300 psi 2000 psi 300 psi 2000 psi 

425-356/355-301 A 0.314  30090  
425-356/300-251 B 0.339  23313  
425-356/250-213 C 0.323  28107  
425-356/250-213 C2 0.303 0.300 23347 22696 
425-356/250-213 C3 0.306  20166  
425-356/212-181 D 0.308  21453  
425-356/108-151 E 0.313 0.310 23657 23217 
425-356/150-126 F 0.306 0.302 18229 17471 
425-356/125-107 G 0.313  15367  

Average   0.314 0.304   
Standard 
deviation 

 
0.011    

Table 5.1: Porosity and permeability data for double core samples 
 

Once again the porosity values of the synthetic core are very consistent.   Again note the 

very small variation in porosity (<0.04 in porosity units) when a simulated overburden 

pressure of 2000psi is applied to three random samples.   This further confirms the robust 
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nature of the CIPS cemented synthetic core samples.   The samples are substantially 

unaffected by external pressures indicating that the sand grains are close-packed 

 

The data in Table 5.1 returns a mean porosity value of 31.4%. Deviations from this mean 

are plotted in Figure 5.1 below.  
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Figure 5.1: Porosity measurements of double core samples 

 

Similarly to the single grain range core samples, the porosity values in double core samples 

were very consistent, with no dependence on grain size.   Hence the robust nature of the 

synthetic core preparation technique is for a second time reaffirmed.   The packing 

technique and the subsequent CIPS flushing procedures are again shown to produce 

uniform reproducible synthetic rock samples, even in this compound core arrangement. 

The largest deviation from the mean porosity value is returned by sample B.   This 

deviation is however still small, at 2.5%. 
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Double Core Permeability 
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Figure 5.2: Permeability of double core samples (ACS Measurements) 

 

The permeability results from the ACS apparatus show no real correlation.   The most 

useful information provided by this data is the correlation between the random samples 

selected for overburden pressure testing and the results of the ambient pressure tests.   As 

with the single grain range core samples, there is very little variation between the samples 

measured for permeability at ambient, 300psi, and those measured with a representative, 

2000 psi, overburden pressure.   Once again this indicates that the sample preparation and 

subsequent sand grain packing produces a robust synthetic core sample.   The ACS 

permeability data will not be analysed in the same fashion as the AP608 below, due to the 

lack of confidence in the raw data. 
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5.3 Permeability and porosity: AP608  

5.3.1 Introduction & theoretical 

All double core samples were analysed for porosity and permeability on the AP608.   The 

description of the apparatus and the testing methodology is the same as that used for the 

single grain range core samples, described in Section 4.3.1. 

 

As discussed previously in Chapter 4 (dealing with single grain range samples) the AP608 

apparatus proved to be a superior instrument, compared to the ACS instrument, 

particularly when measuring permeabilities (a dynamic process).   Porosity, being measured 

via a static process, the two instruments returned comparable results.  

 

Due to the production of higher reliability and consistent data the AP608 measurements 

were chosen to make comparison between measured and effective permeability in the 

double core, with an effective permeability calculated from the component permeabilities.  

Consider the double core arrangement with an inner core of area Ai and permeability ki, 

carrying a flow qi, surrounded by an outer core of area Ao and permeability ko, carrying qo.  

The two components are in parallel for fluid flow.   Application of Darcy’s Law to each 

component flow gives 
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Data for keff and kmeasured is compared in Fig 6.5 and interpreted. 

 

 

 

 

 

Figure 5.3 Schematic double core orientation 

 

5.3.2  Results 

Table 5.2 below displays the three point averaged data for the permeability and the porosity 

of the double core samples as tested by the AP608 with a confining pressure of 300psi.   

Note that spurious values were returned by sample C3.   These values can be attributed to a 

crack in the sample, hence results form sample C3 are not included in the graphical 

depictions of this data set as they are not truly indicative of the samples properties. 

 

Porosity Permeability (mD) Outer core/ Inner core 
Sample ID 

At 300 psi At 300 psi 
425-356/355-301 A 0.3324 41000 
425-356/300-251 B 0.3548 36200 
425-356/250-213 C 0.3401 38200 
425-356/250-213 C2 0.3208 31500 
425-356/250-213 C3 0.5425 30400 
425-356/212-181 D 0.3226 28600 
425-356/108-151 E 0.3280 27800 
425-356/150-126 F 0.3270 20900 
425-356/125-107 G 0.3300 17200 

Average (%)  33.20  
Standard deviation  1.09  

Table 5.2: Tabulated data from AP608 for undoped double core samples 
Note: Highlighted values not included in average or standard deviation calculations 
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Deviation from mean porosity value (33.20%)
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Figure 5.4: Double core samples: deviation from the mean  

 

The deviations from the mean value of porosity 0.3320 are plotted in Figure 5.4.   The 

graph shows only slight variations from the mean value, with a standard deviation of 

0.0109.   Whilst the porosity average differs from the ACS results above, the standard 

deviation does not.   This indicates a variation in the testing apparatus.   As mentioned 

before in Chapter 4 the AP608 is a more precise piece of equipment, which returns a more 

sensitive result.   The reproducibility of the CIPS fabricated samples is highlighted by the 

triplicate results of sample C.   The exception to this is core sample C3.   This sample 

gained a crack post ACS testing and produced spurious results when introduced into the 

AP608.   As a result of this the porosity values recorded for sample C3 are not included in 

average and standard deviation calculations nor are they plotted in Figure 5.4.   The 

triplicate samples were manufacture using the same techniques and flushed with the same 

batch of CIPS solution.   Yet again these results show the strength of the CIPS solution 

and the fabrication technique in producing consistent replicate samples.  
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Double Core Permeability
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Figure 5.5: Double core sample permeability (AP608 measurements) 

 

The permeability results acquired from the AP608 display a clear correlation between the 

core samples internal grain range size and permeability values.   Unlike the ACS equipment 

the AP608 was able to provide a superior external seal on the core sample.   This strong 

confining seal ensured the appropriate flow path of the testing fluid, nitrogen.   The AP608 

provided expected permeability results for the double core samples.   A plot of the 

predicted permeability values, (the permeability of the double core is, theoretically, 

composed of 1/3 inner core permeability value and 2/3 outer core permeability value) 

overlayed with the experimentally measured permeability values, is given by Figure 5.5.     
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Double Core Permeability Comparison
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Figure5.6: Comparison of double core samples calculated effective and measured 

permeability 

 

The calculation of the effective permeability for each double sample shows a modest 

variation, reflecting the dominant weighting (2/3) of the invariant outer core.   Clearly, the 

model of parallel flow paths that led to the calculation of Keff is an appropriate measure up 

to about sample “C”, and is increasingly less valid as the grain size of the inner core 

decreases.   The model is a continuous model: the electrical analogue is discrete resistors in 

parallel, each resistor carrying its own current with no crossover.   The flow of measuring 

gas though the double core however does have a crossover; the lower the permeability in 

the inner core, the greater the chance of crossover.   In other words, the parallel flow 

model is too simplistic or naïve.   Also the AP608 is a fast measuring instrument (a few 

seconds per measurement) the algorithm used by the apparatus is one of unsteady state 

hence more susceptive to crossover error.   In the steady state, fluid paths do not crossover 

from one core (inner) to another (outer).   This is of interest but not pertinent to the main 

thrust of this thesis. 
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Porosity  

Sample ID Grain range (μm) Mass (g) Volume of silica 
(cm3)

Volume of site 
(cm3)

Volume of pore 
(cm3)

Porosity 
(%)

Outer 425-356 106.560 40.21 87.66 47.45 54.13
Inner 355-301 30.757 11.61 19.57 7.96 40.68

Inner 300-251 34.213 12.91 19.57 6.65 34.01

Inner 250-213 45.192 17.05 19.57 2.51 12.84

Inner 250-213 30.050 11.34 19.57 8.23 42.04

Inner 250-213 29.951 11.30 19.57 8.26 42.23

Inner 212-181 31.192 11.77 19.57 7.79 39.84

Inner 180-151 30.434 11.48 19.57 8.08 41.30

Inner 150-126 27.738 10.47 19.57 9.10 46.50

Inner 125-107 28.880 10.90 19.57 8.67 44.30

Total 137.317 51.82 107.23 55.41 51.67
Outer 425-356 110.042 41.53 87.66 46.13 52.63

Total 144.255 54.44 107.23 52.79 49.23
Outer 425-356 102.201 38.57 87.66 49.09 56.00

Total 147.393 55.62 107.23 51.61 48.13
Outer 425-356 109.392 41.28 87.66 46.38 52.91

Total 139.442 52.62 107.23 54.61 50.93
Outer 425-356 109.408 41.29 87.66 46.37 52.90

Total 139.359 52.59 107.23 54.64 50.96
Outer 425-356 107.380 40.52 87.66 47.14 53.78

Total 138.572 52.29 107.23 54.93 51.23
Outer 425-356 110.590 41.73 87.66 45.93 52.39

Total 141.024 53.22 107.23 54.01 50.37
Outer 425-356 103.561 39.08 87.66 48.58 55.42

Total 131.299 49.55 107.23 57.68 53.79
Outer 425-356 103.790 39.17 87.66 48.49 55.32

Total 132.670 50.06 107.23 57.16 53.31
G

C3

D

E

F

A

B

C

C2

 
Table 5.3: Theoretical porosity 

 

The values in Table 5.3 are theoretical porosity values that have been calculated from the 

weights of silica sand used to create them.   They are loose packed, before CIPS, porosity 

values.  It can be seen that the overall porosity values for each sample indicates a pore to 

sand grain ratio close to 50:50.   These values do not include a volume of CIPS precipitate 

in the samples.   The purpose for this table is two fold; one, to highlight the significance of 

the CIPS material in the finished core and two, the effect on porosity due to the smaller 

inner sand grain range.   When the average porosity value, from the superior apparatus 

(AP608), is subtracted from the theoretical porosity value an indication of the CIPS 

contribution is obtained.   This contribution to the final porosity value is in the order of 

18%. 

 



Chapter 5 

 170 

5.4 Microscopy 

5.4.1 Preparation techniques for microscopy 

The preparation technique prior to SEM analysis of the double core samples is as per 

section 4.4.2.   The preparation techniques discussed in section, 4.4.2, are the same for all 

synthetic core samples undergoing SEM image microscopy.  

 

5.4.2 SEM images 

Below are the SEM images, produced at the Centre for Microscopy and MicroAnalysis at 

the University of Western Australia.   A red line is draw across each image to highlight the 

boundary between the silica grains of differing size ranges.   Sample A in particular makes 

this delineation between grain ranges difficult, as the size variation is minimal.   As seen in 

Sample B onwards this differentiation is much more noticeable. 
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Sample A boundary – Outer 425-356 Inner 355-301 

Note that the boundary line is arbitrary in this case as the grain range sizes 
are so close. 

 
Sample B boundary - Outer 425-356 Inner 300-251  
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Sample C boundary - Outer 425-356 Inner 250-213 
 

 
Sample D boundary - Outer 425-356 Inner 212-181 

 
Sample E boundary - Outer 425-356 Inner 180-151 

 

 
Sample F boundary - Outer 425-356 Inner 150-126 
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Sample G boundary - Outer 425-356 Inner 125-107 

Note: the bright grains are titanium rich ilmenite. 
Table 5.4: SEM images of grain boundaries 

 

5.4.3 Image analysis/discussion 

As evidenced by all but one image there is a clean definitive boundary between the inner 

and outer segments of the synthetic core sample.   This is testament to the robust 

preparation and manufacturing procedure utilised in the fabrication of these core samples.   

On inspection with the naked eye the boundary between the inner and outer core is clearly 

defined.   The area ratios of the two sand grains present (1/3 to 2/3) was as designed (see 

Figure 3.18).     

 

The SEM reveals the presence of titanium rich ilmenite, particularly in the smaller sand 

grain ranges.   The origin of this ilmenite is not understood.   The starting material (silica) 

was analysed by XRD at the beginning of this thesis research and showed the silica to be 

99.9% pure.   As the silica sand grain ranges are all sieved from the same starting material it 

is unlikely that the ilmenite came from the starting material.   Another puzzle is that the 

ilmenite is concentrated in the smaller grain sizes, and the titanium rich ilmenite is rare to 
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non-existent in the larger grain ranges.   It would appear that the CIPS solution applied to 

the double core samples was contaminated.    

 

5.5 NMR  

The double core samples were investigated by the NMR to discover if the instrument was 

able to discern between two distinct grain range distributions and their associated pore size 

distributions.   The creation of the double core samples was to discover the 

strength/weakness of the NMR in determining pore size distributions.   Is the apparatus 

able to display a “finger print” distribution set that is indicative of the two separate pore 

arrangements or will it exhibit a commingled display of the two distinct pore distributions? 

 

5.5.1 Technique 

The preparation of the double core samples for NMR analysis follows the same procedures 

outlined in Section 4.5.2.   This section discussed the vacuum saturation with deionised 

water, of previously dried and square ended samples.   Each of the saturated samples was 

then warmed to the NMR operating temperature of 35 °C.   The samples were then 

carefully removed from the saturating fluid in the sample vial, wrapped with Teflon tape to 

limit fluid loss and then placed into the small sample bucket.   A small NMR sample bucket 

minimised the dead space around the sample under investigation.   Table 5.5 below outlines 

the NMR parameters used to analyse the double core samples. 
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Parameter Value 

NECH  
(number of echoes) 8192 

NS  
(number of scans) 256 

RG  
(receiver gain) 100 % 

RD  
(receiver delay) 5000000 μs 

Tau  
(90-180 degree pulse gap) 128 μs 

Table 5.5: NMR parameters for double core samples 

 

5.5.2 Double core sample T2 distributions 
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Double core sample B
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Double core sample D
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Double core sample F
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Table 5.6: NMR Signatures for all double core samples 



Chapter 5 

 179 

Double core T2 signatures
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Sample 
ID 

Outer 
Grain 
Range 

(μs) 

Inner 
Grain 
Range 

(μs) 

A 425-356 355-301
B 425-356 300-251
C 425-356 250-213
D 425-356 212-181
E 

Figure 5.7: Overlayed T2 NMR signatures of all double core samples. 

425-356 180-151
F 425-356 150-126
G 425-356 125-107
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Double core relaxation
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Figure 5.8 Comparison of Double core NMR pore size distributions and Single core pore size distributions.  

 

Outer Core 

Sample 
ID 

Outer 
Grain 
Range 

(μs) 

Inner 
Grain 
Range 

(μs) 

C 425-356 250-213 
D 425-356 212-181 
E 425-356 180-151 
F 425-356 150-126 
G 425-356 125-107 

Inner G 
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Double Core T2 Truncated Data
- Small Pore Signatures 
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Figure 5.9: .Truncated T2 data to represent the small pore distribution set.  

Sample 
ID 

Outer 
Grain 
Range 

(μs) 

Inner 
Grain 
Range 

(μs) 

B 425-356 300-251
C 425-356 250-213
D 425-356 212-181
E 425-356 180-151
F 425-356 150-126
G 425-356 125-107
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Sample ID Large peak mid point 
(amplitude) 

T2 Relaxation 
(μs) 

A - Outer 425-356 Inner 355-301 5141.71 349387.28 
B - Outer 425-356 Inner 300-251 5616.64 418839.13 
C - Outer 425-356 Inner 250-213 6193.5 418839.13 
D - Outer 425-356 Inner 212-180 5498.83 382540.28 
E - Outer 425-356 Inner 180-151 4689.78 349387.28 
F - Outer 425-356 Inner 150-126 4512.21 349387.28 
G - Outer 425-356 Inner 125-107 4111.45 291451.94 

Average 5109.16 365690.33 
Standard deviation 720.401 45170.45 
Standard deviation % 0.141002 0.123521 

Table 5.7: Large peak numerical data. 

