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Abstract 

Tight gas sandstone (TGS)  formations contain a large volume of natural gas but they 

are often only marginally economic to develop. Therefore, there is a need to 

understand the petrophysical properties in particular what controls porosity and 

permeability. Reliable methods need to be identified by cross comparing methods 

and data needs to be collected that is representative of reservoir conditions. Most 

importantly, there is a need to reduce reservoir characterisation timeframes by 

gaining data especially permeability without core analysis. 

It has often been suggested that the delicate nature of clays within TGS means that 

they need to be cleaned using critical point drying. A comparative study found that 

this does not seem to be the case and cleaning samples with solvents such as 

DCM/methanol within a Soxhlet extractor is adequate. Rock types based on the type 

and distribution of clays have different trends on porosity-permeability plots. This 

means that it is possible to estimate permeability by combining downhole measures 

of porosity with microstructural analysis of either side-wall cores or cuttings. 

Permeability can also be estimated from mercury injection analysis, however, NMR, 

BET or QXRD do not appear to be reliable methods to estimate permeability unless 

improvements are made to the models or methods. 

Key petrophysical properties (permeability, formation resistivity factor) are very 

stress sensitive due to the presence of small grain-boundary microfractures formed as 

the core is uplifted to the surface. However, flow properties are not likely to be as 

stress sensitive in the reservoir as they are in the laboratory. This means it is not 

beneficial to develop the reservoirs more slowly under high pore pressures (known 

as restricted rate practise) in the hope of maximising recovery and profitability. 

This thesis overall contributes to the knowledge of the properties of TGS and obtains 

different conclusions by studying different rock types. New methodologies were 

created to study the effects of core plug cleaning and the stress dependency of TGS. 

Alternative faster methods to obtain permeability were also found. The work could 

be used to increase data accuracy, identify poor vs good reservoirs, find faster 

experimental methods for core labs and potentially use the data to understand waste 

disposal and trap systems based on fluid flow and pore connectivity. 
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Chapter 1 - Introduction 

Natural gas is currently one of the main sources of energy used in the world. Energy 

Information Administration (EIA) (2017) stated that the amount of electricity 

generated in the USA from natural gas has been steadily increasing since the 1990s. 

It has surpassed all other sources in 2016 and is predicted to continue to increase up 

to 2040 despite increases in alternative energy sources (Figure 1.1). Furthermore, 

around the world, the demand for natural gas by region and sector (in transport, 

power and industry) has been increasing since 1965. British Petroleum (BP) (2015) 

predicts the increase will continue at a similar rate until at least 2035 (Figure 1.2). 

 

Figure 1.1 U.S electricity generation from selected fuels up to 2016 with predictions to 2040 

showing that natural gas is predicted to surpass all other sources after 2025 (EIA, 2017). 

 

Figure 1.2 Increase in demand for natural gas by region and sector from 1965 to 2035 (BP 

Energy Outlook for 2035, 2015). 
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Traditionally, natural gas has been produced from conventional reservoirs in which 

the gas resides having migrated there from a source rock as a result of buoyancy. The 

gas is contained in the pore space and retained underground by a very low 

impermeable caprock (Figure 1.3). Conventional reservoirs contain only a small 

proportion of the gas that is known to exist in the subsurface, however, they are the 

easiest to exploit due to their permeability of 10 to 1000 mD (millidarcy) (Holditch, 

2006) (Figure 1.4). Such reservoirs can be exploited by drilling wells into the 

structure and the gas is produced as a result of natural expansion. 

 

Figure 1.3 Gas migration from the source rock to the anticline structure by buoyancy, where 

the cap rock prevents the gas from escaping.  

 

Figure 1.4 Resource triangle for natural gas with conventional reservoirs at the top and 

unconventional reservoirs at the bottom. The unconventional reservoirs have higher 

permeabilities and are easier to exploit but the reservoirs are smaller (Holditch 2006). 

Many conventional gas reservoirs are nearing their completion so the petroleum 

industry has started to exploit gas from what are termed ‘unconventional reservoirs’. 

These include low permeability sandstones often referred to as ‘tight gas 

(conventional  

reservoirs) 

(unconventional  

reservoirs) 
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sandstones’, TGS, shales, coalbed methane and gas hydrates (Figure 1.4), this Thesis 

will focus on TGS. TGS are large reservoir deposits but they are difficult to develop, 

expensive and they require extensive production strategies such as horizontal wells 

and hydraulic fracturing. 

TGS reservoirs are often only marginally economic to develop and they are time 

consuming, expensive and difficult to characterise in the laboratory. This is mainly 

due to the their low permeability, the fact that many properties (permeability and 

electrical resistivity) vary considerably as a function of the pore pressure and 

confining pressure and that large quantities of expensive core plugs need to be 

obtained for reservoir characterisation studies. The high cost and difficulty of 

reservoir characterisation adds to the unfavourable economics and increases the risk, 

therefore, companies could lose money. The expense of drilling wells and obtaining 

core plugs means that in many cases only a small section of the reservoir is cored. 

The results from core analysis can, however, be used to help interpret wire-line log 

measurements, these are generally taken throughout the drilled reservoir section. The 

length of time taken to measure properties in the laboratory is also a significant 

issue, it means that companies may need to wait a considerable amount of time after 

a well is drilled before making key decisions such as whether to abandon the 

prospect or hydraulically fracture the well. 

A key challenge is therefore to increase the speed and accuracy of the 

characterisation of TGS reservoirs. The main aim of the current research is to 

achieve this by developing methods that rapidly characterize TGS reservoirs without 

the need for such extensive core analysis programs potentially from microstructure 

from SEM. The remainder of this introductory chapter provides an overview to tight 

gas sandstones – definition and characteristics (Section 1.1) and describes the 

objects, contributions and outline of this Thesis (Sections 1.2 and 1.3). 

1.1 Tight Gas Sandstones: An Overview 

 1.1.1 Tight Gas Sandstone Definition 

Reservoirs with a porosity of <10% and a permeability of <0.1 mD have been widely 

used as a definition of TGS (Kuuskraa, 1988; Holditch, 2006; Aguilera, 2008; Smith, 

2009; Forsyth, 2011; Castillo, 2012). However, the flow rate of a TGS reservoir does 
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not depend solely on its permeability but also on the net pay thickness, the reservoir 

pressure, the fluid properties, the drainage area and the wellbore radius (Lee, 1982). 

In addition, profitable rates for tight gas sandstone resources in the USA are only 

achieved by using horizontal wells and/or extensive hydraulic fracturing. Therefore 

such production characteristics are often used as an alternative definition of tight gas 

sandstones rather than a specific porosity and permeability cut-off. In this sense, 

reservoirs with higher porosities and permeabilities might still be considered tight if 

they are located in places where horizontal wells and/or hydraulic fracturing are 

essential to produce them at economic rates. For example in offshore reservoirs, it is 

expensive to have many offshore platforms with several wells, therefore, one well is 

drilled and the reservoir is connected via horizontal wells. 

 1.1.2 Tight Gas Sandstone Petrophysical Characteristics 

Tight gas sandstones (TGS) are composed of mostly quartz and feldspar (microcline 

and albite), together with a range of clays such as illite, kaolin as well as carbonates 

(Figure 1.5). The low permeability of these sandstones often results from the action 

of diagenetic processes, which are rock-fluid reactions that occur after the sand has 

been deposited (Ali, 2010; Fletcher, 2016). Clays often form as a product of the 

dissolution of unstable aluminosilicates such as feldspars (Figure 1.5) and can 

significantly reduce porosity and permeability. Kaolin tends to form at shallow 

depths whereas illite forms from kaolin at deeper depths under higher temperatures 

or pressures. Illite is a fibrous clay and tends to coat grains creating bridges across 

pore throats, whereas kaolin forms ‘stacked books’ which tend to infill pores (Figure 

1.6). This morphology and structural position of clays within pore throats means that 

illite generally reduces permeability to a greater extent than kaolin.  
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Figure 1.5 BSE image of the general microstructure of TGS showing the largest proportion 

of the rocks contain quartz (Qtz) with some feldspar (F), kaolin (K), illite, (I) and dolomite 

(dol) along with feldspar dissolution (red box). 

 

Figure 1.6 Illite (I) coating the grain surfaces and bridging pores (left) (Minersoc, 2016), 

and kaolin (K) infilling the pore space (right. As the illite coats grains and forms a fibrous 

network into the pore space the permeability is greatly reduced compared to when kaolin is 

present (Wilson, 2012). 

Authigenic (precipitated in-situ) quartz can also dramatically reduce porosity and 

permeability; it generally forms during deep burial and may occur either as syntaxial 

(a mineral grows around another mineral of the same composition) overgrowths or 

outgrowths. Quartz overgrowths create sharp edges on the otherwise rounded sand 

grains, which makes them easier to identify (Figure 1.7). When there is extensive 

grain coating clay, quartz forms as outgrowths rather than overgrowths. The 

carbonate content of TGS can often dramatically reduce porosity and permeability as 

they infill large areas of the pore system. A wide range of carbonate minerals are 

found in TGS e.g. calcite (CaCO3), dolomite (Mg replaces Ca in calcite), ankerite 

(the Mg in dolomite is replaced by Fe and Mn) and siderite (Fe carbonate). These 

may form throughout the burial history of TGS and their distribution is very difficult 

to predict. 

K 

I 

http://www.minersoc.org/photo.php?id=136
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Figure 1.7 Quartz overgrowths around the original quartz grains. The overgrowth cement 

grows outward until it reaches the adjacent grain, this forms a interlocking texture and can 

reduce permeability significantly. The original grain can be identified if fine grained clay 

was originally present on the quartz grains (Tulane, 2016). 

TGS have varied textures with a grain size of very fine to coarse grained, round to 

sub-angular grains, which can be very well sorted to poorly sorted. This texture 

depends upon the depositional environment (Tiab and Donaldson, 2004), i.e., 

alluvial fans (mass of sediment flows off a mountain or into the deep ocean), streams 

and lakes, dunes, deltas (river flows into the sea or a lake), beaches, turbidites and 

offshore sandbars (Jones, 2011) (Figure 1.8). TGS can also have small pore throats 

ranging from 30 nm to <2 m (Nelson, 2009). They often have grain boundary 

microfractures (at the μm scale) (Figure 1.9) which represent a small portion of the 

total porosity but have disproportionate control on the permeability (Castillo, 2012). 

Primary and secondary porosity can be present. Primary porosity is formed during 

the deposition of the sediment between grains (intergranular) or between cleavage 

planes on minerals (intercrystalline). Secondary porosity is formed from the 

dissolution of grains or by fracturing, where the latter usually cuts through the 

existing grains or microporosity within the clay minerals (Figure 1.10). 

http://www.tulane.edu/~sanelson/eens212/sandst&cong.htm
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Figure 1.8 Sedimentary depositional environments where sandstones are usefully deposited 

– dunes, alluvial fans, lakes, streams, beaches, deltas, turbidites. Those deposits further from 

the source will be finer, rounder and more well sorted (Jones 2001). 

 

Figure 1.9 BSE image showing the microfractures that surround the grains (red arrows). 

They form a small volume of the overall porosity but their closure can have a large control 

on permeability. 
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Figure 1.10 Primary porosity –intergranular between grains and secondary porosity - 

dissolution of feldspar, fractures and microporosity between clay grains (Tiab and 

Donaldson, 2004). 

 1.1.3 Issues of Extracting Gas from TGS Reservoirs 

Many uncertainties still exist in the exploration, appraisal and production of tight gas 

sandstones (TGS) reservoirs and there will always be pressures to reduce costs 

throughout the value chain. The first three issues described below are addressed 

within this Thesis, while the last two are important to consider when producing gas 

from TGS reservoirs. 

 Depending on the gas price it is very costly to extracting gas from TGS and they 

are usually only marginally economic to develop. To determine whether it is 

worth drilling low quality rocks like TGS, information about the petrophysical 

properties of the rock and what controls porosity and permeability are required. 

 Undertaking a representative study of TGS in the laboratory requires a lot of core 

material as there are a lot of experiments that are needed to understand the 

properties, however, it is time consuming and costly to extract core from the 

subsurface. This is because each tripping round of the coring operation has to be 

carefully planned and the well has to be designed accordingly to take a particular 

amount of core from a pre-defined depth. In addition, many downhole tools are 

of limited use as they cannot directly measure key properties such as 

permeability and generally need calibrating with core analysis data.  

 A large number of TGS properties are extremely sensitive to the confining and 

gas pressure under which measurements are made (Fatt, 1952; Vairogs et al., 

1971; Farquhar et al., 1993 and Al-Hinai, 2008). It is therefore important to 

understand whether the flow properties of rocks are stress sensitive in the 
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subsurface and if so: (i) acknowledge that experiments within the laboratory 

should be performed at in-situ conditions, and (ii) companies may wish to 

develop the reservoirs more slowly under high pore pressures (known as 

restricted rate practise) in the hope of maximizing recovery and profitability. 

 It is important to identify the highest permeability areas that create the most 

promising pay zones. This is however difficult as they often occur in complex 

deep geological structures which have been affected by regional tectonics 

(Holditch, 2006). This can have implications on the strength of the rock, bore 

hold stability, hydraulic fracturing propagation, geophysical surveys and wireline 

logs, and may significantly increase costs potentially making a discovery 

unprofitable. 

 There is a need for effective production strategies. For example, much of the 

reservoir volume needs to be connected to reduce the number of wells needed to 

drain the reservoirs. This requires up-to-date vertical and horizontal wells with 

single and multiple hydraulic fractures. 

1.2 Objectives 

The main issues of extracting gas from tight gas sandstones (TGS) were outlined in 

Section 1.1.3. Improvements in characterisation of TGS and methods for core 

analysis are the two main aims. The specific objectives of this research are: 

 An improved understanding of the petrophysical properties of TGS using a range 

of instruments and techniques. 

 Understand what controls porosity-permeability relationships by dividing TGS 

according to attributes such as their mineralogy, microstructure and depositional 

environment. 

 An investigation into the most appropriate and cost effective methods to clean 

core plugs by comparing different cleaning methods and finding the 

methodology which does not affect the petrophysical properties especially the 

microstructure. 

 Reduction in timescales for reservoir characterisation by gaining petrophysical 

data especially permeability without the need for core analysis. Measurements 

which do not require core plugs such as scanning electron microscope (SEM), 

nuclear magnetic resonance (NMR), mercury injection capillary pressure 
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(MICP), quantitative X-ray diffraction (QXRD) and surface area analysis; the 

Brunauer-Emmett-Teller (BET) methods were utilised and analysed. 

 To determine the effects of stress on porosity, permeability and the electrical 

properties, to review MICP permeability estimations under stress and to 

determine the cause of the stress dependency and whether properties of TGS are 

stress sensitive in the subsurface. 

This research work is important as TGS are only marginally economic so rock 

properties have to be understood further. Also, methods have to be compared, 

alternatives found and improvements made to make experiments more accurate. 

Therefore, this work will contribute to the knowledge already available on the 

pertrophysical properties of TGS by presenting results from a range of experiments 

made on a variety of rock types, present new methods that have been designed to 

support or disprove other research work and identify faster methods that can be 

utilised instead of core plugs. The research work can be used to identify reliable 

methods, locate good vs poor reservoir for reservoir engineers, reduce experimental 

time frames for core labs and potentially use the data to understand waste disposal 

and trap systems. 

1.3 Outline of the Thesis 

The remainder of this Thesis is divided into the following 8 chapters. 

 Chapter 2 provides a review of the main topics addressed within this Thesis 

including - key petrophysical properties (porosity, saturation, permeability, 

wettability, surface and interfacial tension, capillary pressure, diagenesis), the 

stress sensitivity of petrophysical properties, electrical properties and the main 

methodologies used as well as rock typing. 

 Chapter 3 describes the samples analysed, sample preparation techniques as 

well as the experimental methods and instrumentation used during the study. 

 Chapter 4 provides a comparison of the petrophysical properties (porosity, 

permeability, electrical properties, pore size, composition, pore throat size and 

microstructure) of TGS after cleaning samples using four different methods (i) 

Soxhlet extractor with dichloromethane (DCM)/methanol, (ii) Soxhlet extractor 
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with toluene, (iii) critical point drying with CO2 and acetone and (iv) critical 

point drying with CO2 and methanol. 

 Chapter 5 presents a routine core analysis (RCA) program (porosity, 

permeability, microstructure and QXRD) on core plugs and off-cuts from 25 

TGS. It looks in particular into what controls porosity and permeability, the 

effects of pore pressure equilibrium time on permeability, brine permeability vs 

gas permeability, estimating permeability and flow rates using microstructure 

and QXRD data and the accuracy of RCA methodologies. 

 Chapter 6 presents a special core analysis (SCAL) program (electrical, NMR, 

MICP and BET) on whole core plugs and off-cuts from 25 TGS. It looks in 

particular at the relationships between porosity and the electrical properties, 

estimating permeability using NMR, BET and MICP data and the accuracy of 

SCAL methodologies. 

 Chapter 7 presents the effects of stress on porosity, permeability, electrical 

properties and MICP data. 

 Chapter 8 studies the closure of microfractures under stress, their possible effect 

on the stress dependency found within TGS in the laboratory and how this stress 

dependency is extrapolated to the subsurface. 

 Chapter 9 provides a conclusion with a summary, recommendations for future 

work and how the research work contributes and can be applied to core labs and 

reservoir engineering’s. 
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Chapter 2 - The Petrophysics of Tight Gas 

Sandstones – A Review 

This chapter provides a review of key petrophysical properties important to the 

characterisation of TGS reservoirs and the background theory of the methodologies 

used to study TGS. The chapter starts by reviewing porosity, saturation,  

permeability, wettability, surface and interfacial tension, capillary pressure, 

diagenesis, stress sensitivity of the properties of TGS and also the electrical 

properties (Section 2.1 to 2.9). This is followed by the background theory of the 

main methodologies used where a detailed methodology is presented in Chapter 3 

(Section 2.10) and an investigation into rock typing (Section 2.11). 

2.1 Porosity 

Porosity (ϕ) is the proportion of pore space within rocks and can be expressed as 

either a fraction or percentage (Asquith, 1982; Nimmo, 2004; Tiab and Donaldson, 

2004). Porosity may be classified as either effective or total where the effective 

porosity is a measure of the connected voids, and the total porosity is a measure of 

the total void space both connected and isolated (Tiab and Donaldson, 2004). 

Knowledge of the porosity of a reservoir rock is crucial because it provides a 

measure of the potential of the rock to store petroleum. 

The porosity of freshly deposited sands is independent of grain-size and is controlled 

by grain-sorting and grain-packing (Beard and Weyl, 1973). Porosity decreases as 

grain sorting becomes poorer (Beard and Weyl, 1973; Cade et al., 1994) as the finer 

grains infill the coarser grains. It should, however, be noted that many diagenetic 

reactions which are rock-fluid reactions that occur after the sand has been deposited 

(Ali, 2010; Fletcher, 2016) are controlled by surface area so although grain-size 

might not impact the initial porosity of a sandstone it may have a significant impact 

on its final porosity. For example, quartz cementation is one of the main diagenetic 

processes responsible for the reduction of porosity in sandstones during deep burial 

and its rate is controlled by the reactive surface areas of quartz available for 

precipitation (Walderhaug, 1996). 

Grain packing also has a significant impact on the porosity of sands prior to 

diagenetic alteration. It can be defined as reduction in porosity as a consequence of 
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the reduction in bulk rock volume (Cade et al., 1994). For example, a group of 

spheres with equal grain-sizes will have a porosity of 48% if the packing is cubic, 

and a porosity of 26% if the packing is rhombic (Figure 2.1). However, such 

arrangements are idealistic representations and in reality sediments may have 

different sized grains and packing. These arrangements vary throughout the rock 

leading to differences in porosities within one sample. For example, a sample which 

has both cubic and rhombic packing may potentially have an average porosity 

between 48% and 26% i.e. 37%. In addition to the two types of packing 

arrangements, if the grain size also varies where there is both fine and coarse grains, 

the porosity will reduce below 37% as the finer grains will infill the coarser grains.    

 

Figure 2.1 Porosity of a pack of spheres with cubic packing (left) and rhombic packing 

(right). The cubic packing has a porosity of 48% and the rhombic packing has a porosity of 

26%. 

The detrital clay content of sandstones, which is the deposits that have been 

transported from elsewhere, also has a significant impact on grain-sorting and hence 

porosity. For example, Revil et al. (2002) provided a theoretical model showing the 

impact of sand:clay ratios and sorting on porosity (Figure 2.2). The clean sand has a 

porosity that equals ϕsd (40%) but as clay is added to the mixture the porosity begins 

to decrease because the pore space gets filled with clay and the sorting is reduced. 

Eventually, a critical clay content is reached where all the macro-pores are filled 

with clay and microporosity (ϕm). If the clay content is increased beyond this point, 

the clay will replace the sand grains, which causes the porosity to increase as less 

pore space is filled by the sand grains and the sorting increases. The pure shale 

member has the highest porosity of 60% at ϕsh because the shale matrix which has 

porosity replaces sand grains with zero porosity. 
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Laminated sediment (layers of different types of sediments e.g sand and clay or 

different porosities) has a higher porosity than would be assumed based simply on 

the grain-size distribution as it could be composed of layers of well sorted grains. 

For example, two laminated sediments one containing 60% layers of pure sand, and 

one 40% layers with pure shale, would have an overall porosity of 40% or 60% 

respectively (Figure 2.2). In comparison a homogeneous sediment containing 60% 

sand and 40% clay would have a porosity of 24% (Figure 2.2) as the clay infills the 

sand grains and reduces the sorting. 

 

Figure 2.2 Porosity as a function of volumetric shale content. The sample with only sand 

grains have a porosity of ϕsd. The porosity then decreases as the pore space is filled with 

shale and the sorting decreases. The minimum porosity of 24% is the critical point whereby 

all the pore space is filled with clay (ϕm). The porosity then increases to 60% as the sand 

grains are replaced by shale whereby the sand has zero porosity (ϕsh) (Revil et al., 2002). 

2.2 Saturation  

In rocks containing two or more immiscible phases (i.e. brine, gas and/or oil), the 

proportion of pore space filled with a specific phase is referred to as the fluid 

saturation (Tiab and Donaldson, 2004; Amiri, 2015). Saturation is expressed as a 

fraction, or percent, of the total pore volume occupied by the water (Sw), oil (So) 

and/or gas (Sg). For example, the gas saturation in a rock is calculated using: 
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 𝑆𝑔 =  
𝑉𝑔

𝑉𝑝
 Equation 2.1 

where Sg is the gas saturation (%), Vg is the volume of gas in the rock (m
3
) and Vp is 

the total pore volume of the rock (m
3
). Saturation needs to be determined accurately 

when attempting to characterize petroleum reservoirs because it is needed to 

calculate the initial volume of petroleum present, which then allows calculations on 

the potential profit that may be gained by exploiting the reservoir (Amiri, 2015). 

2.3 Permeability 

The Hagen-Poiseuille flow equation for flow through a straight pipe was derived by 

Leonard Poiseuille and Gotthilf Hagen (1938-1939): 

 
𝑄 = −

∆𝑃𝜋𝑟4

8𝜇𝐿
 Equation 2.2 

where Q is flow rate (cm
3
/s), ∆P is the change in hydrodynamic potential (atm), r is 

pipe radius (cm),  is viscosity (cP) and L is pipe length (cm). In 1856, Darcy 

investigated the flow of water through sand filters for water purification. He noticed 

that the rate of flow of a single phase incompressible fluid flowing horizontal 

through the porous medium was directly proportional to the hydrodynamic potential 

applied, the area open to flow and is inversely proportional to the viscosity of the 

fluid and the length of the porous media, this is referred to as Darcy’s Law: 

 
𝑄 = − 

𝐾 𝐴

µ

∆𝑃

𝐿
 Equation 2.3 

where K is permeability (mD) and A is area (cm
2
). Permeability is important as it 

provides the flow capabilities of the reservoir and therefore how much gas will be 

produced. 

The relationship presented in Equation 2.2 suggests that flow is dependent upon the 

radius of the pores (i.e. r
4
). This equation is consistent with more sophisticated 

numerical modeling and laboratory data, which shows that permeability reduces as 

grain-size gets smaller and the sorting gets worse (Figure 2.3 and Table 2.1). The 

smaller the grains, the smaller the pores and the lower the permeability. If the 
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smaller grains infill the larger grains the permeability reduces. Grain size is 

particularly controlled by sedimentary environment. Therefore, it would be expected 

that sedimentary facies would have a primary control on the permeability of the 

samples. 

 

Figure 2.3 The impact of grain-size (left) and sorting (right) on permeability where those 

samples with coarse well sorted gains have higher permeabilities (Cade et al., 1994). 

Table 2.1 Impact of grain-size and sorting on permeability showing the upper and lower 

permeability values. The permeability (K) increases with sorting and grain size (Beard and 

Weyl, 1973). 

Size Coarse Medium Fine Very fine 

Sorting 
Upper 

K (md) 

Lower 

K (md) 

Upper 

K (md) 

Lower 

K (md) 

Upper 

K (md) 

Lower 

K (md) 

Upper 

K (md) 

Lower 

K (md) 

Extremely well  475 238 119 59 30 15 7.4 3.7 

Very well  458 239 115 57 29 14 7.2 3.6 

Well  302 151 76 38 19 9.4 4.7 2.4 

Moderately  110 55 28 14 7 7 2.1 1.1 

Poorly  45 23 12 6 3.7 3.7 0.93 0.45 

Very poor 14 7 3.5 1.7 0.83 0.42 0.21 0.1 

Gases are compressible, so when they are flowing through a core they will travel 

slower at the high pressure input end (as it is compressed into a smaller volume) than 

at the output end where it expands. Therefore, the compressibility term is added 

(Dake, 1978): 

𝑄 =  −
𝐾 𝐴 

µ𝐵

∆𝑃

𝐿
 Equation 2.4 

where B is the gas formation volume factor, expressed as: 

 
𝐵 =

𝑉𝑅

𝑉𝑆𝐶
=

𝑧𝑛𝑅𝑇

𝑝
=

𝑝𝑠𝑐𝑇𝑧

𝑝𝑇𝑠𝑐
 Equation 2.5 
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where VR is volume of gas at reservoir conditions (m
3
), VSC is volume of gas at 

standard conditions (m
3
), z is compressibility factor (unitless), n is number of moles 

(mol), R is ideal gas-law constant (J mol
-1

 K
-1

), T is absolute temperature (K), p is 

absolute pressure (Pa), Psc is pressure at standard conditions (Pa) and Tsc is 

temperature at standard conditions (K). 

An additional consequence of using gas for permeability measurement is that the gas 

molecules slip on the solid surface, which creates a deviation from Poiseuille flow. 

Gas slippage is associated with non-laminar gas flow and occurs when the size of the 

average pore throat is less than the mean free path of the gas molecules. This results 

in higher flow rates than would be predicted from Darcy’s Law on a molecular level. 

Therefore, a correction needs to be applied to permeabilities calculated using 

Darcy’s Law to take into account gas slippage; this is known as the Klinkenberg 

correction: 

 
𝐾𝑘𝑔 = 𝐾𝑎𝑏  (1 +

𝑏

𝑃𝑚
) Equation 2.6 

where: Kkg Klinkenberg permeability (mD), Kab is the absolute or liquid permeability 

(mD), b is the Klinkenberg slippage constant or b-factor (psi
-1

) and Pm is the mean 

flow pressure (psi).  

The Klinkenberg correction uses measurements at a range of gas pressures, which 

are extrapolated to an infinite gas pressure of 1/Pm =  0. The correction can be 

applied by measuring the effect of mean pressure on gas permeability (Klinkenberg, 

1941). The apparent permeability, Kg, is then plotted against the inverse of the mean 

flow pressure, (1/Pm), and the intercept of the resulting straight line with 1/Pm = 0 is 

equal to the absolute permeability (Figure 2.4).  

The limitation of this method is due to extrapolation of the trend line as there is no 

data between 1/Pm =  0 and the first data point. The trend line could actually be 

represented by the blue trend line on Figure 2.4 leading to a lower absolute 

permeability value. To ensure accurate values are obtained more data points should 

be collected to reduce the extrapolation. 
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Figure 2.4 Kg vs the inverse of the mean flow pressure. A range of pressures are 

extrapolated to an infinite gas pressure to obtain the absolute permeability (red square) 

which is inputted into Equation 2.6 to obtain the Klinkenberg permeability. 

2.4 Wettability 

Wettability describes the preference of a solid to be in contact with one fluid rather 

than another (Abdallah, 2007). It plays an important part in most petroleum reservoir 

production problems, including restoration of samples (Cuiec, 1975; Cuiec, 1977), 

relative permeability or capillary pressure characteristics (Wang, 1988; Lefebvre, 

1973; Batycky, 1981), water flooding (Morrow 1986, Anderson 1987), imbibition 

(Cuiec, 1986), and EOR. (Kremesec, 1978; Slattery, 1979). 

Three types of wettabilties can arise – water wet, oil wet and neutral wettability 

(Figure 2.5). The angle of contact (θ) between the liquid interface and the solid is a 

function of the relative wetting characteristics of the two fluids with respect to the 

solid (Tiab and Donaldson, 2004). In a water wet system a drop of a preferentially 

wetting fluid will displace the non-wetting fluid; at the extreme it will spread over 

the entire surface (Abdallah, 2007). This is because the adhesive forces between the 

liquid and the solid is greater than the cohesive force between the gas and water. 

Conversely, in an oil-wet system when a wetting fluid is dropped onto a surface it 

will bead up, minimizing its contact with the solid (Abdallah, 2007). This is because 

the cohesive forces between the oil and water are greater than the adhesive forces 

between the water and solid. If the condition is neither strongly water wetting nor 

strongly oil-wetting, it is termed neutral-wetting (Abdallah, 2007). This model could 

also apply for a gas, water and solid system. 
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Figure 2.5 Schematic diagram showing water wet, neutral and oil wet systems. The water 

wet system occurs when the cohesion between the oil and water is less than the adhesion 

between the water and the solid. The oil wet occurs when the cohesion between the oil and 

water is greater than the adhesion between the solid and the water. The neutral system has 

conditions in-between (Tiab and Donaldson, 2004). 

2.5 Surface and Interfacial Tension 

Water molecules within a bulk liquid are surrounded by other molecules providing 

uniform molecular cohesion (Tiab and Donaldson, 2004). The water molecules at a 

surface to a gas cohere to the water molecules on and below the surface more than 

they adhere to the gas molecules above the surface (Tiab and Donaldson, 2004). This 

creates an inward force towards the bulk liquid, which generates a stretchy film like 

structure that contracts to the smallest area (sphere) to produce a surface tension 

(Tiab and Donaldson, 2004). The tension between two immiscible phases (e.g. water 

and gas) is termed interfacial tension. The boundary layers are curved due to the 

preferential wetting of the pore walls by one of the fluids (Tiab and Donaldson, 

2004). Interfacial tension can be measured in the laboratory and is usually expressed 

as a force per unit length (Kristanto, 2003; and Ahmed, 2006). 
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2.6 Capillary Pressure 

The capillary pressure is the pressure difference between two immiscible fluids: 

 𝑃𝑐 =  𝑃𝑛𝑤 −  𝑃𝑤 Equation 2.7 

where Pc is the capillary pressure (psi), Pnw is the non-wetting pressure (psi) and Pw 

is the wetting pressure (psi) (Figure 2.6). In a petroleum reservoir, the phases can 

either be water, oil, and/or gas. Capillary pressure is also used to describe the 

pressure difference required for a non-wetting fluid to pass through a pore throat by 

displacing a wetting fluid. This pressure difference depends on the size of the pore 

throats and their connectivity. 

 

Figure 2.6 Capillary rise of water in contact with a immiscible fluid - oil in a capillary tube 

showing the interfacial tension (σ), contact angle (θ) and pore radius (r) used to derive the 

pressure difference Equation 2.16. 

At a very low capillary pressure (i.e. just above 0 psi), the non-wetting phase can 

only enter the larger surface pores (Figure 2.7). An increase in capillary pressure 

beyond the entry pressure (Pct) allows the non-wetting phase to enter the pore space 

and the wetting phase starts to be expelled (Figure 2.7), which increases the non-

wetting phase saturation. As the radius of a pore throat decreases, a higher capillary 

pressure is needed for the non-wetting phase to force out the wetting phase (Figure 

2.7). In other words, the wetting phase saturation decreases as capillary pressure is 

increased. Eventually, non-wetting phase saturation is increased to a level that forms 
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a continuous pathway through the porous media; the capillary pressure at which this 

occurs is known as the threshold pressure (Katz and Thompson, 1987).  