 

Sample ID Small peak mid point 
(amplitude) 

T2 

Relaxation 
(μs) 

A - Outer 425-356 Inner 355-301 No data  
B - Outer 425-356 Inner 300-251 122.985 804.4736 
C - Outer 425-356 Inner 250-213 159.847 559.798 
D - Outer 425-356 Inner 212-180 308.88 2614.104 
E - Outer 425-356 Inner 180-151 229.724 271.0634 
F1 – Outer 425-356 Inner 150-126 292.09 4930.754 
F2 – Outer 425-356 Inner 150-126 48.6048 - 
G1 - Outer 425-356 Inner 125-107 375.99 3756.67 
G2 - Outer 425-356 Inner 125-107 37.9943 - 

Table 5.8: Small peak numerical data 
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Inner Core T2 Relaxation Data
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Figure 5.10: Small pore T2 correlation data.

Sample 
ID 

Outer 
Grain 
Range 

(μs) 

Inner 
Grain 
Range 

(μs) 

B 425-356 300-251
C 425-356 250-213
D 425-356 212-181
E 425-356 180-151
F 425-356 150-126
G 425-356 125-107
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5.5.3 Discussion of core NMR results 

 Large peaks

Figure 5.7 shows the NMR spectra from all the double core samples.   It is a chaotic but 

informative figure.   This plot is useful in highlighting the alignment of the midpoint of 

each major peak.   A black line has been drawn in to highlight the average midpoint value 

for the large peak.   In each case the major peak is principally a representation of the 

pore size distribution of the outer core of each sample, comprised of the same large 

grain range sand, 425-355 μm.   The single T2 relaxation value for each double core 

sample is displayed in Table 5.7.   The consistency of this value highlights 

• The reproducibility of the NMR measurement of the outer core porosity from core 

to core, in agreement with our expectation that the fabrication of the double core 

samples would produce consistent outer cores 

• The dominance of the outer core, which comprises 2/3 of the sample. The 

dominance in this NMR setting is analogous to the dominance seen in the AP608 

permeability measurements (Section 5.3) 

It also shows that the NMR is able to distinguish between the large outer and smaller sized 

inner cores pore size distributions. 

 

Small peaks 

The contribution from the inner core is principally located below 100,000 μs in all cases. 

(see Figure 5.7).   This region is cut from Figure 5.7, and separately displayed in Figure 5.9, 

and tabulated in Table 5.8.  Figure 5.8 principally represents the T2 relaxation data for 

the smaller internal core.   In each case the minor peak is principally a 

representation of the pore size distribution of the inner core of each sample, which 

varies from sample to sample.  This information indicates that the NMR once again was 

able to detect the inner core sample as having a separate pore size distribution.   It should 
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be noted that information from sample A was not able to be included as the minor peak 

blended with the larger peak and the data could not be simply separated. (Undoubtedly, 

complex numerical analysis could separate the two, but this was beyond the scope of this 

thesis investigation).   Hence a detection limitation or a pore size distribution so similar as 

to be considered the same was seen for the two closest grain ranges (outer, 425-356μm; 

inner, 355-301 μm).   The separation or boundary line could not be adequately 

visualised from the SEM images and once again this inability to “tell the two grain 

sizes apart” is also the case for the NMR signal.   The information seen in Figure 5.9, a 

correlation of the small peak maxima, indicates a trend of increasing T2 relaxation with 

decreasing grain size and associated decreasing pore size.   The exponential trend line 

added to Figure 5.10 shows an agreement of 0.7916.   This value is not particularly strong 

and the contributing factor is the data acquired for sample D.   When removed from the 

data set the correlation agreement increases to 0.9959.   On visual inspection of sample D 

no physical impairments were noted that could explain the inconsistency of this measured 

point. 

 

Combined distribution

The right hand graph in Figure 5.8 is a subsection of Figure 5.7 showing the NMR pore 

size distributions for sample C through to G.   Each member of this subsection of the 

double core samples, as observed by the NMR, displays an overall shift to the left.   This 

leftward shift is caused by the contribution of the smaller grain size inner core.   The 

greatest shift in both the larger and smaller peak is observed by sample G and the least by 

sample C, as expected.   Together with the leftward shift, a diminution of amplitude is 

displayed by the sample subset.   There s a linear relationship between amplitude reduction 

and the decrease in inner core particle size.   Hence the overall porosity of each sample is 

remaining the same but the variation of pore size distribution is being identified by the 

NMR technique.   The graphs to the left of Figure 5.8 display the single pore size 
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distribution contributions to the resultant double core sample (i.e. inner and outer grain 

size) NMR signal, seen on the right hand side of Figure 5.8.   Samples A and B are not 

included in this sub set as they do not follow this trend.   Samples A and B do not have 

sufficient disparity between the inner and outer core particle size for the NMR signal to be 

influenced in this way.   Table 5.4 showing SEM images of the grain boundaries of each 

sample also highlights the closeness of the particle size in samples A and B. 
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6 Chapter 6 Doped Single Core – Results and Analysis 

6.1 Chapter introduction 

In this Chapter we describe measurements made to determine the appropriate techniques 

to reproducibly and stably deposit paramagnetic manganese onto the rock matrix.   

Preliminary attempts employed MnCl2, which ultimately proved unsuitable.   These 

attempts are described in Section 6.1 

 

Manganese nitrate proved to be a far superior paramagnetic dopant, and this was used for 

the doping of all core sets described in the remainder of this chapter. 

 

A key requirement of the deposition is for the paramagnetic compound to be incorporated 

into the calcite lining of the rock matrix.   The dopant needs to be fixed in position and not 

be dissolved in subsequent core flooding.   Series M (from the middle section of the core), 

and Series T (from the top section of the core) were subjected to fluid saturation.   Series 

M was saturated with a weak solution of bleach and deionised water and the conductivity 

of the core monitored over time.   This showed dissolution and a change in oxidation state 

for the manganese so the bleach + deionised water was unsuitable.   The Series M 

measurements are described in Section 6.2. 

 

Section 6.3 describes the Series T measurements using a different approach for the 

preparation of stable manganese compound deposits in the calcite.   This consisted of 

continuous deionised water flushing of the doped core for an extended period of time, 

until the eluant had a stable conductivity reading, indicating no further dissolution of 

paramagnetic ion from the calcite layer. 
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Section 6.4 describes a further procedure to ensure stability of the paramagnetic ions in the 

matrix.   This involves multiple CIPS flushes during the fabrication of the core from the 

constituent silica grains. The manganese dopant was included in the first flushing, followed 

by undoped CIPS flushes.   This has the effect of burying the dopant in the calcite and 

proved to be successful.  

 

Having determined a suitable preparation method, we then conducted two separate 

investigations of the paramagnetic effect on NMR relaxation rates.   In the first set of 

measurements (Series 0.2) the paramagnetic concentration was varied and the rock matrix 

was held constant. (Section 6.5) 

 

The experimental protocol was reversed in the second set of measurements (Series 0.3). 

Here the paramagnetic concentration was constant and the rock matrix (permeability/ pore 

volume) was varied. (Section 6.8)` 

 

Finally, for each Series (0.2 and 0.3), measurements were made with n–decane as the 

occupying fluid.   The purpose here was to replace an ionising solvent with a relatively inert 

fluid, as a further validation that the final procedure for preparing paramagnetic doped 

samples did indeed produce stable samples, that could be flooded with water without 

changing the physical/chemical structure of the core matrix. The measurements also 

verified that the NMR measurements were reliable and repeatable. 

 

6.2 Manganese chloride doped core samples  

Once the use of ferric chloride solution was eliminated from further study due to it’s 

instability during sample preparation, (see Section 3.6.2), manganese chloride was selected 

as a more stable, strongly paramagnetic material.   Manganese bearing rocks, such as 
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rhodochrosite are commonly found in regions of producing oil and gas reservoirs, so not 

only is manganese a good substitute experimentally for ferric solutions, it also mimics the 

real reservoir environment.    

 

6.2.1 Sample preparation – manganese chloride series  

Two samples were prepared, one with a low concentration of manganese chloride, the 

other with a very high concentration.   The weights of unsorted -300μm packed silica sand 

and the manganese concentration, as added in the second of the three flush sequence is 

recorded in Table 6.1 below.   The addition of the manganese chloride to the second CIPS 

flush was not via preparation of a stock solution but rather by direct dissolution of the 

manganese chloride into part A of the CIPS solution prior to combination with part B.   

The resultant volume of the combined CIPS solution was 400ml and manganese 

concentration calculations have been carried out using this value.  

 

Sample ID Packed sand volume 
(g) 

Mn2+ concentration 
(mol/L) 

High 138.6 1.38x10-1

Low 145.2 7.74x10-4

Table 6.1 Packed sand volumes and Mn2+ concentration 

 

6.2.2 ICP-AES analysis 

The highest manganese doped sample was analysed by Inductively Coupled Plasma -

Atomic Emission Spectroscopy (ICP-AES).   This technique volatilises a diluted sample 

solution and introduces it into a plasma environment by a nebulizer and a spray chamber.   

Atoms or ions are then generated and elevated to excited states.   The excited species then 

"relax" to a lower state, and in the process emit radiation at wavelengths characteristic to 

their composition.   This technique is also useful in analysing multi component solutions, 
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as was necessary in this case.   The ICP-AES analysed for calcium and manganese.   Only 

the highest doped sample was analysed in the first instance to see if any responses could be 

detected.   The highest manganese doped core sample was cut into six sections and eight 

sub-samples were extracted for analysis by the ICP-AES.   A schematic of the locations of 

the sub samples as taken from the sectioned core sample is shown in Figure 6.1 below.   

Note the location of the sample points.   Points 1,2,3 are below the horizontal cut through 

the core sample and points 4,5,6 are above the cut. 

 

High concentration core sample

Sub-sample points 0-7

Pt. 0

Pt. 1

Pt. 2

Pt. 3

Pt. 5

Pt. 6

Pt. 7

Pt. 4

Horizontal cuts

 

Figure 6.1 Sub sample points on the high doped core. 

 

The manganese results of the ICP-AES analysis carried out on the sub-sample points 

indicated in Figure 6.1 are listed below in Table 6.2.    
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Sub-sample point Mn concentration in (ppm) 
Pt 0 684 
Pt 1 404 
Pt 2 488 
Pt 3 310 
Pt 4 354 
Pt 5 298 
Pt 6 300 
Pt 7 292 

Average  391 
Table 6.2 Sub-sample points and associated Mn concentrations from ICP-AES analysis 

 

The highest result for the Mn concentration was recorded at the top sub-section.   It is 

thought that during the 24-hour lock in/precipitation stage the manganese-CIPS cement 

material has settled out from the associated tubing and formed on the top section of the 

core sample.   It would appear that the subsequent CIPS flush has not removed all of this 

loosely precipitated and non-matrix bound manganese in the rich CIPS cement. 

 

The manganese ICP-AES concentration data as presented in Table 6.2 above has been 

plotted in Figure 6.2 below, with the exception of what is considered an outlier, (sub-

sample point Pt 0).   The average Mn concentration was 355ppm with a standard deviation 

of 70 ppm, a pleasing level of uniformity. 
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ICP-AES Mn concentration data
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Figure 6.2 Plotted ICP-AES Mn concentration data. 

 

To further understand the location and density of the manganese deposition within the 

prepared samples SEM Energy Dispersive Spectroscopy was utilised.   This technique is 

able to produce an X-ray map of the zone of investigation with respect to elemental 

distribution.   Over time elemental sample location and density information is collected and 

plotted on a map of the sample image.   No appreciable manganese response was seen via 

this technique, which lacked sufficient sensitivity to manganese compared to an 

overwhelming silicon and calcium response.   

 

6.2.3 NMR analysis 

At this stage of the analysis doubt existed as to the suitability of the MnCl2 based dopant 

material, (see Section 3.6.2.1).   As a result future doped sample preparation proceeded with 

Manganese Nitrate in the following form, Mn(NO3)2.4H2O as the paramagnetic dopant 

added to the CIPS solution.   Hence NMR analysis of the MnCl doped samples was 

abandoned to make way for the preparation of the new nitrate based samples. 
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6.3 Series M core samples  

In order to study the matrix effect of paramagnetic dopant on the NMR signal it is 

imperative to have a stable and known concentration of the paramagnetic material in the 

matrix.   Hence, the stability of the paramagnetically doped CIPS precipitate was under 

investigation to determine it’s predominance in either the matrix and/or bulk saturating 

fluid and it’s ability to remain in that state (the matrix) whilst under investigation by the 

NMR.   In order to establish the location and stability of the paramagnetic precipitate the 

M series core samples (See Table 3.4) were subjected to conductivity testing prior to their 

introduction into the NMR.   The conductivity testing determined the extent to which the 

CIPS precipitate either stayed in the matrix or redissolved into the bulk fluid as a result of 

core sample saturation by the deionised water. The M series core samples were prepared 

using various concentrations (from 20 to 300 units (v/v) manganese solution to CIPS 

solution) in the fabrication of the doped core. 

 

6.3.1 Core conductivity analysis 

The M series core were placed in small glass jars and immersed in de ionised water, such 

that the core section was totally covered in fluid, and the resultant solution was stirred with 

a mechanical stirrer.   After 1 minute the conductivity of the solution was measured with a 

ThermoOrion Model 550A pH/conductivity meter.   The samples were left to rest and 

measured at varying intervals for conductivity changes for the remainder of that day, as 

indicated on the Table 6.3 below, (in micro Siemens, µS). 
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Sample ID Conductivity 
(time: +1 min) 

(µ S/cm) 

Conductivity 
(time: +2hrs) 

(µ S/cm) 

Conductivity  
(time: +5hrs 20 mins) 

(µ S/cm) 
20M 3954  8200 9820 
40M 5150  8310 10090 
80M 4943  8790 10750 
100M 4105  7490 9050 
200M 4851  8640 11170 
300M 5060  8990 11620 

D.I. Water 5.7    
Table 6.3 Conductivity data day one. 

 

The following day saw the samples again measured for conductivity at midday and then 

placed under vacuum for one hour.   The samples were re-tested and their conductivity 

values recorded.   Table 6.4 tabulates the conductivity data before and after the vacuum 

saturation process. 

 

Sample ID Conductivity  
(time: +24hrs) 

(µ S/cm) 

Conductivity  
(time: +25hrs 30mins) 

(µ S/cm) 
20M 12350 12380 
40M 13160 13180 
80M 13100 13070 
100M 11150 11140 
200M 15030 15100 
300M 16220 16260 

Table 6.4: Conductivity data day two. 

 

The samples were left to stand once again, this time over night, in an attempt to achieve a 

stable conductivity measurement.   They were then tested the following morning to 

discover a relatively stable conductivity result.   Table 6.5 below shows the stable 

conductivity results acquired. 
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Sample ID Conductivity  
(time: +45hrs 30mins) 

(µ S/cm) 
20M 13240 
40M 14040 
80M 13290 
100M 11610 
200M 15630 
300M 17730 

D.I. Water 1.45 
Table 6.5: Conductivity data day three. 

 

The results are also plotted in Figure 6.3 below, and indicate that the flushing solution 

reached an equilibrium concentration of manganese in solution. The corollary is that a 

stable concentration of manganese remained in the core samples. 
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Figure 6.3 Conductivity of flushing solution versus time 

 

A calibrated pH meter was used to measure the pH of the saturating fluids after the 

conductivity measurements and prior to NMR analysis.   Table 6.6 shows the pH and 

temperature of the saturating fluids. 
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Sample ID pH Temperature  
(˚C) 

20M 6.962 21.3 
40M 7.300 21.3 
80M 7.325 21.3 
100M 7.121 21.3 
200M 7.257 21.3 
300M 6.880 21.3 

Table 6.6: pH and temperature data for the saturating fluid. 

 

The pH results indicate that the resultant saturating solution is close to neutral, and that 

any CIPS paramagnetically doped precipitate that may have dissolved into the saturating 

fluid has been minimal and has not influenced the pH levels of the saturating solution. 

(The pH is an important controlling parameter on the CIPS process) 

 

6.3.2 Core conductivity discussion 

The conductivity data demonstrate the ability of the synthetically produced core samples to 

equilibrate with the saturating fluid after a period of approximately 45 hours.   This 

stabilisation, whilst beneficial, has exposed by its very nature that the doped CIPS cement 

leaches into the saturating fluid.   The initial loss of CIPS material to the saturating fluid 

was large in comparison to the later data points.   It was then considered that this initial 

instability could be rectified, however the nature of the leaching component needed to be 

identified.   In other words, was the calcium or manganese leaching into the fluid?   Further 

study of the saturating fluid was undertaken to determine the nature of the leaching 

components from the CIPS cement.  
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6.3.3 NMR of initial deionised water saturating fluid 

A representative 10 ml sample from each saturating fluid was analysed via the NMR 

spectrometer.   This step was needed, as mentioned above, to ascertain the water signature 

of the associated saturating fluid and determine the characteristics of the saturating fluid.   

This section outlines the NMR procedure and results achieved from this analysis. 

 

A 10ml sub sample of each saturating fluid was extracted via calibrated pipette and placed 

into separate sample vials.   These vials were brought to the NMR operating temperature 

by way of a water bath.   A sample chamber was used in the water bath so as to limit water 

contamination on the outside of the sample vials.   The warmed sample vial were 

individually analysed by the NMR spectrometer. Below is a table showing the weights of 

the 10 ml water sub samples (the assumption being that 1g = 1ml). 

 

Sample ID 
Solution  

(g) 
20M 9.86 
40M 9.91 
80M 9.91 
100M 9.96 
200M 9.94 
300M 9.97 

Table 6.7: Weight of saturating fluid extracted for NMR analysis. 

 

The NMR parameters used to analyse the 10 ml sub-sample of saturating fluid is shown in 

Table 6.8 below. 
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Parameter Value 

NECH  
(number of echoes) 1024 

NS  
(number of scans) 256 

RG  
(receiver gain) 100 % 

RD  
(receiver delay) 1000000 μs 

Tau  
(90-180 degree pulse gap) 512 μs 

Table 6.8 NMR parameters for 10 ml saturating fluid analysis 

 

The resultant T2 data for the initial 10 ml volume of saturating fluid was recorded and is 

tabulated in Table 6.9 below.   Unlike the T2 data displayed in Chapter 5 this study was only 

interested in fluid type, rather than pore size distribution and as such the T2 maxima was 

used exclusively.   This data is also represented by Figure 6.4, which shows the correlation 

between the T2 data and the Manganese concentration of the samples.  

  

Sample ID 
Mn 

Concentration 
(mol/L) 

T2

(µs) 
1/T2  

0* 0 2998 0.000334 
20M 0.038 312.87 0.003196 
40M 0.076 153.5 0.006515 
80M 0.154 86.2 0.011601 
100M 0.193 81.3 0.0123 
200M 0.382 49.5 0.020202 
300M 0.566 18.7 0.053476 

Table 6.9 NMR results for the 10ml saturating fluid. 

 *Note: the zero value was added and is not a sample. 
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Figure 6.4 Correlation between the dopant concentration and the T2 relaxation rate of the 
10 mls of saturating fluid. 

 

The strong correlation between the dopant concentration and the NMR relaxation rate 

increase indicates that the doped CIPS cement is losing paramagnetic material into the 

saturating fluid.   This situation is not beneficial when studying the doped core samples, as 

the resultant NMR data will favour the bulk relaxation information.   The aim of this study 

is to produce a synthetic core sample which when doped with a paramagnetic material will 

provide NMR data indicative of matrix bound doped CIPS and hence a surface relaxation 

rate dominant data suite. 

The NMR data agrees with the conductivity conclusion, that there is significant loss of 

CIPS cement/dopant to the saturating fluid.   

 

6.3.4 M series core samples bleach solution 

In an effort to limit the loss of CIPS cement/dopant, a very weak bleach solution was 

utilised to stabilise the environment and discourage leaching into the solution.  
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As such the M series core samples were re dried at 120°C for approx 26 hrs.   Samples 

were reweighed and placed into a prepared weak bleach solution. 

 

The weak bleach solution was prepared, as mentioned above, to stop dissolution of the 

paramagnetically doped CIPS cement into the saturating fluid.   Household bleach was 

added to a one-litre volume of deionised water with constant stirring, until such time as a 

conductivity reading of approximately 2000µS/cm was reached.   A sodium chloride 

(NaCl) solution was then added until the conductivity became 19950 µS/cm and the pH 

was 9.545.   The solution was added to the dry M series core samples in the following 

volumes  (see Table 6.10 below). 

 

Sample 
ID 

Core  
(g) 

Vial 
 (g) 

Total [core + 
vial]  
(g) 

Bleach soln` 
+ Total  

(g) 

Resultant 
bleach 

solution (g) 
20M 34.81 122.85 157.64 224.7 67.06 
40M 32.16 122.93 155.12 221.31 66.19 
80M 30.78 123.69 154.47 219.21 64.74 
100M 30.70 122.83 153.53 221.05 67.52 
200M 28.51 123.63 152.16 219.54 67.38 
300M 32.44 123.70 156.16 218.69 62.53 

Table 6.10: M series core weights including bleach solution. 

 

Each core sample was separately immersed in the bleach solution, and the samples were 

then placed under a partial vacuum of -94Kpa to encourage full fluid saturation throughout 

the core.   The vacuum chamber was locked off and left overnight so as any further 

imbibition could take place over the extended time period. 

 

On inspection the following morning, approximately 15 hours later, the samples had 

turned black.   The initial thought was that the bleach solution was weak enough so as to 

not significantly affect the oxidation state of the manganese within the CIPS solution, while 

buffering the dissolution from the calcite.   On examination the oxidation appeared to be 
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only at the core surface, rather than throughout the core sample.   The following pictures 

are of M series samples prior to immersion into the bleach solution and after. 
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(not available) 

Sample 20M Dry Sample 20 M Wet with Bleach 
solution 

Sample 40M Dry Sample 40 M Wet with Bleach 
solution 

A picture of the 20M core in original state is not available; 
however it looked the same as the 40M original core.
The saturated 20M core shows a light orange tinge 
suggesting oxidation of the paramagnetic material. 

The dry 40M core picture depicts the as produced core 
prior to bleach saturation.  The core is uniformly white. 
Once saturated with bleach solution the core darkens due 
to oxidation by the weak bleach solution. The saturated 
40M core returns a darker orange/brown than the 20M 
core. This is thought to be due to the stronger 
paramagnetic concentration of this sample. 
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Sample 80M Dry Sample 80 M Wet with Bleach 
solution 

Sample 100M Dry Sample 100 M Wet with Bleach 
solution 

The dry 80M core picture depicts, as with all the core 
samples a uniformly white sample. 
Once saturated with bleach solution the core darkens due 
to oxidation by the weak bleach solution. The core sample 
took on an even darker brown tinge than the 40M sample. 
Once again it is thought to be due to the increased 
paramagnetic concentration.  

As with sample 80M, sample 100M darkened significantly 
on saturation with the bleach solution.  It may be to a 
greater extent than the 80M sample however to the naked 
eye this can not be discerned. 
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(not available) 

 
Sample 200M Dry Sample 200 M Wet with Bleach 

solution 
Sample 300M Dry Sample 300 M Wet with Bleach 

solution 
A picture of the 200M core in original state is not 
available, though it looked the same as all other dry core 
samples. As for sample 100M, sample 200M darkened 
significantly on saturation with the bleach solution.  It may 
be to a greater extent than the 100M sample however 
again it is hard to discern this with the naked eye. 

The wet sample is slightly less dark than the previous 3 
samples.  The reason for this is thought to be that the 
CIPS solution was excessively doped with paramagnetic 
material and in response to this was not able to precipitate 
as expected and hence a weaker paramagnetic 
concentration occurred in this core sample. 

Table 6.11: M series core samples before and after bleach solution 
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The samples were left for five days in the bleach solution, and a conductivity reading was 

measured.   Table 6.12 below shows the original conductivity and the conductivity after the 

five day period. 

 

Saturating each sample with the bleach solution achieved the desired intention to stabilise 

the conductivity and hence the dissolution of the doped CIPS was not occurring.   

However the bleach solution failed to keep the surface manganese in its strongly 

paramagnetic oxidation state.   The bleach solution oxidises the manganese to a lesser 

paramagnetic state and produced the brown/black precipitate seen in the photographs 

tabulated in Table 6.11.   The stabilisation of the conductivity of the fluid samples by day 

five is clearly shown in Table 6.12 below. 

 

Sample
ID 

Conductivity 
day 1  

(µ S/cm) 

Conductivity 
day 5  

(µ S/cm) 
20M 20360 20920 
40M 20640 20900 
80M 20760 20880 
100M 20560 20670 
200M 20880 20970 
300M 21010 21400 

Table 6.12: Stable conductivity values - bleach solution. 

 

A sample of each saturating bleach solution was then analysed by the NMR in an attempt 

to understand the “new” paramagnetic solution.   This was done again by extracting 10 mls 

of the saturating fluid, (as was done with the initial deionised saturating fluid), and placing 

into separate vials ready for NMR analysis.   Table 6.13 shows the weights of the extracted 

solutions prior to their introduction into the NMR. 
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Sample Bleach solution 
weight  

(g) 
20M 9.86 
40M 9.91 
80M 9.91 
100M 9.96 
200M 9.94 
300M 9.97 

Table 6.13: Bleach solution weights for NMR analysis 

 

Again like the previous 10mls of saturating fluid the samples were brought up to the NMR 

operating temperature, 35ºC, in a water bath.   The water bath was equipped with a sample 

warming chamber so as to keep the samples dry and free from contamination with the 

water in the water bath.   Prior to introduction into the NMR the samples were placed into 

the small NMR sample holder, thus limiting the dead space. 

 

6.3.5 NMR of 10ml initial bleach solutions 

The NMR parameters used for analysing the 10 ml of bleach solution are tabulated below 

in Table 6.14. 

 

Parameter Value 

NECH  
(number of echoes) 1024 

NS  
(number of scans) 256 

RG  
(receiver gain) 100 % 

RD  
(receiver delay) 2000000 μs 

Tau  
(90-180 degree pulse gap) 1024 μs 

Table 6.14 NMR parameters for 10 ml bleach solutions 
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The resultant T2 relaxation rate data and its correlation to the dopant concentration of each 

sample is plotted in Figure 6.5. 
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Figure 6.5 T2 relaxation rate data for 10 ml bleach solutions 

 

The strong correlation between the dopant concentration and the resultant NMR data 

indicates that while the solution has become stable, as indicated by the conductivity results, 

and that no further dissolution of CIPS cement is occurring, the initial dissolution of 

cement/dopant into the saturating fluid has, and continues to, affect the NMR signature.   

The bleach has stopped the dissolution of material into the saturating fluid by producing a 

brown/black precipitate of oxidised manganese.   This precipitate is however still weakly 

paramagnetic and as such will still influence NMR data acquired for these core samples.   

To further confirm this, the core samples were also run on the NMR.   The results are 

displayed and discussed in section 6.2.6 below. 
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6.3.6 NMR of initial bleached saturated core 

Not only were the saturating fluids studied with the NMR apparatus, the saturated core 

samples were also examined.   Figure 6.6 below displays the T2 relaxation rate data as 

acquired for the M series bleach solution saturated core samples.   This data, particularly 

the core data, shows no significant variation throughout the sample set.   As can be seen 

from the pictures above, all core samples are of comparable size.   It is reasonable to 

assume that if the effect of the paramagnetic material only varied with concentration then 

this variation would be reflected in the data below.    

As this is not the case either:  

1 the paramagnetically doped CIPS solution does not precipitate throughout the sample 

in a uniform fashion, or  

2 once precipitated each sample is susceptible to dissolution or loss of paramagnetic 

material in a non uniform manner   

 

It should be noted that whilst not visible in the above photographs, Table 8.9, each sample 

seemed to experience only surface oxidation; and the rust like colouration did not penetrate 

to the centre of the sample.   This could also be a contributing factor causing the lack of 

uniformity seen in the NMR core data. 
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T2 relaxation rate of bleach saturated core samples and associated fluid
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Figure 6.6 T2 relaxation rate data for the bleach saturated core samples and associated 
saturating fluid. 

 

Figure 6.6 also displays the NMR relaxation rate of the saturating fluids.   A correlation is 

seen between the relaxation rate (1/T2) of the saturating fluid and the paramagnetic 

material concentration, as discussed previously.    

 

A final series of conductivity and pH measurements were taken on each of the core 

saturating fluids post NMR analysis.   The acquisition of this information was in an effort 

to understand the alkaline nature of the resultant fluid samples.   This pH and conductivity 

data is displayed in Table 6.15 below. 
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Sample ID Conductivity 
(µ S/cm) 

pH 

20M 20820 7.989 
40M 20850 7.958 
80M 20830 8.055 
100M 20660 8.112 
200M 20950 7.948 
300M 21400 7.950 

 

Table 6.15: Final pH and conductivity measurements of M series bleach saturated core 
samples 

 

The pH values measured indicate that even though the core samples have been flushed 

with deionised water they still exhibit a weakly basic environment.    

 

6.3.7 NMR of secondary bleach saturated core 

A second bleach solution, bleach solution mark II, was prepared to further analyse a 

selection of the M series core.  This secondary bleach flush was used to determine if the 

internal matrix of the core could be affected by the saturating bleach fluid.   The bleach 

solution was prepared using 800ml of deionised water to which approximately 90mls of 

household bleach was added until such time as the overall conductivity reached 11200 

µS/cm.   No NaCl was added to this bleach solution.   As mentioned above a selection of 

core samples were studied.   Two core samples were studied using this new bleach solution, 

sample 20M and 200M.   Samples 20M and 200M were selected as representative samples, 

the weakest and the most reliable strongly paramagnetic sample.   Sample 300M was not 

chosen as there was speculation as to the success of the full precipitation of all 

paramagnetic material at time of manufacture.   As discussed in Chapter 3 some visual 

indicators were documented during the paramagnetic flush of sample 300 UPT that lead to 

the assumption of “not 100% paramagnetic inclusion in precipitation process”. 
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Prior to introducing samples 20M and 200M into bleach solution mark II they were 

subjected to a four stage deionised water flushing regime.   The conductivity readings were 

recorded during each stage.  This four stage process was used to “clean” the samples, 

remove any loose material and any residual bleach solution from the previous testing, prior 

to the samples introduction into the bleach solution mark II. 

 

Four stage deionised water flush 

Each of the two samples were separately flushed with successive aliquots of deionised 

water.   This process was carried out until a nominally stable conductivity reading was 

attained.   The samples were then left in deionised water for a 24 hour period after which 

time another conductivity reading was taken.   The flushing volumes and conductivity 

summaries for sample 20M and 200M are found in Tables 6.16 and 6.17 respectively. 

 

Sample 20 M 
Volume added 

(ml) 
Conductivity 

(µS/cm) 
pH 

25ml DI water 
blank 

1.34  

10 180 7.6 
20 1545 8.7 
30 791  
40 308  
50 148  
60 187  
70 222  
80 165  
90 118  
100 Nil test failed  
110 113  
120 116 8.6 

Conductivity after 
24 hrs 

152.7  

 

Table 6.16 Conductivity after deionised water flush and 24 hours. 
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The same procedure of aliquot flushing of deionised water was carried out on sample 

200M..   Sample 200M was subjected to a pre-saturation whereas sample 20M was not.   

This pre-saturation was undertaken two hours prior to the sample flushing.   The saturation 

consisted of placing the dry 200M sample in approximately 180ml of deionised water.   The 

solution was measured for conductivity and it produced a reading of 431 µS/cm.   The pre-

saturation step was introduced to determine how much “loose material”, in the form of 

CIPS cement, would exit the sample under gravity conditions. 

 

The results for the aliquot water flushing procedure and the final conductivity as measured 

after the 24 hour holding period are displayed in Table 6.17 below for sample 200M. 