The smallest pores remain saturated with the wetting fluid when the force driving the 

non-wetting fluid into the reservoir rock is insufficient to overcome the capillary 

forces associated with the smallest pores; this is often termed the irreducible water 

saturation (Swi) (Figure 2.7). No more wetting fluid can be expelled from the pores at 

this particular capillary pressure or higher. The spatial distribution of irreducible 

water in water-wet rocks has been studied in detail by Zhou et al. (2000). Four 

different forms of irreducible water are identified: (1) hydration water attached to the 

clay surface (Hill et al., 1979); (2) pendular rings due to irregular pore geometry; (3) 

water trapped in dead ends of the pore network system; and (4) water by-passed in 

pores during two-phase flow. Some publications categorize (1) as clay-bound water 

and generally group (2), (3), and (4) as capillary-bound water (Peveraro and Thomas, 

2010). 

 

Figure 2.7 Capillary pressure vs water saturation showing the decrease in wetting fluid 

saturation as the non-wetting fluid is injected. None of the wetting fluid is forced out until 

the entry pressure is reached (Pct) (red area). More of the wetting fluid is forced out as the 

pressure increases. A continues pathway through the rock is reached at the threshold 

pressure. At some pressure or above no more of the wetting fluid is forced out, this is known 

as the irreducible water saturation (blue area). This irreducible fluid is trapped inside small 

pores with narrow pore throats and the Swi varies for different rocks dependent on the pore 

size (Tiab and Donaldson, 2004). 
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2.7 Impact of Diagenesis on Petrophysical Properties 

Diagenesis is the term used to describe the changes that occur within a sediment after 

it has been deposited; it may result in changes in the mineralogy and pore structure, 

which in turn cause changes in petrophysical properties (Holland, 1982; Sampath 

and Keighin, 1982; Walls, 1982b; Dibble, et al., 1983; Pallatt, et al., 1984; 

Randolph, et al., 1984 and Luffel, et al., 1991). Diagenesis occurs as a result of both 

mechanical, chemical processes as well as reservoir temperature and pressure . The 

extent of diagenetic alteration is controlled by variables such as the depositional 

environment, mineralogy, temperature, stress, fluid pressure, fluid composition and 

time. Tight gas sandstones generally have experienced significant diagenetic 

alteration, understanding the diagenesis of TGS is therefore fundamental to 

understanding and predicting the petrophysical properties of TGS reservoirs. 

 2.7.1 Mechanical Compaction  

Mechanical compaction can create a the loss of porosity with depth (Figure 2.8). It is 

caused by the increase in stress acting on the sediment as the thickness of the 

overburden increases due to continued sediment deposition. The increased stress 

causes grains to rearrange and pack more efficiently for example, water and sand in a 

beach environment.  

 

Figure 2.8 Porosity-depth trend for Louisiana Gulf Coast sand. The porosity decreases with 

depth due to applied pressure (Bjorkum, 1998). 
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 2.7.2 Chemical Diagenesis 

Chemical diagenesis involves the precipitation and dissolution of minerals. Since the 

1970s, controversy into the controls of chemical diagenesis of sandstone has existed. 

The controversy is related to the extent to which elements are transported into and 

out of the system i.e. open and closed system diagenesis and their effect on the 

reservoir quality. For example, Nedkvitne and Bjorlykke (2006) stated that K-

feldspar dissolution is extremely insoluble and so are unlikely to be transported large 

distances. Instead, K-feldspar dissolution usually results in the precipitation of clay 

minerals in nearby pores. If they are repositioned as cements in the same rock or one 

mineral changes to another, porosity may not change unless there is also a volume 

change (Rittenhouse, 1973). 

Burley (1984) divided chemical diagenesis into three categories: eodiagenetic, 

telediagentic and mesodiagenetic. Eodiagenetic processes are those that are heavily 

influenced by the groundwater such as clay infiltration, evaporation, carbonate and 

clay precipitation, as well as the dissolution of unstable grains such as Fe-Mg 

silicates and Ca-rich plagioclase. Telediagentic processes are those that occur after 

the sediment has been uplifted, eroded and exposed to different pore fluids. 

Mesodiagenetic reactions occur during deep burial, often in a closed system, and 

include processes such as quartz cementation, illitization of clay and K-feldspar 

dissolution. 

TGS reservoirs tend to have experienced significant diagenetic alteration through 

processes such as quartz cementation, clay mineral neoformation, carbonate 

precipitation, and mineral dissolution; the latter process may create what is referred 

to as secondary porosity. Quartz diagenesis is a particularly important process 

responsible for the reduction in porosity and permeability of sandstones. It is now 

widely accepted that the rate of quartz cementation is controlled by time and 

temperature and hence burial depth (Figure 2.9) and the reactive quartz surface area 

(e.g. Walderhaug, 1996). In terms of the latter, if quartz grains within sandstone do 

not contain grain-coatings, quartz cement generally forms as syntaxial (same 

composition) overgrowths (Figure 2.10). However, the presence of grain-coatings, 

such as clay and microcrystalline quartz, on detrital quartz suppress the formation of 
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quartz overgrowths and instead quartz cement tends to form as what are often 

referred to as outgrowths (Figure 2.10). 

 

Figure 2.9 Depth as a function of the percentage of grains with overgrowths, showing an 

increase in the % of quartz overgrowths with depth. This occurs as the conditions of 

temperature and pressure become more ideal potentially allowing for pressure solution 

(Wilson, 1994). 

 

Figure 2.10 Quartz outgrowths (blue arrow) (left) and overgrowths (red arrow) (right) 

where the quartz overgrowths form when there is little grain coating clay (Fisher et al., 

2000). 

Clay mineral precipitation may have an important impact on the porosity and 

permeability of sandstones. A large range of clay minerals are encountered in 

sandstones including: (i) smectite, (ii) illite; (iii) kaolin and (iv) chlorite. These clays 

form by three main mechanisms: inheritance, neoformation and transformation 

(Eberl, 1984). “Origin by inheritance means that a clay mineral found in a natural 

deposit originated from reactions that occurred in another area during a previous 

stage in the rock cycle”. “Origin by neoformation means that the clay mineral has 
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precipitated from a solution or has formed from the reaction of amorphous 

material”. “Origins by transformation requires that the clay mineral that has kept 

some of its inherited structure intact while undergoing chemical reaction”. 

It has been argued that both the mineralogy and structural position of these clay 

minerals within sandstone control its poroperm properties. For example, Rossel 

(1982) stated that sandstones containing feldspar of up to 7% of the bulk volume 

have permeabilities four times that of samples with similar amounts of kaolin, and as 

much as twenty times higher than samples with comparable amounts of illite and/or 

chlorite. The 7% feldspar is significant as feldspar can react to kaolin and illlite 

further reducing permeability. In addition, Neasham (1977) divided clays into 

discrete particles, pore lining and pore bridging (Figure 2.11), where he explained 

that pore bridging its thought to have the highest impact on permeability. This is 

important for this research as the TGS sample contain both illite and kaolin and their 

quantities and positon could have a major control on the porosity and permeability 

 

Figure 2.11 Impact of clay type on porosity-permeability, trends (left). The illite has the 

most effect on permeability where those samples which are clay free have the highest 

permeabilities (Wilson, 1982). The classification of the structural position of clay minerals 

in sandstone (right). The illite bridges pores and starts to infill pores which causes the 

decrease in permeability whereas even though kaolin is pore filling pore space is still intact 

between the grains (Neasham, 1977)  

Dolomite is by far the most common carbonate cement observed in the TGS 

examined during this study. In general, the dolomite forms as 10-100 µm rhombs 

that partially fill pore space. Overall, it forms in a similar position to the discrete 
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clays shown in Figure 2.11, therefore it is expected to have a similar impact on 

porosity-permeability relationships. 

Secondary porosity formation has often been suggested to be a diagenetic process 

that increases the porosity and permeability of sandstones (Schmidt and McDonald, 

1979). It occurs because detrital material is not in physiochemical equilibrium with 

its environment when deposited (Keighin, 1979). Wilson (1994) stated that 

secondary pores can form from fractures; shrinking of framework grains, matrix or 

cement or the dissolution of framework grains, cements or replacement minerals. In 

terms of the latter, K-feldspar is probably the most common phase that is dissolved 

during diagenesis to create secondary porosity in the presence of clay.  

2.8 Impact of Stress and Pore Pressure on Petrophysical Properties 

Stress is measured in force per unit area and can be expressed as a tensile, 

compression or shear force. Total vertical stress is the stress applied by the overlying 

material whereas horizontal stress is controlled by tectonic stresses due to 

movements in the earth’s crust. These tectonic stresses can affect the total vertical 

stress. The stresses in the subsurface and the confining pressure (Cp) imposed on 

samples in the laboratory are different; the former can be different in all directions 

whereas the latter is the same in all directions. 

Rocks that experience increasing stress will deform. Deformation refers to the 

change in shape due to the forces acting on the rock. It depends on the elasticity and 

rigidity of the rock as well as the stress history, temperature and time. The strain is a 

measure of the resultant deformation, it is the ratio of the change in dimension of the 

material to the original dimension of the material. The material fails when the stress 

applied is greater than the strength of that material. 

Fluid within the pore space can apply a force between grains, this is referred to as 

pore pressure (Pp) and this pressure can reduce the total stress acting on grain 

contacts. Confining pressure and pore pressure are related by the differential pressure 

(Pd), which is obtained by subtracting the pore pressure from the confining pressure. 

An effective stress parameter (α) is usually added to account for the difference in the 

stress sensitive nature of rock properties to confining and pore pressure (Biot and 
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Willis, 1957; Zoback, 1975; Berryman, 1992; Hornby, 1996; Al-Wardy and 

Zimmerman, 2004; Hofmann, 2005 and Shafer, 2008): 

 𝑃𝑒 = 𝐶𝑃 −  (𝛼𝑃𝑃) Equation 2.8 

where Pe is the effective stress (psi). The effective stress parameter is different for 

each petrophysical property (Berryman, 1992). The most commonly used is the Biot 

(1957) coefficient, which is the effective stress parameter for volume change; this is 

likely to be different to the effective stress parameter for permeability. 

It has been reported that the effective stress parameter for permeability of quartz-rich 

sandstones can range from 0.6 to 0.75 (David and Dorot, 1989), crystalline rocks can 

range from 0.5 to 1 (Kranz et al., 1979) and clay-bearing sandstones can vary from 1 

to 7.1 where the effective stress parameter increases with the clay content (Zoback, 

1975; Kwon et al., 2001) (Figure 2.12). 

 

Figure 2.12 An increase in the effective stress parameter for permeability with clay fraction. 

Left – Al Wardy and Zimmerman (2004) and right – Kwon et al. (2001) where ZB2 is 

Zoback and Byerlee (1975, 1976), WN is Walls and Nur (1979) and DD is David and Dorot 

(1989). 

 2.8.1 Stress Dependency of Permeability 

It has long since been recognized that laboratory measurements of the permeability 

of tight gas sandstones are very stress sensitive (Thomas and Ward, 1972; Kilmer et 

al., 1987; Sigal, 2002; and  Zhu, et al., 2008) (Chapter 7). Fatt (1952) found that at 

3,000 psi overburden pressure, the permeability of eight sandstone core samples 

ranged from 59 to 89% of the permeability without overburden pressure. Similarly, 
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Ostensen (1986) found that tight-gas-sand cores can lose 90% or more of their 

permeability when re-stressed to the net reservoir overburden stress. Likewise, Ali 

(1987) found that with an increase in pressure from 100 to 6000 psi, the permeability 

dropped between 10 - 14%.  

In general, the stress sensitivity of petrophysical properties tends to increase with 

decreasing permeability (McNally, 1958; Glanville, 1959; Vairogs, 1971) (Figure 

2.13). A possible explanation is that microfractures formed as a result of stress 

release have more of an impact on the permeability in tight rocks than in high 

permeable rocks. The permeability is more affected by stress than porosity (Section 

2.8.2). For example, Petunin (2011) found that permeability decayed by 10 - 20% 

with increasing stress while the porosity decreased by about 3%. This is because the  

 

Figure 2.13 Permeability ratio as a function of confining pressure for five different 

permeability samples. The lower permeable sample (red box) is the most stress sensitive as 

seen by the steeper decrease in permeability with pressure (Vairogs, 1971). 

 2.8.2 Slit Porosity/Microfractures 

Several authors have indicated that decrease in permeability with stress is related to 

the presence of slit-shaped pores that close as confining pressure is increased (Jones 

and Owen, 1980; Ostensen, 1983) (Chapter 8). These slit shaped pores are known as 

microfractures and there is a large amount of evidence for the presence of 

microfractures in TGS within the literature (Ostensen, 1983; Brower and Morrow, 

1985; Hyman, 1991; Laubach, 1996; Roberts, 1996; Lopez, 2004; Apaydin, 2011; 

Chun, 2013).  
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In many siliciclastic petroleum reservoirs, microfractures with sizes of microns to 

millimetres are more common than large fractures and can be sampled effectively 

even in small volumes of rock (Laubach, 1989). They reflect tectonic, overpressure 

and diagenetic origins (Chun, 2013). However, they can form during drilling, from 

core expansion or contraction and during sample preparation (Chun, 2013), where 

fatigue failure in rocks is closely related to their petrological, physical and 

mechanical properties (Homand-Etienne, 1984; Burdine, 1963). The presence of slit 

porosity is important as it means that the permeability of sandstone may become 

decoupled from its porosity i.e the permeability is more affected by the closure of 

these microfractures than porosity as porosity is affected more by the closure of the 

larger pores which are not very stress sensitive. In addition, it implies that the 

properties of the samples could be very stress sensitive in the subsurface.  

2.9 Electrical Properties 

Ohms law is the fundamental physical law that relates the current flowing through a 

material to the potential gradient. It states that in an electrical circuit, the current 

passing through a conductor between two points, is directly proportional to the 

difference in electrical potential, and is inversely proportional to the resistance of the 

material (Equation 2.9). By rearranging Equation 2.9, the resistance can be 

determined (Equation 2.10). 

 𝐼 =
𝑉

𝑅
 Equation 2.9 

 𝑅 =
𝑉

𝐼
 Equation 2.10 

where: I is the current (amps), V is the difference in electrical potential (volts), R is 

the resistance (Ω). This resistance along with the cross sectional area and length 

provide the resistivity (Equation 2.11).  

 𝜌 = 𝑅 
𝐴

𝐿
 Equation 2.11 

where: 𝜌 resistivity (Ω-m), L is length (meters) and A is area (square meters). 
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The resistivity demonstrates how strongly the rock opposes the flow of an electrical 

current when fully saturated with a fluid. The resistivity can be temperature 

corrected to the temperature found within the reservoir (Equation 2.12). 

 𝑅2 = 𝑅1  
𝑇1

𝑇2
 Equation 2.12 

where: R2 is the resistance at 25°C, R1 is the original resistance, T1 is the original 

temperature and T2 is the temperature of the reservoir (25°C). 

Archie (1942) considered a porous medium of porosity and named the unitless ratio 

of the resistivity of the fully saturated rock (Ro), to that of the ratio of pore fluid 

saturating the pores (Rw), the formation resistivity factor (FRF) (Glover, 2014):  

 𝐹𝑅𝐹 =   
𝑅𝑜

𝑅𝑤
 Equation 2.13 

where FRF is formation resistivity factor (unitless), Ro is resistivity of the rock 100% 

saturated with brine (Ω-m) and Rw is resistivity of the brine (Ω-m). This FRF was 

chosen as it was approximately constant for any given formation. This first 

expression led Archie to conclude that the FRF depends on the porosity: 

 FRF = ϕ-m 
Equation 2.14 

where ϕ is porosity (%) and m is cementation exponent (unitless). 

A plot of the log of porosity vs the log of the FRF provides a straight line where the 

slope is equal to the m exponent: 

 𝑚 =  −
𝐿𝑜𝑔 (𝐹𝑅𝐹) 

𝐿𝑜𝑔 (∅)
 Equation 2.15 

The cementation exponent is a factor created by Archie, which was argued to relate 

to the degree of cementation and connectivity. A value of 1 is not observed in real 

rocks and represents a series of capillary tubes. A value of 1.5 represents a case 

when the rock is composed of perfect spheres (Sen et al., 1981; Mendelson and 

Cohen, 1982). Sandstones are around 2 and a value of 2.5 to 5 is seen in carbonates 

as they have well defined fracture networks (Glover, 2014). 
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2.10 Laboratory Techniques  

 2.10.1 Sample Cleaning  

Soxhlet extractor is the most commonly used method to clean core plugs (Ward, 

1980; Shafer, 2013); it involves heating and condensing a solvent, which passes 

through the rock. This method is performed to remove drilling fluids, salts and oil 

from core plugs. It has been argued that the Soxhlet extraction technique may 

damage clays (McPhee et al., 2015). Therefore, a comparison was made between the 

Soxhlet extractor method and critical point drying with CO2 (Chapter 4). The main 

advantage of the latter method is the lack of surface tension, which is thought to 

preserve fine structures such as clay. The background theory is presented in Section 

2.10.1.1. 

A range of factors can influence the effectiveness of the cleaning process, these 

include: (i) the core size where a large diameter makes it harder for the solvent to 

reach the centre; (ii) the length of time that the sample is cleaned -  longer cleaning 

times are more effective; and (iii) the sample permeability where lower values slow 

down the cleaning process (Tapping, 1982). The effectiveness of cleaning also 

depends on the way fluids are attracted to the rock pore structure, i.e. the bonds 

between the adsorbate and the adsorbent (Cuiec, 1975). If Van der Waals forces, are 

present, a limited number of solvents or even a single solvent may succeed in 

removing the adsorbed products (Cuiec, 1975). To ensure thorough cleaning and to 

restore the rock to a water-wet state, there needs to be an equilibrium between the 

adsorbate and the adsorbent (Cuiec, 1975). 

The solvent type is important as some may be soluble with the solid component 

depending on the polarity values, or become miscible with another fluid depending 

on the fluid type (Cuiec, 1975). The solvent must be gentle enough to prevent 

damage to the mineral constituents of the rock (Anderson, 2013). Similarly, RP40 

(1998) states that selected solvents should not attack, alter, or destroy the structure of 

the core and Keelan (1972) summarized that the solvents should not react with the 

rock. Likewise, care must be taken to ensure additional pore space is not created 

resulting from dehydration of clays and hydrous minerals, or from erosion caused by 

high flow rates as solvent passes through the core (Anderson, 2013). The correct 
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solvent is important as the cleaning process may have a large impact on the (i) core 

porosity; (ii) grain density; (iii) electrical data; (iv) water saturation; (v) pay 

thickness; (vi) hydrocarbons in-place; and (vii) recoverable hydrocarbon values 

(Tapping, 1982). 

2.10.1.1 Critical Point Drying  

Solid, liquid and vapour are the three states of matter. At one specific temperature 

and pressure all three co-exist in equilibrium with each other, this is known as the 

triple point (Figure 2.14). To form a gas from a liquid, the substance must pass the 

interface between the two states. The boundary between liquids and gases has a 

surface which can damage fine structures such as clay (Evangelista et al., 2004). 

However, if the temperature and pressure of the liquid solvent is increased to the 

critical point, the density of the liquid reduces and gas increases, therefore they 

converge. This causes the meniscus between them to flatten indicating a reduction in 

the surface tension (Evangelista et al., 2004). Therefore, the liquid surface becomes 

very unsteady and ultimately disappears. This is known as 'continuity of state', which 

suggests a drying technique for which the surface tension can be reduced to zero 

(Evangelista et al., 2004).  

 

Figure 2.14  Boiling point curve for CO2. As the temperature and pressure increase all three 

states – solid, liquid and gas become stable (triple point). As the temperature and pressure 

continue to increase the liquid and gas reach a critical point where both are stable. This 

occurs when the density of the liquid decreases as the liquid expands due to an increase in 

temperature and the density of the gas decreases as the gas compresses due to an increase 

in pressure. At this critical point the CO2 is now a supercritical fluid, this occurs at 31.1°C 

and 72.8 atm (Rochelle and Moore, 2002). 
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The critical point is the temperature and pressure at which all physical properties of 

the liquid and gas phases of a substance are equal (Huggett, 1982). This single phase 

forming at the critical point is termed a supercritical fluid (McNally, 1992; Rochelle, 

2002; and Knox, 2005). A range of supercritical fluids are available, they each have 

a distinct critical temperature and pressure (Table 2.2). 

Table 2.2 Critical temperatures and pressures of a range of super critical solvents, CO2 is 

shown in red (Knox, 2005). 

 

Note: ω is surface tension in N/m 

Supercritical fluids are intermediates between two phases, liquids and gases 

(Bouchaour, 2003; Knox, 2005) (Table 2.3). The choice of supercritical fluid 

depends on the suitability to the process being studied, as well as its toxicity, hazard 

rate, cost and availability (Knox, 2005). In this research CO2 is used as it has an 

easily accessible critical point (temperature of 31°C and a pressure of 74 bar - 1073 

psi), is non-hazardous, inexpensive and non-flammable (Kiran, 1992; Brown, 2000; 

Bouchaour, 2003). 

Table 2.3 Density and viscosity of supercritical fluids (red box) vs gases and liquids 

(McNally, 1992). 

 

Carbon dioxide is not very soluble in polar solvents such as water (Huggett, 1982; 

Bouchaour, 2003; Pandithange, 2012). This can be improved by varying temperature 

or pressure or adding a co-solvent (Bouchaour, 2003). The co-solvent used must 

have a greater affinity for the polar solvent than the carbon dioxide. In rocks 

containing saturated water, ethanol, acetone or methanol can be used (Huggett, 1982; 
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Pandithange, 2012). Critical point drying is a three stage process. Firstly, the sample 

is saturated with the co-solvent, which dissolves the water. Secondly, the co-solvent 

is replaced by the liquid CO2 at the critical temperature and pressure (Figure 2.15 a-

b, b-c). Lastly, the liquid CO2 is converted to a gas by decreasing the pressure at a 

constant temperature (Figure 2.15 c-d). 

 

Figure 2.15 Phase diagram showing the pressure and temperature paths used in the critical 

point drying method. First the pressure is increased (a-b), than the temperature is increased 

(b-c) whereby a supercritical fluid is created and finally the pressure is decreased at a 

constant temperature (c-d) to form a gas without a change in state (Bouchaour, 2003). 

 2.10.2 Scanning Electron Microscope (SEM) 

SEM’s have variable magnification from X20 to X20,000 and approximately 1000 

times the depth of focus (the larger the depth of focus the more focused the image) of 

the conventional light microscopes (Weinbrandt, 1969; Welton, 1984) where the 

latter property is the most important (Weinbrandt, 1969; Timur, 1971; Welton, 

1984). This is because no electron trajectory is inclined more than 0.5° from the 

optic axis, in contrast with the more than 60° in optical microscopy (Figure 2.16). 

The great depth of resolution of the SEM has opened the way for extremely detailed 

studies of pore systems in rocks (Timur, 1971). 
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Figure 2.16 Electron trajectory of a light microscope  >60° (left) and a SEM  = 0.5°(right). 

The narrow electron beam leads to higher resolution images (Weinbrandt, 1969). 

The SEM functions by focussing an electron beam onto the specimen (Weinbrandt, 

1969). The interaction between the electron beam and the sample generates a range 

of signals including: secondary electrons (SE), backscatter electrons (BSE), light 

(CL) and X-rays (Figure 2.17). The SE signal provides topographic information as 

more electrons are detected from peaks in the sample than depressions. The 

amplitude of the BSE signal is directly proportional to the mean atomic number of 

the mineral; where phases of different mass have different grey values from 0 to 225. 

Pores appear black as they have a value of 0 and heavy minerals like siderite, 

dolomite and ankerite appear white as they have a value of 225. The BSE is good for 

detecting certain minerals but cannot be used to differentiate between  minerals that 

have the same mean atomic number (quartz and albite). Therefore, other methods are 

needed to determine their distribution and abundance. The most reliable way to 

identify minerals through the SEM is to measure their elemental compositions 

determined by the energy-dispersive X-ray system (EDX) (Pittman, 1979; Welton, 

1984). 
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Figure 2.17 Schematic drawing of the SEM with the electron gun which produces the 

electrons, lenses to focus the beam, the backscattered electron for compositional analysis 

based on atomic number and secondary electron detector providing topographic 

information, it is useful for imaging broken surfaces on a sample  (Krumeich, 2015). 

The SEM is an ideal tool to study the composition of samples as well as the texture 

(Clelland, 1991; Schwartz, 1980; Welton, 1984), microporosity (Pittmann, 1979), 

macroporosity (Bonnie, 1992) and correlate the microstructure of rocks with their 

petrophysical properties (porosity) for permeability estimation (Bonnie 1992). 

Bonnie (1992) compared the image derived porosity and permeability with the core 

plug values. The results obtained indicate that the image-derived porosity agrees 

with the core-plug-derived value to within 2.5% and the permeability is reproduced 

within a factor of 2.5 (Figure 2.18). Similarly, Clelland (1991) compared plug and 

image analysis porosities and found a similar positive trend (Figure 2.19). Bonnie 

(1992) and Clelland (1991) concluded that the deviations are attributed partly to plug 

heterogeneities, which could have been improved by analysing more than one slice 

from each rock. 
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Figure 2.18 Image analysis porosity vs plug porosity showing a 2.5% difference (left) and 

plug permeability vs image analysis permeability showing results are reproduced within a 

factor or 2.5 (right). Scatter is due to heterogeneity (Bonnie, 1992).  

 

Figure 2.19 Plug porosity vs image analysis porosity showing a moderate trend with scatter 

due to heterogeneity (Clelland, 1991). 

 2.10.3 Nuclear Magnetic Resonance (NMR) 

NMR is used to determine the pore size distribution and may be used to estimate 

permeability (Chapter 6). NMR works by re-orientating the hydrogen nuclei within 

the water molecules of a saturated sample by imposing a magnetic field. Once the 

magnetic field is removed, the nuclei spin as they return back to their original 

position. They do this by losing energy when they hit surfaces; a process known as 
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relaxation. There are two components T1 and T2, T1 represents the time it takes till 

the nuclei return to their original position and the T2 represents the time it takes till 

the nuclei, after spinning, are no longer in synchronisation with each other i.e. they 

are spinning in different directions/orientations. The relaxation rate depends on pore 

size. In particular, a fast decay occurs when the pore size is small, and a slow decay 

when the pore size is large (Figure 2.20).  

 

Figure 2.20 Incremental porosity as a function of time for a range of different sized pores. 

The decay rate is faster with a decrease in pore size, where the decay rate is dependent on 

the surface to volume ratio and wettability (Ostroff, 1999). 

These decay rates are for individual pores only, therefore, the end curve will be a 

combination (average) of the different curves (Figure 2.21). This can be transposed 

into a pore size distribution. Finally, a range of T2 cut-offs can be defined (Figure 

2.21). A major cut-off is the division between the producible fluid often known as 

the free fluid index (FFI), which resides in large pores, and the bound fluid often 

known as the irreducible water volume (BVI), which resides in the small pores or 

attached to the clay surface. 
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Figure 2.21: The average of the T2 decay curves vs time (left) and how the T2 cut-offs can be 

used to describe the pore structure (right) showing the three common cut-offs used – clay 

bound fluid, capillary bound fluid and free fluid (Ostroff, 1999). 

 2.10.4 Mercury Injection Capillary Pressure (MICP) 

A mercury injection porosimeter is an instrument that forces mercury into a sample 

due to an increase in pressure. The non-wetting property of mercury combined with 

its low compressibility makes it ideal for determining the pore throat size 

distribution (Chapter 6). The pore throat size is determined using the Young-Laplace 

equation: 

𝛥𝑝 =
2𝛾 cos 𝜃

𝑟 
 Equation 2.16 

where Δp is pressure difference (psi),  ɣ is interfacial tension between air and 

mercury (N/m) (420), θ is the contact angle (~140°) and r is pore throat radius (m). 

In addition, the permeability can be empirically estimated using a variety of models 

– Swanson (1981), Purcell (1949), Katz and Thompson (1986, 1987) and Winland 

(1980); this is discussed further in Chapter 6 and 7. 

 2.10.5 Surface Area Analysis; the Brunauer-Emmett-Teller (BET) Method 

The BET method is based on the physical adsorption of a vapour or gas onto the 

surface of a solid (Naderi, 2012). It provides the surface area, which may also be 
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used to estimate permeability using the Kozeny-Carmen (1927) equation (Chapter 

6). 

 𝑘 = 𝑐
∅3

𝑠𝑠
2
 Equation 2.17 

where k is the absolute permeability (mD), c is the Kozeny constant, Ss is specific 

surface (m
2
/g), and ø is porosity (fraction).  

The gas/vapour is known as the adsorbate whereas the solid surface capable of 

absorbing is known as an adsorbent. The molecules migrate into pores and the 

adsorbate starts to build up during the experiment (Lowell and Shields, 1991). The 

number of molecules attached to a solid surface increases as the gas pressure 

increases and the temperature decreases; until a point is reached where it is 

reasonable to consider a monolayer has formed. This process is exothermic and is 

more reactive with fine particles than with a bulk core sample (Webb, 1998). 

The amount of accumulated gas adsorbed is plotted agaisnt gas pressure at one 

temperature to generate an isotherm. The adsorption isotherm is a measure of the 

molar quantity of gas taken up or released at a constant temperature by an initial 

clean surface as a function of gas pressure (Webb, 1998). This is based on the pore 

size and surface area of the surface. The equation for the volume of gas adsorbed for 

a type I isotherm is (Langmuir, 1916): 

 
𝑃

𝑉𝑎
=

1

𝑉𝑚𝐵
+

𝑃

𝑉𝑚
 Equation 2.18 

where: Va is the volume of gas adsorbed at pressure P (m
3
), Vm is volume of gas 

required to form a monolayer (m
3
), B is empirical constant and P is pressure of the 

adsorbate (psi). The equation for the volume of gas adsorbed for a type II isotherm is 

(Brunauer, Emmett and Teller, 1938): 

 
𝑛

𝑛𝑚
=

𝐶𝑥

(1 − 𝑥)(1 − 𝑥 + 𝐶𝑥)
 Equation 2.19 

where: n is quantity adsorbed (mol), nm is monolayer capacity (mol), C adsorption 

coefficient (unitless) and x is relative pressure at equilibrium P/PO (psi). 
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 2.10.6 Quantitative X-ray Diffraction (QXRD) 

The XRD method is used to determine the crystal structure of minerals. A crystalline 

lattice is a regular three dimensional distribution of atoms, they are arranged so that 

they form parallel lines separated from each other by a certain distance (d). The d 

spacing is different in each mineral and is a fundamental part of the QXRD analysis. 

The QXRD works by focussing a beam of X-rays on to the mineral surface. The 

beam is diffracted via Bragg’s Law (Equation 2.20). Diffraction will only occur 

when the distance travelled by the rays reflected off the mineral planes differ by a 

complete number of wavelengths (n λ). In addition, the Bragg’s Law must always be 

satisfied so that if the d spacing is changed, the angle must also vary. 

 𝑛 𝜆 =  2 𝑑 𝑠𝑖𝑛 𝜃 Equation 2.20 

where: λ is the wavelength of the X-ray (Hz), d is the spacing of the crystal layers 

(μm), ϴ is the incident angle (the angle between incident ray and the scatter plane) 

(degrees) and n is an integer (unitless). The end result is a diffractogram (diagram 

showing the intensity of the diffracted radiation in relation to the angle of diffraction 

from the mineral) where each phase is represented by a number of peaks, and 

therefore analysing the group of peaks enables the individual phases to be identified. 

A quantitative analysis can be made using an intensity ratio method (RIR) a detailed 

methodology can be found in Hillier (2000). 

2.11 Rock Typing  

Rock typing involves defining common flow and storage characteristics for different 

lithologies (Porras, 2001; and Lieber, 2013). Rock types are defined to help  

reservoir engineers assign petrophysical parameters to different zones with similar 

characteristics, so that flow unit effectiveness could be determined for a detailed 

description of a reservoir (Hamon, 2003; Porras, 2001). In this research, rock types 

were generated to define the controls on porosity, permeability and electrical 

properties with the help of SEM, XRD and depositional environment (Chapter 5 and 

6). 

The most widely quoted definition for rock typing is often attributed to Gunter et al. 

(1997a, b), however, it was first given by Archie (1950), which stated that rock types 
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are “units of rock deposited under similar conditions, which experience similar 

diagenetic processes, resulting in a unique porosity-permeability relationship, 

capillary pressure profile and water saturation for a given height above free water 

in a reservoir”. 

Porras et al. (1999) and Perez et al. (2005) split rock types into lithofacies, 

petrofacies and electrofacies. The lithofacies are stated as “map-able stratigraphic 

units, laterally distinguishable from the adjacent intervals based upon lithological 

characteristics that are related with the appearance, texture, or composition of the 

rock” (Perez et al., 2005). The petrofacies are intervals of a rock with a similar 

average pore throat radius, thus having similar fluid flow characteristic (Porras et al., 

1999). The electrofacies are “a similar set of log responses that characterise a 

specific rock type and allows it to be distinguished from others” (Perez et al., 2005). 

Newshame and Rushings (2001) split rock types into two groups: petrographic and 

hydraulic. Petrographic rock types are based on pore scale microscope imaging of 

the current pore structure as well as the rock texture, composition, clay mineralogy 

and diagenesis. However, hydraulic rock types are based on the pore scale that 

quantifies the physical flow and storage properties of the rock relative to the native 

fluids. Hamon (2003) stated that rock types are split up into routine and special core 

analysis types. The routine defined rock types use porosity, permeability, grain 

density and mercury injection capillary pressure curves as markers of the geometry 

of the rock pore network. The data is clustered into subsets having similar flow and 

storage capacity. 
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Chapter 3 – Methodologies in Studying TGS 

3.1 Introduction 

A total of 34 TGS core plugs were studied during this project, they ranged in age 

from Carboniferous - Jurassic and were deposited in a range of environments 

including fluvial channels, lower shoreface, deltas and aeolian dunes (Table 3.1). 

The aim of this chapter is to provide a detailed review of the methodologies used to 

study these 34 samples. A detailed procedure or references are provided enabling 

each experiment to be reproduced. This is supported by pictorial and schematic 

representations. 

This chapter is broken up into three subsections: 

 Section 3.2 presents the sub-sectioning of the 34 TGS, core plug preparation 

and core plug characterisation (CT scanner, dimensions and weights). 

 Section 3.3 presents the methodologies used to study off-cuts from core 

plugs. The standards used to calibrate the systems are also provided 

throughout this section. 

 Section 3.4 presents the methodologies used to study core plugs. The 

standards used to calibrate the systems are also provided throughout this 

section. 
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Table 3.1 The 34 TGS studied throughout this research along with their age, depositional 

environment and depth. Namurian is part of the Carboniferous from 326 to 313 Ma, 

Rotliegend is late Carboniferous between 302.5 to 260 Ma, Carboniferous is from 359.2 to 

299 Ma and Jurassic is from 201.3 to 145 Ma. 

Company Sample Age Deposition Environment 
Depth 

(m) 

BP 2_2 Namurian Deltaic sandstone 2868.8 

BP 2_3 Namurian Deltaic sandstone 2873.6 

BP 3_1 Namurian Fluvial channel 3652.8 

WIN 4_26 Rotliegend High energy fluvial channel 4518.4 

WIN 5_16b Rotliegend Aeolian dune base 4105.4 

SHELL 1_83 Rotliegend Aeolian wet sandflat 2447.1 

SHELL 1_111 Rotliegend Aeolian homogenised 2455.6 

SHELL 1_216 Rotliegend Aeolian wet sandflat 2489.5 

SHELL 2_1b Rotliegend Aeolian homogenised 2453.8 

SHELL 2_9b Rotliegend Aeolian homogenised 2493.5 

BP 3_4 Namurian Crevasse splay/levee 3654.2 

BP 3_5 Namurian Crevasse splay/levee 3654.2 

BP 3_6 Namurian Crevasse splay/levee 3659.0 

SHELL 4_202 Rotliegend Interdune 2595.2 

SHELL 4_389 Rotliegend Dune (core) 2662.5 

EBN 4_10 Westphalian Channel 3188.4 

WIN 9_5 Carboniferous Sheetflood 3835.8 

BP 2_5 Namurian Deltaic sandstone 2810.7 

SHELL 4_409 Rotliegend Damp sandflat 2669.5 

GDF 1_6 Carboniferous Low sinuosity fluvial channel 4020.4 

EBN 3_40 Rotliegend Wadi channel ( fluvial braid) 3463.7 

SHELL 4_370 Rotliegend Dune (core) 2656.1 

GDF 1_1 Rotliegend Fluvial Sheetflood 3915.4 

GDF 1_7 Carboniferous Low sinuosity fluvial channel 4022.0 

GDF 2_4 Rotliegend Fluvial Sheetflood 4126.8 

WCA 2 Rotliegend Structured sheetflood 4193.4 

WCB 1 Rotliegend Structured sheetflood 4194.1 

WCB 6 Rotliegend Structured sheetflood 4194.1 

WCB 5 Rotliegend Structured sheetflood 4194.1 

WCA 4 Rotliegend Structured sheetflood 4193.4 

WCA 3 Rotliegend Structured sheetflood 4193.4 

WCB 11 Rotliegend Structured sheetflood 4194.1 

WCB 2 Rotliegend Structured sheetflood 4194.1 

BP 4_5 Jurassic Lower shoreface 3742.5 

3.2 Petrophysical Properties of TGS 

The first step involved selecting and sub-sectioning the samples to be studied 

(Section 3.2.1). Core plugs were either provided or rock material was cored to 

provide samples. Core plugs and offcuts were then cleaned using dichloromethane 
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(DCM)/methanol in a Soxhlet extractor (Section 3.2.2). The core plugs were then CT 

scanned, off-cuts were then taken from the base of the core plugs and then the 

remaining core was photographed, weighed and dimensions were determined 

(Section 3.2.3). 

The offcuts were studied with a scanning electron microscope (SEM), mercury 

injection capillary pressure (MICP), Brunauer-Emmett-Teller (BET) surface area 

and quantitative X-ray diffraction (QXRD) (Section 3.3). The grain volume was 

determined using a helium porosimeter (Section 3.4.1) and permeability using either 

pulse decay or steady state permeametry (Section 3.4.2). The core plugs were then 

saturated with brine of the same composition as the reservoir (Section 3.4.3) before 

brine permeability, electrical properties and NMR T2 distribution were determined 

(Section 3.4.4 to 3.4.6). A workflow is presented in Figure 3.1. 

  

Figure 3.1 Workflow of the experimental methods each sample underwent to study the 

petrophysical characteristics of tight gas sandstones. 
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 3.2.1 Sub-sectioning the TGS Samples 

A total of 34 TGS samples were studied (Table 3.1). The first 25 samples were 

chosen based on their permeability and divided into core sets. Each core set 

consisted of 5 core plugs with a similar initial permeability which was provided by 

the companies, these divisions were chosen to ensure a range of TGS were studied 

with different properties (Table 3.2). Routine core analysis (Chapter 5) and special 

core analysis (Chapter 6) as well as the stress dependence of properties (Chapter 7) 

were measured. The WCA/WCB samples were used to assess optimal cleaning 

methods (Chapter 4) and BP4_5 sample was chosen for a metal injection experiment 

to assess the distribution of microfractures (Chapter 8). 

Table 3.2 Sub-sectioning of the 34 TGS samples used in this research. The first 25 samples 

were used in Chapter 5, 6 and 7, the next 8 samples were in the cleaning comparison in 

Chapter 4 and the last sample was used in the metal injection experiment in Chapter 8. 

Core set /Explanation Company Sample 

1 – Medium Permeability 

0.03 – 1.1 mD 

BP 2_2 

BP 2_3 

BP 3_1 

WIN 4_26 

WIN 5_16b 

2 – Low Permeability 

0.001 – 0.3 mD 

SHELL 1_83 

SHELL 1_111 

SHELL 1_216 

SHELL 2_1b 

SHELL 2_9b 

3  - Medium Permeability 

0.03 – 1.1 mD 

BP 3_4 

BP 3_5 

BP 3_6 

SHELL 4-202 

SHELL 4_389 

4 – Low Permeability 

0.001 – 0.6 mD 

EBN 4_10 

WIN 9_5 

BP 2_5 

SHELL 4_409 

GDF 1_6 

5– High Permeability 

1.1 – 4.1 mD 

EBN 3_40 

SHELL 4_370 

GDF 1_1 

GDF 1_7 

GDF 2_4 

Cleaning comparison 

WCA 2 

WCB 1 

WCB 6 

WCB 5 

WCA 4 

WCA 3 

WCB 11 

WCB 2 

Cause of stress dependency BP 4_5 
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 3.2.2 Core Plug Preparation 

The 25 TGS samples were either provided as large cores preserved in wax that 

needed to be further cored or pre-cored material was provided. Core plugs were 

taken from the preserved cores using a 1.5 inch drill bit and cut to a length of ~5 cm. 

All cores regardless of initial status would have contained drilling fluids that were 

not present in the subsurface. It was therefore important to remove these without 

further damaging the pore structure of the samples. The cleaning process using the 

Soxhlet extractor with dichloromethane (DCM)/methanol (Figure 3.2) involved 

placing the core plug into the main sample chamber (A) and the solvent into the 

bottom chamber (B). The solvent was heated from below to 39.6ºC, the vapour 

travelled up the distillation arm (C) and condensed into the sample chamber due to a 

flux of cold water from above (D). The chamber containing the core slowly filled 

with the solvent and overtime, the DCM/methanol removed the unwanted fluids and 

salt. The chamber was automatically emptied by a siphon side arm along which it 

flowed back into the solvent chamber (E). The change in colour of the solvent within 

the sample chamber as well as the core were both monitored. The samples were 

deemed clean when the fresh DCM/methanol did not discolour during the Sohxlet 

extractor process.  

The DCM/methanol within the pores and surface of the sample had to be removed to 

ensure the core was free from any substances prior to analysis with gas. This was 

achieved by drying the core plug in a humidity controlled oven at 60
o
C for 2 days. It 

was deemed dry when a stable weight was reached. 
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Figure 3.2 Soxhlet extractor used to clean core samples. The solvent is heated and the 

vapour travels up the distiller where it condenses into the sample chamber due to a flux of 

cold water. The solvent level increases in the sample chamber and the substances are 

removed by the warm solvent. The cycle is repeated as required. A = sample chamber, B = 

solvent chamber, C = distiller, D = condenser and E = siphon. 

The advantage of this method is that it cleans a wide sample size; it is easy to carry 

out as it involves little setup and the system requires minimal observation. The 

disadvantages are that certain rock types might require different conditions (solvents, 

temperatures) which was not considered here. The oven drying of the sample could 

damage fine clays and cause the movement of grains from one location to another 

which can block pore throats and lead to reductions in permeability. Therefore, to 

understand the effect on the microstructure of clays, a comparison was made 

between the Soxhlet extractor method and a critical point drying method with 

acetone (used to extract water) and methanol (used to extract salts) in Chapter 4. 

 3.2.3 Core Plug Characterisation 

A Picker PQ2000 dual energy CT-scanner (a fourth generation medical scanner) was 

used to scan and provide an image of the internal structure. This was done to 
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determine sample heterogeneity based on their density variations and identify any 

core damage. Once the core plugs had been CT scanned, off-cuts were taken (and 

used to make thin sections for optical microscopy and SEM (Section 3.3.1), cubes 

for MICP (Section 3.3.2) and were crushed for BET (Section 3.3.3) and QXRD 

(Section 3.3.4) analysis. 

The remaining core material was weighed, photographed and the dimensions 

measured. The dry weight was measured using a top pan balance where 3 significant 

figures were noted. The dry weight was used to determine the grain and bulk density 

(Appendix B). Photographs were taken from the side, top and bottom of the core so 

that the general surface heterogeneity could be recorded. It also provided a visual 

record of the core. The length and diameter were measured three times using 

electronic callipers. All the dimensions were then averaged and the diameter was 

then used to quantify the cross sectional area of the core plug. The length and 

diameter were used to determine the bulk volume (Section 3.4.1). 

3.3 Off-cut Analysis 

 3.3.1 Microstructural Analysis - Scanning Electron Microscope (SEM) 

To create the thin section, the sample was cut with a diamond saw blade to a suitable 

size for polishing (48 x 26 mm). The sample was ground flat using a 75 μm diamond 

plate and vacuum impregnated with blue epoxy resin. The sample was then finely 

ground on a 10 μm diamond plate before mounting the sample with the ground face 

down on to a glass slide. The sample was left to rest for 90 minutes for the resin to 

cure. After this, the sample was ground to the desirable thickness of 30 μm using a 

Buehler Petrothin cutter/grinder. The sample was polished with diamond paste and 

suspensions starting with 3 μm then 1 μm, then ¼ μm using paper cloth polishing 

pads on a Buehler Automet 250 system. Finally the sample was hand lapped with 

aluminium oxide slurry to give a pre-polished finer surface. The process took about 8 

to 10 hours over 2 days. 

The thin section samples were carbon coated and attached to a sample holder using 

copper tape and placed into an FEI Quanta Field Emission Gun (FEG) 650 

instrument for BSEM analysis. The samples were examined using an accelerating 

voltage of 20 KeV, a spot size of 5 and an objective aperture of 4. The main minerals 
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were then identified by energy dispersive X-ray analysis (EDX) using AZtec 

software. A detailed microstructural analysis was conducted using a back scattered 

electron (BSE) to identify the texture, presence of microfractures, diagenesis as well 

as the distribution of clay and microporosity. The BSE images were saved in an 8bit 

(256 grey levels) digital form and analyzed using the ImageJ image analysis 

software. 

 3.3.2 Mercury Injection Capillary Pressure (MICP) 

Mercury injection analysis was performed using a Micrometritics Autopore V 

porosimeter. The dry sample was placed into an evacuated penetrometer which was 

attached to a glass capillary tube and filled with mercury. Atmospheric pressure was 

applied allowing the mercury to enter the larger pores. The pressure was increased 

from 2 psi to 55000 psi and left for 10 seconds to allow for pressure equilibrium to 

enable the mercury to enter the smaller pores. The pore diameter was estimated using 

the Young-Laplace equation (Equation 2.16). The bulk density (BD – g/cm
3
) was 

determined from the mass of the sample and the sample bulk volume: 

 𝐵𝐷 =  
Sample mass

Sample volume
 Equation 3.1 

and the grain density (GD – g/cm
3
) was determined from the mass of the sample, 

sample volume and the total intrusive volume:  

 𝐺𝐷 =  
sample mass

(sample volume − intrusive volume)
 Equation 3.2 

The advantage of the MICP methodology is that it provides pore size distribution 

and bulk and grain density values, the latter can be compared to the values estimated 

using caliper, helium porosimeter and QXRD. The disadvantages are that the core 

plug must be cut to provide the off-cut and the sample size may not be fully 

representative of the reservoir. In addition, mercury is harmful and therefore care 

must be taken when carrying out the experiment. 
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 3.3.3 BET Surface Area  

A Quantachrome version 10.01 instrument was used to quantify the surface area. 

Prior to performing the experiment, the samples were weighed to ~5 g using a top 

pan balance of an accuracy of +- 0.05, ground using a pestle and mortar and sieved. 

A 250 – 500 μm sieve was used as this was the average grain size. Once the sample 

was prepared, it was placed into the sample chamber where it was degassed to 

remove adsorbed contaminants. The degassing was performed for 2 hours on each 

sample and involved a combination of heat (120°C) and a vacuum. The sample was 

then cooled to cryogenic temperature of -195.8°C (77 K) and ~28 g N2 gas at a liquid 

density of 0.81 g/cm
3
 was admitted to the sample in controlled increments. The 

pressure was allowed to reach equilibrium in 60 seconds and the quantity of gas 

adsorbed was calculated. The amount of gas adsorbed onto the surface of the grains 

defines the adsorption isotherm (see Section 2.10.5 Chapter 2). 

The advantage of the BET surface area methodology is that it provides the surface 

area of the sample, which can be linked to permeability. The disadvantage is that the 

core plug must be cut to provide the off-cut, which must be subsequently ground, 

and the sample size may not be fully representative of the sample. 

 3.3.4 Quantitative X-ray diffraction (QXRD)  

Quantitative X-ray diffraction analysis was conducted on ~5 g of partly crushed 

sample at the University of Leeds using a Philips PW1050 diffractometer and the 

Macaulay Scientific Consulting Ltd in Aberdeen using a Siemens D5000. The 

samples at both institutes were mixed with 20 wt.% corundum which acted as an 

internal standard. The weighted samples were transferred to a McCrone mill with 

ethanol, ground for ~ 12 minute and the slurry was spray dried (Hillier, 1999). The 

samples were top loaded into a 2.5 cm diameter circular cavity holder. After that, X-

ray radiation was diffracted by the crystals and based on the angle between the 

diffracted and the transmitted beam, a diffraction pattern was recorded from 2-75°2θ 

using Cobalt Kα radiation. The sample was rotated throughout the procedure 

enabling the intensity of each diffraction to be measured at every spot. The main 

phases present in the sample mixture were obtained using reference patterns from the 
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International Centre for Diffraction Database (ICDD) and a reference intensity ratio 

method (RIR). A detailed methodology can be found in Hillier (2000). 

The grain density was determined using the percentage of each mineral determined 

from the QXRD (%M) and the grain density of each mineral in nature (GDM): 

 
𝐺𝐷 =  

100

(
%𝑀

𝐺𝐷𝑀
+ 

%𝑀

𝐺𝐷𝑀
… )

 
Equation 3.3 

The advantages of the QXRD methodology are that it provides quantitative 

information of the minerals present in the rock. The total amount and types of 

digenetic minerals such as clay and dolomite can give an indication of the 

productivity of the reservoir. The disadvantages are that it requires crushed material, 

the sample size may not be fully representative of the reservoir and for trace minerals 

there is an uncertainty as to whether the phases are present. 

3.4 Core plug Analysis 

 3.4.1 Porosity 

Porosity is measured from the bulk volume and grain volume: 

 ∅ =  
𝐵𝑉 − 𝐺𝑉

𝐵𝑉
𝑋100 

Equation 3.4 

 

where ϕ is porosity (%), BV is bulk volume (cm
3
), and GV is grain volume (cm

3
). 

The bulk volume was determined using electronic callipers and mercury immersion. 

For the former, the length and diameter was measured using electronic callipers 

(API, 1998) and a bulk volume (BV) was determined: 

𝐵𝑉 = 𝜋  𝐿  𝑟2 Equation 3.5 

where π is Pi, L is the length (cm) and r is the radius (cm). In the latter, a mercury 

bath was placed on a single-pan electronic balance, and a core plug was immersed 

into the mercury using a pronged fork. From the weight of mercury displaced when 

the full core was submerged in the mercury (g), and a mercury density of 13.5377 

g/cm
3
,
 
another bulk volume can be determined (API, 1998): 
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𝐵𝑉𝐻𝑔 =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝐻𝑔 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑

13.5377
 Equation 3.6 

The grain volume was determined using a Quanta Chrome SPY-4 helium 

porosimeter using Boyle’s law. Boyle’s law states that for any fixed known 

temperature, the pressure and volume are inversely proportional; thus the sum of the 

pressure and the volume of a particular gas are related to the amount of gas 

occupying that volume. Therefore, when there is a change in the pressure or the 

volume of the gas, the grain volume in the core can be determined (API, 1998). The 

effects of temperature are incorporated to provide a more accurate GV value: 

𝑃1𝑉1

𝑇1
=

𝑃2𝑉2

𝑇2
 Equation 3.7 

𝐺𝑉 =  
𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑒𝑙𝑙 𝑉 + 𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 𝑉

(1
𝑃1
𝑃2

)
 

Equation 3.8 

where  P1 is pressure before (Pa), P2 is pressure after (Pa), V1 is the volume before 

(cm
3
), V2 is the volume after (cm

3
) and T2 is temperature before (°C), T2 is the 

volume after (°C). 

To check the accuracy of the device the system needed to be regularly calibrated. 

This was done in two ways. Firstly, using a chrome plated calibration cylinder that 

was provided with the instrument. Secondly, with five porosity standards purchased 

from Core Test Ltd (Figure 3.3). The system needed to be calibrated prior to 

analysing a set of core plugs. This was achieved by calibrating the reference and core 

chamber volumes using first an empty volume and then with steel balls of different 

sizes depending on the size of the core plugs being used. For a 3.8 cm diameter core 

plug a steel ball of volume 56.56 cm
3
 was used, and for a 2.5 cm diameter core plug 

two balls 2.095 cm
3
 and 7.07 cm

3
 were used. The calibration was repeated at least 

three times. 



54 

 

Figure 3.3 Measured porosity as a function of reference plug porosity showing results from 

the analysis of the 5 Core Test samples. The 1:1 regression and very high correlation 

coefficient highlights the accuracy of the technique. 

After the calibration, a core plug was placed in the sample chamber of a Quanta 

Chrome SPY 4 porosimeter (Figure 3.4). Both 1 in and 1.5 in diameter samples 

could be used. Helium gas was admitted into the reference chamber until the 

pressure reached ~ 15 psi. The pressure in the reference chamber was left until it was 

stable, then P1 (initial absolute pressure) was recorded. The gas was then expanded 

into the core chamber. The resulting lower pressure - P2 (final absolute pressure), 

was measured after the system had reached stability. The grain volume was 

determined using Equation 3.7 and Equation 3.8 (API, 1998). 

 

Figure 3.4 Helium porosimeter instrument used to determine the grain volume (left), sample 

chamber for 3.8 cm and 2.5 cm core samples (right). 
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The grain volume determined using the helium porosimeter was used to determine 

the grain density using Equation 3.9: 

 𝐺𝐷 =
𝑊

𝐺𝑉
 Equation 3.9 

where GD is grain density (g/cm
3
), W is dry weight (g). This was compared to values 

estimated using mercury injection pycnometry and QXRD values (Section 3.3.2 and 

3.3.4). In addition, the bulk density was determined using a calliper bulk volume: 

 𝐵𝐷 =  
𝑊

𝐵𝑉
 Equation 3.10 

where BD is bulk density (g/cm
3
). This was compared to the mercury injection bulk 

density values (Section 3.3.2). The comparisons were made to provide a range of 

methods to determine the same parameter.  

The advantages are that the core plug is not damaged and the helium does not react 

with the core plug, therefore, it can be used for other measurements. The 

measurement is quick and simple to carry out and all 1 and 1.5 inch sample sizes can 

be tested. However, changes in the temperature can affect the measurements, 

therefore, the temperature must be recorded. In addition, the measurement is made 

on a sample that is unstressed. 

 3.4.2 Gas Permeability 

The samples with a permeability of > 0.1 mD are measured using a steady-state 

method. In the steady-state test, steady-state flow is established through the 

specimen, and the permeability is calculated from the measured flow rate and 

pressure gradient. If the permeability is low (< 0.1 mD), long periods of time are 

required to establish steady-state flow, thus, these procedures are impractical 

therefore, transient tests such as pulse decay permeametery (PDP) are used.  

The PDP method for measuring gas permeability has been described fully by Brace 

et al. (1968). The PDP consists of a cylindrical sample that is connected to two fluid 

reservoirs. At the start of the experiment, the fluid pressure in the upstream reservoir 

is increased. The pressure transient is logged as the fluid flows across the sample to 
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the downstream reservoir. The permeability of the sample is calculated from the 

pressure transient. 

Jones (1997) explains that the most time consuming part of the conventional pulse 

decay technique is allowing the system to reach pressure equilibrium prior to the 

pressure pulse. Therefore, he designed a new set up which reduces this time by 

incorporating two additional larger reservoirs (100 cm
3
) along with two smaller 

reservoirs (5 cm
3
) (Figure 3.5). The larger reservoirs allowed the system to reach 

equilibrium faster, however, upon shutting valves 3 and 4; they would not contribute 

to the pressure decay leading to an overall faster experiment. 

 

Figure 3.5 Apparatus for the conventional pulse decay measurement designed by Brace et 

al. (1968) showing the presence of only two small volumes (V1 and V2) (top). The modified 

setup designed by Jones (1997) showing the presence of the two smaller volumes as well as 

two larger volumes.(bottom). The larger volumes (red box) allow the system to reach 

equilibrium faster whereas the smaller volumes (blue box) are used in the pressure decay 

therefore allowing for a faster experiment. 

To perform the pulse decay experiment, the dry core was placed into a jacketed core 

holder (A) and the end caps were shut tightly. The confining pressure was applied 

using the hand pump (B) (Figure 3.6) where a range of confining pressures were 



57 

used (Table 3.3). Oil was used to confine the cores and helium gas was used as the 

permeant. 

The pore pressure entering the system was then increased using the gas cylinder (C) 

(Figure 3.6) where a range of pore pressures were used (Table 3.3). The system was 

left for 300 seconds to equilibrate; which is known as the soaking time. Once the test 

was started, the upstream, downstream, mean pressure and differential pressure were 

logged over time. Once the upstream and downstream pressures had equilibrated, the 

confining pressure, pore pressure and permeability were all recorded and the test was 

repeated at a higher confining pressure. 

 

Figure 3.6 Schematic drawing of the permeameter used during this study: core holders (A), 

Enerpac hand pump used to supply the confining pressure (B), the gas cylinder used to 

supply the pore pressure (C) and the two smaller volumes  - V2 , V1  and larger volumes - V0, 

V3. 

Table 3.3 Confining and pore pressures used in the pulse decay, steady state and draw down 

experiments for all samples. 

The steady state method used the same setup as the pulse decay experiment except a 

flow meter was used to measure the flow of gas through the core and different 

software was used to record the pressure changes during the experiment. The gas at a 

particular flow rate and pressure was introduced at the upstream end and over time, 

the differential pressure decayed as the gas flows from the upstream towards the 

downstream. Once the setup had reached equilibrium, the flow rate, differential 

Pulse decay Steady state Drawdown 

Confining 

pressure (psi) 
Pore pressure 

(psi) 

Confining 

pressure (psi) 

Confining 

pressure (psi) 

Pore pressure 

(psi) 

1500 1000 500 10,000 5000, 4000, 

3000, 2000, 

1000 
2500 250, 500, 1000 1500 

3500 250, 500, 1000  
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pressure and pore pressures were noted. By measuring the pressure drop across the 

core, a gas permeability was determined using Darcy equation. 

The pulse decay and steady state equipment was calibrated on a regular basis using 

plastic plugs of known permeability. Each plug has a fine capillary of known 

diameter embedded within it. Plots of measured vs calculated permeability show that 

in all cases the measurements were in agreement of the theoretical values (Figure 

3.7). 

 
Figure 3.7 Plot of measured and calculated permeability vs capillary diameter from a series 

of standards, as well as the uncertainties in the calculated permeability resulting from the 

0.5% uncertainties in the capillary diameter. The data shows that is all cases the 

measurement is in agreement with the theoretical values. 

To enable the permeability data to be more representative of reservoir conditions 

during production, drawdown tests (fixed CP and decreasing PP) were carried out 

using the setup depicted in Figure 3.8. The sample was placed into the core holder 

and the end platens tightly shut (D). The confining pressure was then increased using 

the foot pump (E) and the cores were subjected to a confining pressure that was close 

to the stress in the subsurface (Table 3.3). The experimental setup was similar to the 

PDP set up based on Jones (1997), except a positive displacement pump was used to 

regulate the pore pressure (F) and higher confining and pore pressures were used. 
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Figure 3.8 Drawdown setup showing the core holder (left) (D), foot pump used to apply the 

confining pressure (E), and the water pump used to regulate the pore pressure (F) 

(right).The set-up works the same way as the traditional pulse decay sown in Figure 3.6. 

The advantage of these methodologies is that the core plug is not damaged and the 

gas does not react with the rock; therefore, the core plug can be used for other 

measurements. The measurement is simple to carry out and both 1 and 1.5 in core 

plugs can be tested. However, the core must not be too short as this can create gas 

pockets or have any sharp edges as this can damage the core holder. The core plug 

must be free of any large vugs on the surface as these can act as flow paths leading to 

an over prediction of the permeability. 

 3.4.3 Saturating Cores with Brine 

Each core sample was saturated in brine that closely matched the reservoir brine 

(Table 3.4). This formed the basis for the electrical, NMR and brine permeability 

measurements. The NaCl was weighed out (200 or 300 g) using a top pan balance. 

The solid was dissolved in de-ionised water in a beaker and transferred to a 1 litre 

volumetric flask. The beaker was rinsed and the remaining contents were added to 

the flask. This was done to ensure all the salt was transferred. More de-ionised water 

was added to create exactly 1 litre of solution and the flask was then sealed and 

shaken. Subsequently, the cores were saturated with the brine under vacuum for 48 

hours, and then atmospheric pressure was applied so that the brine displaced the air. 

It was assumed that no more air was present within the core when no more air 
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bubbles were produced. To ensure the core was fully saturated, each core was placed 

under 1500 psi for 2 days to expel the remaining gas within the smaller pores. 

Finally, the samples were left in the brine in plastic containers and sealed with a lid 

to ensure the brine did not evaporate. 

Table 3.4 Brine compositions for each well used in this research where all wells except 

SHELL1 and 2 required 20% NaCl solution. 

Company/Well 

BP2, BP3, GDF1, GDF2, EBN3, EBN4, 

SHELL4, WIN1 WIN7, WIN9, 
SHELL1, SHELL2 

200g of NaCl in 100ml of de-ionised water: 

20% NaCl 

300g of NaCl in 100ml of de-ionised water: 

30% NaCl 

 3.4.4 Brine Permeability 

Brine permeability measurements were conducted using a pulse decay permeametery 

described by Amaefule (1986). To carry out the experiment, a fully saturated sample 

was placed into a core holder (A) which was housed in a temperature controlled 

environment and 1500 psi confining pressure was applied using the hand pump (B) 

and left to stabilise for 2 days (Figure 3.9). The 196 ml brine pump was filled with 

brine and a back pressure of 120 psi was applied to keep the pressure constant over 

the sample. 

The pressure on the pump was increased to 850 KPa (123 psi) and the brine was left 

to flow through the core for a few minutes. The upstream valve was then closed and 

the pressure in the pump was increased to 1350 Kpa (196 psi). The upstream valve 

was opened to allow brine to move through the sample and the pressure decayed 

from the upstream to the downstream reservoir back to the starting value. The 

upstream pressure, temperature and differential pressure as a function of time are 

monitored and automatically recorded. The permeability of the sample is determined 

using: 

 𝐾 =  (
𝜇 𝛽 𝑉1  𝐿

𝐴
)  𝑚 1000 Equation 3.11 

where is μ is the viscosity (cP), β is the water compressibility, V1 is the volume used 

(cm
3
), L is length (cm), A is area (cm

2
), m is slope of graph of change in pressure vs 

time using the method described in Amaefule (1986). 
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Figure 3.9 Schematic drawing of the set up used to measure the brine permeability. Core 

holder (A), hand pump supplying the CP (B), the upstream and downstream volumes, valve C 

to fill or empty the pump and the 4 valves used to perform the experiment. 

Comparisons of brine permeability measured in steady state conditions vs. pulse 

decay conditions are provided (Figure 3.10). Each point represents a different core 

plug and both techniques were applied to the same plug under similar stress 

conditions. It can be seen that all measurements are within a factor of 3 of each 

other. 

 

Figure 3.10 Steady state vs pulse decay brine permeability data showing the reliability of the 

brine permeability set up where all the measurements are in a factor of 3 of each other. 

An advantage of the experiment is that the core plug is not damaged. The 

disadvantages include the need to saturate the samples; therefore, experiments with 

gas cannot be performed afterwards. It is time consuming to set-up and run the 

experiment especially with tight rocks. The core must not be too short as this can 

create gas pockets or have any sharp edges as this can damage the core holder. The 

core plug must be free of any large vugs on the surface as these can act as flow paths 
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leading to an over prediction of the permeability. In addition, the brine could react 

with the minerals in particular the clays. 

 3.4.5 Electrical Properties 

Electrical resistivity measurements of the brine-saturated core plugs were taken at a 

frequency of 2 kHz using a Quadtech 7600 RLC meter (Figure 3.11). To perform the 

experiment a fully saturated sample was placed into a core holder and 1500 psi 

confining pressure was applied using the hand pump. In case a spacer is required, a 

metal one must be used to allow conductivity between the end platen and the sample. 

The resistivity meter was calibrated using a resistor of known resistance. If the 

correct reading was not displayed, an internal calibration was completed by first 

having the two electrodes apart (open) and secondly when they are connected to each 

other (closed). The resistor of was then reapplied to see if the correct value was 

displayed. 

The core plug was placed into the core holder and 1500 psi confining pressure was 

applied. A two-electrode set-up was used where electrically isolated silver-coated 

electrodes were placed at both ends of the core. The sample was allowed to reach 

equilibrium over 3 days while the resistance and temperature were monitored over 

time. The resistance at the laboratory temperature was corrected to reservoir 

temperature using Equation 2.12 in Section 2.9. Formation resistivity factor (FRF) 

and cementation exponent (m) were then determined after the sample had reached 

equilibrium using Equation 2.13 to 2.15 in Section 2.9. 

 

Figure 3.11 Schematic drawing of the set up used to measure the electrical properties. The 

core holder used to house the core plug, resistance meter used to measure the electrical 

properties hand pump used to supply the confining pressure and the thermometer used to log 

the temperatures inside the core plug to correct the data to reservoir temperatures. 