 

Sample 200M 
Volume added 

(ml) 
Conductivity 

(µS/cm) 
25 ml DI water 

blank 1.32 
20 100 
30 53 
40 63 
50 63 

Conductivity after 
24 hrs 

60.9 

Table 6.17 Conductivity after deionised water flush and 24hours 

 

After the 24 hour holding period both the samples (20M and 200M) were again subjected 

to a further deionised water flushing process.   The results shown below in Table 6.18 

indicate that no great benefit was experienced in “holding” the samples in deionised water 

for a 24 hour period post flushing.   The initial reading after the 24 hour period indicated 

little presence of ions in solution. However, after flushing the samples with a further 30 mls 

of deionised water, (a single displacement of one pore volume), the resultant solution 

conductivity increased substantially.   Further increments of flushing caused a decrease in 

conductivity, as there were fewer ions to be removed from the system.   The conductivity 
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results are listed below for both sample 20M and 200M during this further flushing regime.   

After flushing the samples were left in the deionised solution as a means of storage only. 

 

Sample 20M Sample 200M 
Volume added 

(ml) 
Conductivity 

(µS/cm) 
Volume added 

(ml) 
Conductivity 

(µS/cm) 
25 ml DI water 

blank 0.67 
25 ml DI water 

blank 0.53 
10 1.56 10 3.92 
20 8.56 20 3.80 
30 18.10 30 8.83 
40 17.90 40 10.71 
50 14.86 50 10.22 
60 14.40 60 9.86 
70 14.24 70 9.73 
80 13.88 80 9.44 

On standing for 
3 hours 

22.03 On standing for 
3 hours 

18.19 

Table 6.18: Conductivity data for second deionised water flush, samples 20M and 200M 

 

The sample conductivity pattern as described above was seen again five days later when the 

flushing process was revisited.   This time however it only took a 20 ml aliquot of deionised 

water to dramatically increase the ions in solution.   The results for this procedure for both 

samples are shown in Table 6.19 below. 

 

Sample 20M Sample 200M 
Volume added  

(ml) 
Conductivity 

(µS/cm) 
Volume added  

(ml) 
Conductivity 

(µS/cm) 
25 ml DI water 

blank 0.68 
25 ml DI water 

blank 0.43 
10 4.15 10 8.48 
20 22.31 20 17.14 
30 14.58 30 13.66 
40 12.32 40 9.39 
50 12.30 50 8.30 
60 11.84 60 8.27 
70 12.09 70 7.54 
  80 8.27 
Table 6.19 Final deionised water flush for samples 20M and 200M 
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The introduction of the second bleach solution to the two samples, 20M and 200M, was 

carried out 24 hours after the final deionised water flush process, described above.   Each 

of the two samples were separately placed into clean sample vials and 75ml of bleach 

solution II was delivered to each core sample via a 50ml ± 0.05ml and 25ml ± 0.03ml 

pipette.   The two samples were subsequently placed under vacuum for 3 hours to 

encourage full saturation with the bleach solution.   On removal from the vacuum the 

samples were prepared for NMR analysis in the same manner as all other samples above; 

warmed to operating temperature, wrapped in Teflon tape and placed into the smallest 

NMR sample chamber to decrease dead space. 

 

Results showing the NMR relaxation rates for the core samples treated with bleach solution 

I and II are shown below in Figure 6.7.   The relaxation rate data for bleach solution I is 

also included.   As previously discussed, bleach solution I shows a strong correlation with 

paramagnetic material concentration. Its inclusion in this data set is to highlight that its 

response is considerably less than that of the core samples analysed.    

 

M series relaxation rate comparison

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

20M 40M 80M 100M 200M 300M

Sample ID

R
el

ax
at

io
n

 r
at

e 
(1

/
T

2)

Bleach Core I
Bleach water I
Bleach core II

 

Figure 6.7 Comparison results for core samples treated with bleach solution I and II  
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The results displayed in Figure 6.7 indicate that there is little variation between the core 

samples saturated in a bleach solution (irrespective of concentration) once or twice.   It was 

expected that bleach solution II would nullify all remaining paramagnetic material.   The 

second bleach solution looks to have removed more of the paramagnetic material and 

further decreased the relaxation rate of the core samples.   This change however is slight.    

On closer consideration the initial bleach solution looks to have removed paramagnetic 

material from the core at a level that is consistent with the initial paramagnetic material in 

place.  

 

Electro scanning microscopy was used to image the M series core samples post bleach 

treatment.    Figure 6.8 is one such image; highlighting the drastic effect the weak bleach 

solution has had on the CIPS doped precipitate.  

 

 

Figure 6.8 ESEM of an M series core sample. 

 

The image shows a form of pitting of removal of the doped CIPS material, the binding 

substance in the core sample.   Whilst on casual observation the core samples were not 
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considered to be any more friable than prior to bleach testing it is evident that if core 

strength analysis was undertaken both before and after the bleach application this would 

have been proven.  

 

6.4 Series T core samples 

The top section of the UPT core sample was renamed the T series.   The dimensions of 

this series of core samples were given previously in Table 3.6 

The analysis of this core suite differs from the M series in that no bleach was added to the 

saturating fluid.   The core samples in this study were subjected to repeated small volume 

flushes of deionised water over a long period of time.   Once again this methodology 

possesses the same critical aim of loose paramagnetic material removal, material that may 

otherwise contribute to the bulk fluid NMR signal.   The ultimate aim of this section is to 

create a stable saturating fluid environment for the paramagnetically doped core samples.   

It is imperative that the core matrix is the only source of paramagnetic material capable of 

increasing the relaxation rate as observed by the NMR. The small volumes used in this 

analysis suite were used so that the core sample could be monitored visually after each 

flush for changing paramagnetic state, anticipating that this deionised water flushing regime 

would leave only the stable, matrix bound layer of paramagnetic CIPS cement in place. 

 

The first test run of the flushing regime on this sample set required small volumes of 

deionised water to be repetitively flushed through each core.   To do this the core samples 

were wrapped in Teflon tape (the end faces excepted) and then placed in a rubber sleeve.   

The Teflon tape helped maintain the sample integrity during loading and unloading, and it 

also prevented the scoring of the rubber sleeve.   The rubber sleeve served a dual purpose, 

to both hold the sample and ensure the path of the deionised water was through the core 

only.   A flood front was created at the end of each core sample by the directional flush 
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head.   The directional head is similar to that use by the AP608 permeameter/porosimeter.   

The device is circular with a 25.4cm diameter; and three circular cuts of decreasing 

diameter are cut into the head to encourage a flood front at the face of the sample. The 

weights of the samples prior to introduction into the sleeve apparatus, and the resultant 

conductivity data are listed below in Table 6.20 and 6.21 respectively.  

 

Sample ID Dry weight 
+ Teflon 

tape  
(g) 

20T 33.91 
40T 34.96 
80T 34.73 
100T 36.31 
200T 34.30 
300T 34.89 

Table 6.20 Sample weights prior to introduction into rubber sleeve 

 

6.4.1 Initial conductivity and NMR analysis of T series core samples 

As mentioned above deionised water was flushed through the sample.   A Kd Scientific 

pump, Model 210 was used to deliver constant 5 ml volumes of deionised water through 

each sample.  

 

Repeated 5 ml volumes of deionised water were flushed through the sample and the 5ml 

were captured on exit from the sample and placed into a 25ml deionised water blank.   The 

25ml blank was necessary to provide a volume large enough for conductivity measurement.   

The resultant solution conductivity measures taken by the ThermoOrion Model 550A 

pH/conductivity meter are tabulated below in Table 6.21. 
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20T 200T 
Volume flushed  

(ml) Conductivity 
(µS/cm) 

Conductivity 
(µS/cm) 

25 ml blank water 0.5 0.64 
5ml 3483 1661 
10ml 655 4354 
15ml 288 598 
20ml 223 237 
25ml 198 130 
30ml 160 91 

Table 6.21 Conductivity data for samples 20T and 200T. 

 

The samples were locked into the sample sleeve for a 24 hour period after the final 5 ml 

aliquot of deionised water was flushed through the system.   After 24 hours the small 

volume flushing process was repeated in an attempt to gain a stable conductivity reading.   

The results of this process are found in Table 6.22 below. 

 

20T 200T 
Volume flushed 

(ml) Conductivity
(µS/cm) 

Conductivity 
(µS/cm) 

25 ml blank water 0.45 0.62 
5ml 29.7 1526 
10ml 23.5 13.7 
15ml 19.5 12.4 
20ml 15.4 11.9 
25ml 13.6 12.2 
30ml 13.6 11.7 

Table 6.22 Second conductivity readings sample 20T and 200T. 

 

After the second flushing sequence both sample 20T and 200T along with the remainder of 

the T series samples were dried in an oven, weighed and placed in 75 ml deionised water.   

The deionised water was delivered into the sample vials using pipettes in the same fashion 

as series M above.   Each sample was then placed under vacuum to further encourage 

100% saturation.   The weights of the dried and then re-saturated core samples are 

tabulated below, Table 6.23. 
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Sample ID Dry core weight 
(g) 

Core/Jar/lid 
(g) 

Total weigh incl. DI 
water (g) 

40T 34.64 158.25 232.84 
80T 34.35 157.99 232.66 
100T 36.02 159.61 234.27 
300T 34.58 157.93 232.63 

Table 6.23 core weights for NMR analysis 

 

The NMR parameters used in the analysis of the above core samples and their associated 

saturating fluids are listed below in Table 6.24. 

 

Parameter 
Value 

Core sample

Value 
Fluid 

sample 

NECH  
(number of echoes) 4096 8192 

NS  
(number of scans) 1024 256 

RG  
(receiver gain) 100 % 100% 

RD  
(receiver delay) 2500000 μs 10000000 μs 

Tau  
(90-180 degree pulse gap) 128 μs 512 μs 

Table 6.24 NMR parameters for T series deionised water saturating fluid and saturated core 

 

Figure 6.9 shows the plotted 1/T2, relaxation rates of the NMR analysed core samples and 

their associated saturating fluids.   The light green data is that of the clean core samples, not 

having gone through any deionised water flushing and the darker green is the two samples, 

20T and 200T that have been subjected to the described deionised water flushing sequence. 
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Figure 6.9 Series T deionised water saturated core and the associated fluid 1/T2 results 

 

The T2 measurements on the 20T and 200T samples (clean saturated core and core 

subjected to a flushing sequence) are identical.   Taken on its own, this would indicate that 

the flushing undertaken has not caused increased dissolution of the paramagnetic material 

located in the core matrix, and also that the cores did not contain loose CIPS/dopant.   

  

However, it should be noted that the NMR T2 saturating fluid for all samples displays a 

dependency on the paramagnetic dopant concentration, as previously seen and described 

with the M series cores.   This dependency is not faithfully reflected in the core NMR 

measurements. There is some consistency in that the smallest concentration of dopant (in 

the 20T sample) gives the longest T2 relaxation time, and that this decreases as we go 

through higher concentrations (40T/80T/100T) to the minimum T2 which occurs with the 

maximum concentration, the 300T sample. However, the pattern is not strong, and the 

200T result, in particular is not explicable and does not endorse the doping and handling 
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technique employed in this Series.  Further refinement was necessary, and this is described 

in Section 6.5 (a successful technique)!  

 

6.4.2 Continuous water flush - Conductivity and NMR analysis 

Once analysed by the NMR apparatus all T series samples were submerged in separate 1-

litre sample containers filled with deionised water.   The conductivity of the deionised 

water was measured prior to sample immersion and again 10 days later.   These results are 

recorded below.   Once again an attempt was made to gain an equilibrium point at which 

no further paramagnetic material would leach into the saturating fluid and hence the 

paramagnetic material that remains would be held on the core matrix. 

 

Sample ID Conductivity 
Deionised water

(μS/cm) 

Conductivity 
after 10 days 

(μS/cm) 
20T 0.64 55.5 
40T 0.74 145.5 
80T 0.56 79.3 
100T 0.65 117.9 
200T 0.49 57.6 
300T 0.51 149.2 

Table 6.25 Conductivity measurements over 10 day period in 1 litre deionised water 

 

After the 10 day period it was thought that a continuous water flush over a short period, 24 

hours, would elicit no further movement of paramagnetic material, and samples 20T, 40T, 

80T, 100T 200T were subjected to a further flushing sequence after the 10 day period in 1 

litre of deionised water.   Each sample, over a 24 hour period, was flushed with 

approximately 50L of deionised water.   Samples 200T and 300T were also subjected to the 

same continuous flushing sequence however the volume passed through these samples was 

less then 50L over the 24 hour period. 
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Table 6.26 shows the core samples after the 24 hour continuous flushing period.   Note the 

discolouration evidenced in the more strongly paramagnetic samples, similar to that seen by 

the bleach solution core samples in series M.   Keeping in mind that the ultimate aim of the 

tests carried out on series T is to produce a methodology which creates a stable 

paramagnetic environment within the core, the discolouration seen indicates that the 24 

hour ~50 litre deionised water flush changes the core matrix chemistry in an undesirable 

way. 
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Sample 20T Dry Sample 20 T Wet After 24hrs flush Sample 40T Dry Sample 40 T Wet After 24hrs flush
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Sample 80T Dry Sample 80 T Wet After 24hrs flush Sample 100T Dry Sample 100 T Wet After 24hrs flush 

   

Sample 200T Dry Sample 200 T Wet After 24hrs flush Sample 300T Dry Sample 300 T Wet After 24hrs flush 

Table 6.26 Pictures of T series core samples after 24 hour water flushing process 
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Environmental Scanning Electron Microscopy (ESEM) imagery was used to study the T 

series samples closely in a non polished state.   ESEM allows the user to image “wet” 

samples in a similar fashion to polished samples with the added bonus of 3D information.   

This technique was necessary as the T series core samples required further analysis and as 

such saturating them with resin and polishing them ready for SEM analysis was not an 

option.   Figure 6.10 shows one such ESEM image of the T series core.    

 

 

Zoom 170 times 

 

Zoom 315 times 

Figure 6.10 ESEM images of T series core sample after continuous flush with ~50L of 
deionised water 
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Note that this image set has a close resemblance to that show for the M series bleached 

core sample in Figure 6.7 above.   The effect of such a large volume of water through each 

sample looks to have oxidised the CIPS core matrix in the same fashion as the bleach 

solution.   NMR analysis was run on the freshly “flushed” core samples to determine the 

extent of the paramagnetic change, given the matrix change seen in the SEM images.   

Prior to this NMR analysis the core samples were placed into another 1 litre of deionised 

water in an attempt to create a core/saturation fluid equilibrium.   All samples were 

returned to a fresh 1 litre deionised water solution.   The samples remained in the deionised 

water for a further 6 days at which time their conductivity measurements were recorded.   

Table 6.27 below shows the conductivity values for the initial 1 litre solution and the 

resultant fluid after 6 days. 

 

Sample ID Initial 
Conductivity  

(µS/cm) 

Conductivity after 6 days 
(µS/cm) 

20T 0.49 27.33 
40T 0.49 38.06 
80T 0.49 35.15 
100T 0.50 43.76 
200T 0.51 38.71 
300T 0.49 39.46 

Table 6.27 Conductivity measurements over the six day period in 1 litre of deionised water 

 

For NMR analysis 10ml aliquots of saturating solution were extracted from the 1 litre T 

series sample beakers and placed into fresh sample containers.   The NMR samples were, 

as always, warmed to the NMR operating temperature in a water bath and then introduced 

into the apparatus in the smallest Teflon sample pot to avoid excess dead space.   Below, 

Table 6.28, are the weights of the samples measured by the NMR. 
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Sample ID Jar/Lid weight
(g) 

Jar/Lid/Fluid weight  
(g) 

Fluid weight
(g) 

20T 12.78 22.65 9.87 
40T 12.60 22.52 9.92 
80T 12.81 22.71 9.90 
100T 12.56 22.47 9.91 
200T 12.59 22.48 9.89 
300T 12.69 22.58 9.89 

Table 6.28 10 ml saturating fluid sample weights for NMR analysis 

 

T series Core-NMR results
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Figure 6.11 NMR relaxation data for saturated T series core 
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T series- Water MNR results
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Figure 6.12 NMR relaxation data for T series final saturating fluid 

 

The saturating fluid relaxation results shown in Figure 6.12 above indicate that once again 

the paramagnetic material has leached into the saturating fluid, which caused the variation 

seen between the concentration of paramagnetic material applied to the sample and the 

relaxation rate.   Different y-axis scales are necessary to highlight the difference in the 

relaxation rate data for the saturating fluid and for the core samples.   T2 for the core 

samples is approximately 1/10 the T2 for the saturating fluid. This highlights that 

paramagnetically influenced surface relaxation in the pore space is, as expected, much 

greater than the bulk relaxation exhibited in bulk (and representative) fluid. 

 

However, there is again for the core, a lack of variation of relaxation data with 

paramagnetic concentration (Figure 6.11).   This suggests the calcite bound paramagnetic 

material leaches down to an irreducible minimum, irrespective of initial loading.  

  



Chapter 6 

 229 

6.5 Paramagnetic dopant addition at different flush stages  

A set of three core samples were prepared in conjunction with the M and T series core 

samples to study the effect of varying the location of the paramagnetic deposition layer.   

This was achieved by altering the flush number in which the CIPS material was doped with 

paramagnetic material.   A variation in NMR signature was expected when varying the 

depth of the paramagnetic deposition site relative to the grain surface.    

 

6.5.1 Sample preparation 

A stock solution with a concentration of approximately 10,000 ppm manganese was 

prepared and from which a 47ml sample was added to 500ml of undoped CIPS solution to 

create the doped flush solution.   Immediately after the paramagnetic material was added to 

the CIPS solution the doped flush was performed   Table 6.29 below displays the sample 

identification, doped flush sequence and the manganese concentration used in each case. 

 

Sample ID Flush addition number 
Mn2+ concentration  

(mol/L) 
1.1 First flush 0.00477  
1.2 Second flush 0.00477 
1.3 Third flush 0.00477 

Table 6.29 Sample ID, dopant concentration and dopant flush addition number 

 

As per all sample fabrication in this research the samples were created by a total of three 

flushes.   On completion of the full flush sequence the samples were dried and extracted 

from the core moulds. 

 

6.5.2 ICP-AES sample analysis 

The dried core sample was sub-sampled by scraping a small section from the base and top 

of each core.   These sub-samples were dissolved up in acidic conditions and analysed by 
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Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES), apparatus made 

available by the Department of Chemistry at The University of Western Australia.   This 

technique was utilised to determine the concentrations of calcium and manganese in the 

prepared core samples.   The results from this analysis are shown in Table 6.30 below. 

 

Sample ID Mn  
(ppm) 

Ca  
(ppm) 

1.1_top 624.75 482.5 
1.1_bottom 1004.25 1785.5 

1.2_top 669 327 
1.2_bottom 696.5 369 

1.3_top 673 297 
1.3_bottom 1133.75 369 

Table 6.30 ICP-AES results 
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Figure 6.13 Plotted ICP-AES data for Ca and Mn 

 

As this is a gross analysis, based on dissolution of sample scrapings in acid, and with 

manganese concentrations the same (whether in Flush 1, 2 or 3), the expectation is for 
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constancy of measurement.   The top manganese in particular displays this constancy, while 

the bottom manganese is somewhat less constant and slightly higher.   Top calcium is 

reasonably constant, but bottom calcium exhibits an anomalously high value for sample 

1.1.   This is thought to be residual CIPS in the drainage tube from the base of the core 

mould. 

 

6.5.3 SEM sample analysis   

Together with the ICP –AES analysis, SEM with EDS X-ray mapping was utilised to 

determine the location and relative density of the paramagnetic material as deposited by 

different layers of doped CIPS solution.   As before, the results of the X-ray mapping 

technique did not show any appreciable response for manganese.   The sensitivity of the 

apparatus is thought to be a limiting factor and as such no real conclusions can be drawn 

from this information.   Figure 6.14 below is an X-ray mapping image showing the 

distribution of calcium, silica and manganese in the 1.1 sample. 

 

Si response 
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Ca response 

Mn response 

 

Figure 6.14 SEM XRay mapping of sample 1.1 

 

Further SEM analysis of these samples using a LEO SEM apparatus, made available by the 

Centre for Microscopy at The University of Western Australia, helped to determine the 

location of the doped layer within the CIPS cement.   Figures 6.15 a, b, c, below show 

these images.   The nodule like material seen in the CIPS cement is thought to be the 

manganese rich material.   As the images display, this nodulation is seen in distinct layers. 
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Figure 6.15a Sample 1.3 as seen by the Leo SEM 

 

Figure 6.15b Sample 1.3 as seen by the Leo SEM 
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Figure 6.15c Sample 1.1 as seen by the Leo SEM  

 

The nodulation seen in each of the 3 above figures is the deposition of the paramagnetic 

manganese within the CIPS material.   The nodulation seen at the grain surface of samples 

1.3 is due to re-dissolution of the undoped material already in place.   The observed 

nodulation in sample 1.1 is more intense that that of the 1.3 sample.   It should be noted 

that this could merely be due to the initial penetration of the doped material in such a way 

as to inhibit further undoped CIPS flushes penetrating the same location.  There is one fact 

that is for certain and that is the nodulation seen in the paramagnetically doped samples is 

indicative of Mn presence in the CIPS material. 

 

6.5.4 NMR sample analysis  

Each of the three samples were vacuum saturated with 75ml of deionised water ready for 

NMR analysis.   The saturated core samples, like all samples studied by the NMR, were 
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brought to the 35ºC operating temperature in a water bath prior to introduction into the 

NMR apparatus.   A 10ml sub-sample of the saturating fluid was also analysed via the 

NMR.   The operating parameters used for the analysis of both the saturating fluid and the 

saturated core samples are tabulated below in Table 6.31. 

  

Parameter 
Value for 

core sample
Value for 

fluid sample 

NECH  
(number of echoes) 8192 8196 

NS  
(number of scans) 256 256 

RG  
(receiver gain) 100 % 100 % 

RD  
(receiver delay) 5000000 μs 10000000 μs 

Tau  
(90-180 degree pulse gap) 128 μs 512 μs 

Table 6.31 NMR parameters used to analyse the saturating fluid and saturated core 

 

The associated relaxation rates (1/T2) for both the water and the core samples analysed are 

tabulated below in Table 6.32. 

 

Sample ID Saturating Fluid 
relaxation rate 1/T2 

(msec-1) 

Saturated Core 
 relaxation rate (1/T2) 

(msec-1) 
1.1 0.000386212 0.004254 
1.2 0.000340162 0.003186 
1.3 0.000321657 0.004475 

Table 6.32 NMR relaxation rates samples 1.1, 1.2 and 1.3 

 

Figure 6.16 shows these results graphically to better display the comparison both between 

the samples and between the water and the core itself. 
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Figure 6.16 NMR relaxation rates of samples 1.1, 1.2 and 1.3, both saturating fluid and core 

 

The relaxation rate of the saturation fluid (deionised water) is significantly less than that of 

the core sample.   Note that these samples were prepared for the NMR analysis using the 

addition of clean ground chalk to buffer and stabilise the paramagnetic material in the 

CIPS cement and in doing so encourage it to stay in place in the core matrix.   The 

method worked well and was used in the preparation of all subsequent 

paramagnetically doped samples.   The results shown above in Figure 6.16 show no 

definitive pattern between the core samples tested.   It is postulated that had the sample set 

been larger, had other sample batches been created using the same techniques for 

comparison a pattern may have formed.   As this was not the main focus of the study the 

conclusion that no significant difference was seen between the samples created led to the 

precautionary choice of fabricating subsequent samples using the basis of the 1.1 

fabrication technique.   It was thought that the extra two layers of CIPS undoped cement 

on top of the paramagnetically doped layer, whilst not significantly inhibiting the increased 
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relaxation rate of the paramagnetic dopant, would provide a natural barrier to help prevent 

dissolution of the paramagnetically doped cement back into the saturating fluid as was 

being experienced in earlier sample batches. 

 

6.6 Series 0.2 deionised water results and analysis 

The analysis undertaken on this suite of core samples was to ascertain the effect of varying 

the strength of paramagnetic material at the surface of the synthetically produced core 

samples.   Various methods were used to gather information to strengthen the argument 

that surface relaxation is the dominant feature in data returned by the NMR and that this 

surface relaxation is heightened to differing levels dependant on the existence of 

paramagnetic material.   Series 0.2 held constant the physical aspect of the core matrix and 

varied the paramagnetic concentration at the surface. 

The techniques used to analyse Series 0.2 include; 

1. AAS, for the determination of paramagnetic concentration in-situ after fabrication, 

2. Conductivity measurements to determine the stability of the paramagnetic material 

in the cement, 

3. Permeability and porosity measurements to ensure uniformity of each core samples 

matrix,  

4. NMR measurements on the deionised water saturated core sample and the 

saturating fluid so that comparison may be made with all other deionised water 

saturated samples where appropriate and finally, 

5. NMR measurements on the decane saturated core samples and the saturating fluid 

to determine the surface effect of the paramagnetic material. 

 

The preparation methodology for Series 0.2 synthetic core samples was discussed in 

Chapter 3, section 3.8. 
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6.6.1 AAS data for series 0.2 

During the production of Series 0.2 core samples the doped CIPS solution was sampled 

and analysed by Atomic Absorption Spectrometry (AAS) to determine the concentrations 

of manganese and calcium.   Each CIPS solution was sampled after combination, yet prior 

to flushing (part A mixed with part B) and again after the solution had passed through the 

packed sand.   The reasoning for acquiring two samples, one before introduction and one 

after, was to determine the resultant concentration of manganese as deposited in the CIPS 

cement on the packed silica sand.   Table 6.33 shows the AAS results for the manganese 

component of the CIPS doped solution.  

 

 

Sample 
ID 

[Mn2+] in CIPS 
pre-flush  

(ppm) 

[Mn2+] in CIPS
post-flush 

(ppm) 

Subsequent 
[Mn2+] in CIPS 

cement 
 (ppm) 

[Mn2+] in CIPS 
cement as a % 

of pre-flush 
(%) 

20.2 6311 309 6003 95 
40.2 12300 304 11996 98 
80.2 25131 458 24673 98 
100.2 31283 964 30319 97 
200.2 61976 1834 60142 97 
300.2 95072 2191 92881 98 

Table 6.33 AAS results for CIPS doped solutions, Series 0.2 



Chapter 6 

 239 

AAS analysis results - Series 0.2
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Figure 6.17 AAS analysis results for Mn2+ determination in each stage of the flushing cycle. 

 

From the data shown in Figure 6.17 it is clearly evident that a large portion, over 95% in 

all cases, of the Mn2+ remains in the core sample after the flushing process ready for 

deposition in the subsequent CIPS curing period   What this analysis technique does not 

show is whether or not the available Mn2+ in the CIPS solution is deposited into the 

cement.  

 

6.6.2 Conductivity data Series 0.2 

As mentioned above the conductivity of the series 0.2 samples were measured.   Each 

sample was immersed into 50mls of deionised water with a conductivity of 1.01us/cm.  

The initial conductivity reading and the one measured after 2 hours of vacuum saturation 

are recorded in Table 6.34 below.   Each sample was then warmed to the operating 

temperature of the NMR apparatus and then measured.   The sample results are displayed 

and discussed in section 6.5.4 below.   On completion of the NMR analysis the samples 

were returned to the saturating fluid and once again placed under vacuum.   The 
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conductivity of the samples was measured 24 hours after the return to the vacuum.   These 

results are also recorded in Table 6.34 below 

 

Sample ID Initial  
Conductivity

(µS/cm) 

Conductivity
after 

Vacuum 
(µm/cm) 

Conductivity 
after NMR 

analysis 
(µm/cm) 

20.2 167.8 362.8 713 
40.2 420.4 812 1080 
80.2 247.2 574 1617 
100.2 231.8 1239 2204 
200.2* - - - 
300.2 296.0 566 856 

Table 6.34 Conductivity of series 0.2 samples prior to and after NMR analysis 

*It should be noted that sample 200.2 was not included in this sample testing suite as the core sample matrix was 

unstable.   The packing of this sample during preparation was thought to be inferior and as such the initial sample 

was rejected and another was created.   All other testing carried out on the 0.2 series core samples includes this 

recreated sample.   The conductivity of the new sample however was not recorded.   It is a fair estimation to consider 

that the new 200.02 sample would also show the slow increase in conductivity displayed by all other samples in the 

suite. 

 

Even with the addition of natural chalk the conductivity of fluid surrounding each core 

sample appears to increase.   However, this is not as marked as was observed in the M and 

T series, when chalk was absent.   The resultant NMR results seen in Figure 6.19 show that 

the saturating fluid whilst influenced to some degree by the paramagnetic material is now 

no longer the dominant feature in the core/fluid environment. 

 

6.6.3 Permeability and Porosity - AP608 

A section of the produced Series 0.2 core samples were tested for permeability and porosity 

using the AP608 porosimeter.   Each sample once loaded into the apparatus was subjected 
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to three repetitions of both the porosity and permeability measurements.   An average of 

the three measurements was taken and results summarised in Table 6.35. 

 

Sample ID Length 
(mm) 

Diameter 
(mm) 

Weight 
(g) 

Average 
porosity (%) 

Average 
Permeability 

(D) 
20.2 38.0 25.8 34.09 31.67 17.86 
40.2 37.5 25.7 33.10 32.04 27.99 
80.2 39.0 25.7 35.26 28.69 17.68 
100.2 34.60 25.8 31.24 30.02 23.67 
200.2 34.9 25.7 30.59 35.77 17.85 
300.2 23.30 25.8 20.66 33.21 23.07 

Table 6.35: Series 0.2 dimensions, permeability and porosity values. 

 

6.6.4 NMR Data Series 0.2 

One of the main objectives of this research was to determine the effect of varying the paramagnetic 

concentration on the matrix surface of synthetically produced core samples and observe the resultant 

NMR signature.   Series 0.2 suite of core samples was specifically designed for this purpose 

and as such the NMR analysis of these prepared samples is of upmost importance.    Each 

of the deionised saturated core samples together with a 10ml sub sample of the saturating 

fluid were analysed by the NMR apparatus.  

The volumes of the saturated core samples, together with their respective, in-place volumes 

of saturating fluid, as analysed by the NMR are recorded in Table 6.36. 

 

Sample ID Pore volume  
(g) 

Saturated sample 
volume  

(g) 
20.2 6.44 39.32 
40.2 6.98 40.13 
80.2 6.32 39.52 
100.2 6.84 40.02 
200.2 5.78 36.53 
300.2 6.18 35.80 

Average 6.42  
Table 6.36: Series 0.2 core volumes and saturating fluid in place 
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These deionised water saturated core samples where then placed in the water bath for 

temperature preparation prior to introduction into the NMR apparatus.   Series 0.2 samples 

like those before them were warmed to the NMR operating temperature in an effort to 

facilitate a more expedient sample analysis time and in doing so reduce the potential of 

fluid drop out.   Once at temperature each saturated synthetic core sample in turn was 

wrapped in Teflon tape to, once again prevent fluid loss during analysis.   The Teflon 

wrapped sample was introduced into the smallest (~ 1 inch internal diameter) sample pot 

and placed into the NMR apparatus.   The parameters used to analyse the saturated core 

samples are displayed below in Table 6.37  

 

Parameter Value 

NECH  
(number of echoes) 4096 

NS  
(number of scans) 1024 

RG  
(receiver gain) 100 % 

RD  
(receiver delay) 250000 μs 

Tau  
(90-180 degree pulse gap) 128 μs 

Table 6.37: Series 0.2 core sample NMR analysis parameters 

 

Using the resultant curve data, as produced by the NMR software package; the curves of 

each saturated core sample were plotted together.   Figure 6.18 displays this T2 relaxation 

data. 
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Processed NMR signatures series 0.2 core saturated with DI water
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Figure 6.18 NMR signatures for deionised water saturated Series 0.2 core 

 

The maxima location of each of the plotted peaks is used as a guide to indicate the slow 

shift of the paramagnetically doped signals to a lesser time period.   As the concentration of 

the manganese is increased the interactions between the hydrogen protons in solution and 

any residual dissolved Mn2+ also increase and in doing so reducing the measured relaxation 

time. 