The advantages are that the core plug is not damaged during the experiment and it is 

easy to carry out as it involves little setup and the system requires minimal 
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observation. However, samples have to be saturated; consequently, experiments with 

gas cannot be performed afterwards. The experiment is very temperature sensitive 

and calibrations have to be performed which are time consuming especially with 

tight rocks. 

 3.4.6 Nuclear Magnetic Resonance (NMR) 

Brine saturated core plugs were analysed using a Maran Ultra NMR spectrometer. A 

brine saturated core plug was removed from the storage containers and excess brine 

was removed by rolling the core plug on a wet paper towel to ensure that the fluid 

did not get drawn out of the surface pores. The core plug was weighed to provide the 

saturated weight and wrapped in cling film to prevent the core from drying out. The 

core plug was placed in a sample holder and checked to ensure that the core plug sat 

within the centre of the magnetic field and then the core plug was placed into the 

NMR spectrometer. The system was started and left until the analysis was complete. 

The normalised signal vs the T2 was plotted to provide the pore size distribution 

(example: Figure 3.12). 

 

Figure 3.12 Normalised signal vs T2 for one core sample. The 33ms cut-off for sandstones is 

shown in red dividing the bound and moveable fluid. 

The NMR instrument was calibrated on a regular basis. This was done using a series 

of porous samples where each had a known pore size distribution and water content. 

In addition, the system was calibrated prior to each sample analysis using pure oil. 

Porosity, free fluid index: bulk irreducible water volume ratio (FFI/BVI) and T2 cut-

off was used to estimate the permeability. The two most widely used methods for 
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calculating permeability from NMR data and the ones used in this research are based 

on the Timur-Coates (Equation 3.12) and the Schlumberger Doll Research (SDR)
 

(Equation 3.13): 

 𝐾 = [(
∅

𝐶
)

𝑎

(
𝐹𝐹𝐼

𝐵𝑉𝐼
)]

𝑏

 Equation 3.12 

where ϕ is the helium porosity (%), C is the formation dependent variable, FFI/BVI 

is the ratio or bound to moveable water, a and b are the exponents which are usually 

a value of 2 and K is permeability (mD). 

 𝐾𝑆𝐷𝑅 = 𝐶∅𝑎 𝑇2𝑙𝑚
𝑏  Equation 3.13 

where KSDR is permeability (mD), T2lm is the geometric mean of the T2 distribution 

(s) and a and b are usually a value of 4 and 2 respectively. The advantages of this 

technique are that it can be used on a range of sample types from rocks to liquids. It 

requires little sample preparation, is rapid; does not destroy the sample and is 

automated. The disadvantages are that the instrument is expensive and experiments 

with gas cannot be performed after the samples are saturated. 
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Chapter 4 – Comparison of Core Plug Cleaning 

Methods 

4.1 Introduction  

Traditional methods to clean core plugs such as the Soxhlet extractor using 

dichloromethane (DCM)/ methanol could damage the microstructure of samples 

containing delicate clays due to the temperatures, harsh chemicals and exposure to 

air (McPhee et al., 2015). The exposure to air can cause interfacial tension between 

the gas and the liquid within the core plug (Evangelista et al., 2004). Therefore, it is 

recommended that such samples should be cleaned using critical point drying where 

temperature and pressure of the liquid solvent is increased to the critical point and it 

is possible to pass from a liquid to a gas without a change in state, this removes the 

interfacial tension (Evangelista et al., 2004). 

A comparison was made between four different cleaning methods - Soxhlet extractor 

with (i) DCM/methanol and (ii) toluene and critical point drying with CO2 and (i) 

methanol and (ii) acetone. The aim was to determine what effect different cleaning 

methods have on the petrophysical properties of TGS and especially the clay 

structure. The DCM/methanol and toluene are common cleaning solvents used in oil 

saturated rocks; acetone is useful for removal of water and methanol for salts. 

The methodology of the two cleaning processes is presented in Section 4.2 as well as 

the petrophysical properties performed after cleaning in Section 4.2.3. This is 

followed by the results in Section 4.3. A discussion is presented into whether the 

critical point drying method provides a more delicate cleaning procedure for the 

current TGS compared to the Soxhlet extractor and the main issues with the two 

methodologies in section 4.4. The work presented in this chapter is summarised in 

Section 4.5 together with recommendations for future work. 
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4.2 Methodology 

 4.2.1 Soxhlet Extractor with DCM/Methanol and Toluene 

Two Wintershall cores (WCA/WCB) were cored to produce four 2.5 cm diameter 

core plugs (Table 3.2). As DCM/methanol were used in Section 3.2.1, a comparison 

was therefore made between (i) DCM /methanol and (ii) toluene where two of the 

cores were cleaned with DCM/methanol and the other two with toluene. The reason 

for this was that although DCM/methanol and toluene both extract oil, they may 

affect the microstructure of the core in different ways due to their different boiling 

temperatures and chemical reactivities. 

The methodology used for Soxhlet extraction was presented in Section 3.2.2 and is 

based on the one presented in RP40 (API, 1998), however, some changes were made 

that are specific to this comparison. Firstly, DCM/methanol and toluene were used 

which have different boiling points of 40ºC and 110ºC respectively. Secondly, the 

samples used were left soaking in the solvent overnight before the solvent was 

circulated for a day, followed by a further day of soaking to ensure the sample was 

thoroughly cleaned. Thirdly, the core plugs were left to air dry instead of oven 

drying. This was because oven drying was thought to compress the clays and 

possibly cause fine clay to be dislodged, which can have a large effect on the 

permeability. 

 4.2.2 Critical Point Drying with CO2 and Acetone and Methanol 

Two cores (WCA/WCB) were cored to produce four 2.5 cm diameter core plugs 

(Table 3.2). The first step was to saturate the core plug with a polar solvent where 

two of the cores were saturated with acetone and the other two with methanol. The 

core plugs were left saturating for 24 hours under vacuum and then atmospheric 

pressure was applied so that the polar solvent displaced the air. The saturated sample 

was placed into the CO2 chamber (Figure 4.1) and the back pressure regulator was 

attached to the sample chamber (Figure 4.2). The length and diameter was confined 

to 2.5 cm due to the sample chamber size. 
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Figure 4.1 Sample cell chamber used to house the 1 inch core plug for the critical point 

drying method. The lower connector is to the back pressure and the inlet is from the CO2 

pump. 

 

Figure 4.2 Back pressure regulator set to 100 bars (1450 psi). The left connector went to the 

glass tube containing the DMSO-d6 and the right connector to the chamber containing the 

sample. 

The back pressure regulator was connected to a glass tube containing 5 ml of 

DMSO-d6 added using a pipette needle (Figure 4.3). DMSO-d6 is a tracer solvent as 

acetone, methanol and DMSO-d6 can be distinguished due to their different NMR 

peaks (Table 4.1). Therefore, DMSO-d6 was used to track the quantity of 

acetone/methanol removed over time. The glass tube was closed off with a rubber 

bung, this stopped the DMSO-d6 evaporating, however, small needles were attached 

to allow the CO2 gas to escape (Figure 4.3). 
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Figure 4.3 Glass tube containing 5ml of DMSO-d6 closed with a rubber bong and topped 

with needles to allow the CO2 gas to escape (left). DMSO-d6 frozen in the glass tube where 

it freezes at room temperature (right). This was resolved by placing the glass tube into a 

water bath.  

Table 4.1 NMR signals of acetone and methanol in DMSO-d6. As they have different signals 

they can be easily distinguished from each other (Gottlieb, 1997). 

Solvent NMR signal in DMSO-d6 

Solvent residual signal 2.5 

Acetone 2.1 

Methanol 3.2 

Liquid CO2 was allowed to flush through the sample for 1 hour. Then the cell and 

back pressure were increased to 100 bar (1450 psi) and left for 20 minutes. The 

temperature was then increased to 40°C to reach critical point. Then the pressure of 

the supercritical CO2 was decreased at a constant temperature of 40°C and allowed 

to flow through the sample to the glass tube at rate of 2 ml/minute. The CO2 was 

then bubbled into the glass tube containing the DMS0-d6. 

Throughout the experiment, 0.6 ml samples were taken out of the glass tube using a 

clean pipette, transferred to a NMR sample chamber and studied in a liquid NMR 

instrument. NMR samples were taken until no acetone/methanol was shown to be 

present in the glass tube. The NMR spectra were observed using MestReNova - a 

software that allows solvent peaks to be normalised and compared. The only issue 

with this experiment was that DMSO-d6 freezes at room temperature (Figure 4.3); 

this was prevented by placing the glass tube into a water bath. 
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 4.2.3 Petrophysical Analysis used to Test Cleaning Techniques  

Once the core plugs were cleaned, the samples went through a series of 

measurements (Figure 4.4); the methodologies for these measurements have been 

outlined in Chapter 3. Two cores were used for each solvent, porosity, gas 

permeability, brine permeability at 1500 psi, resistivity at 1500 psi and pore size was 

determined on the first core plug. Microstructural analysis, pore throat size and 

composition was determined on the second core plug. The mineralogy of two 

uncleaned core plugs were also analysed using QXRD to form a reference value. 

Though the analysis was performed on a selected number of TGS they contained the 

most delicate minerals e.g. illite. Therefore, if the critical point drying method is not 

important for these samples it will not be important for other tight gas sandstone 

samples that have similar quantities of delicate illite as well as those samples that 

contain less or no illite.  

 

Figure 4.4 Workflow for the cleaning comparison and the petrophysical properties studied 

after cleaning for each sample. 
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4.3 Results 

This section presents the NMR spectra for samples taken during the critical point 

CO2 drying (Section 4.3.1). A comparison between the petrophysical data conducted 

on the two cleaning methods is then presented. This includes - porosity, 

permeability, resistivity, pore size, composition, pore throat size and microstructure 

(Section 4.3.2 to 4.3.8). The dimensions and weights of the core plugs before and 

after cleaning and the NMR spectra observed using MestReNova are presented in 

Appendix A. 

 4.3.1 NMR Spectra Data  

Liquid NMR samples were studied to determine when the acetone and methanol had 

been removed from the core plugs during the critical point CO2 drying method. A 

table of the peak ratios between acetone, methanol and DMSO-D6 as well as the 

NMR spectra are presented in Appendix A, and an example of the decrease in the 

amount of acetone over time for WCA_4 is presented in Figure 4.5. The main 

observation is a decrease in each solvent over time relative to a normalised DMSO-

d6 value of 1. 

 

Figure 4.5 Graph of acetone amount in moles vs time in minutes for sample WCA_4. There 

is a decrease in acetone amount with time where it took approximately 20.8 hours for the 

acetone to be removed from the core plug. However, it is unclear what is happening between 

theses points as no data was collected. 
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 4.3.2 Porosity 

The grain volume, bulk volume and porosity for each sample is presented in Table 

4.2 along with their averages in Table 4.3. The percentage difference for grain 

volume for the two cleaning methods was 4.3%. The percentage difference for bulk 

volume from callipers for the two cleaning methods was 2%. This created an average 

porosity percentage difference of 24% (Figure 4.6). The percentage difference for 

bulk volume from mercury immersion was 2%. This created an average porosity 

percentage difference of 14%. The bulk volume and therefore porosity is higher for 

the callipers. In addition, the porosities (averaged from porosity 1 and 2) are 19% 

higher after cleaning with the critical point drying with CO2 (Figure 4.6). 

Table 4.2 Grain volume, bulk volume from calliper and mercury immersion, and porosity for 

each of the core plugs. 

Solvent Sample 

Grain 

volume 

(cm
3
) 

Bulk 

volume 

(Callipers) 

(cm
3
) 

Bulk volume 

(Hg 

immersion) 

(cm
3
) 

Porosity 

1 (%) 

Porosity 

2 (%) 

CO2 + Acetone WCB_1 11.4 12.9 12.7 12 10 

CO2 + 

Methanol 
WCA_2 12.8 14.9 14.7 14 12 

DCM/methanol WCB_6 12.9 14.4 14.3 9.9 9.7 

Toluene WCB_5 12.4 13.9 13.7 10 9.3 

Note: method 1: bulk volume from calliper, method 2: bulk volume from mercury immersion. 

Table 4.3 Average grain volume, bulk volume and porosity for the core plugs cleaned with 

the Soxhlet extractor and critical point drying methods 

Cleaning method Soxhlet extractor Critical point drying 

Solvent DCM/methanol Toluene Methanol Acetone 

Average grain volume (cm
3
) 12.7 12.1 

Average bulk volume (Callipers) 

(cm
3
) 

14.2 13.9 

Average porosity (%) 10 13 

Average bulk volume (Hg immersion) 

(cm
3
) 

14 13.7 

Average porosity (%) 9.5 11 
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Figure 4.6 Porosity using BV from Hg immersion vs porosity using BV from callipers. The 

samples cleaned using critical point drying with CO2 have higher porosities (blue) then 

those cleaned using the Soxhlet extractor (red). 

 4.3.3 Permeability 

The permeability was determined from 1500 to 3500 psi confining pressure for each 

core (Table 4.4). The apparent permeability and the Klinkenberg-corrected 

permeability decrease as the confining pressure increases (Figure 4.7). In addition, 

the permeability was lower by 49% for the cores cleaned with the Soxhlet extractor. 

Table 4.4 Apparent and Klinkenberg-corrected permeability for each of the core plugs. 

Sample 
Cleaning 

method 

Kap 

(md) 

1500 psi 

Kap 

(mD) 

2500 psi 

Kap 

(mD) 

3500 psi 

Kkl  

(md)  

1500 psi 

Kkl 

(mD) 

2500 psi 

Kkl 

 (mD) 

3500 psi 

WCB_1 CO2 + Acetone 0.029 0.019 0.013 0.026 0.019 0.013 

WCA_2 CO2 + Methanol 0.02 0.017 0.013 0.018 0.017 0.013 

WCB_6 DCM /methanol 0.012 0.0068 0.0067 0.011 0.0066 0.0068 

WCB_5 Toluene 0.014 0.01 0.007 0.0122 0.0097 0.007 

Note: Kap = apparent permeability and Kkl = Klinkenberg permeability. 
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Figure 4.7 Apparent and Klinkenberg-corrected permeability vs net stress for each sample 

showing the permeability is higher for those cleaned using the critical point drying with CO2 

method. 

The brine permeability ranges from 0.00029 to 0.0017 mD (Table 4.5 and Figure 

4.8). The brine permeability values are lower than the gas permeability values. The 

permeabilities are similar for WCA_2, WCB_5 and WCB_1 where WCA_2 has the 

highest permeability. WCB_6 has the lowest permeability, which is lower by 1 order 

of magnitude. 

Table 4.5 Brine permeability for each sample at 1500 psi confining pressure, the Kw 

represents brine permeability. 

Cleaning method Sample Kw at 1500 psi (mD) 

CO2 + Acetone WCB_1 0.0012 

CO2 + Methanol WCA_2 0.0017 

DCM/methanol WCB_6 0.00029 

Toluene WCB_5 0.0013 
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Figure 4.8 Brine permeability for each sample where WCB_6 has a lower permeability 

compared to the other samples. 

 4.3.4 Electrical Properties 

The resistivity and m both have a small difference of 2.2 and 0.3 respectively 

whereas, FRF has a larger range of 44 (Table 4.6). There is no pattern seen with the 

electrical data as WCB_1 and WCB_5 seem to have similar values despite their 

different cleaning methods. In addition, WCA_2 and WCB_6 have the lowest values 

which are different to WCB_1 and WCB_5. 

Table 4.6 Resistivity, formation resistivity factor (FRF) and cementation exponent (m) for all 

four core plugs. The samples in red have similar values despite their different cleaning 

methods and those samples in blue have lower different values  

Sample Solvent Resistivity (ohm-m) FRF (unitless) m (unitless) 

WCB_1 CO2 + Acetone 5.1 104 2.2 

WCA_2 CO2 + Methanol 2.9 60 2.1 

WCB_6 DCM/methanol 3.7 76 1.9 

WCB_5 Toluene 5.0 102 2.1 

 4.3.5 Nuclear Magnetic Resonance (NMR) 

A graph of the normalised signal vs the T2 relaxation is presented in Figure 4.9. The 

cores cleaned with the critical point drying with CO2 show the same overall pore size 

distribution as those cleaned using the Soxhlet extractor process. The only difference 

observed is a greater number of larger pores from the DCM/methanol cleaned core 

plug. 
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Figure 4.9 Normalised signal vs NMR T2 for all four cores along with the 33 ms T2 cut-off 

for sandstones in blue. The WCB_6 sample has some of the largest pores, however, there is 

no overall significant difference in the T2 distribution. 

 4.3.6 Quantitative X-ray Diffraction (QXRD) 

All the samples contain similar quantities of quartz and albite as the main two 

constituents and this did not seem to change with the cleaning procedure (Table 4.7). 

The amount of illite appeared to increase after cleaning in all cases, however, when 

the amount of illite and mica is combined, similar amounts are observed between the 

samples. There was no calcite identified in the unclean cores and the critical dried 

cores have less dolomite than the Soxhlet extractor cores. 

Table 4.7 QXRD data presenting the weight percentage of each mineral for all four core 

plug plus the composition of two unclean core plugs. The quartz and feldspar do not change 

much, calcite is only present after cleaning, the dolomite and mica decreases after cleaning 

and the illite increases after cleaning. 

Solvent Sample Quartz Albite Calcite Dolomite Mica 
Illite-

smectite 
Mica+illite 

Unclean WCA 68.5 7.8 0.0 7.3 12 6 18 

Unclean WCB 68.2 6.8 0.0 14 12 1.3 13 

Acetone WCA_4 68.3 8.6 1.6 5.8 8.3 6.4 15 

Methanol WCA_3 67.1 7.7 3.6 3.2 9.9 7.9 18 

DCM/methanol WCB_11 68.6 7.4 0.7 9 10 4.6 15 

Toluene WCB_2 70.0 7 0 10 11 4.1 15 
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 4.3.7 Mercury Injection Capillary Pressure (MICP) 

Mercury injection data was used to study the pore throat size distribution. The 

distributions for all the samples from the two cleaning methods do not seem to vary 

much where the pore throat ranges from 0.005 μm to 0.75 μm (Figure 4.10). In 

addition, the cumulative mercury saturations are all similar (Figure 4.11). 

 

 

Figure 4.10 Incremental intrusion vs pore radius (top) pore size distribution vs pore radius 

(bottom). The pore throat size distribution does not change significnatly.WCB_11 – DCM 

/methanol, WCB_2 – toluene, WCA_3 – methanol and WCA_4 – acetone. 
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Figure 4.11 Mercury pressure vs cumulative mercury saturation for the four core plugs. 

There is no significant difference seen between the pressure and mercury saturation 

implying the pore throat size are similar. 

 4.3.8 Scanning Electron Microscope (SEM) 

The SEM was used to compare the microstructure and especially the clay structure 

between the two cleaning methods. There is no difference in the microstructure 

between the four cores. The four samples have fine, sub-rounded to rounded grains 

and are poorly sorted. They all contain microfractures between grain contacts and the 

pores are connected by narrow pore throats. Fibrous illite is the only clay present 

(Figure 4.12). To further determine if the microstructure is consistent between the 

four core plugs broken surfaces were analysed (Figure 4.13). There appears to be no 

difference in the clay structure as the illite is well structured and there is no evidence 

of clay compression. 
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Figure 4.12 BSE images showing the pores filled with illite - methanol (green), acetone 

(red), toluene (blue), DCM/methanol (orange). The illite is well structured regardless of the 

cleaning method. 

 

Figure 4.13 Secondary image of fibrous illite present in a core cleaned using critical point 

drying and acetone (top left), methanol (top right), Soxhlet extractor and toluene (bottom 

left) and DCM/methanol (bottom right). The illite forms thick blades that are not 

compressed regardless of the cleaning method. 
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4.4 Discussion 

This section discusses the data presented in Section 4.3. It seeks to compare the data 

from the two cleaning methods to investigate if the petrophysical properties are 

affected by the cleaning methodology (Section 4.4.1). This is followed by a 

discussion of the issues encountered (Section 4.4.2).  

 4.4.1 Comparison of Cleaning Methods  

A comparison is made between the expected petrophysical properties to what was 

actually observed after cleaning with the Soxhlet extractor and critical point drying 

with CO2 (Table 4.8). In the critical point drying samples the clay structure was 

predicted to be better preserved and therefore the clay would infill more of the pores 

and pore throats. This would have caused an increase in the FRF and m values and a 

decrease in the porosity, permeability, pore throat size and NMR T2 values. There 

should have been no difference seen in the QXRD data as the cleaning procedure 

should not have affected the composition. 

Table 4.8 Comparison of the expected and observed petrophysical data from the two 

cleaning methods. 

Method Expected behaviour Observed behaviour 

Porosity 

CPD method would have a 

lower porosity than SE 

method 

CPD method had a higher 

porosity than SE method 

Permeability 

CPD method would have a 

lower permeability than SE 

method 

CPD method had a higher 

permeability than SE method. 

However, at higher pressures 

they start to converge to similar 

values 

Brine Permeability 

CPD method would have a 

lower permeability than SE 

method 

No distinct differences found 

Electrical properties 

CPD method would have a 

higher FRF and m values than 

SE method 

No distinct differences found 

NMR 

CPD method would have a 

short T2 value than the SE 

method 

No distinct differences found 

QXRD - clay 

CPD method would have a 

similar amount of clay as the 

SE method 

CPD method had a similar 

amount of clay as the SE method 

QXRD - dolomite 

CPD method would have a 

similar amount of dolomite as 

the SE method 

CPD method had less dolomite 

than the SE method  
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MICP 

CPD method would have 

smaller pore throats than the 

SE method 

No distinct differences found 

SEM 

The clay should be more 

persevered in the CPD than 

the SE method 

No distinct differences found 

Note: CPD – critical point drying and SE – Soxhlet extractor. 

No systematic differences in the petrophysical properties of samples cleaned in 

different ways could be observed. There is no evidence of flattening of clay in the 

Soxhlet extractor cleaned core plugs (Figure 4.12 and 4.13). The porosity was higher 

by 19% (2.3 porosity units) (Table 4.2) and the permeability was higher by 49% 

(0.009 mD) (Table 4.4) for core plugs cleaned by the critical point drying method. 

This is possible because the core plugs are from different depths so small variations 

in the porosity and permeability are expected.  

The brine permeability for WCB_6 cleaned with DCM and methanol is 80% lower 

than the other three samples (WCB_1, WCA_2 and WCB_5) (Table 4.5). This is due 

to an experimental error potentially related to how the experiment was performed as 

there is no evidence in the BSE images, clay amount, pore size or pore throat size to 

explain why the permeabilities should be different. There may also have been some 

air trapped in the system or the sample was not fully saturated. However, in relation 

to air trapped, the brine was flown through the system prior to the experiment and air 

was removed using a back pressure. In relation to the saturation of the core plug, 

precautions were made to ensure the sample was fully saturated (vacuum pump 

followed by 1500psi confining pressure and a back pressure) and the lack of 

saturation would have been identified in the electrical data yet WCB_6 has some of 

the lowest FRF and m values.. 

There was no clear relationship between the electrical properties and the cleaning 

methods (Table 4.6). The difference of 44 for the FRF could be related to the 

original dimensions, however, the length varied by 0.44 cm and the diameter by 0.02 

cm, therefore though the change in length can affect the final resistivity, the variation 

between the samples are not significant. Though the microstructure does not vary 

significantly between the four core plugs as observed by the NMR and MICP data, 

the T2 distribution for WCA_2 (methanol) and WCB_6 (DCM and methanol) is 

shifted more to the right and WCB_6 had more larger pores, this could account for 
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their lower FRF values. In addition, though the samples are homogenous there may 

be variations due to sample depth. 

The amount of mica plus illite as well as the amount of quartz and albite did not vary 

significantly between the cleaning methods (Table 4.7). This is expected as the 

samples are homogenous and from the same well though they are from different 

depths. Also the quantity of each mineral should not have changed as the solvents 

should not react with the minerals, it was predicted that only the structure of the 

minerals especially the clay would be affected. However, the calcite was not 

observed before cleaning but was observed after cleaning and the amount of illite 

appeared to increase after cleaning. These are experimental errors made during the 

analysis of the QXRD data. The change in illite content could reflect the difficulties 

distinguishing between illite and mica in QXRD, which poses questions on the 

reliability of the QXRD. 

The dolomite content was much lower for the cores cleaned using critical CO2, this 

could indicate that the CO2 dissolved the dolomite. However, no signs of dissolution 

were observed in the SEM images. The final conclusion was that WCB had more 

initial dolomite than WCA (Table 4.9). Neverthless, the core plugs appeared to lose 

some dolomite after cleaning (Table 4.7 and Table 4.9). This is not expected and 

poses questions on the reliability of the QXRD data. 

Table 4.9 Amount of dolomite before cleaning, after cleaning and the percentage difference 

between the three core plugs. The WCA samples have less dolomite at the start and the 

overall lose in dolomite is similar. The loss of dolomite with cleaning is unclear as there was 

no evidence of dolomite dissolution, it is therefore unclear how reliable the QXRD data is.  

Sample No cleaning (g) Cleaned (g) Difference (%) 

WCB_11 14 9.0 5.1 

WCB_2 14 10 4.0 

WCA_3 7.3 3.2 4.1 

This comparison implies that the current method of cleaning, Soxhlet extractor with 

DCM/methanol, is reliable. However, several publications have suggested that 

critical point drying results in less sample damage than other methods (Pallatt et al., 

1984; Martill, 1990; Knox, 2005; Hawkins, 2007; Christie, 2011). Hawkins (2007) 

stated that critical point drying is used to dry samples that are typically very fragile 

or wet, without deforming or collapsing the structure. It also avoids sample 
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degradation, which occurs with air or vacuum drying. However, when observing the 

illite structure in one of the first studies made using critical point drying by Pallatt et 

al. (1984), the illite observed appears weaker and not as well developed compared to 

the strong blade like illite present in the samples in this research (Figure 4.14). 

Therefore, the critical point drying method may be useful for samples with very 

fibrous and almost ‘cotton candy’ appearance but not for the samples studied within 

this research. 

 

Figure 4.14 BSE images of illite cleaned using critical point drying showing the delicate 

‘cotton candy’ appearance from Pallatt et al. (1984) which requires critical point drying 

(left). The thick blade like structure in the samples in this research (right) which can be 

cleaned using Soxhlet extractor. 

 4.4.2 Issues with the Critical Point Drying with CO2 Method 

A number of issues were identified during the critical point drying experiment. Some 

were solved within the time-frame but others should be considered in the future.  

 If the acetone or methanol left the glass tube containing the DMSO-d6 solvent 

faster than the acetone or methanol in the sample, the sample might be 

mistakenly assumed to be clean when it is not. This is a significant issue and 

could lead to large errors. Therefore once the volume of acetone/methanol has 

reach 0 ml the CO2 should be left flowing to ensure all the solvent is removed 

from the core plug. 

 The amount of acetone/methanol was logged over time, however, NMR samples 

were only taken roughly every hour, and therefore it was unclear what was 

happening between those periods of time. In the future, NMR samples should be 

taken at more frequent intervals. 



83 

 In the critical point drying method it was unclear if the sample was fully 

saturated right to the centre of the core, or if some of the solvent was still present 

in the core after cleaning especially in the centre. This could only be determined 

by quickly cutting the core in half and observing the colour changes, however, 

this could not be done as further analysis was conducted on the core samples 

after cleaning. 

 Overtime the level of the DMSO-d6 in the glass tube decreased, therefore the 

same amount of CO2 was being bubbled into less solvent. This was solved by 

making sure the glass tube contained enough DMSO-d6 at the start. 

 There could have been an uneven flow of CO2 around the sample if the space 

either side of the core was uneven. To solve make sure the core plug is flat and 

that it sits well in the core chamber. 

 Care was taken to ensure that the needles, glass tube, rubber bung and the NMR 

tubes were all cleaned by flushing with acetone followed by drying in an oven set 

at 100°C. However, some solution could remain in the needles leading to 

inaccuracies in the acetone levels in the NMR data, or adding to impurities in the 

sample saturated with methanol. The former was fixed by mixing the solvents in 

the glass tube prior to removing some of the solution with a pipette to ensure an 

even mix of solution was extracted. The latter was checked and no acetone peak 

was seen in the methanol rock data.  

 The exact amount of substances removed from the core could not be quantified 

except by the weight change. This was not a large issue as the main aim was to 

just remove the solvents from the core plugs. 
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4.5 Conclusion 

Before the cleaning comparison experiment was performed it was unclear if the 

Soxhlet extractor with DCM was a reliable cleaning method for TGS in terms of the 

effects on the clay structure. Therefore, in a comparison between the Soxhlet 

extractor with DCM/methanol and toluene and the critical point drying with CO2 

method with acetone and methanol was conducted. The latter method is thought to 

better preserve the microstructure because the temperature and pressure of the liquid 

solvent is increased to the critical point, which causes the meniscus to become 

flatter, indicating a reduction in the interfacial tension.  

The illite clay within the samples irrespective of the cleaning method was well 

structured and fibrous and there was no significant difference between the 

petrophysical data. This was thought to be because the illite in these samples was 

well developed and stronger than in the studies that said critical point drying is 

important. The work in this chapter has shown that in the future the Soxhlet extractor 

can be used to clean the samples as it does not seem to affect the clay structure.  

Nevertheless, only a few samples were studied so the data is not statistically strong 

and as these samples have a limited mineralogy, other samples with more complex 

mineralogy might be more affected. Further work is needed to apply these cleaning 

methods to a range of TGS rock types to demonstrate this. In addition, future work is 

needed to improve the QXRD methodology to ensure accurate data is being 

gathered. 
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Chapter 5 - Petrophysical Properties of TGS: 

Routine Core Analysis (RCA) 

5.1 Introduction 

Two of the most important aims in petrophysics is to obtain estimates of the porosity 

and permeability of reservoirs as they control the volume of hydrocarbons present 

and the rate at which they can be extracted. Estimation of likely production rates are 

particularly important for tight gas sandstone (TGS) reservoirs as they are often only 

marginally economic to develop so small differences in flow rate can mean the 

difference between making a profit and a loss. The marginal economics also means 

that it is important to cut time frames and costs in all stages of the value chain. One 

possibility is to reduce the amount of core taken as well as the extent of any core 

analysis program. It would therefore be desirable to be able to estimate porosity-

permeability relationships without taking core. For example, estimating properties 

based on microstructural analysis of cuttings which could provide a faster alternative 

to core plugs. 

A routine core analysis (RCA) program was carried out on 25 TGS samples (Table 

3.2 in Chapter 3) to determine their porosity, permeability, microstructure and 

composition and therefore to help determine what controls porosity and permeability 

and provide an estimate of permeability without core plugs. Samples were grouped 

based on mineralogical (type and amount of diagenetic deposit), depositional (grain 

size, shape, sorting and depositional environment) and microstructural (clay type and 

position) characteristics to provide better porosity-permeability relationships and 

therefore a better prediction of permeability. The accuracy of porosity determination, 

pore pressure equilibrium times during permeability measurements and a comparison 

of brine and gas permeability are also presented and discussed to compliment the 

data. 

A range of instruments such as electronic callipers, helium porosimeter, X-ray 

powder diffraction (QXRD) and scanning electron microscope (SEM) were used as 

well as techniques such as mercury immersion, pulse-decay and steady-state 

permeametry. A detailed methodology for each can be found in Chapter 3; however, 

a brief overview is presented in this chapter in Section 5.2. This is followed by the 

results where the accuracy of different methods is addressed (Section 5.3) and the 
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discussion of the main results (Section 5.4). The discussion seeks to bring together 

these results to understand them and compare how they agree or disagree with other 

published work. The work presented in this chapter is summarised in Section 5.5 

together with recommendations for future work. 

5.2 Methodology 

The following section presents a brief overview of the methodologies used for the 

RCA program. The core plugs were cleaned in the Soxhlet extractor with 

dicholomethane (DCM)/methanol at 39.6°C and dried in an oven for 24 hours at 

60°C. The core plugs were trimmed to produce off-cuts for polished thin sections. 

The thin sections were then coated in a thin layer of carbon prior to SEM analysis. 

The samples were then analysed using a FEI Quanta 650 SEM. 

A detailed analysis was then conducted to identify the texture (mineral distribution, 

grain size, shape, sorting and pore size), presence of microfractures, micro-porosity, 

authigenic and detrial phases present and the diagenetic history of the sample. Once 

an area of interest had been identified, the images were saved in an 8bit (256 grey 

levels) digital form. The remaining off-cuts were ground for QXRD analysis. The 

composition was determined using a Philips PW1050 at the University of Leeds. 

The remaining core plug material was used to determine the porosity and 

permeability. The porosity was determined from the bulk volume and grain volume. 

The bulk volume was measured using electronic callipers or mercury immersion. 

The grain volume was measured using a Quanta Chrome SPY-4 helium porosimeter. 