 

Dunn and others (Dunn et al 2002 pp139-140) states “Paramagnetic ions dissolved in 

water… shorten the relaxation time of the hydrogen nuclei of water by the translational 

dipole-dipole interaction between the nuclear magnetic moment of the proton and 

electronic magnetic moment of the paramagnetic ions.”   Bloembergen and others 

(Bloembergen, N, Purcell, E.U., and Pound, R.V. 1948 p679) showed this relationship by 

the following, Equation 6.1; 
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kT
N

T
ion ημγπ 222

2,1 15
161

=       Equation 6.1 

Given; 

γ   is the proton gyromagnetic ratio, 

Nion   is the ion concentration (number of ions/cm3),  

μ   is the effective magnetic moment of the ion, 

η   is the viscosity,  

k   is the Boltzmann constant, and  

T   is the absolute temperature. 

 

Hence a direct relationship is formed between the concentration of the paramagnetic ions 

(in solution) and the 1/T2 relaxation measurement.   This relationship is more pronounced 

when the maxima values are inverted (relaxation rate) and plotted as seen in Figure 6.19.   

The relationship between the increasing paramagnetic concentration and increased 

relaxation rates is very pronounced.   The exception to this statement is sample 300.2.   It is 

thought that the addition of such a large concentration of manganese to the CIPS material 

during fabrication caused an overload and as such the greater majority of the paramagnetic 

material was unable to precipitate and was flushed clear of the system during further 

applications of native CIPS solution.   Not only would this lessen the deposition quantity 

of paramagnetic material in sample 300.2 it would also lessen re-dissolution into the 

saturating fluid, even this only occurs to a minimal extent after the addition of chalk to the 

system.  As a result the relaxation rate of sample 300.2 is more akin to that of sample 20.2. 

Each plotted curve exhibits a common profile.   This commonality indicates that the 

samples exhibit the similar free fluid behaviour, essentially all the fluid present in each core 

sample is movable and in place bound fluid is negligible. 
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As mentioned above it was also necessary to analyse a 10 ml sub-sample of the saturating 

fluid to assess its participation in the possible leaching of paramagnetic material from the 

core matrix.   A 10 aliquot from was saturating fluid was subtracted and placed in a clean 

sample vial.   From this point the samples were raised to the operating temperature of the 

NMR apparatus in the same fashion as the saturated core samples.   On placement into the 

NMR apparatus the sample vial containing the 10 ml aliquot was not required to be placed 

into a further sample pot, the vial containing the fluid sub-sample was sufficient.   Just as 

the saturated core sample required specific NMR parameters so too did the saturating fluid 

samples.   These parameters are displayed in Table 6.38 below. 

 

Parameter Value 

NECH  
(number of echoes) 8192 

NS  
(number of scans) 128 

RG  
(receiver gain) 70% 

RD  
(receiver delay) 1000000 μs 

Tau  
(90-180 degree pulse gap) 512 μs 

Table 6.38: Series 0.2 saturating fluid sample NMR analysis parameters 

 

As with all samples analysed via the NMR the raw data was manipulated via the WinDxP 

software, from which relaxation T2 curves were derived.   The reciprocal maxima of these 

curves were then plotted together with that of the saturated synthetic core samples.   This 

plot is seen in Figure 6.19.   This plot highlights the resultant paramagnetic response as 

seen by the saturated core samples and the saturating fluid. 
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Relaxation rate series 0.2 in deionised water
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Figure 6.19 
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relaxation rates for deionised water saturated Series 0.2 core 

 

Whilst the notion of re-dissolved paramagnetic material was touched on above it is noted 

that the relaxation rate of the saturated doped core sample is still stronger than that of the 

saturation fluid sample.   This highlights that the matrix effect of the paramagnetic material 

is dominant over that of the bulk fluid relaxation.   Even in the presence of ground natural 

chalk, added to inhibit the dissolution of the cemented CIPS-Mn material, the reality is that 

the system (core matrix-to-fluid) will tend to an equilibrium state over time and small 

quantities of the doped cement will exist in the saturating fluid.   Once again the point to 

note is that even with a larger volume per sample, (10 ml for the fluid sample and 6.42 ml 

of fluid within the core sample on average), the saturating fluid sample still exhibits a 

relaxation rate that is slower, less affected by the paramagnetic material addition and the 

surface relaxation dominates the pore response. 

 

6.6.5 SQUID (Superconducting Quantum Interference Device) 

The Superconducting Quantum Interference Device or SQUID magnometer was used to 

discover the magnetic susceptibility of the paramagnetically doped synthetic CIPS samples.   



Chapter 6 

 247 

The SQUID measures the susceptibility of the synthetic samples by placing them in a 

highly magnetic environment both with and without temperature variation and measuring 

the magnetic field response of the sample in such an environment.    

 

6.6.5.1 Methodology 

The standard sample holder for the SQUID was a specialised straw with unique properties 

that did not influence the measurement.   Due to the friable nature of the core sample it 

was not possible to cut a segment small enough to fit into the sample holder/straw.   As 

the sample holder was small and the core sample friable, a scraping of the core was 

introduced into a purpose built polycarbonate bucket whose outer diameter matched the 

inner diameter of the straw.   Analysis undertaken with this bucket masked the expected 

results and as such the bucket was discarded and no longer utilised for further SQUID 

analysis.   The small scraping of the core sample was subsequently introduced into the 

sample holder/straw and held in place with well-packed cotton wool at either end of the 

friable mass.   It was important to not only determine the mass of sample introduced into 

the SQUID but to ensure that the grains were closely packed to increase signal strength.  

The weights of the small scrapings or SQUID samples placed into the specialised straw 

arrangement can be seen in Table 6.39  

 

Sample ID Initial weight  
(g) 

Final weight  
(g) 

Total weight  
(g) 

UDNT* 0.5120 0.5876 0.0756 
20.2 0.4567 0.5136 0.0569 
40.2 0.4565 0.5267 0.0702 
80.2 0.4631 0.5646 0.1015 
100.2 0.5422 0.6062 0.0640 
200.2 0.0107 0.1230 0.1123 
300.2 0.5688 0.5225 0.0463 

Table 6.39: Sample weights used for SQUID analysis 

*UDNT is an UnDoped Nitrate Test sample with no specific silica sand grain range size, also referred to as the 

blank sample. 



Chapter 6 

 248 

The SQUID apparatus was warmed to 300K and the sample/holder arrangement was 

placed into the sample tube.   Each sample was subjected to a three stage testing procedure.   

The first stage was a hysteresis loop with a constant temperature of 300K (26.85 ˚C) and a 

magnetic field variation from 70000 Oe (7 Tesla) down to 5000 Oe (0.5 Tesla).   This was 

followed by a second stage where the sample chamber temperature was varied and the 

magnetic field held constant at 7 Tesla.   The final test in the suite was to again run a 

hysteresis loop, however this time the temperature was held constant at 5K (-268.15 ˚C). 

The results of the two hysteresis loops resulted in data that once manipulated gave the 

magnetic susceptibility or χ variation, at temperatures either end of the measurable scale.  

 

6.6.5.2 Results 

Ideally a plot of the measured susceptibility (χ) versus 1/Temperature (K-1) would produce 

a linear relationship, from which the Curie temperature (C) could be determined.   

Equation 6.2 shows this relationship. 

0TT
C
−

=χ         Equation 6.2 

 

The Curie temperature of a paramagnetic material is the temperature above which 

paramagnetisim is no longer observed.   The susceptibilities normally observed for 

paramagnetic material are small and positive.   Normally in a perfect situation the Curie 

temperature for a blank sample would be subtracted from that of the paramagnetic sample, 

leaving a value indicative simply of the paramagnetic behaviour.   This model assumes that 

there is no interference by ferrimagnetic or diamagnetic contaminants. 

 

In the case of Series 0.2 CIPS produced doped samples, significant interference from both 

diamagnetic and ferrimagnetic impurities was observed.   The levels of this interference 
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were not constant and in some cases the diamagnetic/ferrimagnetic behaviour of the blank 

was larger than the measured signal of the doped sample.    

 

Methods were pursued to account for and eliminate either the diamagnetic or ferrimagnetic 

component, but as the quantities of either value for each sample changed wildly it was 

impossible to conclusively arrive at a reliable value of C. 
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Figure 6.20 Hysteresis loops at 300K for each sample in Series 0.2 

 

This plot highlights the inconsistent nature of the sample set.   However, within the set 

samples 20.2, 40.2 and 80.2 show an expected relationship.   This behaviour could be 

attributed to the sample preparation technique, whilst physically not different to that of the 

other samples, chemically a variation may exist.   The data for samples, 300.2, 200.2 and 

100.2, show an inverse relationship to that which is expected.   Sample 300.2 in particular 

displays a susceptibility trend lower than that of the blank.   This highlights the masking of 
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the paramagnetic detail by the ferrimagnetic and diamagnetic contaminants in these 

samples. 

 

 If, hypothetically, Fe3O4 were to be present in each sample as a contaminant of the silica 

sand, it’s contribution would be approximately 10ppm.   This level of contamination is 

possible and it existence random.   As such when present in a sub sample of the core 

prepared for SQUID analysis, it is likely to mask the paramagnetic behaviour.   This type of 

contaminant is thought possible in the CIPS samples, due to the quality of sand used 

during preparation.   In future works it is suggested that high-grade (99.999% pure) silica 

sand be used in an effort to eliminate contamination of this type.   It is also suggested that 

the sampling technique of a random external scraping of the core sample be revised to 

include a sub sample from various locations throughout the core as a whole.   This will 

produce a more representative and ultimately homogeneous sample for SQUID analysis.  

The data acquired from the extensive SQUID analysis was considered inadequate for use in 

the remainder of the research for reasons stated above. 

 

6.7 Series 0.2 decane results and analysis 

6.7.1 Overview 

Series 0.2 core samples were analysed again using the NMR technique, however this time 

the samples were saturated in 99.9% pure decane fluid.   The re-saturation of the core with 

decane fluid was to validate the matrix bound paramagnetic effect on the resultant NMR 

signature. 
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6.7.2 Preparation 

After the NMR analysis of the deionised water saturated Series 0.2 samples the core 

samples were placed in a vacuum oven at no more than 50°C to remove the residual 

deionised fluid.    The samples were left in the oven for 24 hours by which time no water 

was seen to be present in the oven and it was accepted that the core samples were free 

from deionised water.   The dry samples were then measured both for their weight and 

dimensions.   Table 6.40 below shows these results. 

 

Sample 
ID 

Weight  
(g) 

Length  
(mm) 

Diameter  
(mm) 

20.2 33.923 38.02 25.75 
40.2 32.982 37.53 25.71 
80.2 35.152 38.96 25.67 
100.2 31.173 34.57 25.82 
200.2 30.588 34.87 25.72 
300.2 20.381 23.30 25.84 

Table 6.40 Series 0.2 core dimensions and weight prior to decane saturation 

 

The dry samples were then saturated with 25 ml of decane fluid.   The saturating fluid was 

delivered via 25ml pipette to separate sample vials holding each sample.   The vials were 

weighed prior to and after fluid addition.   Their weights are shown below in Table 6.41. 

 

Sample ID Vial, sample  
(g) 

Vial, sample, 
decane fluid  

(g) 

Decane fluid  
(g) 

20.2 46.091 64.205 18.114 
40.2 45.302 63.401 18.099 
80.2 47.313 65.423 18.110 
100.2 43.559 61.654 18.095 
200.2 42.493 60.656 18.163 
300.2 32.764 50.870 18.106 

Table 6.41 Weights of decane fluid added series 0.2 core samples 
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The volume of decane delivered is 25 ± 0.03ml.   All samples were completely covered 

with the decane fluid.   The samples, once covered with decane, were then placed under 

vacuum overnight to encourage full saturation of the core samples. 

 

6.7.3  NMR data Series 0.2 

Each decane saturated core sample was analysed via the NMR spectrometer.   The samples 

were all prepared for introduction into the NMR apparatus in the same fashion as all 

deionised water samples before them.   They were warmed to the 35ºC operating 

temperature in a closed vessel in the water bath.   By warming the samples in this way there 

was a reduced chance of water introduction into the sample vial.   Once at temperature the 

core samples were removed from their sample vials and quickly wrapped in Teflon tape to 

ensure the entrapped saturating fluid remained in place.   The weights of the core samples 

were recorded prior to and post NMR analysis.   The weights of the resultant fluid loss are 

shown below in Table 6.42. 

 

Sample ID Fluid loss 
(g) 

20.2 0.02 
40.2 0.01 
80.2 0.01 
100.2 0.03 
200.2 0.01 
300.2 0.01 

Average 0.015 
Table 6.42 Saturated core sample fluid loss during NMR analysis 

 

The point of note seen in Table 6.42 is that minimal saturating fluid loss was experienced 

during the analysis of the core sample.   Minimal fluid loss indicates that the NMR 

signature produced by the NMR apparatus is a true indication of the nature of each core 

and not blurred by sample degradation. 
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NMR Parameters for decane run are outlined in Table 6.43 

 

Parameter 
Value – 

saturated 
core 

Value – 
saturating 

fluid 

NECH  
(number of echoes) 4096 8192 

NS  
(number of scans) 1024 128 

RG  
(receiver gain) 100% 70% 

RD  
(receiver delay) 2500000μs 10000000 μs 

Tau  
(90-180 degree pulse gap) 128μs 512 μs 

Table 6.43 NMR parameters for Series 0.2 decane saturated core and fluid. 

 

Using the above parameters each sample was analysed and the raw data manipulated by the 

RiDXP software package to obtain respective relaxation data.   Tabulated below in Table 

6.44 are the relaxation rates for each Series 0.2 sample.  

 

Sample ID NMR relaxation 
rates  
(1/T2) 

20.2 0.005941 
40.2 0.002641 
80.2 0.004679 
100.2 0.005179 
200.2 0.002182 
300.2 0.004983 

Table 6.44 Relaxation rates decane saturated core samples 

 

A 10ml volume of the decane saturating fluid was extracted from each sample vial. Again 

the samples were warmed to NMR operating temperature and analysed.   Figure 6.21 

shows both the decane saturated core samples and saturating fluid relaxation rates. 
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Series 0.2 decane saturated core and fluid relaxation rates
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Figure 6.21 Series 0.2 decane saturated core and saturating fluid relaxation rates 

 

The lack of a distinct trend is thought to be due to a monolayer of water remaining on the 

grain surface of the core samples after they were dried from the deionised water 

experiment.   However, the fast relaxation rates seen in the deionised water measurements 

are replicated here.   The feature of note in Figure 6.21 however, is the consistent 

relaxation rates of the decane saturating fluid.   Unlike the deionised water saturating fluid, 

which varied with the paramagnetic content, decane saturated samples show no appreciable 

variation with paramagnetic content.   Decane fluid is not conducive to the dissolution of 

the CIPS doped cement hence the uniformity within the sample set.  

 

On comparison with the relaxation rates seen in Figure 6.19, deionised water saturated core 

samples; it is thought that samples 20.2 and 200.2 are outliers.   The expected results would 

have shown a reversal of the two data points.   The expected outcome was one that would 
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show the same trend for the saturated core samples as shown in Figure 6.19, with a 

constant relaxation rate for all fluid samples, as seen in Figure 6.20. 

 

6.8 Series 0.3 deionised water results and analysis 

The analysis undertaken on this suite of core samples was to ascertain the effect of varying 

the physical matrix of each core sample whilst holding constant the paramagnetic 

concentration in the synthetic CIPS cement.   In effect the permeability of each sample was 

being monitored in a paramagnetic environment to determine if any surface relaxation 

change was evident in such an environment.   The preparation of Series 0.3 synthetic core 

samples was discussed in section 3.9.   Different analysis techniques were employed to 

determine the physical and chemical nature of the Series 0.3 core samples. 

These methods of analysis include; 

1. Conductivity measurements to determine the stability of the paramagnetic material 

in the cement, 

2. Permeability and porosity measurements to determine the physical matrix of each 

core sample,  

3. NMR measurements on each core sample (and fluid) in both a deionised water and 

decane saturating environment.   The deionised water environment was for 

comparison with other core suites, particularly the undoped matrix varied samples, 

and the decane environment, as with Series 0.2 was to determine the surface 

relaxation response in isolation from the bulk relaxation. 