The dry weight and bulk volume were used to determine the bulk density and the dry 

weight and grain volume were used to calculate the grain density. The permeability 

was determined using both pulse-decay and steady-state methodologies. The 

confining pressure used in the pulse-decay experiment was 1500 psi and the pore 

pressure was 1000 psi. The confining pressure used in the steady state experiment 

was 500 psi. 

Subsequent to the gas flow measurements the core plugs were saturated with 20 and 

30% NaCl brine and brine permeability measured using steady-state or pulse decay 

permeametery. All brine permeability measurements were conducted at a confining 

pressure of 1500 psi. 
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 5.2.1 Controls on Porosity and Permeability 

The 25 TGS samples (Table 3.2 in Section 3.2.1) were divided based on - illite 

content and kaolin content, sorting, grain shape and grain size, depositional 

environment and clay type and position. The data for each of these properties was 

created from SEM and QXRD data. These properties were chosen as they may have 

a direct correlation with porosity and permeability. The properties were plotted as a 

third parameter on plots of permeability vs porosity. Some properties may affect 

porosity and permeability differently because porosity is related to the total amount 

of pore space whereas permeability is related to the size and connectivity of those 

pores. 

5.3 Results 

This section presents the porosity and permeability of TGS (Section 5.3.1 to 5.3.3), 

microstructure and diagenetic history (Section 5.3.4) and QXRD composition 

(Section 5.3.5). Most of the data is presented within this section though the 

dimensions, dry weights, bulk volume, bulk and grain density data of each sample is 

presented in Appendix B. The table of data for the controls on porosity and 

permeability are presented in Appendix C. 

 5.3.1 Porosity 

There is a positive correlation close to the 1:1 line between the bulk volume 

measured using callipers and that obtained using mercury immersion (Figure 5.1). 

The arithmetic average is 55.6 cm
3
 and 54.8 cm

3
 for callipers and mercury 

immersion respectively. The bulk volume from callipers was 1.4% higher than the 

bulk volume using mercury immersion (Table 5.1). 
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Figure 5.1 Bulk volume from mercury immersion as a function of bulk volume from callipers 

with the arithmetic average in green. The two methods of bulk volume determination are 

consistent; however a systematic scatter is seen with a lower bulk volume from mercury then 

the callipers. 

Table 5.1 Range, arithmetic average, percentage difference and the standard deviation 

between the bulk volume methods. The bulk volume from callipers is on average 0.8 cm3 

larger. 

 
Callipers (cm

3
) Mercury immersion (cm

3
) 

Range 45 – 63 44 – 62 

Arithmetic Averages 55.6 54.8 

Difference (%) 1.4 

Standard deviation 8.4 8.1 

The porosity measured using the calliper bulk volume is on average 6.2% larger than 

the porosity using a bulk volume from mercury immersion. The largest difference 

between the porosity using a bulk volume from calliper vs. mercury immersion was 

40% (Table 5.2). The differences are systematic as all the samples are affected in the 

same way (Figure 5.2). Nevertheless, the R
2
 value is 0.98 implying the two methods 

agree well. 
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Table 5.2 Porosity 1 - a bulk volume from calliper and porosity 2 – a bulk volume from 

mercury immersion along with the percentage difference for each sample. The porosity from 

method 1 is always lager than porosity 2. 

 Sample Porosity 1 (%) Porosity 2 (%) Difference (%) 

BP2_5 5 3 40 

BP3_1 13 13 0 

BP3_4 17 15 11.8 

BP3_5 16 15 6.25 

BP3_6 15 14 6.7 

EBN4_10 8 7 12.5 

SHELL4_370 15 13 13.3 

GDF1_1 10 9 10 

GDF1_6 5 5 0 

GDF1_7 10 9 10 

GDF2_4 11 10 9.1 

WIN9_5 6 5 16.7 

Notes: as the mercury penetrometer was only available later in the research some samples 

were not studied. 

 

Figure 5.2 Porosity using BV from mercury immersion as a function of the porosity using 

BV from callipers (GV: grain volume and BV: bulk volume). The higher calliper bulk volume 

produces a higher porosity, however, the two methods agree well with a R2 value of 0.98. 

The sample highlighted in purple has a higher helium porosity due to errors in the original 

bulk volume. 

 5.3.2 Permeability 

The permeability of the cores ranges from 0.0012 to 4.1 mD at 500 psi net stress 

(Table 5.3). The arithmetic average is 0.77 mD with a standard deviation of 1.05. 

The brine permeability ranges from 0.0001 mD to 0.18 mD at 1500 psi confining 

pressure (Table 5.4). The arithmetic average is 0.03 mD with a standard deviation of 
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0.046. The brine permeability was compared to the gas permeability where on 

average the brine permeability was 90% lower than the gas permeability (Figure 

5.3). The trend is good with a R
2
 value of 0.77, however, there is scatter around the 

trend. 

Table 5.3 Gas permeability measured at 500 psi net effective stress for all 25 core plugs 

ranging from 0.0098 to 4.1 mD. 

Sample Kg 500 psi (mD) Sample Kg 500 psi (mD) 

BP2_2 0.13 SHELL2_1B 0.5 

BP2_3 1 SHELL4_202 0.3 

BP2_5 9.80E-03 SHELL4_370 1 

BP3_1 0.7 SHELL4_389 0.9 

BP3_4 1.1 SHELL4_409 0.0012 

BP3-5 0.95 GDF1_1 1.3 

BP3_6 1.3 GDF1_6 9.60E-03 

EBN3_40 1.4 GDF1_7 4.1 

EBN4_10 0.04 GDF2_4 3.6 

SHELL1_83E 0.003 WIN4_26 0.1 

SHELL1_111 0.02 WIN5_16B 0.03 

SHELL1_216B 0.03 WIN9_5 9.20E-03 

SHELL2_9B 0.6     

Notes: The samples in red were measured using the pulse-decay method and those in blue by 

the steady-state method. 

Table 5.4 Brine permeability measured at 1500 psi confining pressure for all 25 core plugs. 

ranging from 0.0001 to 0.18 mD. 

Sample Kw at 1500psi (mD) Sample Kw at 1500psi (mD) 

BP2_2 0.043 SHELL2_1B 0.051 

BP2_3 0.018 SHELL4_202 0.006 

BP2_5 0.001 SHELL4_370 0.047 

BP3_1 0.017 SHELL4_389 0.004 

BP3_4 0.04 SHELL4_409 0.001 

BP3-5 0.04 GDF1_1 0.03 

BP3_6 0.03 GDF1_6 0.003 

EBN3_40 0.16 GDF1_7 0.056 

EBN4_10 0.005 GDF2_4 0.18 

SHELL1_83E 0.0001 WIN4_26 0.001 

SHELL1_111 0.0003 WIN5_16B 0.001 

SHELL1_216B 0.001 WIN9_5 0.001 

SHELL2_9B 0.047     
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Figure 5.3 Absolute brine permeability as a function of the absolute helium permeability for 

all 25 samples. The brine permeability is 91% lower than the gas permeability the data 

provides a moderate tend line with a R2 value of 0.77. 

 5.3.3 The Effect of Pore Pressure Equilibrium Time on Permeability 

It was unclear how much time is needed for a sample to reach stress and pore 

pressure equilibrium after the confining pressure has been applied and before the gas 

has been allowed to flow from the upstream and downstream volumes. Therefore, a 

comparison was made between the permeability with 24 hours of pore pressure 

equilibrium and without pore pressure equilibrium with decreasing (unloading) and 

increasing (loading) pore pressure whilst keeping the confining pressure stable at 

3500 psi (Figure 5.4 and Table 5.5). The largest percentage difference between the 

permeability values was found to be 25%. The largest difference occurred at a pore 

pressure of ~1000 psi in both the unloading and loading experiments. 
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Figure 5.4 Plot of absolute permeability as a function of pore pressure. An increase in pore 

pressure in red and a decrease in pore pressure in blue both with and without pore pressure 

equilibrium with a constant confining pressure of 3500 psi. The largest difference was 25%.  

Table 5.5 Percentage differences between the permeability when the core has experienced 

pore pressure equilibrium and one that has not during a loading and unloading experiment. 

Net stress 

(psi) 

~300 

(psi) 

~400 

(psi) 

~700 

(psi) 

~1000 

(psi) 

No pore pressure equilibrium (mD) 0.01 0.01 0.012 0.013 

Pore pressure equilibrium (mD) 0.008 0.008 0.009   

Difference (%) 20 20 25   

Net stress 

(psi) 

~1000 

(psi) 

~700 

(psi) 

~400 

(psi) 

~300 

(psi) 

No pore pressure equilibrium um (mD)  0.01 0.01 0.01 
 

Pore pressure equilibrium (mD) 0.008 0.008 0.009 0.01 

Difference (%) 20 20 10 
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 5.3.4 Microstructural Analysis Results 

This section presents the results of the analysis of off-cuts using SEM. The 

microstructure of samples from each well are described individually. Descriptions 

are supplemented with BSEM images that have the following abbreviations for each 

mineral: Qtz – quartz, F – feldspar, K – kaolin, I – illite, Dol – dolomite, Ferro-dol – 

dolomite overgrown with ferroan dolomite, Sid- siderite, M – mica, C – chlorite.  

5.3.4.1 BP2 

BP2_2, 2_3 and 2_5 have silt to coarse, sub-rounded to sub-angular and well sorted 

to moderately sorted grains. The main minerals are quartz, feldspar, kaolin, illite and 

dolomite (Figure 5.5). The samples experienced the precipitation of dolomite rhombs 

during shallow burial, which were overgrown by ferroan dolomite during deeper 

burial. The samples contain moderate quantities of kaolin, which infills the 

macropores (Figure 5.6). The kaolin precipitated after the dolomite but before the 

end of ferroan dolomite precipitation. The samples then experienced moderate 

amounts of quartz precipitation; the quartz cement occurs as outgrowths (Figure 5.7) 

and discontinuous overgrowths. The samples have experienced some K-feldspar 

dissolution and contain some large secondary pores that were probably created either 

by the dissolution of K-feldspar or some other aluminosilicate (Figure 5.8). In 

addition, microfractures that are around 1 μm wide are present between grain 

contacts (Figure 5.8). The main process responsible for a reduction in porosity and 

permeability of this well is quartz and kaolin cementation. 

  

Figure 5.5 BSE image showing the general mineralogy of a sample from well BP2. 
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Figure 5.6 BSE image of BP2_2 showing the kaolin infilling the pores (green arrow). 

 

Figure 5.7 BSE image of BP2_3 showing quartz outgrowths (red arrow).  

 

Figure 5.8 BSE image of BP2_3 showing the presence of feldspar dissolution (red arrow) 

and the microfractures present between grain contacts (blue arrows).  

F 
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5.3.4.2 BP3 

BP3_1, 3_4, 3_5, 3_6 have fine to medium, sub-rounded to sub-angular and well 

sorted grains. They all contain mostly quartz, feldspar and kaolin clay (Figure 5.9). 

The kaolin, which occurs as 10 µm stacks that occupy around 50% of the volume of 

most macro-pores present, precipitated before the quartz cement (Figure 5.10). The 

sample also contains small amounts of grain coating chlorite (Figure 5.11), which 

precipitated before the quartz. The samples have experienced some K-feldspar 

dissolution and they contain some large secondary pores that were probably created 

either by the dissolution of K-feldspar or some other aluminosilicate (Figure 5.11). 

The authigenic quartz occurs in moderate quantities (5-8%) as outgrowths and 

discontinuous overgrowths (Figure 5.12). The main diagenetic processes that have 

affected this well are kaolin and quartz cementation. 

 

Figure 5.9 BSE image showing the general mineralogy of a sample from well BP3. 

 

Figure 5.10 BSE image of kaolin infilling the pores in BP3_6 (red arrow). 
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Figure 5.11 BSE image of pore filling kaolin (red arrow), chlorite (blue arrow) and feldspar 

dissolution (green arrow) in BP3_4 (left) and pore lining chlorite (red arrow) (right) in 

BP3_6. 

 

Figure 5.12 BSE image of BP3_4 showing quartz overgrowths (red arrow), outgrowths 

(green arrows) and microfractures that are around 1 μm between grain contacts (blue 

arrows). 

5.3.4.3 EBN3 

The EBN3_40 sample has medium, round and well sorted grains (Figure 5.13) and 

contains mostly quartz, feldspar and illite. The quartz occurs mainly as outgrowths; it 

occupies <3% of the rock volume (Figure 5.14 and Figure 5.15). The illite occurs as 

grain coating phase and infiltrating clays (Figure 5.15). It probably formed by the 

alteration of detrital or early authigenic clays such as kaolin during deep burial. 
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Some samples also contain small amounts of siderite and anhydrite cements, which 

appear to have formed after the authigenic quartz. The main diagenetic process to 

affect this well is illite precipitation; which had a large impact on reservoir quality. 

 

Figure 5.13 BSE image showing the general mineralogy of a sample from well EBN3. 

 

Figure 5.14 BSE image of quartz outgrowths (blue arrow). 
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Figure 5.15 BSE image of EBN3_40 showing illite clay surrounding the grains, 

microfractures that are around 1 μm between grain contacts (blue arrow), feldspar 

dissolution (purple arrow), infiltrated clay (red arrow) and quartz outgrowths (green 

arrow). 

5.3.4.4 EBN4 

EBN4_10 has fine, sub-angular and moderate to well sorted grains and contain 

mostly quartz, feldspar, kaolin and siderite (Figure 5.16). The siderite occurs as 

~100-200µm zoned rhombs that appear to have precipitated at relatively shallow 

depths (Figure 5.16). Most pores are filled by kaolin, which is both detrital and 

authigenic in nature (Figure 5.17). In addition to these cements all samples contain 

small to moderate amounts (~1-5% of the rocks volume) of authigenic quartz, which 

occurs as both outgrowths and overgrowths (Figure 5.18). Microfractures are also 

present between grain contacts. The main diagenetic process to affect this well is 

mechanical compaction as well as the precipitation of siderite and kaolin. 
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Figure 5.16 BSE image showing the general mineralogy of a sample from well EBN4. 

 

Figure 5.17 BSE image of EBN4_10 showing kaolin (red arrow) and siderite (blue arrow) 

infilling the pores. 

 

Figure 5.18 BSE image of EBN4_10 showing quartz overgrowths (red arrows) and 

outgrowths (blue arrows). 
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5.3.4.5 GDF1 

GDF1_1, 1_6, 1_7 have very fine to medium, sub-angular and very well to 

moderately sorted grains and they all contain mostly quartz, feldspar, kaolin and 

dolomite (Figure 5.19). The first diagenetic process to affect the samples was 

dolomite cementation. The dolomite occurs as 50-100 µm rhombs that are 

overgrown by ferroan dolomite (Figure 5.20). The kaolin precipitated after the 

dolomite but is partially overgrown by ferroan dolomite suggesting that the two 

phases overlapped (Figure 5.20). The ferroan dolomite/ankerite appears to have 

precipitated over an extended period of the samples burial history with some 

evidence suggesting that it continued after the start of quartz cementation. Quartz 

cement is present in all samples and occurs as syntaxial overgrowths on detrital 

quartz grains (Figure 5.21). The main diagenetic process to affect this well is 

dolomite and kaolin cementation. 

 

Figure 5.19 BSE image showing the general mineralogy of a sample from well GDF1. 
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Figure 5.20 BSE image of GDF1_6 showing the presence of kaolin (yellow arrow), dolomite 

overgrown with ferroan-dolomite (red arrow), quartz overgrowing the kaolin (green arrows) 

and microfractures that are present between grain contacts (blue arrow). 

 

Figure 5.21 BSE image of GDF1_7 showing the presence of quartz overgrowths (red 

arrow). 

5.3.4.6 GDF2 

GDF2_4 has fine to medium, sub-angular and moderate sorted grains (Figure 5.22) 

and contains mostly quartz, feldspar, kaolin, dolomite siderite and barite. The first 

diagenetic process to affect the samples was dolomite cementation. The dolomite 

occurs as ~10-20 µm rhombs that are overgrown by large amounts of ferroan 

dolomite (Figure 5.23). The kaolin precipitated after the dolomite but is partially 

overgrown by ferroan dolomite suggesting that the two phases overlapped (Figure 

5.23). The ferroan dolomite appears to have precipitated over an extended period of 

the samples burial history with some evidence suggesting that it continued after the 
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start of quartz cementation. Quartz cement is present in all samples and occurs as 

both overgrowths and outgrowths (Figure 5.24). The quartz can be observed to have 

been overgrown by both siderite and barite although these cements are not 

volumetrically important (Figure 5.25). The main diagenetic process to affect this 

well is dolomite and kaolin cementation. 

 

Figure 5.22 BSE image showing the general mineralogy of a sample from well GDF2. 

 

Figure 5.23 Pore filling kaolin (red arrow) partially overgrown by ferroan-dolomite (blue 

arrow). 
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Figure 5.24 BSE image of quartz overgrowths (red arrows), outgrowths (green arrows) and 

microfractures between grain contacts (blue arrows). 

 

Figure 5.25 BSE image of barite (red arrow) overgrowing quartz (blue arrow). 

5.3.4.7 SHELL1 

SHELL1_83, 111 and 216 have very fine to medium, sub-rounded to sub-angular 

and moderate to well sorted grains (Figure 5.26). The samples experienced the 

precipitation of dolomite (Figure 5.27) and a Fe-Mg-rich clay (chlorite) during 

shallow burial. The samples experienced extensive minor quartz, illite, and 

dolomite/ankerite during deeper burial. The illite and chlorite occur as grain coats 

and pore filling cements (Figure 5.28). Diagenetic quartz occurs in small quantities 

(<2%) and generally occurs as outgrowths; its precipitation has been inhibited due to 

the large quantities of clay present. The main diagenetic processes to have affected 

the samples are the precipitation of authigenic dolomite, chlorite and illite. 
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Figure 5.26 BSE image showing the general mineralogy of a sample from well SHELL1. 

 

Figure 5.27 BSE image of SHELL1_83 showing the presence of dolomite overgrown with 

ferroan-dolomite (red arrow) and microfractures present between grain contacts (blue 

arrow). 

 

Figure 5.28 BSE image of SHELL1_111 showing the presence of pore lining illite (red 

arrow) and pore filling chlorite (blue arrow). 
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5.3.4.8 SHELL2 

SHELL2_1, 9 have fine to medium, sub-rounded and moderate to well sorted grains 

(Figure 5.29) and contain mostly quartz, feldspar, illite and dolomite. The samples 

experienced infiltration of clays (Figure 5.30), precipitation of dolomite (Figure 

5.31) and K-feldspar overgrowths (Figure 5.32) during shallow burial. The samples 

also experienced extensive diagenesis producing significant quantities of quartz, and 

small but variable amounts of ferroan dolomite, chlorite and illite during deeper 

burial. The main diagenetic process to have affected the samples is the precipitation 

of authigenic quartz, which accounts for between 2 and 11% of the pore volume. The 

authigenic quartz occurs as both outgrowths and a pore filling cement (Figure 5.30 

and Figure 5.33).  

 

Figure 5.29 BSE image showing the general mineralogy of a sample from well SHELL2, the 

blue arrow shows the dolomite. 

 

Figure 5.30 BSE image of SHELL2_1B showing quartz outgrowths (red arrow) and clay 

infiltration (blue arrow). 
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Figure 5.31 BSE image showing the presence of dolomite outgrown by ferroan-dolomite in 

SHELL2_1B (red arrow). 

 

Figure 5.32 BSE image of SHELL2_9B showing K-feldspar overgrowths (red arrow). 

 

Figure 5.33 BSE image showing pore-filling quartz cement (red arrow), quartz outgrowth 

(blue arrow) and clay infiltration (green arrow) in SHELL2_1B. 
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5.3.4.9 SHELL4 

SHELL4_202, 370, 389 and 409 have fine to coarse, sub-rounded to sub-angular and 

moderate to well sorted grains (Figure 5.34) and contains mostly quartz, feldspar and 

illite. The main diagenetic processes to affect the samples were the precipitation of 

magnesite during shallow burial (Figure 5.35) and hairy grain-coating illite during 

deep burial (Figure 5.36). The samples contain quartz outgrowths but these are 

generally not well developed due to the large amount of illite present (Figure 5.37). 

However, in some samples, lamina are present that contain larger concentrations of 

pore filling quartz cement. The magnesite occurs as a pore filling cement that it often 

far larger than the pore-size suggesting that it grew in a displacive manner during 

shallow burial. Small amounts of chlorite were also observed, which is intergrown 

with the illite. It is possible that the chlorite replaced an early authigenic clay such as 

Fe-Mg chlorite 

 

Figure 5.34 BSE image showing the general mineralogy of a sample from well SHELL4. 

 

Figure 5.35 BSE image of magnesite (red arrow). 
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Figure 5.36 BSE image of grain coating illite (red arrow).  

 

Figure 5.37 BSE image of SHELL4_202 showing quartz outgrowth and cement (red arrow), 

microfractures between grain contacts (blue arrow), grain coating illite (green arrow) and 

feldspar dissolution creating secondary pores (purple arrow). 

5.3.4.10 WIN4 

WIN4_26 has medium, sub-rounded and well sorted grains (Figure 5.38) and 

contains mostly quartz, feldspar, illite and dolomite. The first diagenetic processes to 

affect this samples was the precipitation of small to moderate quantities of dolomite 

during shallow burial; it occurs as around 100 µm rhombs, which were overgrown 

by Fe-rich dolomite (Figure 5.39). The samples then experienced the precipitation of 

moderately large quantities (5-10%) of quartz where the quartz cement occurs as 

overgrowths and as a pore filling cement (Figure 5.40). The final phase to precipitate 

was siderite (Figure 5.39). The low porosity and permeability of the samples is 

mainly a result of dolomite and quartz cementation. 
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Figure 5.38 BSE image showing the general mineralogy of a sample from well WIN4. 

 

Figure 5.39 BSE image showing the infilling of the pores with dolomite (red arrow) 

overgrown with ferroan-dolomite (blue arrow) and overgrown by siderite (green arrow). 

 

Figure 5.40 BSE of quartz overgrowth (red arrow) and quartz cement (blue arrow). 
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5.3.4.11 WIN5 

WIN5_16B has very fine to medium, sub-rounded and well sorted grains and 

contains mostly quartz, feldspar and illite (Figure 5.41). The first diagenetic 

processes to affect this sample was the precipitation of small to moderate quantities 

of dolomite during shallow burial; it occurs as ~30 µm rhombs, which were 

overgrown by Fe-rich dolomite (Figure 5.41). The samples then experienced the 

precipitation of small amounts of quartz cement, which mainly occurs as outgrowths 

due to the presence of grain-coating clays (Figure 5.42). The final diagenetic process 

to affect these samples was the precipitation of large quantities (>5%) of illite during 

deeper burial (Figure 5.42). The low permeability of the samples is mainly due to 

illite cementation. 

 

Figure 5.41 BSE image showing the general mineralogy of a sample from well WIN5; note 

the presence of dolomite overgrown with ferroan-dolomite (red arrow). 

 

Figure 5.42 BSE image of WIN5_16B showing the presence of quartz outgrowths (red 

arrows), grain coating illite (blue arrows) and feldspar dissolution with secondary pores 

(green arrows). 
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5.3.4.12 WIN9 

WIN9_5 has medium, sub-angular and well to moderately sorted grains (Figure 

5.43) and contains mostly quartz, feldspar, illite and siderite. The main diagenetic 

processes to impact the sample was mechanical and chemical compaction, quartz, 

kaolin, chlorite and illite precipitation. The sample experienced kaolin precipitation 

during shallow burial (Figure 5.44). The kaolin typically occurs as ~10 µm stacks 

that partially fill macro-pores and secondary porosity. The sample was cemented by 

quartz and illite during deep burial. The quartz occurs as both outgrowths and 

overgrowths (Figure 5.44). The illite has a hairy nature, which is particularly 

effective at blocking pore throats (Figure 5.44). Most samples contain significant 

secondary porosity and it is possible that the illite formed as a result of the 

dissolution of K-feldspar and kaolin. K-feldspar is no longer present in the samples 

suggesting that the reaction could have been limited by the amount of potassium 

available. The amount of soft lithoclasts is an important control on the diagenetic 

processes that have affected the sample (Figure 5.45). WIN9_5 contains large 

volumes of soft lithoclasts therefore it has experienced extensive mechanical 

compaction but does not contain large volumes of other cements.  

  

Figure 5.43 BSE image showing the general mineralogy of a sample from well WIN9. 
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Figure 5.44 BSE image of kaolin (red arrow), illite (blue arrow) both pore filling and quartz 

outgrowths (green arrow). 

 

Figure 5.45 BSE image showing soft lithofacies which have experienced enhanced 

mechanical compaction (red arrows).  

 5.3.5 Quantitative X-ray Diffraction (QXRD)  

The samples contained quartz ranging from 51 – 87%. There was also, albite (0 - 

7.3%); dolomite (0 – 13.9%), siderite (0 - 7.9%), mica (0 - 14%), microcline (0 – 

7.6%), pyrite (0.2 – 0.7%), magnesite (0 – 4.7%) and anhydrite (0 – 0.9%) in some 

samples. All the samples also contained clays, whose mineralogy varied between the 

wells but included illite (0 - 13%), kaolin (0 - 12%) and chlorite (0 – 8%). A bar 

chart showing the minerals and their concentrations for each sample is presented in 

Figure 5.46. 
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Figure 5.46 Bar chart of the minerals and the concentrations for each sample showing the 

most common mineral in TGS is quartz (top) and quartz-free basis (bottom). 
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5.4 Discussion 

In this section, a comparison is made between calliper and mercury immersion bulk 

volume for porosity determination (Section 5.4.1). This is followed by an analysis of 

the pore pressure equilibrium for gas permeability (Section 5.4.2). Brine 

permeability is then compared to gas permeability and the differences between them 

are discussed (Section 5.4.3). The controls on porosity and permeability, 

permeability estimations using SEM and QXRD and a comparison between 

microstructure and reservoir flow rates are then studied (Section 5.4.4). Lastly, a 

survey of inaccuracies in RCA measurements is presented (Section 5.4.5). 

 5.4.1 Accuracy of Porosity Determination 

The bulk volume from callipers is larger than the bulk volume from mercury 

immersion (Figure 5.1), therefore, the former produces higher porosities (Figure 

5.2). There are limitations in both methodologies which can give rise to these 

differences in the bulk volume. It has been argued that the samples with vugs, 

fractures or unconsolidated material would have lower bulk volumes when measured 

using mercury immersion because mercury can enter the pores (API, 1998; McPhee 

et al., 2015; Taylor and Wardlaw, 1975). However, mercury does not enter cracks 

spontaneously under ambient stress conditions because it is a non-wetting fluid; 

therefore, these effects are only minor unless the fractures are large. The core plugs 

observed in this research did not contain any large fractures or vugs on the surface. 

Air can be trapped around the sample when the core plug is immersed in the mercury 

(API, 1998), this would increase the overall volume of the sample. However, in this 

research, the bulk volume from mercury immersion is lower than that of the calliper. 

API (1998) argues that callipers cannot be used on unevenly shaped cores as not all 

the irregularities in the core shape are taken into account leading to high bulk volume 

values. Improvements can be made by making several measurements and taking 

averages. Similarly, Lin (2015) argued that the convex surfaces within the gabbro, 

granite, sandstone, tuffs and metal samples produced higher calliper bulk volumes 

(Figure 5.47). Likewise, Manger (1966) showed that core samples that are not 

precisely shaped can be expected to have overestimated bulk volumes. 
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Figure 5.47 A comparison between three bulk volume methods showing a good 1:1 

correlation, however, the callipers show a higher BV value compared to the two other 

methods (Lin, 2015). 

Visual observation of the core plugs used within this research show that some of the 

surfaces are irregular and some of the core plugs are bulged. Variations in results are 

still present even when the diameter and length are measured several times and 

averaged. In contrast, the limitations from the mercury immersion method do not 

seem to apply to the TGS studied within this research. The mercury would not be 

able to identify the irregular nature of the core plugs made by small undulations or 

lose of grains unless large vugs are created. Mercury immersion appears to be the 

best method to use for bulk volume determination which is supported by a number of 

authors (Jenkins, 1960; API, 1998; Kennedy, 2015; Ghanizadeh, 2015; McPhee et 

al., 2015). Consequently, the lack of imperfect cylindrical shape seems to be the 

most likely reason for the higher calliper bulk volumes in these TGS and that the 

calliper is the source of error. Nevertheless, an investigation is needed whereby the 

bulk volume and porosity are measured on core plugs with known bulk volumes and 

porosities to confirm this conclusion. 
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 5.4.2 Pore Pressure Equilibrium Time using Eclipse Model 

Eclipse is a finite element simulator able to model laboratory scale fluid flow 

through various media. In this research it was used to enable a comparison to be 

made between the permeability and the time required for pore pressure equilibrium 

to be achieved through a sample prior to a pulse decay permeability measurement. 

For this purpose models of core samples where constructed using a Cartesian grid. 

This means that radial core samples had to be represented by rectangular 

parallelepiped, therefore, the flow areas had to be the same.  

The errors obtained by Cartesian representation are minimal because once the flow 

areas are equalised there are no geometrical factors impacting the fluid flow. 

However, there may be errors regarding the heterogeneity of the core sample as it 

may contain different lithologies which in turn have different porosities and 

permeabilities. The model is not able to represent such detailed variation in rock 

properties, therefore, completely homogenous matrix was assumed.   

For the Eclipse simulation a 5 cm long sample was modelled having permeabilities 

from 0.01 mD to 1 nD and a porosity of 10%. The upstream and downstream 

volumes were 30 cm
3
 and the initial pressure was 1000 psi. The Eclipse simulation 

file can be found in Appendix B.  

As a result of the simulation, a power law relationship between the permeability and 

the pore pressure equilibrium time was derived (Figure 5.48). According to the 

samples studied in this research with permeabilities ranging from 0.00005 mD to 4.1 

mD, a maximum of ~11.4 hours is required for confining pressure equilibrium in the 

low permeability samples, but only ~0.5 seconds for the high permeability samples. 

This shows that (i) equilibrium time is important, (ii) equilibrium time increases with 

a decrease in permeability and (iii) one standard time should not be used for all 

samples. 
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Figure 5.48 Pressure as a function of time (top) and permeability as a function of time 

(bottom). The 5 modelled permeabilities are in blue and the largest and smallest 

permeability values from this research are in red. There is an increase in equilibrium time 

with a decrease in permeability. 

 5.4.3 Brine Permeability vs Gas Permeability 

The brine permeability was lower than the gas permeability by around an order of 

magnitude (Figure 5.3). There are many publications in the literature also reporting 

on samples having a lower permeability to brine than gas (Heid et al., 1950; Jones 

and Owens, 1980; Sampath and Keighin, 1982; Wei, 1986; Chowdiah, 1990; and 

Aben and Kurnitski, 2002). For example, Juhasz (1986) found that the brine 

permeability was three times lower than the gas permeability for the igneous rocks 

he was studying. Furthermore, Lokmane (2001) found that the liquid permeability 
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was 4.5 times lower than the intrinsic gas permeability for the fractured sandstones 

rocks he was studying. In addition, Heid (1950) showed that the lower the 

permeability, the greater the percentage difference between the permeability to liquid 

and the permeability to air at atmospheric pressure. Studies show that there is 

considerable scatter on plots of brine vs gas permeability (Lovelock, 1972; Sampath 

and Keighin, 1982; Pugh, 1991; Bloomfield and Williams, 1995) (Figure 5.49). 

 

Figure 5.49 Brine permeability as a function of gas permeability for 895 sandstone and 

carbonate samples. The brine permeability is lower than the gas permeability and there is a 

bit of scatter. This plot consists of sandstones, dolomites and limestones, the scatter is 

improved when the data is divided into each rock types (Pugh, 1991). 

A number of causes for the differences between gas and brine permeability have 

been proposed. An under-saturation of the core with brine may occur (Lovelock, 

1972; Bloomfield, 1995; Pugh et al., 1991; Lokmane, 2001). Therefore, some of the 

pores, especially the smaller ones could be filled with gas reducing the pore 

connectivity for the brine. This is however unlikely as all the samples within this 

research were saturated using a vacuum pump followed by 1500 psi confining 

pressure. In addition, a 200 psi brine back pressure would be sufficient to compress 

any remaining gas. 

Wei (1986), Pugh et al. (1991), Rahman (1994) and Bloomfield and Williams (1995) 

all associate this difference with the swelling of clays such as smectite or mixed 

layer illlite-smectite. This can cause a reduction in the pore throat size blocking the 

passage of brine. Nevertheless, within this research none of the TGS samples 
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contained any swelling clays where the main clays are illite and kaolin which do not 

expand as much as smectite (Table 5.6). 

Table 5.6 Clay mineral expansion for smectite, illite and kaolin where the smectite have a 

much larger swelling percentage then the illite and kaolin present in the samples in this 

research (Shamburger et al., 1975) 

 

Cleaning and drying of samples may cause delicate clays to break down and be 

entrained within the brine flow (Lovelock, 1972; Bloomfield and Williams, 1995). 

When these particles of clay start to aggregate, they block pores and reduced 

permeability, this is called flocculation (Waal et al., 1988 and Luffel et al., 1993). 

The critical salt concentration (CSC) is the salt concentration below which there is a 

release of particles (Khilar and Fogler, 1984; Blume et al., 2004). The CSC differs 

from sediment to sediment (Table 5.7) but it is also dependent on the size of the salt 

cations (Blume et al., 2004). If the salinity of the fluid falls below the CSC, the 

permeability is significantly reduced due to the release of particles (Khilar, and 

Fogler, 1984; Ochi and Vernoux, 1998). In addition, the release of particles is related 

to the electrostatic repulsion between the fluid and the solid surface i.e. the zeta 

potential (Gornicka et al., 2016). If the zeta potential is low, then flocculation can 

occur (Gornicka et al., 2016). 

Table 5.7 Na+ critical salt concentrations found in the literature from different types of 

matric (Blume et al., 2004) 

 

Khilar and Fogler (1984) and Lever and Dawe (1984) carried out experiments to 

demonstrate what effect changing the salinity of the fluid entering the rock had on 

the permeability (Figure 5.50 and Figure 5.51). They all found that when the fresh 
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water was passed through a core the permeability dropped by a factor of 100 (Khilar 

and Fogler, 1984). Once the flow of the freshwater reverses, the permeability re-

adjusts for a short period of time. This is because the clay particles are pushed back 

to the other side of the pores; therefore, the pores are no longer obstructed by clay. 

Finally, a rise in permeability is seen when the flow is changed back to a salt 

solution, this is because the CSC value is reapplied. 

 

Figure 5.50 Change in permeability due to flocculation of clay with a change in salinity of 

brine. The permeability decreases as the salt water is replaced by fresh water as the salinity 

drops below the CSC. There is a sudden increase in permeability as the flow of fresh water 

is reversed causing the clay particles to be pushed to the other side. Once the fresh water is 

replaced with the salt water the permeability does not increase until all the fresh water has 

been flushed out (Khilar and Fogler, 1984). 

 

Figure 5.51 Water sensitivity of the Hopeman Sandstone, from Clashach Quarry, Scotland. 

Permeability drops to less than 1 mD (red box) when distilled water is passed through the 

core plug due to clay flocculation as the salinity of the fluid drops below the CSC (Lever and 

Dawe, 1984). 
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A number of authors have stated that the release of particles is related to the 

electrical double layer. Changes in electrical double-layer thickness cause the loss of 

permeability (Aveyard and Hayden, 1973; Oiphen, 1977). Lever and Dawe (1986) 

wrote “that due to isomorphous substitution in the lattice, clay minerals generally 

have a net negative charge which is balanced by cations held weakly at the surface 

by Van der Waals forces”. As the cations are readily exchangeable, an electrical 

double-layer will form, the double-layer will be relatively compressed in a solution 

of high ionic strength and expanded in those of low ionic strength (Lever and Dawe, 

1986). Therefore, a reduction in salinity will cause a large expansion of the electrical 

double layer, adjacent particles will repel each other, and fines will be entrained in 

the fluid flow (Lever and Dawe, 1986). 

The salinity of the brine used within this research is high: 200 and 300 g of NaCl in 

100 ml of water (34.2-51.3 mol/L). These salinities greatly exceed the salinities 

stated by Khilar and Fogler (1984) and Lever and Dawe (1986) where flocculation is 

not occurring. This implies flocculation is not occurring in this research. However, 

when comparing the brine permeabilities for samples saturated at 20 and 30% NaCl 

there is no clear trend as those saturated with 30% and 20% NaCl have some of the 

smallest and largest permeabilities (Table 5.8). 

Table 5.8 Brine permeability ordered from lowest to highest permeability and coloured 

occurring to the salinity. There is no clear pattern as those samples with the highest salinity 

of 30% have some of the largest and smallest permeabilities. 

Sample Kw at 1500 psi (mD) Sample Kw at 1500 psi (mD) 

SHELL1_83E 0.0001 BP2_3 0.018 

SHELL1_111 0.0003 BP3_6 0.03 

BP2_5 0.001 GDF1_1 0.03 

SHELL1_216B 0.001 BP3_4 0.04 

SHELL4_409 0.001 BP3-5 0.04 

WIN4_26 0.001 BP2_2 0.043 

WIN5_16B 0.001 SHELL2_9B 0.047 

WIN9_5 0.001 SHELL4_370 0.047 

GDF1_6 0.003 SHELL2_1B 0.051 

SHELL4_389 0.004 GDF1_7 0.056 

EBN4_10 0.005 EBN3_40 0.16 

SHELL4_202 0.006 GDF2_4 0.18 

BP3_1 0.017     

Note: those highlighted in yellow are 30% NaCl and those highlighted in green are 20% 

NaCl. 
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The differences between gas and brine permeability do not appear to be due to a lack 

of saturation of the core plug or swelling of clay and there is no clear evidence to 

support or disprove clay flocculation. Other possibilities could be due to an 

overestimation rather than an underestimation by the gas permeability due to 

adsorption of gas onto the sample. The pulse decay machine cannot distinguish 

between pore permeability and adsorption, therefore, it assumes the decrease in gas 

is completely dependent on the pore permeability and hence the overall gas 

permeability is overestimated. However, this will not occur with helium as helium 

does not react with the mineral surface and adsorption would only happen with 

methane (Cui et al., 2009; and Fisher et al., 2016). 

The lower the permeability value of a sample, the higher the chance the permeability 

values could be inaccurate. However, the brine permeability was found to be 

underestimated at higher permeabilities in various publications but the effects were 

greater for the lower permeable samples. Therefore the difference may be artefacts 

of studying low permeability samples. The differences could also be due to 

experimental errors made during the data collection, however, this seems unlikely as 

the differences are systematic and these differences between gas and brine 

permeability are present in a number of publications. 

This research work is inconclusive as to the cause of the differences between gas and 

brine permeabilities. Flocculation appears not to be possible under the salinities 

used, nevertheless, future work is required to design an experiment to determine if 

flocculation is possible under the salinities used in this research. 

 5.4.4 Controls on Porosity and Permeability Trends 

This section presents the rock types generated using mineralogical, depositional and 

microstructural data. The mineralogical rock types include illite, kaolin and other 

diagenetic deposits like quartz, albite and dolomite (Section 5.4.4.1). The 

depositional rock types include grain sorting, grain shape and grain size as well as a 

variety of depositional environments (Section 5.4.4.2). The microstructural rock 

types include low clay content, pore filling clay and grain coating/bridging clay 

(Section 5.4.4.3). Permeability is estimated using SEM and microstructural data and 

flow rates are correlated with microstructure. 
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5.4.4.1 Mineralogical Controls  

Rossel (1982) implied that the surface area is highest in illlitic sandstone due to their 

thin thread like nature which causes the porosity to be lower than samples that 

contain kaolin and/or feldspar. The illite in the samples in this research form large 

fibrous blades and intertwine to form a large interconnected mass (Section 5.3.4), 

therefore, it is likely the illite will have a large surface area. However, when 

observing the illite content with porosity there is a slight increase in porosity with 

illite content and there is a lot of scatter and the trend is poor with a R
2 

value of 0.14 

(Figure 5.52). 

A number of authors state that illite surrounds grains and bridges pores therefore 

blocking pore throats and reducing the size and increasing the sinuosity of pathways 

(Stalder, 1973; Morris and Shepperd, 1982; Tiab and Donaldson, 1994; Wilson, 

2012; Nolen-Hoeksema, 2014). The illite in this research did surround and bridge 

pores as seen in the BSE images in Section 5.3.4 (for example Figure 5.15 and 

Figure 5.28). When observing the illite content with permeability there is no trend as 

there is a lot of scatter and the trend is very poor with a R
2
 value of 0.0003 (Figure 

5.52). 
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Figure 5.52 Illite as a function of porosity showing an increase in porosity with illite content 

(top) and permeability (bottom) showing poor trends with R
2
 values of 0.14 and 0.0003 

respectively. 

A number of authors state that the porosity and permeability decrease as the kaolin 

content increases (Stalder, 1973; Morris and Shepperd, 1982; Tiab and Donaldson, 

1994). This is because the kaolin forms dense ‘booklets’ and blocks pores, this is 

observed in this research as shown in Figure 5.6 and Figure 5.10 (Section 5.3.4). 

When observing the kaolin content with porosity and permeability there is a slight 

decrease in porosity and permeability with an increase in kaolin content but there is a 

lot of scatter and the trend is poor with a R
2
 value of 0.17 and 0.14 respectively 

(Figure 5.53). 
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Figure 5.53 Kaolin as a function of porosity (top) and permeability (bottom) showing a 

decrease in permeability and porosity with an increase in kaolin content, however, the trend 

is poor with R2 values of 0.17 and 0.14 respectively. 

The lack of relationship between illite and kaolin content with porosity and 

permeability in Figure 5.52 and Figure 5.53 is possibly because it is difficult to 

determine the amount of clay using QXRD (Pevear and Mumpton, 1989). Hillier 

(2000) stated that the composition in the sample may not be the same as that in the 

whole rock. QXRD also struggles to distinguish detrital from authigenic 

phyllosilicates and QXRD provides no indication of the pore-scale distribution of 

clay minerals which is a key control on permeability. Nevertheless, the latter can be 

obtained using SEM. This may imply the methodology used needs to be adjusted. In 
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addition, it could be due to experimental errors when carrying out the QXRD 

experiment which supports the inaccuracies seen in Chapter 4.  

An attempt was made to correlate other mineral amounts from QXRD with the 

porosity and permeability. Samples were scaled according to the quantity of quartz 

and dolomite (Figure 5.54). There is more quartz with higher permeabilities but there 

is some scatter, overall, no strong correlations were identified. Samples were then 

divided into a range of classes according to the minerals present (Figure 5.55). The 

different groups do occupy different regions in the porosity-permeability cross-plots 

for example, illite tends to have a low permeability for a given porosity, quartz 

samples have high permeabilities for a given porosity (supports Figure 5.54) and 

samples with dolomite and illite have low permeabilities for a given porosity. 

However, there is a lot of overlap and scatter making it difficult to estimate accurate 

permeability values. Therefore, this section implies that the type and amount of 

diagenetic deposit is not the main control on porosity-permeability trend. 

Nevertheless, the trends may improve if more samples were studied as currently 

some groups e.g. kaolin, only have one sample. 

 

Figure 5.54 Permeability as a function of porosity with points scaled according to the 

quantity of quartz and dolomite from QXRD. There is no obvious trend observed. 
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Figure 5.55 Permeability as a function of porosity scaled according to diagenesis from 

QXRD data whereby there is no obvious trend. 

5.4.4.2 Depositional Controls  

Theoretically, it is expected that a decrease in sorting should reduce permeability and 

porosity (Rogers and Head, 2006; Beard and Weyl, 1973; Cade et al., 1994; Njoku, 

2011) (Figure 5.56) because the smaller grains can infill the space between larger 

grains thus blocking pores and pore throats. Similarly, an increase in grain size 

should cause the permeability to increase as larger grains create larger pores (Nelson, 

1994; Njoku, 2011; Raza, 2015).  

 

Figure 5.56 Permeability as a function of porosity with grain size and sorting. The 

permeability for a constant porosity increases with sorting and grain size (Njoku, 2011). 
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The data in this research contradicts published studies (Beard and Weyl, 1973; Cade 

et al., 1994; Neslon, 1994; Rogers and Head, 2006; Njoku, 2011; Weibel, 2012; 

Raza, 2015), which claim that porosity and permeability depend on grain sorting and 

grain size. In particular, there is no obvious permeability vs porosity relationship 

with grain sorting (Figure 5.57), grain size (Figure 5.58) and grain shape (Figure 

5.59). The lack of relationship with grain sorting, shape and size is caused by 

extensive and diverse diagenetic alteration such as the formation of clay (Section 

5.3.4). This phenomena is mentioned in several other studies (e.g. Hans, 1967; 

Rittenhouse, 1973; Hower, 1974; Keighin, 1979; Wilson, 1994). The results of this 

diagenetic alteration has considerably changed the original pore size of the sediment 

within the sample. In comparison, the studies that developed the relationships 

between porosity, permeability and sedimentary fabric were conducted on 

unconsolidated material that had not experienced diagenetic alteration.  

 

Figure 5.57 Permeability as a function of porosity with the sorting mapped onto the 

distribution showing no clear trend. 
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Figure 5.58 Permeability as a function of porosity with the grain shape mapped onto the 

distribution showing no clear trend. 

 

Figure 5.59 Permeability as a function of porosity with the grain size mapped onto the 

distribution showing no clear trend. 

Some authors imply that as the texture does not play a major control on the porosity-

permeability relationships neither does the depositional environment (Boles and 

Franks, 1979; McGowen, 1994; Merleti, 2014). The lack of trend was also observed 

within this research (Figure 5.60). Nevertheless, the environment in which the 

sediments were deposited did originally control the porosity and permeability (Ali et 

al., 2010). Depositional environment may sometimes control the composition of the 

framework grains (Rezaee and Lemon, 1996), which in turn may impact later 
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diagenetic alteration (Rezaee and Lemon, 1996; Ali et al., 2010). In other words, 

theoretical reasons exist on why depositional environment could influence diagenetic 

processes (Rezaee and Lemon, 1996). 

 

Figure 5.60 Permeability as a function of porosity with each depositional environment 

showing no clear trend. 

5.4.4.3 Microstructural Controls 

Samples with pore bridging or pore lining illite have the lowest permeability as they 

can provide partial to complete barriers to fluid flow (Neasham, 1977; Lokmane et 

al., 2009). In contrast, the samples with discrete clay like kaolin had higher 

permeabilities (Stalder, 1973; Wilson, 1982, 1994) and those with little or no clay 

have the highest permeabilities (Wilson, 1982). Nevertheless, Cade et al. (1994) 

stated that although permeability tends to be higher in samples with kaolin compared 

to illite, this does not mean the kaolin would not decrease the permeability. 

To determine if the samples in this research conform to these correlations, the 

samples were divided according to whether they contain pore bridging / grain 

coating clays, pore filling clays or if they have low amounts of clay. Those samples 

with low amounts of clay generally have the highest permeabilities for a given 

porosity; those samples with pore bridging clay have the lowest permeabilities for a 

given porosity and finally those samples with discrete pore filling clay have 

permeabilities in-between (Figure 5.61). This supports the trends found in the 

literature. 
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Figure 5.61 Permeability at 1500 psi as a function of the porosity with the three rock types – 

pore filling, pore bridging and low clay mapped on top. Those with low clay have the 

highest permeabilities and those with grain coating clay have the lowest permeabilities. 

Lower permeability samples within the grain coating rock type have illite that starts 

to infill the pores as it builds from the grain walls. Those samples with higher 

permeabilities within the grain coating rock type have illite that just surrounds the 

grains leaving the pore virtually intact (Figure 5.62). Therefore, the position of clay 

within the pores plays a significant role on the final permeability. 

 

Figure 5.62 Permeability as a function of porosity for the pore bridging clay samples shown 

in red in Figure 5.61. Those samples with grain coating clay have higher permeabilities then 

those with bridging clay as the pore is almost intact in the former. 
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The helium porosimeter is used as a proxy for porosity values that would be obtained 

from wire-line log data. The overall aim is to use microstructural data from core or 

cuttings to establish porosity-permeability relationships and then using porosity from 

wireline log analysis to estimate permeability throughout the logged reservoir 

interval. The permeability was estimated for the 25 TGS by first rock typing each 

sample based on their microstructure; the rock types were chosen on whether they 

had pore filling, grain coating/ grain bridging clays or a low clay content (Figure 

5.63). This rock typing method was used because good correlations were identified 

in Figure 5.61. The key relationships between permeability and porosity at in-situ 

stress for low clay, pore filling clay and grain coating clay is: 

 𝐾𝑔 = 0.00005𝑒112.31∅ Equation 5.1 

 𝐾𝑔 = 0.00004𝑒61.647∅ Equation 5.2 

 𝐾𝑔 = 0.0011𝑒31.232∅ Equation 5.3 

where Kg is permeability (mD) and ∅ is porosity (fraction). Using Equation 5.1 to 

Equation 5.3 and the helium porosity a permeability value was estimated and 

compared to the gas permeability from Section 5.3.2 (Table 5.9, Figure 5.64). This 

methodology of estimating the permeability was moderate as the R
2
 value was 0.73 

but there is some scatter at both the lower and upper permeability end. The reason 

for this scatter could be because the permeability vs porosity in Figure 5.61 is itself 

scattered. Nevertheless, this method of permeability estimation has the potential to 

estimate permeability using wireline log porosity and the microstructure from SEM. 

In addition, it is sufficient to imply that the clay type and position are the prominent 

cause of the porosity-permeability trends instead of considering all mineral types or 

diagenetic deposits as thought in Section 5.4.4.1.  
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Figure 5.63 Permeability as a function of porosity along with the samples divided according 

to their microstructure as well as their overall trends. The trend lines were used to 

determine permeability using porosity where there is a potential to use wireline log porosity 

and microstructure from SEM without whole core plugs. 

Table 5.9 Measured permeability and porosity, microstructure and estimated permeability 

using trend lines in Figure 5.63 for all 25 TGS. 

Well  Sample  

Kg at in 

situ stress 

(mD) 

Porosity  

(fraction) 
Microstructure 

Estimated permeability 

 (mD)  

WIN5 16B 0.009 0.122 Grain coating 0.050 

BP2 3 0.168 0.126   0.057 

SHELL4 370 0.93 0.143   0.095 

SHELL4 389 0.035 0.120   0.046 

SHELL4 202 0.047 0.161   0.168 

EBN3 40 0.67 0.205   0.668 

BP3 5 0.69 0.155 Pore filling 0.573 

BP2 2 0.030 0.115   0.049 

BP3 6 0.56 0.15222   0.476 

BP3 4 0.69 0.169   1.363 

GDF1 6 0.0154 0.096   0.015 

EBN4 10 0.002 0.064   0.002 

WIN 9 5 0.00003 0.052   0.001 

BP3 1 0.160 0.127   0.101 

SHELL1 83 0.000193 0.036   0.000 

SHELL2 1 0.2754 0.074   0.004 

SHELL2  9 0.3 0.123   0.079 

SHELL4 409 0.00002 0.045   0.001 

SHELL1 111 0.0037 0.090   0.010 

BP2 5 0.0018 0.028   0.000 

SHELL1 216 0.00498 0.035   0.000 

WIN4 26 0.023 0.054 Low clay 0.021 

GDF1 1 1.09 0.093   1.643 
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Figure 5.64 Estimated permeability from trend lines in Equation 5.1 to 5.3 as a function of 

measured permeability showing a moderate trend with a R2 value of 0.73. There is some 

scatter potentially because there is scatter seen in the original plot in Figure 5.63. 

A comparison was made between the flow rate of the reservoir and the clay type and 

position. The microstructure determined from studying the SEM images was 

compared to the measured flow rates for three wells (Table 5.10). It was observed 

that the wells that contained grain coating illite had low flow rates of 2.5 mmscf/day 

(Table 5.10). The flow rate is higher when pore filling kaolin is present (31 

mmscf/day) compared to if illite was present (Table 5.10 – blue vs yellow) though 

the flow rate is much higher if the overall clay content is low (51 mmscf/day). This 

agrees with the data presented in Figure 5.61 and in the literature. However, it has 

been mentioned that in the case of high clay content, effects such as non-detrital 

grains, mechanical compaction, quartz overgrowth and cementation can be supressed 

(Wilson, 1994; Walderhaun, 1996). This is observed in well SHELL4 in Figure 5.37 

(Section 5.3.4). 

This comparison has shown that grain coating/bridging clays do reduce the 

permeabilities and therefore flow rate more than kaolin and the microstructure 

relates well to the flow rates of the reservoir. To predict reservoir quality and 

identify sweet spots ahead of the drilling, determination of specific distribution of 

different diagenetic processes is needed. However, the extent to which these 

processes impact reservoir quality can vary significantly both laterally and vertically 
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over short distances throughout the reservoir making the prediction of reservoir 

quality a difficult task. Understanding how reservoir quality is likely to change over 

short distances would significantly improve decisions made during the appraisal of 

TGS reservoirs. Nevertheless, this work has shown that the microstructure could 

potentially be used to assess whether drilling more wells in a prospect is likely to 

lead to economic production. 

Table 5.10 Measured flow rate, microstructure and diagenesis present for SHELL1, BP and 

SHELL 2 wells. Those wells with grain coating illite have the lowest flow rates and those 

wells with little or no clay have the highest flow rates. 

Well Sample 
Measured flow rate 

(mmscf/day) 
Description 

SHELL1 83 2.5 Grain coating illite + dolomite 

  11 2.5 Grain coating illite 

  216 2.5 Grain coating illite +dolomite 

BP3 3_1 31 Pore filling kaolin +quartz 

  3_4 31 Pore filling kaolin + quartz 

  3_6 31 Pore filling kaolin + quartz 

SHELL2 1b 51 Low clay + quartz 

  9b 51 Low clay - grain coating  

A comparison was made between the clay type/position and the cementation 

exponent (m) and BET surface area as the clay type and position linked well to the 

porosity and permeability (Figure 5.65). However, the clay type and position does 

not correlate with other petrophysical properties as seen by the scatter; therefore, this 

microstructure-based rock typing cannot be used to determine other properties. 

Future work is required to find a way to correlate the microstructure with other 

petrophysical properties of TGS. 
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Figure 5.65 Cementation exponent and surface area as a function of porosity showing no 

clear trends implying the clay position cannot be used to determine other properties. 

 5.4.5 Survey of Inconsistencies from RCA measurements 

It is important to understand the accuracy of the data when conducting a large-scale 

petrophysical examination on a range of rocks. Inaccuracies in the measurements can 

arise from the set-up, the methodology and the sample. They are briefly discussed 

below. 

In all the experiments the effects of temperature are important. Some 

experimental set-ups were placed in temperature-controlled rooms e.g. the brine 

permeametery, however, other experiments were not and the temperature was noted 

and data corrected to the subsurface temperature. In addition, the temperature in the 

laboratory is also logged to enable any large changes in temperature to be observed. 

In the future place all the samples into temperature controlled rooms. 

The cleaning of the cores in a Soxhlet extractor removed the original fluids from 

the core to prepare it for future tests. However, certain rock types or tests may 

require particular cleaning methods. This was not the case as seen in Chapter 4, 

however, other rock types may behave differently. In addition, when the samples 

were cleaned or dried in the oven the force of extraction could have led to fines 

movement. This in turn could lead to the blockage of pores and reduced absolute gas 

and brine permeability. This was not studied in this research but if fines movement is 

found to occur, precautions should be made to prevent it. 
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The CT scanner was easy to use and the images were produced in a short period of 

time. However, it lacked resolution so only very dense minerals or large fractures 

could be identified.  

QXRD required a small amount of material and as the samples in the database have 

been affected by extensive diagenesis, the samples may show some heterogeneity. It 

was therefore unclear if the off-cuts represent the reservoir or not. In addition, 

QXRD cannot distinguish between clay types and it does not relate the clay type to 

the positon in the pore network.  

The helium porosimeter is fast and samples can be reused as helium gas does not 

react with the rock. In addition, irregular samples can be studied. However, no 

realistic reservoir overburden pressure was applied in this method therefore the 

measured values may not be representative of the reservoir. This is addressed more 

in Chapter 7. In addition, if water is not removed from the pores during the drying 

process, the grain volume would be too low as the gas may not reach every part of 

the core plug. 

In the permeability test if the sample is short, spacers can be used to increase the 

length. Consequently there could have been a poor contact with the spacer and the 

sample leading to a disproportional flow of gas. Also if the sample is not a perfect 

cylinder, air gaps could occur between the sample and the rubber sleeve leading to a 

poor contact between the sample and the end platens. In order to reduce these errors, 

any samples with sharp edges were sanded down and the sample was compressed 

tightly to ensure a good connection.  

The brine permeability experiment is non-destructive. However, it also posed 

some issues about confining pressure equilibrium. Consequently, the data was 

recorded until the differential pressure and mean pressure were stable. In addition, 

the low confining pressure of 1500 psi is not representative of the reservoir. This is 

addressed more in Chapter 7. 
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5.5 Conclusion  

The mercury immersion method should be used to determine the bulk volume as 

measuring the dimensions of the samples using a calliper tends to overestimate the 

bulk volume and hence porosity by around 1 porosity unit. It was found that ~11.4 

hours is required for pore pressure equilibrium prior to the pressure transient flow for 

permeability measurements for the lower permeable samples whereas only 0.5 

seconds is required for the higher permeability samples. 

The brine permeability was always less than the gas permeability by around an order 

of magnitude. The current data implies that a lack of saturation and swelling of clays 

is not the cause. Flocculation does not seem possible due to the high salinities of 

brine used in this research, however, further analysis is needed to study this.  

The 25 TGS samples from the 12 wells have experienced extensive diagenesis which 

was observed using SEM. The type and structural position of clays appears to have 

been the main control on porosity-permeability relationships. The microstructure 

also provided a moderate estimation of permeability and the microstructure linked 

well to the flow rate of the reservoir. Future work is however needed to predict other 

properties from microstructure. The microstructure obtained from the SEM can be 

used to predict flow rates and permeabilities from cuttings soon after a well has been 

drilled, this has the potential to reduce the amount of core plugs that need to be 

studied and reduce the time frames and cost of petrophysical analysis. Nevertheless, 

there are potential limitations relating to how representative the samples are of the 

reservoir rocks, future work would be to study more rock types particularly from the 

same well. 
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Chapter 6 – Petrophysical Properties of TGS: Special 

Core Analysis (SCAL)  

6.1 Introduction 

A special core analysis (SCAL) program was undertaken to complement the RCA 

data and to further understand the petrophysical properties of TGS. SCAL programs 

often involve measurements such as electrical properties, capillary pressure, nuclear 

magnetic resonance (NMR) and BET measurements. Capillary pressures and NMR 

measurements are controlled by the pore dimensions and BET surface area is related 

to grain size, therefore, they can be sued to predict permeability.  

SCAL programs are usually performed on core plugs; however, as TGS are only 

marginally economic, there is a need to determine the petrophysical properties 

without core samples. For instance, cuttings can be analyzed using BET for surface 

area analysis. Samples that are too small to take core plugs could be used for 

mercury injection capillary pressure (MICP) and/or BET surface area. In addition, 

MICP, NMR, BET can be conducted on sidewall cores. A key aim of the chapter is 

to assess the feasibility of using this information to estimate other petrophysical 

properties such as permeability. Electrical properties as a function of porosity and 

surface area relationships with permeability are also presented and discussed to 

compliment the data. 

A SCAL program was carried out on 25 TGS samples (Table 3.2 in Chapter 3) to 

determine the electrical properties, NMR pore size, BET surface area and MICP pore 

throat size of 25 TGS samples (Section 6.3.1 - 6.3.4). A detailed methodology of 

each method can be found in Chapter 3; however, a brief overview is presented in 

this chapter in Section 6.2. The results are then discussed in Section 6.4. The 

discussion seeks to bring together these results to understand them in more depth and 

compare how they agree or disagree with other published work. The work presented 

in this chapter is summarised in Section 6.5 together with recommendations for 

future work. 
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6.2 Methodology 

Following the gas flow measurements presented in Chapter 5 the core plugs for the 

experiments were saturated with 20 and 30% NaCl brine. The resistance of each 

sample was measured at a frequency of 2 kHz using a Quadtech 7600 RLC meter. 

The resistivity, formation resistivity factor (FRF) and cementation exponent (m) 

were then calculated (Equation 2.13 and Equation 2.15). The T2 distribution was 

determined using a Maran Ultra NMR spectrometer. The BVI/FFI ratio was 

calculated using the obtained T2 distribution and a T2 cut-off of 33 ms. 

Around 1 - 2 cm
3
 of the off-cuts was used for the MICP measurements using a 

Micrometritics Autopore V pycnometer. In addition, 5g off-cut material was 
pulverised for BET surface area analysis and the surface area was determined using a 

Quantachrome version 10.01 BET Instrument.  

6.3 Results 

This section first presents the electrical properties – FRF and m vs porosity and 

permeability (Section 6.3.1), NMR pore size distribution (Section 6.3.2), BET 

surface area (Section 6.3.3) and MICP pore throat size (Section 6.3.4). The BET, 

NMR and MICP, data was used to estimate permeability as presented in Section 

6.4.2 and 6.4.3. Most of the data is presented within this section though the bulk and 

grain density MICP data is presented in Appendix B, the table of data for NMR, 

BET and MICP is provided in Appendix D and the table of data for BET and MICP 

permeability estimations in Appendix E. 

 6.3.1 Electrical Properties 

The FRF ranged from 30 – 370 with an arithmetic average of 160. The m ranged 

from 1.6 - 2.6 with an arithmetic average of 2.1 (Table 6.1 and Figure 6.1). The FRF 

decreased with an increase in porosity and permeability (Figure 6.2) whereas the m 

increased with an increase in porosity and permeability (Figure 6.3). 
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Table 6.1 Formation resistivity factor and cementation exponent for each sample ordered by 

increasing porosity. The FRF ranges from 30 to 370 and the m ranges from 1.6 to 2.6. 

Sample FRF (unitless) m (unitless) Porosity (fraction) 

BP2_5 300 1.6 0.03 

SHELL1_83 310 1.8 0.04 

SHELL1_216 280 1.8 0.04 

SHELL4_409 310 1.9 0.05 

WIN9_5 340 2.0 0.05 

WIN4_26 220 1.8 0.05 

EBN4_10 100 1.7 0.06 

SHELL2_1B 120 1.8 0.07 

SHELL1_111B 170 2.1 0.09 

GDF1_1 110 2.0 0.09 

GDF1_6 370 2.5 0.1 

GDF1_7 85 1.9 0.1 

GDF2_4 200 2.4 0.11 

SHELL4_389 100 2.2 0.12 

BP2_2 110 2.2 0.12 

WIN5_16B 74 2.0 0.12 

BP3_1 90 2.2 0.13 

BP2_3 150 2.4 0.13 

SHELL4_370 60 2.1 0.14 

BP3_6 58 2.2 0.15 

BP3_5 59 2.2 0.16 

SHELL4_202 120 2.6 0.16 

BP3_4 62 2.3 0.17 

EBN3_40 30 2.2 0.2 

 

Figure 6.1 Frequency of each cementation exponent occurring as a function of the 

cementation exponent value where the m exponent ranged from 1.6 to +2.5. 
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Figure 6.2 Formation resistivity factor as a function of porosity (top) and permeability 

(bottom). There is a decrease in FRF with an increase in porosity and permeability though 

the trends are very scattered leading to low R2 values. 
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Figure 6.3 Cementation exponent as a function of porosity (top) and permeability (bottom). 

There is an increase in m with porosity and permeability though the trends with permeability 

is very scattered leading to the low R2 value.. 
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 6.3.2 Nuclear Magnetic Resonance (NMR) 

Most of the core plugs have a unimodal pore size distribution. However, 

SHELL4_370, SHELL4_409, BP2_3, BP3_1, and SHELL 2_1B are all bimodal  

whereas SHELL2_9b, BP2_3 and BP3_1 are trimodal (Figure 6.4). Out of the 25 

TGS studied within this research, 15 of the samples have more bound fluid 

(arithmetic average 0.7) than free fluid (arithmetic average 0.3) when a T2 cut-off of 

33 ms is used (Table 6.2). 
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Figure 6.4 T2 distribution of pore sizes for all samples split by well along with the 33 ms T2 

cut-off in black. Unimodal, bimodal and trimodel pore systems are present. 
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Table 6.2 Table of mean NMR T2 and the bound to free fluid ratio using 33 ms T2 cut-off for 

all 25 core samples. 60% of the samples had more bound fluid than free fluid.  

Well  Sample  
NMR T2 

(unitless) 

BVI 

(unitless) 

FFI 

(unitless) 

BVI/FFI 

(unitless) 

WIN4 26 6 1 0 5 

WIN5 16B 10 0.8 0.2 4 

SHELL1 83 2 1 0.03 32 

SHELL1 111 4 1 0.05 19 

SHELL1 216 7 0.9 0.2 6 

SHELL2 1 23 0.4 0.6 1 

SHELL2 9 14 0.7 0.4 2 

BP2 2 8 0.8 0.2 4 

BP2 3 12 0.8 0.2 4 

BP3 1 11 0.8 0.2 4 

BP2 5 4 0.9 0.1 9 

BP3 4 28 0.5 0.5 1 

BP3 5 28 0.5 0.5 1 

BP3 6 25 0.5 0.5 1 

EBN3 40 3 0.8 0.2 5 

EBN4 10 4 0.9 0.1 9 

SHELL4 202     

SHELL4 370 39 0.5 0.6 1 

SHELL4 389     

SHELL4 409 5 1 0.06 16 

WIN 9 5 6 0.9 0.1 7 

GDF1 1 39 0.4 0.6 1 

GDF1 6 11 0.9 0.1 7 

GDF1 7 41 0.4 0.6 1 

GDF2 4 100 0.2 0.8 0 

Note: those samples in grey were not studied before they were placed inside the core holder 

studied in Chapter 7. 