 

No AAS analysis was carried out on the Series 0.3 samples, as the main focus of these 

samples was their physical and not chemical differences. 
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6.8.1 Conductivity data Series 0.3 

Series 0.3 synthetic core samples, like the Series 0.2 before them, were vacuum saturated in 

deionised water with a small addition of natural chalk to encourage paramagnetic material 

deposited in the CIPS cement to remain in place.    The conductivity of the saturating fluid 

was measures with a ThermoOrion Model 550A calibrated conductivity/pH meter.   The 

conductivity of the fresh deionised water was 1.00 µS/cm.   The resultant conductivity after 

the core samples were covered with 50 ml of deionised water was recorded and is displayed 

in Table 6.44.   Once fully immersed in deionised water the samples were placed in a 

vacuum to encourage full saturation of the core samples with the deionised water.   The 

vacuum was held by mechanical means for 3 hours after which time the chamber 

harbouring the samples was locked off for 24 hours.   A further conductivity reading of the 

equilibrating sample-fluid environment was taken after this “24 hour vacuum saturation”.   

The results of these measurements are also displayed in Table 6.45.  

 

Sample ID Initial 
Conductivity 

(µS/cm) 

Conductivity after 
24hrs 

(µs/cm) 
Aa0.3 49.34 149.6 
Bb0.3 94.7 437.9 
Cc0.3 87.7 258.2 
Dd0.3 62.4 270.5 
Ee0.3 37.07 111.4 
Ff0.3 46.92 229.6 
Gg0.3 37.16 101.1 
Hh0.3 33.77 90.1 

Table 6.45 Conductivity reading of Series 0.3 core in deionised water 

 

The fully deionised water saturated Series 0.3 core samples were now ready to be prepared 

for NMR analysis.   The final preparation steps and results are discussed in section 6.8.4 

below  
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Along with the saturated core samples a 10ml sub sample of the saturating fluid was also 

taken.   The weight and conductivity reading for each of the sub samples is displayed in 

Table 6.46.   These sub-samples were then ready for further preparation prior to 

introduction into the NMR apparatus.   This final step and results are discussed in section 

6.8.4 below. 

 

Sample ID Fluid weight 
(g) 

Conductivity 
(µs/cm) 

Aa0.3 9.906 261.6 
Bb0.3 9.877 519 
Cc0.3 9.916 360 
Dd0.3 9.911 326 
Ee0.3 9.909 186.9 
Ff0.3 9.902 313 
Gg0.3 9.931 311 
Hh0.3 9.927 257 

Table 6.46 Series saturating fluid weights and conductivity prior to NMR analysis 

 

The conductivity of the core sample in saturating fluid and that of the fluid by itself has in 

no case exceeded that measured by the Series 0.2 sample 20.2.   This comparison is due to 

the fact that the concentration of paramagnetic material added to each of the Series 0.3 

samples is the same as that added to the Series 0.2 sample 20.2.   The conductivity readings 

highlight that the Series 0.3 samples behave in a similar fashion to their Series 0.2 

counterpart.   No concern is placed on the paramagnetically doped cement of the Series 0.3 

samples as they show a strongly robust nature with limited interaction with the saturating 

fluid. 

 

6.8.2 Permeability and Porosity - AP608 

The permeability and porosity measurements of Series 0.3 are of greater import than those 

of Series 0.2, for the simple reason that the main desire in creating these samples is to study 
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the effect of the paramagnetic signal, as seen by the NMR, when the physical environment 

is varied in a consistent manner.   The physical environment including the permeability and 

porosity of each sample in the Series 0.3 synthetic core suite is displayed in Table 6.47 

below. 

 

Sample ID Length 
(mm) 

Diameter 
(mm) 

Weight  
(g) 

Average 
porosity 

(%) 

Average 
permeability 

(D) 
Aa0.3 43.05 25.78 39.057 30.013 32.234 
Bb0.3 38.19 25.79 34.364 29.507 36.0905 
Cc0.3 44.82 25.59 41.120 31.207 27.2479 
Dd0.3 41.37 25.75 33.954 31.237 18.7677 
Ee0.3 38.03 25.48 34.373 32.457 13.8456 
Ff0.3 36.82 25.78 33.400 33.353 9.8904 
Gg0.3 39.48 25.47 35.633 29.553 7.1537 
Hh0.3 33.55 25.51 30.426 33.600 4.6146 

   Average 31.366  
   Std.Dev. 1.636  

Table 6.47 Series 0.3 physical dimensions 

 

The average and standard deviation displayed by the series 0.3 core samples shows 

consistency and repeatability. 

The porosity values of the paramagnetically doped Series 0.3 and their equivalent undoped 

samples are compared and displayed in Figure 6.22.   Once again, the robust and repeatable 

nature of the synthetic core preparation methodology is reinforced. 
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Porosity comparison
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Figure 6.22 Porosity comparison; doped and undoped sample set. 

 

As seen in Figure 6.22 the porosity results of the doped Series 0.3 sample and their 

physically equivalent undoped partners are comparable.   The Series 0.3 sample set displays 

a slightly higher porosity value, reflecting small variations between fabrications.   The 

permeability of both the doped and undoped grain size variant sample set is also compared, 

as was the case with the porosity values above.   These data points were plotted and are 

displayed in Figure 6.23 below. 
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Permeability comparison
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Figure 6.23 permeability comparison; doped and undoped sample set. 

 

It is noted that the undoped equivalent of sample Aa is not present.   This sample was not 

available at the time of measurement.  

 

6.8.3 NMR Data Series 0.3 

Determining the effect of surface relaxation and how it is affected by applying a constant 

paramagnetic dopant concentration across a suite of core samples possessing a varied 

physical structure is the aim of the Series 0.3 core sample analysis. 

Each of the deionised water saturated Series 0.3 core samples together with a sub-sample 

of their saturating fluids were prepared and analysed via the NMR.   The NMR parameters 

for both the saturated core sample and the 10 ml sub-samples of saturating fluid are shown 

in Table 6.48 below. 
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Parameter 
Value – 

saturated 
core 

Value – 
saturating 

fluid 

NECH  
(number of echoes) 4096 8192 

NS  
(number of scans) 1024 128 

RG  
(receiver gain) 100% 70% 

RD  
(receiver delay) 2500000μs 10000000 μs 

Tau  
(90-180 degree pulse gap) 128μs 512 μs 

Table 6.48 NMR parameters for saturated Series 0.3 core and fluid samples. 

 

The volumes of the 10 ml saturating fluid sub-sample are displayed in Table 6.45 above.   

The dimensions and volumes of the saturated core samples prior to their introduction into 

the NMR apparatus are shown in Table 6.49 below. 

 

Sample ID Length 
(mm) 

Diameter 
(mm) 

Dry Weight 
(g) 

Saturated 
Weight  

(g) 

Fluid in 
place  
(g) 

Aa0.3 43.05 25.78 39.057 45.85 6.79 
Bb0.3 38.19 25.79 34.364 40.42 6.06 
Cc0.3 44.82 25.59 41.120 48.28 7.16 
Dd0.3 41.37 25.75 33.954 40.49 6.54 
Ee0.3 38.03 25.48 34.373 40.44 6.07 
Ff0.3 36.82 25.78 33.400 40.42 7.02 
Gg0.3 39.48 25.47 35.633 42.53 6.90 
Hh0.3 33.55 25.51 30.426 36.53 6.10 

Table 6.49 Series 0.3 dimensions prior to NMR analysis 

 

The resultant relaxation rates for the saturated core samples and their associated saturating 

fluids are tabulated in Table 6.50 below. 
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Sample ID NMR 
relaxation 
rate –core 

(1/T2) 

NMR 
relaxation 
rate - fluid 

(1/T2) 
Aa0.3 0.0032 0.0005 
Bb0.3 0.0039 0.0005 
Cc0.3 0.0052 0.0005 
Dd0.3 0.0047 0.0005 
Ee0.3 0.0057 0.0004 
Ff0.3 0.0070 0.0004 
Gg0.3 0.0072 0.0003 
Hh0.3 0.0112 0.0003 

Table 6.50 Relaxation data for Series 0.3 core and saturating fluid 

 

The relaxation rate of the saturating fluid is significantly more stable than the saturated core 

samples.   This was the expected outcome and it also reinforces the robust nature of the 

core sample NMR preparation routine, adding ground natural chalk to the saturating fluid 

to reduce the dissolution of Mn into the fluid.   The graph more easily represents the 

relationship between the saturating fluid and the saturated core sample.   Figure 6.23 clearly 

displays the upward relaxation rate trend as the grain range of the fabricated core decreases.   

This behaviour was also displayed by the undoped core samples that were fabricated with 

varying sand grain ranges (comparable to the physical matrix of Series 0.3, (see Section 

4.5.3).   A similar variation was expected for the doped and undoped cores.  More 

significantly, the relaxation rate for the doped samples was expected to exceed the rate for 

the undoped sample.  
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Series 0.3 relaxation rate in deionised water
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Figure 6.24 Relaxation rates of Series 0.3 core and saturating fluid. 
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Figure 6.25 Comparison of doped, undoped core and saturating fluid NMR relaxation 
rates. 

 

Figure 6.25 provides a clear comparison between the doped and undoped samples 

fabricated from the same sand grain ranges.   Both exhibit the same increase in relaxation 

rate with a decrease in sand grain range.   However, the increase is more pronounced in the 

paramagnetically doped samples, as expected.    

 

The relaxation rate of the saturating fluid in both cases is significantly lower than that of 

the saturated core samples.   However it should be noted that the relaxation rate of the 

saturating fluid from the paramagnetically doped samples is slightly higher than that of the 

undoped sample.   Not only this, but the effect of the minimal paramagnetic material that 

has obviously redissolved back into solution greater in the Aa sample than the Hh sample.   
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The effect of the paramagnetic material on the smallest grain size sample, Hh, is more 

significant as compared to sample Aa, due to the surface to volume ratio being greater.   

(Kenyon and Kolleeny 1994) indicate that on varying the particle size one could test to see 

if surface relaxivity is independent of pore size.   This experiment has shown that surface 

relaxation is not independent of pore size.   This point is reinforced by the addition of the 

decane saturating fluid. 

 

6.9 Series 0.3 decane results and analysis 

6.9.1 Overview 

In the same vein as the Series 0.2 core sample the Series 0.3 samples where dried and then 

re-saturated with a highly pure (99.9%) decane solution.   For the same reasons as stated in 

section 6.6.1 decane was used in the study of the Series 0.3 core samples.   It was important 

to determine the paramagnetic effect not only in the presence of deionised water, which 

allows for the comparison between Series 0.3 and the undoped samples, but also with 

decane to acquire a clear picture of the paramagnetic influence on the NMR response. 

 

6.9.2 Preparation 

Again like the Series 0.2 sample these cores samples were dried in a vacuum oven at a 

temperature no greater than 50 °C for a period of 24 hours.   The dried core samples were 

then placed individually in sample vials and saturated with 25 ml of the 99.9% pure decane 

fluid.   The saturated samples were then raised to the 35°C operating temperature of the 

NMR apparatus.   Just as the samples that were analysed before, the decane saturated 

samples required to be at the operating temperature of the apparatus to acquire a stable and 

reliable NMR signal response.   Together with the saturated core samples a sub-sample of 
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the decane saturating fluid was extracted and prepared for introduction into the NMR 

apparatus for analysis. 

 

6.9.3 NMR data 

The dimensions of all Series 0.3 saturated core samples to be analysed by the NMR 

apparatus are displayed in Table 6.51 below. 

 

Sample ID Length 
(mm) 

Diameter 
(mm) 

Dry Weight 
(g) 

Saturated 
Weight  

(g) 
Aa0.3 32.36 25.56 29.603 47.472 
Bb0.3 39.73 25.53 36.305 54.218 
Cc0.3 40.71 25.81 37.206 55.122 
Dd0.3 40.66 25.90 37.476 55.181 
Ee0.3 41.26 25.61 37.011 54.606 
Ff0.3 40.14 25.75 36.317 54.470 
Gg0.3 37.33 25.66 34.008 52.144 
Hh0.3 39.93 25.65 36.183 54.334 

Table 6.51 Series 0.3 decane saturation dimensions 

 

As with all other saturating fluid samples, the decane saturating fluid of the Series 0.3 

samples was analysed via the NMR apparatus.   These fluid samples like their deionised 

water counterparts, mentioned above, were sub sampled by pipetting 10ml of the decane 

fluid surrounding the core.   The NMR parameters used in the analysis of the decane 

saturated core and its associated saturating fluid are given in Table 6.52 below. 
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Parameter 
Value – 

saturated 
core 

Value – 
saturating 

fluid 

NECH  
(number of echoes) 4096 8192 

NS  
(number of scans) 1024 128 

RG  
(receiver gain) 100% 70% 

RD  
(receiver delay) 2500000μs 10000000 μs 

Tau  
(90-180 degree pulse gap) 128μs 512 μs 

Table 6.52 Series 0.3 NMR parameters 

 

Once analysed the raw data from each sample was manipulated via the operating software 

to produce a T2 value.    This value and its reciprocal, the relaxation rate, are presented in 

Table 6.53. 

 

Sample ID NMR relaxation 
rates - saturated 

core  
(1/T2) 

NMR relaxation 
rates - saturating 

fluid 
(1/T2) 

Aa0.3 0.001892 0.00033 
Bb0.3 0.002105 0.00033 
Cc0.3 0.002308 0.00033 
Dd0.3 0.002206 0.00033 
Ee0.3 0.003304 0.00033 
Ff0.3 0.003387 0.00033 
Gg0.3 0.004243 0.00033 
Hh0.3 0.007351 0.00033 

Table 6.53 Series 0.3 decane saturated core relaxation rates 

 

This data is plotted in Figure 6.26. 
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Series 0.3 relaxation rate in decane
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Figure 6.26 Decane saturated core and saturating fluid, NMR results

 

The effect of the Mn on the NMR data is reinforced with the use of Decane as a saturating 

fluid.   Decane, unlike deionised water, is not a solvent of the manganese rich calcite.   So 

bulk fluid contribution to the total relaxation rate (the second term on the right hand side 

of Equation 6.3) should be independent of the dopant concentration.    
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As we are working with homogeneous magnetic fields, the diffusive spin dephasing 

represented by the third term on the right hand side of Equation 6.3 is negligible.  

 

Hence the only remaining term of interest in this segment of research is that which 

describes the surface relaxation strength and the surface to volume ratio.   Kenyon and 
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others (Kenyon and Kolleeny 1994), (Roose et al 1995) indicated in their work that if 

paramagnetic samples could be created with varying particle size, one could study the effect 

of surface relaxivity and determine the dependence on pore size.   The Series 0.3 decane 

and de-ionised water data sets have clearly demonstrated the dependence on pore size, 

fulfilling the hopes and expectations of Kenyon and others (Kenyon and Kolleeny 1994) 

(Roose et. al. 1995). 
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7 Chapter 7 – Conclusion and Recommendations 

7.1 Conclusion 

Fabrication of reproducible, robust, synthetic core samples with the ability to tailor 

permeability values, either in double or a single core configuration was achieved.   

Characterisation of these samples emphasised the advantageous nature of the fabrication 

technique, which unlike resins or Portland cements is able to produce a synthetic core 

sample with retained porosity and specified permeability (a function of sand grain range 

size and number of CIPS flushes).   These core samples formed the foundation for the 

remainder of the research.    

 

The second suite of synthetic core samples fabricated were to test the NMR capability to 

separate two distinct pore size distributions in the one core sample.   Double core samples 

were designed and fabricated.   They consisted of an inner and outer core each of differing 

grain size.   Chapter 3 discusses the fabrication methodology whilst Chapter 5 describes the 

characterisation and subsequent NMR study.   The conclusion is that the NMR, can resolve 

between particle size distributions that differ by 50% or more in mean particle size. The 

pore size difference is much closer, (but only partially quantified in this thesis).  The NMR 

T2 distribution curves for the double core samples are shifted to values smaller than those 

characteristic of the large grain range size , reflecting the contribution of the smaller grain 

size inner core and there is diminution of the T2 relaxation amplitude.   This phenomenon 

is exhibited by all samples except those where the mean particle size variation (between 

inner and outer core) is less than 150μm.    