 6.3.3 BET Surface Area 

The BET surface area results are presented in Table 6.3. The values range from 0.2 

m
2
/g to 5.3 m

2
/g, with an arithmetic average of 1.4 m

2
/g. EBN3_40 exhibits the 

highest surface area of 5.3 m
2
/g whereas GDF1_7 and SHELL1_216 exhibit the 

smallest surface area of 0.2 m
2
/g. 
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Table 6.3 BET surface area results for all 25 samples where the surface area ranged from 

0.2 to 2.8 m2/g. Those samples in red could not be performed due to a lack of material. 

Sample BET (m
2 
/g) 

 
Sample BET (m

2 
/g) 

WIN4_26 0.9 
 

SHELL4_409 1.3 

SHELL1_83 0.9 
 

BP3_4 1.2 

BP3_1 0.9 
 

BP2_3 1.2 

BP3_6 0.6 
 

BP3_5 1.2 

WIN5_16B 2.7 
 

WIN 9_5 
 

SHELL1_111 2.2 
 

GDF1_1 0.5 

BP2_2 1.8 
 

GDF1_6 0.5 

BP2_5 1.6 
 

GDF1_7 0.2 

EBN3_40 5.3 
 

SHELL1_216 0.2 

EBN4_10 2.8 
 

SHELL2_1 0.5 

SHELL4_202 2.2 
 

SHELL2_9 0.4 

SHELL4_370 1.1 
 

GDF2_4 
 

SHELL4_389 1.1 
   

 6.3.4 Mercury Injection Capillary Pressure (MICP) 

The data provided by mercury porosimeter can be used to generate two distributions. 

The first, incremental intrusion vs pore throat radius shows the total distribution of 

pore throat radius in which the mercury injection apparatus has the capacity to 

measure i.e. between the intrusion pressure and the maximum pressure at which the 

instrument is capable (55,000 psi in this case) (Figure 6.5). The second, pore radius 

distribution vs pore throat radius, states the true pore throat radius distribution as it 

shows the number of pore throat radii that are at a particular size (Figure 6.6). Both 

distributions are important as usage of only the first distribution would imply the 

sample has a large range of pore throat radii sizes, however, it would not indicate the 

number of radii for each of those sizes. The second distribution would show that 

some of the pore radii form a fraction of the total pore radius whereas others may be 

more dominant. 

For example, it appears the samples have a pore throat radius between 0.002 and 45 

μm (Figure 6.5). However, Figure 6.6 shows that the sample have a range from 

0.002 to 5 μm. This shows that those larger radii above 5 μm form a very small 

proportion of the actual radii as shown by the near horizontal lines above 5 μm on 

Figure 6.6. 
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Figure 6.5 Incremental intrusion as a function of the pore throat radius. Pore throat size - 

0.002 to 45 μm with average distribution shown in yellow. The distribution for divided 

according to well is presented in Appendix E. 

 

Figure 6.6 Pore throat radius distribution as a function of the pore throat radius. Pore 

throat size - 0.002 to 5 μm with average distribution shown in yellow. The distribution for 

divided according to well is presented in Appendix E. 
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6.4 Discussion 

This section discusses the FRF and m vs porosity and permeability (Section 6.4.1) as 

well as the control of surface area on porosity and permeability (Section 6.4.2). This 

is followed by the estimations of permeability from NMR and MICP (Section 6.4.3). 

Lastly, inaccuracies in studying these SCAL properties in the laboratory are 

investigated (Section 6.4.4). 

 6.4.1 Electrical Properties as a function of Porosity and Permeability 

The FRF increases with decreasing porosity and permeability (Seth, 1979; Biella, 

1983; Rosales, 1982; Herrick, 1993; Sawyer, 2001; Glover, 2014; Byrnes and Cluff, 

2009) (Figure 6.7). Archie describes that the FRF depends on the porosity and the 

efficiency or inefficiency of the pores to conduct a current through a rock i.e. FRF 

depends on the connectivity and tortuosity (Archie, 1942; Waxman, 1968; Sethi, 

1979; Boral, 1987; Glover, 2009, Ling, 2012) (Equation 2.14). Fluid will not be able 

to flow easily through the pores if the pores are not well connected and the flow 

paths have a high tortuosity. Therefore, electrical current will not be able to pass 

through the pores and pore throats easily, that in turn will increase the FRF of the 

rock. These trends were also confirmed in this research as seen in Figure 6.2 and 

Figure 6.7. 

 

Figure 6.7 Formation resistivity factor as a function of porosity whereby the FRF increases 

with decreasing porosity. There is a good comparison between the laboratory data (blue) 

with a arithmetic average m value of ~2.1 and the Discovery Group Mesaverde dataset (red) 

with a arithmetic average m value of 1.9. 
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The cementation exponent increases with an increase in porosity and permeability 

(Figure 6.3). This contradicts a number of publications (Neustaedte, 1968; Boral, 

1987; Guuyod, 1944; Towel, 1962; and Glover, 2014). Guyod (1944) and Towel 

(1962) both stated that m is related to the tortuosity and connectivity of the pores and 

Glover (2014) stated that m increases as the connectedness decreases, therefore, it is 

expected that m should increase with a decrease in porosity and permeability. 

Nevertheless, the same relationship, increase in m with an increase in porosity, was 

observed in the Discovery Group Mesaverde dataset (Figure 6.8). 

 

Figure 6.8 Cementation exponent as a function of porosity (blue) showing the m value 

increases with porosity. There is a good comparison between the laboratory data (blue) with 

a arithmetic average m value of ~2 and the Discovery Group Mesaverde dataset (red). 

Wang and Lucia (1993) stated that m could be lower than 1.8 if fractures or vug pore 

types are present. This supports the idea that the presence of microfractures in the 

TGS, as identified in Section 5.3.4, could increase the connectivity therefore reduce 

the m value even in low porosity and permeability samples. Watfa and Nurmi (1987) 

also found that the presence of fractures provides a possible explanation for low 

values of m. Similarly, Cluff and Byrnes (2008) suggested that the lower m values 

are due to slot porosity, which lowers the tortuosity. 

Apaydin et al. (2011) wrote that microfractures lack the connectivity to contribute to 

the fluid flow in high permeability matrix. This could contribute to the higher m 

values at higher permeabilities. SEM analysis suggests that the microfractures range 

from 1 to 5 μm in the TGS within this research (Chapter 5, Section 5.3.4), therefore, 

they form a small fraction of the total porosity. Consequently, though the 
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microfractures will provide a connectivity through the rock, they will not contribute 

as much to the permeability for higher permeable samples compared to lower 

permeable samples. 

Higher values of m with an increase in porosity could be due to the presence of 

isolated secondary pores, the presence of poikilitic cements/clasts and/or 

laminations. A data set obtained from samples from a North American reservoir – 

Mesaverde, shows the presence of higher m values at higher porosity (Figure 6.8). 

The reservoir contains significant evidence for the presence of isolated secondary 

pores (Figure 6.9). These pores increase the bulk porosity, however, as the electrical 

properties are governed by the matrix porosity, despite the increase in bulk porosity, 

the connectivity is low, therefore, the current flow is restricted and the m value 

increases. Secondary pores are also located within dissolved out feldspar for example 

Figure 5.15 in Section 5.3.4. 

 

Figure 6.9 BSEM image of the TGS samples from North America showing the presence of 

large secondary pores (red arrow) where these pores increase porosity but do not contribute 

to the connectivity so the m value increases (Soeder and Randolph, 1987). 

Herrick and Kennedy (1996) developed a triple porosity model for carbonates 

consisting of matrix porosity (ϕm), fractures (ϕf) and isolated secondary pores (ϕs). 

The isolated pores are formed for example from dissolved feldspar. This model was 

applied to TGS were the total porosity is equivalent to: 

 ∅𝑇 = ∅𝑚 + ∅𝑓 + ∅𝑠 Equation 6.1 

The total electrical resistivity, RT of the water saturated rock is then defined as: 
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 𝑅𝑇 =
𝑅𝑚 + 𝑅𝑓 + 𝑅𝑠

𝑅𝑚 ∗ 𝑅𝑓 ∗ 𝑅𝑠
 Equation 6.2 

where Rm, Rf and Rs are the resistivities of the matrix, fracture and secondary pores 

respectively. For simplicity, it is assumed that the secondary pores are totally 

isolated and do not contribute to the flow of electrical current. So using Archies 

Law: 

 
𝑅𝑇

𝑅𝑤
=

1

∅𝑇
𝑚𝑇

=

1
∅𝑚

𝑚𝑚
+

1
∅𝑓

𝑚𝑓

1
∅𝑚

𝑚𝑚
∗

1
∅𝑓

𝑚𝑓

 Equation 6.3 

where, mT, mm and mf are the cementation exponents of the rock, matrix and fractures 

respectively. Assuming that mm = 2 and mf  = 1: 

 ∅𝑇
𝑚𝑇 = (∅𝑇 − ∅𝑓 − ∅𝑠)2 + ∅𝑓 Equation 6.4 

Incorporating different proportions of fracture and secondary porosity into this 

equation helps identify the factors which affect m. Fractures were found to increase 

the connectivity and therefore lower the m value (Figure 6.10). The isolated pores 

were found to increase the bulk porosity, however, as the current flow is controlled 

by the connected pores or fractures, even with an increase in porosity, the 

connectivity is low and the m value is high (Figure 6.10). 

 



153 

 

Figure 6.10 Two models showing the impact of fractures and secondary pores on the m 

value. Impact of fractures (top) where the fractures increase the m and therefore the 

connectivity. Secondary porosity (bottom) where the isolated pores do not contribute to the 

connectivity and therefore the m value increases. Note: pu is porosity units. 

Isolated pores can form either side of poikilitic cements or clasts in the form of 

anhydrite or calcite cements (Herrick and Kennedy, 1996). The electrical current is 

forced to flow around the clasts, which can create stagnant zones. These stagnant 

zones do not contribute to the electrical conduction and therefore the m value 

increases (Figure 6.11). However, poikilitic cements were not identified in the CT 

images of the 25 TGS (Figure 6.12). 

 

Figure 6.11 Diagram from Herrick and Kennedy (1996) showing how Poikilitic cements can 

create stagnant zones and increase the m value, however, these were not found in the 

samples in this research. 
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Figure 6.12 Cementation exponent as a function of porosity showing the lack of poikilitic 

cements in the CT images for the 25 TGS samples. 

The m value is predicted to vary for a rock containing different proportions of high 

and low porosity layers. A model was presented by Herrick and Kennedy (1996, 

2004) where they defined layer 1 as having a cementation exponent of m1 and layer 2 

having a cementation exponent of m2. Therefore electrical properties parallel to the 

layering: 

 1

𝐹𝑅𝐹̅̅ ̅̅ ̅̅
= ∅𝑚̅̅ ̅̅ = 𝛽∅1

𝑚1 + (1 − 𝛽)∅2
𝑚2 Equation 6.5 

and electrical properties perpendicular to layering: 

 1

𝐹𝑅𝐹̅̅ ̅̅ ̅̅
= ∅𝑚̅̅ ̅̅ =

1

𝛽

∅1
𝑚1

+
1 − 𝛽

∅2
𝑚2

 
Equation 6.6 

where FRF is the formation resistivity factor (unitless), ϕ is porosity (%), m is the 

cementation exponent (unitless) and β is the volume of the fine-grained sand 

component (m
3
). 
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A model was created showing how m varies for a rock containing different 

proportions of high porosity (40%) and low porosity (10%) layers (Figure 6.13). It is 

assumed that both have an m value of 2 but due to the presence of parallel layers, the 

m value is between 1.75 and 2 whereas with perpendicular layers, the m value is 

increased to 3. However, when this model is applied to the current research, there 

seems to be a small difference between the m values of layered rocks, this is because 

these samples show less porosity variation (Figure 6.13). 

 

Figure 6.13 Variation of the cementation exponent as a function of the orientation of the 

measurement. The presence of parallel layers causes the m value to vary from 1.75 to 2 as 

despite the variation in porosity between the layers the current will pick the easiest pathway 

with the highest porosity. The presence of perpendicular layers causes the m value to 

increases to 3 as the lowest porosity layer dominates, as the overall porosity increase the 

higher porosity layer dominates and the m value reduces to 2 (top). In this research, the 

porosity values show less variation therefore the parallel and perpendicular layers make 

little difference to the m value (bottom). 
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Poikilitic cements are not present within any of the 25 TGS samples. Laminations do 

not appear to have a major impact on the samples because the porosity does not vary 

significantly between the individual lamina. Therefore, based on the current research 

data the most likely reason for the higher m values at higher porosities and 

permeabilities is due to the presence of isolated secondary pores.  

 6.4.2 Controls on Porosity and Permeability - Surface Area  

The well-established Kozeny-Carmen (1927) equation indicates that permeability is 

inversely related to surface area (Equation 2.17). Based on the Kozeny-Carmen 

(1927) equation, samples with a low permeability for a given porosity have higher 

surface areas. This is because samples with smaller pores have lower permeabilities 

but higher surface areas than samples with larger pores for a fixed porosity. In 

addition, the highest surface area is found with illite sandstone, which produces the 

lowest permeability compared with sandstones containing kaolin, which has a lower 

surface area (Rossel, 1982). This supports data in Chapter 5. 

To determine if the current study agrees with the Konzey-Karmen (1927) equation 

whereby permeability is inversely related to surface area, the BET surface area was 

correlated with porosity and permeability (Figure 6.14). There is a slight correlation 

between BET and the position on the porosity-permeability trend whereby the 

permeability decreases as the surface area increase. 

 

Figure 6.14 Permeability as a function of porosity scaled according to BET (larger BET 

value – larger circle size). There is an increase in surface area with a decrease in 

permeability as shown by the red arrow. 
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The permeability was estimated using Equation 2.17 and was compared to the gas 

permeability. Some samples show a large difference between the measured gas 

permeability and the permeability estimated from the Kozeny-Carmen (1927) 

equation where both permeabilities over and underestimate the permeability leading 

to the scatter around the 1:1 line (Figure 6.15). The largest difference was an 

underestimation of the gas permeability by two orders of magnitude. Nevertheless, 

the R
2
 value is moderate at 0.61. 

 

Figure 6.15 Gas permeability as a function of the estimated permeability using the Kozeny-

Carmen equation. There is a lot of scatter both above and below the 1:1 line but the R2 value 

is moderate at 0.61. 

The scatter seen in Figure 6.15 possess questions on the reliability of the BET data. 

Therefore, the surface areas from two different laboratories were compared  MCA 

services, Royston and University of Leeds. There was a poor correlation between the 

BET made in the two laboratories (Figure 6.16). Surface area was also correlated 

with the electrical properties, MICP pore throat size, NMR T2 cut-off and illite and 

kaolin content (Figure 6.17 to Figure 6.21). The R
2
 values are low implying there are 

no significant trends. 
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Figure 6.16 BET results from MCA services, Royston as a function of the BET results from 

Leeds showing a poor correlation with a lot of scatter. 

 

Figure 6.17 Formation resistivity factor as a function of BET surface area. A decrease in 

FRF with surface area, however, the trend line is poor. 
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Figure 6.18 Cementation exponent as a function of porosity divided by BET surface area 

showing no clear trend. 

 

Figure 6.19 Peak pore radius from mercury injection as a function of BET surface area 

showing a poor trend. 
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Figure 6.20 NMR T2 cut-off as a function of BET surface area showing a poor trend. 

 

Figure 6.21 Illite and kaolin content as a function of BET surface are showing a poor trend. 

There are a number of reasons for the lack of correlation and scatter described within 

this section. Rosenbrand et al. (2015) stated that the Kozeny-Carmen (1927) 

equation is derived for porous medium with a homogeneous pore size, whereas there 

are variations in the pore size within the samples in this research (Figure 6.4). 

Berthier et al. (2016) implied that the diffusion of N2 is slow in the small micro-

pores which could be an issue in the current TGS samples. In addition, there could 

also be experimental errors for example, the degassing stage before admitting the 

nitrogen may not have been carried out accurately, or it was not carried out for long 
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enough, or the time for equilibrium prior to obtaining that amount of gas adsorbed 

may have been too short. 

The surface area can be accurately improved by using krypton because of its low 

vapor pressure at the same temperature as nitrogen (Rouquerol et al. 2013). 

Therefore, the lack of correlation may simply reflect the lack of precision of the 

measurement technique. Consequently, there is a need to develop a more accurate 

methodology that is specific for TGS whereby the degassing and equilibrium stages 

need to be adjusted and a range of adsorbent gases studied.  

 6.4.3 Permeability Estimations  

This section presents the estimation of permeability using two methods – NMR and 

MICP. The NMR method uses the Coates et al. (1991) and Schlumberger-Doll-

Research (SDR) models. The MICP method uses the Swanson (1981), Purcell 

(1949), Katz and Thompson (1986, 1987) and Winland (1980) models.  

6.4.3.1 Nuclear Magnetic Resonance (NMR) 

Several authors have attempted to calculate permeability from NMR data; these 

models include the Coates et al. (1991) model (Eqation 3.12) and the SDR model 

(Kenyon et al., 1988) (Equation 3.13). A comparison was made between the 

predicted NMR and the measured gas permeability from this research (Table 6.4). 

The data from the Coates et al. (1991) and SDR models compared to the gas 

permeability is scattered above and below the 1:1 line. This behaviour is more 

pronounced in the SDR model. The model from Coates et al. (1991) underestimates 

the measured permeability by around one order of magnitude, however, some of the 

samples are still overestimated (Figure 6.22). The SDR model underestimates the 

measured permeabilities by around three orders of magnitude however; some of the 

samples are also overestimated (Figure 6.23). 
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Table 6.4 Table of permeability form the Coates et al. (1991) and SDR models as a function 

of the measured gas permeability. 

Well Sample 

Permeability 

at 1500psi 

Cp (mD) 

Coates et 

al. (1991) 

(mD) 

Ratio 

difference 
SDR (mD) 

Ratio 

difference 

WIN4 26 0.12 0.01 10.3 0.001 1.0 

WIN5 16B 0.03 0.09 347.1 0.08 308.5 

Shell1 83 0.0030 0.0001 4.1 0.00003 1.0 

Shell1 111 0.02 0.002 9.3 0.005 20.9 

Shell1 216 0.03 0.004 14.1 0.0003 1.1 

Shell2 1 0.52 0.95 184.6 0.06 12.0 

Shell2 9 0.59 0.44 74.1 0.17 29.1 

BP2 2 0.13 0.08 63.1 0.05 34.2 

BP2 3 0.98 0.1 10.2 0.16 15.9 

BP3 1 0.67 0.1 15.2 0.12 17.9 

BP2 5 0.03 0.001 3.6 0.00004 0.1 

BP3 4 1.06 3.36 317.3 2.60 245.3 

BP3 5 0.95 2.61 274.8 1.86 195.8 

BP3 6 1.27 1.82 143.5 1.35 106.5 

EBN3 40 1.35     
 

EBN4 10 0.04 0.005 13.5 0.001 2.9 

Shell4 202 0.27   
 

  0.0 

Shell4 370 1.12 3.05 272.2 2.5 223.7 

Shell4 389 0.86    
 

Shell4 409 0.001 0.0008 67.0 0.0003 28.7 

WIN 9 5 0.01 0.006 65.8 0.0009 9.8 

GDF1 1 1.29 1.51 116.8 0.44 34.3 

GDF1 6 0.01 0.005 55.1 0.0028 29.5 

GDF1 7 4.08 1.87 45.8 0.55 13.6 

GDF2 4 3.64 19.43 533.8 6.05 166.2 

Notes: the ratio difference is the difference between the estimated Coates and SDR model 

permeabilities to the laboratory gas permeabilities. The cells shaded grey do not have any 

NMR data. Cp is confining pressure. Those samples were the model values overestimate the 

measured values are in green those where the model underestimated the measured values 

are in red. 
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Figure 6.22 Permeability from the Coates et al. (1991) model as a function of the measured 

permeability showing a good trend with a R2 value of 0.84. The red line is the 1:1 line. 

 

Figure 6.23 Permeability from the SDR model as a function of the measured permeability 

showing a good trend with a R2 value of 0.77. The red line is the 1:1 line. 

The variation in the permeability data in Figure 6.22 and Figure 6.23 could be related 

to the coefficients used in the models where there are variations in the values used 

within the literature. In terms of the Coates at al. (1991) model, Allen et al. (2000), 

Tiab and Donaldson (2004) and Chen (2008) all argued that the C coefficient is 10 

and the exponents are 4 and 2 for a and b respectively. Whereas, Ayala (2007) 

reported that C is 20 for TGS. In terms of the SDR model, Allen et al. (2000), stated 

that a and b are 4 and 2 respectively. Tiab and Donaldson (2004) stated that C, a and 
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b are 4, 4 and 2 respectively. Xiao et al. (2013) stated that if not enough core sample 

is available 10, 4 and 2 should be used for C, a and b. It is therefore unclear, which 

values should be used and whether using one value for all sandstones is realistic. 

The coefficients appear to vary depending on the particular properties of the rock. 

For example, Tiab and Donaldson (2004) argued that the C coefficient is 10 and the 

exponents are 4 and 2 for m and n respectively only if (i) the irreducible water 

saturation is well defined, (ii) the porosity is intergranular, and (iii) the rock contains 

little clay in the pore throats. In addition, Rezaee (2015) reported that the C value is 

usually 10 for sandstones but decreases with clay content. Coates et al. (1999) stated 

that the C in both models are dependent on the process that created the formation and 

can be different for different formations.  

Machado et al. (2008) found the trends were improved when the original models 

were modified. They adjusted the coefficient and exponents in the Coates et al. 

(1991) and SDR models to match the absolute permeability of 13 low permeability 

gas sands. They determined that the C, a and b are 3.9, 1.7 and 110 respectively for 

the Coates et al. (1991) model and 7.3 x10
-11

, 4.6 and 2.7 respectively for the SDR 

model. This therefore shows that using constant values for the coefficients is not 

reliable. 

The value of the empirical coefficient C and a and b exponents in the Coates et al. 

(1991) model was determined for 25 TGS using a Microsoft Excel based derivation 

method. The average empirical coefficient C was 18.3; however the a and b 

exponents do not allow the equation to converge to the unique value. Despite that, by 

changing both a and b at the same time, the value can be achieved where the average 

value for a was 1.6 and the average b value was 1.4. Therefore a value of 10 for the 

empirical coefficient C is not ideal for every sample. 

The value of the empirical coefficient, m and n exponents in the SDR model was also 

determined for 25 TGS using the Excel method. The average empirical coefficient C 

was 191.2, the average a exponent was 3.5 and the average b exponent was 3.1. It is 

therefore clear that a value of 4 for the empirical coefficient C is not feasible for 

every sample. This may imply the coefficients C is the main source of error 

especially in the SDR model as the average a and b values in both models are close 

to the values used in this research. 
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Another reason for the scatter could be related to the FFI and BVI values obtained 

from the T2 cut-off, however, this would only affect the Coates et al. (1991) model. 

The T2 cut-off for sandstone has been quoted as 33 ms in a number of publications 

(Howard et al., 1990, 1992; Kenyon, 1992 and Straley et al., 1991, 1997). Recent 

studies have found a T2 cut-off of 33 ms to be too large for sandstones. For example, 

Liang et al. (2015) found that the T2 cut-off for the TGS samples they were studying 

ranged from 4.7 to 26 ms with an average value of 17 ms. Dastidar (2004) found that 

the T2 cut-off for 15 turbidites ranged from 5 to 15 ms. This gave a 30 – 50% more 

free fluid than the recommended T2 cut-off of 33 ms. Similarly, Haldia (2013) 

indicated that the use of 33 ms as the T2 cut-off produced a low FFI of 5 – 6% 

despite the high porosity and permeability of the sandstone under study.  

Some authors found a longer T2 cut-off range for example, Ayala (2007) stated that 

the T2 cut-off ranged from 20 to 50 ms with an average of 30 ms for the TGS field he 

was studying. In addition, Lonnes (2003) found a cut-off range of 23 to 300 ms for a 

range of sandstones. It is clear from the literature that a single value for the T2 is not 

realistic for all sandstones. 

The value of the T2 can vary due to different grain sizes, surface to volume ratio of 

the pore sizes and the presence of clay. Xu et al. (2013) compared two pore network 

systems, one with large grains and one with smaller grains. The larger the grains the 

larger the pores and the larger the transverse relaxation time (T2). Therefore, samples 

with larger grains should have a larger T2 cut-off then samples with smaller grains 

(Figure 6.24). 

 



166 

 

Figure 6.24 T2 distribution for a large grain size (A) and smaller grain size (B). The larger 

grain size has a longer T2 time as the pore size is larger. 

Haldia (2013) stated that it could be related to the surface to volume ratio of the pore 

space. If the surface: volume ratio is increased, the relaxation time decreases and the 

T2 cut-off decreases: 

 1

𝑇2
=  𝜌

𝑆

𝑉
 

Equation 6.7 

where T2 is the relation time (ms), p is density (g/cm
3
) , S is surface area (m

2
/g) , V is 

volume (cm
3
). Therefore the T2 cut-off should be lower for a sample with a larger 

surface to volume ratio. Haldia (2013) also stated that if there is grain coating or 

bridging clays micro pores can be created. If the micro pores and macro pores have a 

good connectivity in the pore system, the protons in the macro pores will have access 

to the micro pores and they will relax faster than if the micro pores were not present. 

Therefore those samples with grain coating or bridging clay should have lower T2 

cut-offs.  

Different sandstone rock types may have different grain sizes, pore sizes and 

microstructures, however, these properties are assumed to be the same by using a 

single value of  33 ms as the T2 cut-off. This could be the reason for the scatter in 

Figure 6.22 and Figure 6.23. Future work is needed to understand more about what 
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controls the T2 cut-off and determine what cut-off should be used to enable a better 

estimation of permeability that is specific for TGS.  

The T2 cut-off can be determined by comparing the T2 distribution of a fully 

saturated sample to a sample at irreducible saturation (Figure 6.25) (Coates et al., 

1999). The latter is obtained using a centrifuge or the porous plate technique. This 

could be employed during future analysis and could provide more accurate T2 cut-off 

values for permeability estimations. 

 

Figure 6.25 Incremental porosity and cumulative porosity as a function of relaxation time. 

The T2 cut-off can be obtained by comparing the NMR measurements on a fully saturated 

sample vs a sample at irreducible saturation thereby providing a more accurate BVI/FFI 

ratio (Coates et al., 1999). 

Although the plots of permeability estimated from NMR vs measured permeability 

for all 25 TGS show a lot of scatter, correlations for individual wells are much better 

even when using the commonly quoted coefficients (Figure 6.26 to Figure 6.29). The 

R
2
 values are all above 0.9 for wells GDF1, BP3, BP2 and SHELL4. This suggests 

that the technique could offer accurate predictions of permeability if calibrated for 

individual wells. Nevertheless, the plots were only made for a few samples and 

further work would be needed to apply this to more TGS wells and identify the 

fundamental control. 
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Figure 6.26 Coates et al. (1991) model and SDR permeability as a function of gas 

permeability at 1500 psi for well GDF1 showing a good trend. The red line is the trend line 

and the blue line is the 1:1 line. 

 

Figure 6.27 Coates et al. (1991) model and SDR permeability as a function of gas 

permeability at 1500 psi for well BP2 showing a good trend. The red line is the trend line 

and the blue line is the 1:1 line. 

 

Figure 6.28 Coates et al. (1991) model and SDR permeability as a function of gas 

permeability at 1500 psi for well BP3 showing a good trend. The red line is the trend line 

and the blue line is the 1:1 line. 
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Figure 6.29 Coates et al. (1991) model and SDR permeability as a function of gas 

permeability at 1500 psi for well SHELL4. The red line is the trend line and the blue line is 

the 1:1 line. 

To enable an understanding of what controls the accuracy of the NMR permeability 

estimations, the residual (difference between observed and the predicted data) of 

Figure 6.23 (the SDR estimated permeability vs the measured permeability) was 

determined. The residual was plotted against a range of different properties to obtain 

the best trend. The results show that the strongest correlation is with the cementation 

exponent (Figure 6.30). 

 

Figure 6.30 The residual of Figure 6.23 (SDR estimated permeability vs the measured 

permeability) as a function of the cementation exponent. 
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An attempt was made to further understand the correlation between the residual and 

m. The presence of secondary pores will not significantly increase the overall pore 

throat size; however, NMR will detect these large pores and will predict a larger 

permeability compared to the measured values because the estimated permeability is 

also based on an ineffective pore size. This will create a positive residual between 

estimated NMR permeability and measured permeability (Knmr-Kmeasured) denoted as 

+ve Knmr-Kmeasured. The secondary pores will not contribute to the electrical flow so 

the m value would be high (Section 6.4.1) (Figure 6.31). 

Pore-lining and bridging clays will tend to increase the pore size/pore throat size 

ratio. The bridging clay block pore throats meaning lower measured permeability, 

however, the model does not take into account these bridging clays which results in a 

overestimation of permeability and hence a positive value for the Knmr-Kmeasured 

residual (Figure 6.31). The clays block pore throats meaning the connectivity is low 

and the m value is high  

Fractures may have a very small pore volume yet dominate flow of both fluid and 

electrical current. NMR results that indicate a low volume would be interpreted as 

low permeability by the theoretical models, which in turn will underestimate the 

permeability values. This will create a negative value for the Knmr-Kmeasured residual 

(Figure 6.31). The m values are low because the microfractures increase the 

connectivity even at low porosities (Section 6.4.1).  

The presence of secondary pores, pore lining and bridging clays and fractures could 

help understand the trends found within Figure 6.22 and Figure 6.23. It could also be 

a combination of these controls i.e. the unknown value of the C coefficient in the 

models as well as the use of a single T2 cut-off value. Future work is needed to study 

these controls in more detail to identify the underlying course for the development of 

improved NMR-based permeability. 
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Figure 6.31The residual of Figure 6.23 as a function of cementation exponent showing the 

possible controls for the scatter seen in Figure 6.23. The secondary pores and bridging clay 

increase m whereas fractures reduce m. 

6.4.3.2 Mercury Injection Capillary Pressure (MICP)  

MICP data is very easy and fast to obtain. Based on the equation by Leonard 

Poiseuille and Gotthilf Hagen (1938-1939) (Equation 2.2), it should be possible to 

estimate permeability from MICP data as permeability is controlled by the pore size 

distribution. Many empirical and theoretical relationships are available to make such 

estimates. The most commonly used relationships were tested within this thesis 

project: Swanson (1981), Purcell (1949), Katz and Thompson (1986, 1987) and 

Winland (1980). 

The most popular relationship used to calculate permeability from MICP data is the 

Swanson method (1981): 

 𝐾𝑎𝑖𝑟 = 399 (
𝑆𝐻𝑔

𝑃𝑐
)

𝑎𝑝𝑒𝑥

1.691

 Equation 6.8 

where Kair is the air permeability (mD), SHg is the bulk volume mercury saturation 

(%) and Pc is the capillary pressure (psi) corresponding to the apex of a hyperbolic 
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log-log Hg injection plot. The apex is obtained by plotting Hg saturation/capillary 

pressure against Hg saturation as suggested by Pittman (1992) (Figure 6.32). This 

apex point represents all the major connected pore space which have been intruded 

with mercury and control permeability (Comisky et al., 2007). For an air system, the 

fitting parameters are 399 and 1.691 as noted by Katz and Thompson (1986 and 

1987). 

 

Figure 6.32 Plot of Hg saturation vs Hg saturation/capillary pressure to obtain the apex for 

Equation 6.10 (Pittman, 1992). 

Using a Excel based derivative method moree accurate fitting parameters were 

obtained - 101 and 1.58. This created a modified model where the same terms are 

described in Equation 6.10: 

 𝐾𝑎𝑖𝑟 = 101 (
𝑆𝐻𝑔

𝑃𝑐
)

𝑎𝑝𝑒𝑥

1.58

 Equation 6.9 

The estimated permeability was plotted against the in-situ permeability (Figure 

6.33). The points lie close to the 1:1 line providing a R
2
 value of 0.81, however, 

there is some scatter around the 1:1 line at both the lower and higher permeability 

ends.  
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Figure 6.33 Permeability at in-situ stress as a function of the estimated Swanson (1981) 

permeability showing a good trend. The red line is the trend line and the blue line is the 1:1 

line. 