     

Another aim of this research was to study the effect of paramagnetic material on the 

resultant NMR signal in a user defined environment.   Studies have been undertaken in the 
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past to quantify the effect of the paramagnetic material on the NMR signal.   These studies 

however have not been able replicate the natural matrix environments.   Solutions and 

packed samples containing paramagnetic material are not able to study the effect of pore 

space on the paramagnetic effect. Rather, they concentrate on varying the concentration of 

the paramagnetic component.  Neither the solution nor the packing arrangement studies 

could specify the location and the distribution of the paramagnetic material throughout the 

NMR experiment.    

In this thesis research, paramagnetic ions could be introduced into the matrix and were 

shown to take positions on the inner surface of the pore space.  As a result, the effect on 

the NMR response of the paramagnetic concentration AND the dependence on pore size 

could be separately studied. 

 Water and decane saturating environments were used in the NMR measurements.  As the 

paramagnetic material resides at the surface sites, and not the in the bulk saturating fluid, 

surface relaxation effects dominate the fast diffusion regime.  This is especially appropriate 

for sandstones.  These incorporated paramagnetic core samples and their associated NMR 

T2 measurements can in principle be used to numerically quantify and remove the 

paramagnetic contribution to the NMR signal.  

 

Towards the latter stages of this research a presentation of the material was given at the 

2004 Asia Pacific Oil and Gas Conference Perth, 2004 as part of the SPE Asia Pacific 

Regional Student Paper Contest.   The presentation was awarded first place, resulting in 

automatic entry into the International Student Paper competition at the SPE Annual 

Technical Conference and Exhibition held in Dallas, Texas 2005.   The presentation was 

awarded a runner up position.   The paper submitted for inclusion in the International 

competition entitled, “Fabrication of synthetic reservoir rock core and application to NMR logging” 

was published in the conference proceedings. Portions of the research have also been 



Chapter 7 

 272 

reference by Sherlock 2004 as part of works covering the applicability of the CIPS synthetic 

sandstone as a useful tool for the advancement of geophysical research. 

 

7.2 Recommendations 

Many exciting opportunities exist for future work as a direct result of research undertaken 

in the completion of this thesis.  

 

Undoped synthetic core samples 

The fabrication of the undoped single grain range core samples has already brought about 

experimentation by others into the incorporation of clay particles, of varying structure and 

concentration, in the CIPS synthetic core process.   These works have, at this stage, 

experienced mixed success, but it is early days yet. 

 

Another possible variation of the single grain range synthetic core samples is the 

incorporation of known mixed homogeneous sand grain ranges.   Unlike the double core 

samples this new sample set would be more closely likened to the naturally occurring 

reservoir rock.   The advantage seen in this method is the ability to retain control of the 

fabrication and as such the homogeneity of the sand grains. 

 

The simplest of the recommendations for the single grain range samples is to tailor the 

fabrication methodology to vary, in a controlled manner, the porosity of the synthetic core 

sample.   This new possibility when combined with the demonstrated ability to tailor the 

permeability, could be a very powerful tool.   To date there is no synthetic core fabrication 

technique that can accurately produce naturally representative synthetic core samples with 

predetermined porosity and permeability values.  
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A possible application of tailored porosity samples is in the preparation of secondary 

transfer standards of porosity. 

Preparation of secondary transfer standards of porosity 

In this thesis research, all fabricated core plugs were of modest size (1” diameter x 2” long). 

The CIPS technique can however be employed to produce structures of much larger 

dimensions, and this suggests another use for the technique. 

Currently, neutron tools are calibrated in a special facility at the University of Houston. The 

primary calibration of all neutron tools are performed in boreholes surrounded by 3 

stacked cylinders of varying porosity: Carthage Marble (porosity =1.9 %),  Indiana 

Limestone (19%), and Austin Limestone (26%). Neutron porosity tools are lowered into 

the borehole and the relationship to counts and porosity is determined. The University of 

Houston facility is essentially a primary standard. 

With the CIPS technique, blocks containing a borehole could be fabricated from sieved 

silica sand, in similar fashion to the manufacture of core plugs as described in this thesis. If 

different particle sizes were mixed, the porosity of the block could be adjusted to any 

desired value. The porosity could be determined by the usual means, and the blocks then 

sent to the field as secondary standards. If necessary, they could be compared at the 

University of Houston facility, and become transfer standards.  

 

Software 

Further manipulation of the NMR results acquired for the double core samples is 

recommended.   A limitation of the current NMR T2 reduction software was identified.   

The NMR tool and associated software used to manipulate the raw T2 decay information 

does not separate the contributions of each core within the double core arrangement, 

rather it assumes a regular T2 distribution and an associated regular pore size distribution.    
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However, this thesis has shown that the NMR signal does contain information about the 

two component pore size distributions in the double core environment.  A proper 

deconvolution of the T2 signal would reveal the two pore size distributions. This has 

implications for the vertical resolution of field NMR tools – much greater resolution seems 

possible, and could be done by re-crunching existing NMR log data. 

 

Doped paramagnetic synthetic core samples 

Given that this research work has created paramagnetically doped synthetic core sample 

where the paramagnetic content and deposition site are known, future work into a 

quantum and electromagnetic calculation could quantify the perturbation of paramagnetic 

material on the inferred NMR pore size distribution.    

 



 

 275 

References 

 

Allen,D., Crary,S., Freedman, R., Andreani, M., Klopf, W., Badry, R., Flaum, C., Kenyon, 

W., Kleinberg, R., Gossenberg, P., Horkowitz, J., Logan, D., Singer, J., White, J., Summer 

1997, ‘ How to Use Borehole Nuclear Magnetic Resonance’, Schlumberger Oilfield Review, pp. 

34-57. 

 

Allen, D., Flaum, C., Ramakrishnan, T.S., Bedford, J., Castelijns, K., Fairhurst, D., Gubelin, 

G., Heaton, N., Minh, C.C., Norville, M.A., Seim, M.R., Pritchard, T., Ramamoorthy, R.,  

Autumn 2000 ‘Trends in NMR Logging’, Schlumberger Oilfield Review, pp 2-19. 

 

Alvarado, R.J., Damgaard, A., Hansen, P., Raven, M., Heidler, R., Hoshun, R., Kovats, J., 

Morriss, C., Rose, D., Wendt, W., Summer 2003, ‘Nuclear Magnetic Resonance Logging 

While Drilling’, Schlumberger Oilfield Review, pp 40-51. 

 

Bean, M.A. 2001, Probability: The Science of Uncertainty with Applications to Investments, Insurance 

and Engineering, Wadsworth Group, United States of America 

 

Bloch, F. 1946, ‘ Nuclear Induction’, Physical Review, vol. 70, pp. 460-474 

 

Bloch, F., Hansen, W.W., Packard, M.E. 1946, ‘Nuclear Induction’, Physical Review, vol. 69, 

p. 127. 

 

Bloembergen, N. 1948, Nuclear Magnetic Relaxation, PhD Thesis; Leiden University, 

Netherlands. 

 



 

 276 

Bloembergen, N., Purcell E.U., and Pound R.V., 1948, ‘Relaxation Effects in Nuclear 

Magnetic Resonance Absorption’, Physical Review, vol. 73, pp. 679-712 

 

Brown, R.J.S. 2001, ‘The Earth’s-Field NML Development at Chevron’, Concepts in Magnetic 

Resonance, vol. 13, no.6, pp. 344-366. 

 

Brown, R.J.S., 1996, ‘Nuclear Magnetism at the Coyote Institute’, Magnetic Resonance Imaging, 

vol. 14, pp. 811-817 

 

Brownstein, K.R., Tarr C.E. 1979, ‘Importance of Classical Diffusion in NMR Studies of 

Water in Biological Cells’, Physical Review A, vol. 19 pp. 2446-2453. 

 

Carr, H.Y., and Purcell E.M. 1954, ‘ Effects of Diffusion on Free Precession in Nuclear 

Magnetic Resonance Experiments’, Physical Review, vol. 94 pp. 630-638 

 

Castanier, S., G. Le Me´tayer-Levrel, and J. P. Perthuisot. 1999, ‘Ca-carbonates 

precipitation and limestone genesis—the microbiologist point of view’ Sedimentary Geology, 

vol.126, pp. 9–23. 

 

Chandler, R. 2001, ‘Proton Free Precession (Earth’s-Field) Logging at Schlumberger (1956-

1988)’, Concepts in Magnetic Resonance, vol. 13, no.6, pp. 366-367. 

 

Coates, G., Xiao, L., and Prammer, M. 1999, NMR logging principles and applications, 

Halliburton Energy Services, Houston. 

 

Cook, J.C. 1969-78, “Electromagnetic Resonance Borehole Assay Logging’, U.S. Bureau of 

Mines - open file Report OFR-69-78, 90 pages 



 

 277 

 

Cooper, R.K., and Jackson J.A., 1980, ‘Remote (Inside-Out) NMR. I. Remote Production 

of a Region of Homogeneous Magnetic Field’, Journal of Magnetic Resonance, vol. 41, pp. 400-

405.  

 

Dennis, R., 1997, ‘Pores Explored’, Middle East Well Evaluation Review, pp 54-65. 

 

Dunn, K.J., Bergman D.J. and Latorraca G.A 2002, Nuclear Magnetic Resonance Petrophysical 

and Logging Applications, Pergamon, Oxford. 

 

Halliburton. (2006), MRIL®-Prime, [online], Available from: 

<http://www.halliburton.com/public/lp/contents/Data_Sheets/Web/A_through_H/H0

1912.pdf> 

 

Hammes, F., A Seka, K Van Hege, T Van de Wiele, J Vanderdeelen, SD Siciliano, W 

Verstraete. 2003b, ‘Calcium removal from industrial wastewater by bio-catalytic CaCO3 

precipitation’, Journal of Chemical Technology and Biotechnology. vol. 78, pp. 670-677. 

 

Hammes, F., and W. Verstraete. 2002, ‘Key roles of pH and calcium metabolism in 

microbial carbonate precipitation’, Reviews in Environmental Science and Bio/Technology, vol. 1, 

pp. 3-7. 

 

Hammes, F., N Boon, J de Villiers, W Verstraete, SD Siciliano. 2003a. ‘Strain-specific 

ureolytic microbial calcium carbonate (CaCO3) precipitation by different isolates of the 

Bacillus sphaericus group’, Applied and Environmental Microbiology. vol. 69, pp. 4901-4909. 

 



 

 278 

Hurlimann, M.D., Matteson, A.., Massey, J.E., Allen, D.F., Fordham, E.J, Antonsen, F. 

and Rueslatten, H.G. 2004. ‘Application of NMR diffusion editing as chlorite indicator’, 

Petrophysics. vol 45, no. 5, pp. 414-421   

 

Ismail, M. 2000 Strength and Deformation Behaviour of Calcite Cemented Calcareous Soil, PhD 

thesis: University of Western Australia (Department of Civil and Resource Engineering). 

 

Kenyon, W.E. and Kolleeny, J.A. 1994, ‘NMR surface relaxivity of calcite with adsorbed 

Mn2+’, Journal of Colloid and Interface Science, vol. 170, pp. 502-514. 

 

Kenyon, W., Kleinberg, R., Straley, C., Gubelin, G., Morriss, C., Autumn 1995, ‘Nuclear 

Magnetic Resonance Imaging – Technology for the 21st Century’, Schlumberger Oilfield 

Review, pp 19-33. 

 

Kleinberg, R. 2001a, ‘Well Logging Overview’, Concepts in Magnetic Resonance, vol. 13, no.6, 

pp. 342-343. 

 

Kleinberg, R. 2001b, ‘NMR Measurement of Petrophysical Properties’, Concepts in Magnetic 

Resonance, vol. 13, no.6, pp. 404-406. 

 

Kleinberg, R.L. and Jackson, J.A. 2001, ‘An Introduction to the History of NMR Well 

Logging’, Concepts in Magnetic Resonance, vol. 13, no.6, pp. 340-342. 

 

Klinkenberg, L. J., 1941, 'The permeability of porous media. to liquids and gases', Drilling 

Production Practices , pp. 200-211. 

 



 

 279 

Kucharski, E., Price, G., Li, H. and Joer, H.A. 1996, ‘Laboratory evaluation of CIPS 

cemented calcareous and silica sands’, Proceedings of the 7 th Australia New Zealand Conference on 

Geomechanics, South Australia, pp. 102–107. 

 

Latour, L.L., Kleinberg R.L., and Sezginer A., 1992, ‘Nuclear magnetic resonance 

properties of rocks at elevated temperatures’, Journal Colloid Interface Science, vol. 150 pp. 535-

548  

 

Manolis, Y. 2002, Manufacture and characterisation of synthetic core samples for capillary pressure 

analysis, Honours Thesis, University of Western Australia, Australia. 

 

Mason, T., 2002. Personal communication. 

 

McGeary, R.K. 1961, ‘Mechanical Packing of Spherical Particles’, Journal of American 

Ceramic Society, vol. 44, no. 10, pp. 513-520. 

 

Meiboom, S., and Gill D. 1958, ‘Modified Spin-Echo Method for Measuring Nuclear 

Relaxation Times’, Review of Scientific Instruments, vol 29. pp. 688-691 

 

Prammer, M.G. 2001a, ‘Hydrocarbon Saturation Measurements by NMR ’, Concepts in 

Magnetic Resonance, vol. 13, no.6, pp. 406-408. 

 

Prammer, M.G. 2001b, ‘NMR Logging-While-Drilling (1995-2000)’, Concepts in Magnetic 

Resonance, vol. 13, no.6, pp. 409-411. 

 

Purcell, E.M., Torrey, H.C., Pound, R.V. 1946, Resonance Absorption by Nuclear 

Magnetic Moments in a Solid’, Physical Review, vol. 69, pp. 37-38. 



 

 280 

 

Reindeer Graphics: Quantitative Image Analysis (Fovea Pro). Home Page 2002 

<www.reindeergraphics.com> 

 

Roose, P., Van Craen, J., Andriessens, G. and Eisendrath, H. 1995, ‘NMR study of spin-

lattice relaxation of water protons by Mn2+ adsorbed onto colloidal silica’, Journal of 

Magnetic Resonance Series A, vol 120, pp. 206-213. 

 

Ross,S.M. 2000, Introduction to Probability and Statistics for Scientists and Engineers, 2nd Edition., 

Academic Press, United States of America. 

 

Schlumberger. (2006a),CMR-Plus Combinable Magnetic Resonance Tool, [online],Available from: 

<http://www.slb.com/media/services/evaluation/petrophysics/nmr/cmr_plus_ds.pdf#p

age=2?> 

 

Schlumberger. (2006b),CMR-Plus Combinable Magnetic Resonance Tool, [online],Available from: 

<http://199.6.131.12/en/scictr/watch/nmr/log.htm> 

 

Sherlock, D. and Siggins, A. F., 2004, ‘The development of synthetic CIPS sandstones for 

geophysical research’, 74th Annual International Meeting Society of Exploration Geophysicists, pp. 

1642-1645. 

 

Shtrikman, S., and Taicher, Z. 1987, Nuclear Magnetic Resonance Sensing Apparatus and 

Techniques, US Patent 4710713 

 

Torquato, S., Truskett T.M., and Debenedetti P.G. 2000, ‘Is Random Close Packing of 

Spheres Well Defined?’, Physical Review Letters, vol. 84, no. 10, pp. 2064-2067. 



 

 281 

 

Varian, R.H. July 1948, U.S. Patent 2561490 

 

Varian, R.H. January 1952, U.S. Patent 3395337 

 

Whiffin, V.S. 2004. Microbial CaCO3 precipitation for the production of biocement. Ph.D thesis. 

Murdoch University, Australia 

 

Woessner, D.E. 2001, ‘The Early Days of NMR in the Southwest’ , Concepts in Magnetic 

Resonance, vol. 13, no.2, pp. 77-102. 


	01front
	02chapter1
	03chapter2
	04chapter3
	05chapter4
	06chapter5
	07chapter6
	08chapter7
	09references