Purcell (1949) suggested treating rocks as bundles of capillaries in which flow along 

the capillaries could be modelled using a flow law dependent upon the diameter of 

the capillaries. The equation proposed is: 

 𝑘 = 𝐶𝑓∅ ∑
𝑆𝐻𝑔

𝑖

(𝑃𝐻𝑔
𝑖 )2

𝑆𝐻𝑔=0

𝑆𝐻𝑔=100
 Equation 6.10 

where P
i
Hg is the average Hg pressure of the increment (inHg), S

i
Hg is the fractional 

saturation of that increment (fraction), C is a units conversion constant (unitless) 

(~14000 for fractional porosity, Hg pressure in psi, and saturation in %), f is an 

empirical lithology factor (unitless), and ø is the fractional porosity (fraction). 

Purcell (1949) used f = 0.216 but Comisky et al. (2007) suggested that f = 0.15 

which provided a better fit of the Klinkenberg corrected permeability of low 

permeable rocks. 
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An Excel based derivative method was used to determine more accurate fitting 

parameters. This created a modified model where the same terms are described in 

Equation 6.12: 

 𝑘 = 35000∅ ∑
𝑆𝐻𝑔

𝑖

(𝑃𝐻𝑔
𝑖 )2

𝑆𝐻𝑔=0

𝑆𝐻𝑔=100
 Equation 6.11 

The estimated permeability was plotted against the in-situ permeability (Figure 

6.34). Although a good trend was obtained with a R
2
 value of 0.85, there is an 

underestimation of the measured permeability at the lower permeability end. 

 

Figure 6.34 Permeability at in-situ stress as a function of the estimated Purcell (1949) 

permeability. There is a underestimation of the measured permeability at the lower 

permeability end. The red line is the trend line and the blue line is the 1:1 line. 

Katz and Thompson (1986, 1987) derived a characteristic length scale for porous 

media - Lc. This is the pore diameter at which a continuous filament of Hg exists 

throughout the sample (i.e. it is the pore diameter at the threshold pressure). The 

equation for the Katz and Thompson model is: 
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 𝑘𝐿𝑐 = ⌊
1013

226
⌋ 𝐿𝑐

2 [
𝜎𝑜

𝜎𝑤
] Equation 6.12 

where the electrical conductivity ratio (σo/σw) is the formation resistivity factor 

(FRF) (unitless). The estimated permeability was plotted against the in-situ 

permeability. There is a good trend with a R
2
 value of 0.72 but there is an 

underestimation of the measured permeability at the lower permeability end (Figure 

6.35). 

 

Figure 6.35 Permeability at in-situ stress as a function of the estimated Katz and Thompson 

(1986, 1987). There is a underestimation of the measured permeability at the lower 

permeability end. The red line is the trend line and the blue line is the 1:1. 

Another relationship established by Winland (1980) exists, where pore radius, 

porosity and absolute permeability are accounted for: 

 𝐿𝑜𝑔(𝑟35) = 0.732 + 0.588𝐿𝑜𝑔10(𝐾𝑎𝑖𝑟) − 0.864𝐿𝑜𝑔(∅) Equation 6.13 

where r35 is the pore aperture radius corresponding to a Shg of 35% (μm), Kair is the 

absolute permeability (mD) and ϕ is porosity (%). An Excel based derivative method 
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was used to determine more accurate fitting parameters, this created a modified 

model:  

 𝐿𝑜𝑔(𝑟35) = 0.955 + 0.56(𝐾𝑎𝑖𝑟) − 0.44𝐿𝑜𝑔(∅) Equation 6.14 

The estimated permeability was plotted against the in-situ stress (Figure 6.36). There 

is a good trend with a R
2
 value of 0.88, however, there is an underestimation of the 

measured permeability at the lower permeability end. 

 

Figure 6.36 Permeability at in-situ stress as a function of the estimated Winland (1980) 

permeability. There is a underestimation of the measured permeability at the lower 

permeability end. The red line is the trend line and the blue line is the 1:1. 

Kamath (1992), Ma and Morrow (1996), Comisky et al. (2007) and Brown (2015) all 

show that the MICP method does not provide a reliable estimation of permeability at 

the lower permeability end. Brown (2015) stated that the estimated MICP 

permeability only accounts for matrix permeability and not the fracture permeability. 

Therefore, the MICP permeability should be underestimated relative to the measured 

gas permeability. As microfractures are present at grain contacts in every sample 

(Section 5.3.4) the MICP models may not be accurate for the samples in this 
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research. Nevertheless, as there was actually an underestimation by the measured 

permeability not an overestimation (Figure 6.33 to Figure 6.36), the theory presented 

by Brown (2015) is unlikely to be. 

Comisky et al. (2007) stated that most MICP models were not developed for tight 

rocks where the methods are based on datasets with permeabilities more than 1 mD. 

Similarly, Wells and Amaefule (1985) stated that the Swanson model works best for 

samples with permeabilities greater than 10 mD. Brown (2015) also stated that the 

precision and accuracy is low in tight rocks. This could account for the 

underestimation seen at the lower permeability end (Figure 6.33 to Figure 6.36) as 

72% TGS studies in this research have permeabilities less than 1 mD. 

Brown (2015) stated that another explanation for the differences in the permeability 

data could be due to the stress sensitivity of permeability. The measured 

permeability in this research was obtained at a single stress of 5000 psi whereas the 

models provide permeability at a particular threshold pressure which is specific for 

the samples and lower than 5000 psi. This could give inaccuracies if the samples are 

stress dependent. The effects of stress on the MICP permeability is presented in 

Section 7.4.5, this may help understand the underlying course of the underestimation 

of the permeability. 

 6.4.4 Survey of Inconsistencies from SCAL measurements 

It is important to understand the accuracy of the data when conducting a large-scale 

petrophysical examination on a range of rocks. Inaccuracies in the measurements can 

arise from the set-up, the methodology and the sample. They are briefly discussed 

below. 

A vacuum pump was used to saturate the core plugs, it is easy to perform, 

requires little maintenance and is used to saturate the core plugs for the NMR and 

resistivity, as well as measurements of the effects of stress on TGS (Chapter 7). 

However, it was unclear if all the pores were saturated. In terms of NMR, the 

predicted pore sizes would not be a true distribution as those pores that remained dry 

would not be accounted for. As the pores that remained dry may be the smaller 

pores, this shifts the mean pore sizes to a higher value. In terms of the resistivity, 

higher resistivity values would be measured. Nevertheless, in this research the 
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samples were saturated using a vacuum pump followed by 1500 psi confining 

pressure therefore it is likely the samples are saturated. 

The electrical measurements are non-destructive, easy to setup and required little 

maintenance. However, poor contacts between the electrodes and sample can lead to 

higher than average resistance. This was the case in some samples as the resistivity 

data collected increased excrementally compared to the other samples under study. 

Consequently the confining pressure had to be released, the sample removed and the 

set-up adjusted. In addition, it was unclear how long the sample had to be kept under 

observation for the resistance experiment, therefore, each sample was placed at 1500 

psi confining pressure and the resistance monitored until there was no change, this 

typically took 3 days. The system was fragile so calibrations were required regularly. 

No other pressures were studied in this Chapter, however, the effects of stress on the 

electrical properties is further studied in Chapter 7.  

NMR is non-destructive and can be done automatically. However, it was assumed 

that there is no surface water between the sample and the cling film in which it was 

wrapped. If this assumption is not true, this would have an effect on the pore size 

distribution. To ensure this did not occur, surface water was removed using a 

partially saturated paper towel prior to sealing and the cling film was applied tightly. 

6.5 Conclusion 

FRF increased with decreasing porosity and permeability as FRF is related to 

connectivity and therefore fluid flow for current transfer. The cementation exponent 

increases with an increase in porosity and permeability. The lower m values are 

related to the microfractures because though the microfractures are small, they 

increase the connectivity even at low porosities or permeabilities. The higher m 

values are most likely related to the presence of isolated secondary pores which 

increase the porosity but as they do not contribute to the overall fluid flow, the m 

value is high. 

Scatter was observed when estimating the permeability using BET, NMR and MICP. 

The lack of trend in the BET surface area could be related to the lack of pressure 

equilibrium as well as the use of N2 gas rather than krypton as the absorbate. This is, 
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however, an assumption and future work is needed to adjust the current methodology 

until a reliable method specific for TGS is designed. 

The Coates et al. (1991) model underestimates the laboratory permeability by around 

one order of magnitude and the SDR model underestimates the laboratory 

permeabilities by around three orders of magnitude. This is possibly due to the 

incorrect value of the C constant used within the models and/or the inaccuracies in 

using the standard 33 ms as the T2 cut-off as the T2 cut-off varies due to changes in 

grain size, pore size or due to the presence of clay. Improvements in the trends do 

however occur when individual wells are considered. Future work is needed to make 

the models more specific for TGS. 

Microstructural analysis has identified other causes for this scatter, which include (i) 

secondary pores - when present the estimated NMR permeability tends to 

overestimate permeability, (ii) bridging clay – when present the estimated NMR 

permeability tends to overestimate permeability and (iii) fractures - when present the 

estimated NMR permeability tends to underestimate permeability. More samples 

should be studied and more work is needed to understand the fundamental controls 

on the relationship between NMR signals and the permeability in order to improve 

the NMR permeability estimation. 

The measured permeability underestimated the estimated MICP permeability at the 

lower permeability end. This is possibly because the models may not be suitable for 

low permeability samples. In addition, the stress conditions used for the measured 

permeability data are higher, 5000 psi net stress, compared to the estimated 

permeability data which use threshold pressure in their models. This could give 

inaccuracies if the samples are stress dependent as the stress conditions in the 

comparisons are not the same. The study into the effects of stress in Chapter 7 may 

provide more insight into the trends. Despite the trends observed in this chapter, the 

work has shown that there is the potential to estimate permeability from cuttings 

(BET, MICP) and or side wall cores (NMR), this may cut down on the amount of 

core plugs that need to be studied. 
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Chapter 7 - The Impact of Stress on the 

Petrophysical Properties of TGS 

7.1 Introduction 

In this research, some experiments (e.g. porosity, Chapter 5) were not performed 

under any confining pressure or were measured under low confining pressure of 

1500 psi (e.g. permeability, Chapter 5 and resistivity, Chapter 6). It is important to 

study TGS under in-situ stresses as it has been repeatedly shown experimentally that 

many properties of TGS are stress dependent (Fatt, 1952; Vairogs et al., 1971; 

Thomas and Ward, 1972; Walls, 1982; Farquhar et al., 1993; Davies and Davies, 

1999 and Al-Hinai, 2008).  Fatt (1952) stated that at 3000psi overburden pressure the 

permeability is 59 to 89% of the permeability without overburden pressure. 

This chapter examines the impact of stress on porosity, permeability and the 

electrical properties of 25 TGS samples (Table 3.2) between 1500 and 10,000 psi 

confining pressure to further understand the in-situ behaviour of the properties of 

TGS. The methodologies are presented in Section 7.2. Results are presented in 

Section 7.3 and then discussed in Section 7.4. The discussion seeks to bring together 

these results to understand them and compare how they agree or disagree with other 

published work. The work in this chapter is then summarised in Section 7.5. 
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7.2 Methods 

The following section presents the methodologies used to study the impact of stress 

on 25 samples from core set 1 to 5 (Table 3.2). Each core set consisted of 5 core 

plugs with a similar initial permeability. The petrophysical properties measured 

include porosity, permeability and electrical properties. For the porosity and 

electrical properties, the brine saturated cores plus a small amount of brine was 

placed into a core holder and sealed (Figure 7.1). The extra brine ensured good 

electrical contact between the end of the sample and the end-platens of the core 

holder.  

Confining pressure was applied using a hydraulic pump and increased to 1500 psi. 

The top end of the core holder was connected to a pressure transducer and 

temperature data logger to log the pressures and temperatures respectively. The 

amount of brine expelled was measured using a burette and the resistance was 

monitored with a resistance meter (Section 3.4.5).  

The resistance at laboratory temperature was then temperature corrected to the 

reservoir temperature (Equation 2.12 in Section 2.9). This was used to calculate the 

FRF and cementation exponent (Equation 2.13 and Equation 2.15 in Section 2.9). 

Furthermore, the pore volume reduction vs stress was used to determine porosity vs 

stress using this relationship: 

 ∅ = (
1

1 +
𝐺𝑉

(𝑃𝑉𝐴 − (𝑉𝐵 1−4500𝑝𝑠𝑖 −  𝑉𝐵 0𝑝𝑠𝑖))

) ∗ 100 Equation 7.1 

where ϕ is porosity (%), GV is the grain volume (cm
3
), PVA is pore volume at 

ambient conditions (cm
3
)
 
and VB is the volume of brine (cm

3
). 
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Figure 7.1 Schematic drawing of the set up to measure the effects of stress on TGS – 25 of 

these were set up to hold the 25 samples from core set 1 to 5 (Table 3.2). 

Once the amount of brine expelled and the resistance were stable, the confining 

pressure was increased in 1000 psi increments and the pore volume reduction and 

resistance was monitored. The experiment was stopped once the confining pressure 

had reached 4500 psi and there was no change in the resistance or the amount of 

brine expelled. The entire experiment took up to 11 months. 

The porosity value obtained using Equation 7.1 was compared to a porosity value at 

increasing confining pressures from 500 to 5000 psi using the relationship presented 

by the Discovery Group Mesaverde dataset (Byrnes, 2009): 
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 ∅ = ((𝐴 ∗  𝑙𝑜𝑔𝐶𝑝) + 𝐵 ) ∗  ∅0𝑃𝑐 Equation 7.2 

where ∅ is porosity, Cp is confining pressure and ∅𝑜𝑃𝑐 is porosity at 0 psi capillary 

pressure. The porosity-stress exponents – A and B can be determined using Equation 

7.3 and Equation 7.4. These equations were obtained from the slope and intercept of 

the trends in Figure 7.2 (Figure 7.3 and Figure 7.4). 

 
𝐴 = 0.00549 − (

0.155

(∅0𝑃𝑐)0.5
) 

Equation 7.3 

 
𝐵 =

1.045 + 0.128

(∅0𝑃𝑐)
 

Equation 7.4 

 

Figure 7.2 Plot of initial pore volume vs net confining stress for 113 Mesaverde samples 

(Byrnes, 2009). 
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Figure 7.3 Slope of log-linear curves in Figure 7.2 with porosity. The relationship between 

the slope and porosity is expressed in Equation 7.3 (Byrnes, 2009). 

 

Figure 7.4 Intercept of log-linear curves in Figure 7.2 with porosity. The relationship 

between the intercept and porosity is expressed in Equation 7.4 (Byrnes, 2009). 

The permeability at reservoir conditions was determined using a drawdown test 

(fixed CP and decreasing PP). The drawdown test used a pulse-decay permeametry 

instrument based on the design by Jones (1972) (Section 3.4.2). The confining 

pressure used was 10,000 psi and the pore pressure 1500-5000 psi. This was 

compared to the lower stress data  at 500, 1500 and 5000 psi net stress. 

The permeability was estimated from MICP data presented in Chapter 6 using the 

Swanson (1981), Purcell (1949), Katz and Thompson (1986, 1987) and Winland 

(1980) models. In Chapter 6 the measured permeability at 5000 psi net stress was 

compared to the estimated permeability. In this chapter the measured permeability at 



185 

a net confining pressure equivalent to mercury threshold pressure is compared to the 

estimated permeability. 

The permeability at the threshold pressure was estimated by fitting the following 

logarithmic relationship to the permeability vs net stress data: 

 𝑘𝜎 = 𝐴 + 𝐵𝑙𝑜𝑔(𝜎) Equation 7.5 

where kσ is the gas permeability at a net threshold pressure of σ (psi) (mD) and A and 

B are empirical constants where A is slope and B is y intercept. The permeability-

stress exponents – A and B were obtained for each sample by fitting a logarithmic 

relationship to the intercept and slope (obtained from the permeability vs net stress 

data) vs permeability data. The A and B values for each sample was obtained by 

inserting the permeability of each sample into the logarithmic equation for A and B. 

The A and B values were then used to obtain the permeability at a chosen threshold 

pressure using Equation 7.5. A good correlation exists between the permeability at 

the threshold pressure of the sample and the constants A and B (Figure 7.5); this 

allows the gas permeability at other stresses to be calculated. 

 

Figure 7.5 Plot of the constant A (left) and constant B (right) on the logarithmic stress 

relationship for tight gas sandstone permeability showing a good trend. The 25 TGS used in 

this research were plotted with other TGS data from Fisher (2016). 
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7.3 Results 

This section provides the results of experiments that aim to investigate the impact of 

confining pressure and stress on the petrophysical properties of TGS. Porosity 

(Section 7.3.1), permeability (Section 7.3.2), electrical properties (Section 7.3.3) for 

25 TGS are presented. Most of the data is presented within this section, however, 

tables presenting the effects of stress on the petrophysical properties of the 25 TGS 

are provided in Appendix F. 

 7.3.1 Porosity vs Stress 

The porosity reduction experiments were conducted on core sets 1 to 4 (Table 3.2 in 

Section 3.2.1). Most of the porosity data showed minor pressure dependency as seen 

by the almost horizontal data points (Figure 7.6 to Figure 7.9). However, 

SHELL4_202 had the largest percentage decrease of 7.6% (1.4 pu) with an increase 

in confining pressure. 

 

Figure 7.6 Linear plot of porosity as a function of confining pressure for core set 1 showing 

little variation with pressure. 
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Figure 7.7 Linear plot of porosity as a function of confining pressure for core set 2 showing 

little variation with pressure.

 

Figure 7.8 Linear plot of porosity as a function of confining pressure for core set 3 showing 

a slight decrease in porosity with pressure. 
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Figure 7.9 Linear plot of porosity as a function of confining pressure for core set 4 showing 

little variation with pressure. (The lower pressure data for SHELL4_409 was not included 

due to experimental problems). 

 7.3.2 Permeability vs Stress 

Permeability decreases with an increase in confining pressure (Table 7.1 and Figure 

7.10). The permeability of the cores ranges from 6.5 x 10
-6

 to 3.9 mD at 9000 psi, 3 x 

10
-5

 to 3.7 mD at 5000 psi, 5.2 x 10
-4

 to 4 mD at 1500 psi and 1.2 x 10
-3

 to 4.1 mD at 

500 psi net stress from Chapter 5 (Table 7.1). In addition, the higher permeable 

samples are not very stress sensitive (Figure 7.10 and Figure 7.11). The lower net 

effective stress data is on average three times larger than the higher net effective 

stress data as the data points are far from the 1:1 line at the lower permeability end, 

whereas, the data converges to the 1:1 line at the higher permeability end (Figure 

7.11).  

  



189 

Table 7.1 Gas permeability measured from 1500 to 9000 psi net effective stress for all 25 

core plugs showing a decrease in permeabiltiy with stress. 

Sample 
Kg 500 psi 

(mD) 

Kg1500 psi 

(mD) 

Kg at 5000 psi 

(mD) 

Kg at 9000 psi 

(mD) 

BP2_2 0.13 0.08 0.03   

BP2_3 1 0.6 0.2   

BP2_5 9.80E
-03

 5.50E
-03

 2.20E
-03

 1.80E
-04

 

BP3_1 0.7 0.4 0.2   

BP3_4 1.1 0.9 0.7   

BP3-5 0.95 1 0.7   

BP3_6 1.3 1 0.6   

EBN3_40 1.4 1.3 0.7 0.3 

EBN4_10 0.04 0.03 0.002 3.70E
-04

 

SHELL1_83E 0.003 0.0015 1.50E
-04

   

SHELL1_111 0.02 0.011 0.003   

SHELL1_216B 0.03 0.011 0.005   

SHELL2_9B 0.6 0.4 0.3   

SHELL2_1B 0.5 0.3 0.3   

SHELL4_202 0.3 0.2 0.05 0.05 

SHELL4_370 1 1 0.9 0.9 

SHELL4_389 0.9 0.1 0.04 0.03 

SHELL4_409 1.2E
-03

 5.2E
-4

 3.25E-05 6.50E-06 

GDF1_1 1.3 1.1 0.8 0.8 

GDF1_6 9.60E
-03

 9.30E
-03

 8.50E
-04

 2.30E
-04

 

GDF1_7 4.1 4 3.7 3.4 

GDF2_4 3.6 3.1 3.1 3.9 

WIN4_26 0.1 0.06 0.02   

WIN5_16B 0.03 0.02 0.01   

WIN9_5 9.20E
-03

 4.20E
-03

 3.00E
-05

 7.00E
-06

 

Notes: those samples at 9000 psi that are shaded in grey were not performed as the higher 

pressure instrument was not available until later on in the research. The samples in red are 

pulse-decay and those in blue are steady-state. 
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Figure 7.10 Permeability as a function of net effectives stress for all samples. There is a 

decrease in permeability for the lower permeable samples whereas the higher permeable 

samples are less stress sensitive. 

 

Figure 7.11 Plot of permeability at 9000 psi net effective stress as a function of permeability 

at 500 psi net effective stress. There is a larger permeability difference for the lower 

permeability samples. 
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 7.3.3 Formation Resistivity Factor and Cementation Exponent vs Stress and 

Porosity 

The effect of confining pressure on the FRF of fully saturated samples was measured 

on all the core sets (Table 3.2 in Section 3.2.1). The FRF increases with confining 

pressure where the average FRF at 1000 psi confining pressure and 4500 psi  

confining pressure is ~183 and ~ 624 respectively leading to a 57% increase in FRF 

(Figure 7.12 to Figure 7.16). The largest increase was ~ 1100 for WIN9_5.  

 

Figure 7.12 Linear plot of formation resistivity factor as a function of confining pressure for 

core set 1 showing an increase in FRF with pressure. 

 

Figure 7.13 Linear plot of formation resistivity factor as a function of confining pressure for 

call set 2 showing an increase in FRF with pressure. 
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Figure 7.14 Linear plot of formation resistivity factor as a function of confining pressure for 

core set 3 showing an increase in FRF with pressure. 

 

Figure 7.15 Linear plot of formation resistivity factor as a function of confining pressure for 

core set 4 showing an increase in FRF with pressure. 
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Figure 7.16 Linear plot of formation resistivity factor as a function of confining pressure for 

core set 5 showing an increase in FRF with pressure. 

The effect of confining pressure on the cementation exponent of fully saturated 

samples was measured on all the core sets (Table 3.2 in Section 3.2.1). The results 

indicate that m increases with confining pressure where the average m at 1000 psi 

and 4500 psi is ~ 2 and ~2.2 respectively leading to a 8% increase in m (Figure 7.17 

to Figure 7.21). In addition, m increased with porosity (Figure 7.22), this supports 

the data presented in Section 6.4.1 Figure 6.8. 

 

Figure 7.17 Linear plot of cementation exponent vs confining pressure for core set 1 

showing an increase in m with pressure. 
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Figure 7.18 Linear plot of cementation exponent vs confining pressure for core set 2 

showing an increase in m with pressure. 

 

Figure 7.19 Linear plot of cementation exponent vs confining pressure for core set 3 

showing an increase in m with pressure. 
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Figure 7.20 Linear plot of cementation exponent vs confining pressure for core set 4 

showing an increase in m with pressure. 

 

Figure 7.21 Linear plot of cementation exponent vs confining pressure for core set 5 

showing an increase in m with pressure. 
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Figure 7.22 Linear plot of cementation exponent as a function of porosity for all five core 

sets at a confining pressure of ~4500 psi showing an increase in m with porosity. 

7.4 Discussion  

This section discusses the effects of confining pressure on porosity (Section 7.4.1), 

impact of stress on gas permeability (Section 7.4.2), impact of confining pressure on 

brine permeability (Section 7.4.3) and the impact of confining pressure on FRF and 

cementation exponent (Section 7.4.4). This is followed by the impact of threshold 

pressure on MICP permeability (Section 7.4.5). 

 7.4.1 Impact of Confining Pressure on Porosity 

A comparison was made between i) porosity from 1500 psi to 4500 psi confining 

pressure, ii) the porosity at 500-4500 psi net stress vs stress data presented by the 

Discovery Group Mesaverde dataset (Byrnes and Cluff, 2009), and iii) the average 

porosity at 4500 psi net stress using the relationships developed for the Discovery 

Group Mesaverde dataset (Byrnes and Cluff, 2009) vs ambient porosity presented in 

Chapter 5. The aim was to understand how porosity values obtained from laboratory 

measurements relate to subsurface values. 

Porosity does not decrease dramatically with increasing confining pressure from 

1500 to 4500 psi where the largest percentage difference was just 7.6% (Figure 7.6 

to Figure 7.9). The Discovery Group Mesaverde dataset and the porosity measured 
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between 500 and 4500 psi are both consistent and they do not change significantly 

with an increase in confining pressure as seen by the horizontal lines (Appendix F). 

The difference between the ambient porosity data from Chapter 5 compared to the 

average porosity at 4500 psi confining pressure using the relationships developed for 

the Discovery Group Mesaverde dataset (Byrnes and Cluff, 2009) was an average of 

3.5 porosity units (Table 7.2). Nevertheless, these small changes in porosity could 

still lead to considerable changes in other derived properties such as gas in place 

(GIP). Therefore, a sensitivity analysis needs to be conducted depending on the 

desired properties of the reservoir (for example the volume), to determine the 

potential impact of this possible variation. 

Table 7.2 Ambient porosity and the Discovery Group Mesaverde dataset porosity at 4500 

psi using the porosity stress exponents in Equation 7.3 as well as the difference in porosity 

units (pu). 

Core set Sample 

Ambient 

porosity 

(%) 

Porosity-stress 

exponents 

Porosity 

4500 psi 

(%) 

Difference 

(pu) 

      A B 3.7   

1 BP2_2 12 -0.05 1.06 10.5 1.5 

  BP2_3 13 -0.05 1.06 7.1 5.9 

  BP3_1 13 -0.05 1.06 9.2 3.8 

  WIN4_26 6 -0.07 1.07 2.6 3.4 

  WIN5_16B 13 -0.05 1.06 12.1 0.9 

2 SHELL1_83E 4 -0.08 1.08 0.3 3.7 

  SHELL1_111 8 -0.06 1.06 8.3 0.3 

  SHELL2_9B 12 -0.05 1.06 7.6 4.4 

  SHELL2_1B 8 -0.06 1.06 4.8 3.2 

  Shell1_216 3 -0.10 1.09 1.9 1.1 

3 BP3_4 17 -0.04 1.05 16.5 0.5 

  BP3-5 16 -0.04 1.05 5.2 10.8 

  BP3_6 15 -0.05 1.05 12.3 2.7 

  SHELL4_202 16 -0.04 1.05 8.2 7.8 

  SHELL4_389 14 -0.05 1.05 9.4 4.6 

4 EBN4_10 8 -0.06 1.06 4.0 4.1 

  WIN9_5 6 -0.07 1.07 4.8 1.2 

  BP2_5 5 -0.07 1.07 3.6 1.4 

  SHELL4_409 5 -0.07 1.07 4.0 1.0 

  GDF1_6 5 -0.07 1.07 3.9 1.2 

5 GDF1_7 10 -0.05 1.06 8.5 1.5 

  GDF2_4 11 -0.05 1.06 6.8 4.3 

  EBN3_40 21 -0.04 1.05 16.5 4.5 

  SHELL4_370 15 -0.05 1.05 4.5 10.5 

  GDF1_1 10 -0.05 1.06 8.1 1.90  

The Discovery Group Mesaverde dataset porosity values are sometimes lower than 

those made at 500-4500 psi net stress during the current study (Appendix F). This 
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could be because the methodology of porosity determination with confining pressure 

is different. The Discovery dataset uses porosity stress exponents obtained from the 

slope and intercept of a graph of porosity as a function of net confining pressure, an 

ambient porosity of the sample and the log of the confining pressure. Porosity 

reduction was calculated during the current study using the grain volume, original 

pore volume and the amount of brine expelled at 0 psi and 500 to 4500 psi confining 

pressure. However, the Discovery Group Mesaverde dataset porosity values could 

have just been lower than the porosity values of the samples used in this research. 

Many other studies have indicated that porosity is not as stress dependent as other 

properties (e.g. Fatt and Davis, 1952; Fatt, 1953, 1958; Dobryni, 1962; Vairogs et al. 

1971; Thomas and Ward, 1972; Luffel, 1991 - Figure 7.23 and Byrnes, 1996 - Figure 

7.23). For example, Byrnes (1996) found that the helium porosity values measured at 

ambient stress tend to be within 95% of those in the reservoir. Jones and Owens 

(1980); Luffel (1991) found that the porosity decreased by 0.5 to 1.0 porosity units 

from ambient to net overburden stress. Chen (2002) found a large decrease in 

porosity in two samples (sample 20 and 39 in Figure 7.24), which was in contrast to 

the third sample (sample 52 in Figure 7.24). The samples that had experienced a 

large porosity reduction had large axial directional fractures whereas the sample 

whose porosity was not so stress dependent did not contain these fractures. 

 

Figure 7.23 Porosity at 800 psi as a function of ambient porosity showing the data points sit 

close to and on the 1:1 line (from Luffel 1991) (left). In-situ porosity as a function of routine 

helium porosity showing the data points sit close too and on the 1:1 line (Byrnes, 1996) 

(right). 
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Figure 7.24 Porosity as a function of pressure showing small change in porosity for sample 

52 and large changes for the fractured samples - 20 and 39 (Chen, 2000). 

Byrnes (1996) stated that in low permeability sandstones the pore space is enclosed 

by a ridged framework which resists the effects of stress. BSE analysis (Chapter 5) 

indicates that some samples contain illite that coats the grains which could 

potentially resist compression. However, this is not likely as although the illite is 

well structured and forms thick blades, the illite is the most delicate mineral in the 

TGS in this research.  

Bernabe et al. (2003) stated that the conductive porosity (i.e. pore throats) that 

control the permeability are more stress sensitive then the non-conductive porosity 

(i.e. the pore bodies). During the BSE examination microfractures of 1-5 μm width 

were found between grain contacts. Therefore, if the larger pores which occupy the 

largest amount of pore space are not as deformed compared to the grain boundary 

microfractures which occupy the smallest pore space, the porosity will not decrease 

dramatically. This is potentially the reason for the lack of stress dependency for 

porosity. The evidence for the closure of microfractures rather than the closure of 

large pore bodies with stress will be discussed in Chapter 8. 

 7.4.2 Impact of Stress on Gas Permeability 

The gas permeability decreases by 69% from 500 psi to 9000 psi net stress (Table 

7.1, Section 7.3.2). Several studies have shown that permeability of tight gas 

sandstones decreases with stress. For example, Gray et al. (1963) showed that 

permeability of several Berea and Bandera sandstone decreases upon application of 

simulated overburden pressure. Ostensen (1983) argued that flow rates in tight gas 
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reservoirs are frequently much lower than predictions based on routine core analysis 

data and that a factor of ten is not uncommon. Similarly, Byrnes (1996) stated that 

in-situ effective gas permeability ranges from 10 to 1000 times less than routine air 

permeability. Sigal (2002) argued that applied net confining pressure can sometimes 

lead to an order of magnitude decrease in permeability. Jones (1997) found the gas 

permeability decreased by 90% in the tight gas reservoirs when the cores were 

compressed. 

Many studies have also shown that the stress dependency of permeability increases 

with decreasing permeability (Fatt, 1952 and 1953; McNally et al., 1958; Wyble, 

1958; Gray, 1963; Vairogs, 1971 (Figure 7.25); Thomas and Ward, 1972; Brighenti, 

1989; Byrnes, 1996 (Figure 7.26) and Jones, 2001). The same conclusion can be 

found in this research as seen in Figure 7.11. Latchie et al. (1958) found that the 

irreversible reduction of permeability was 4% in the high permeability cores and 

reached up to 60% in the low permeability cores. Junchang et al. (2013) concluded 

that from the mercury injection data the lower the initial gas permeability the 

stronger the stress sensitivity as they have fewer larger pore throats.  

 

Figure 7.25 Permeability ratio as a function of net confining pressure showing those 

samples with low permeabilities are more stress dependent then the higher permeable 

samples (Vairogs, 1971) 
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Figure 7.26 Log: log plot of in-situ permeability as a function of routine air permeability 

showing those samples with low permeabilities are more stress dependent then the higher 

permeable samples (Byrnes, 1996). 

One of the possible reason for the decrease in permeability is related to the decrease 

in the cross-sectional area of the fluid flow paths as net confining pressure is 

increased (Sigal, 2002). More specifically, Takahashi et al. (1995) stated that the 

reduction in permeability is due to the closure of low aspect ratio pores; this is 

supported by Jones and Owen (1980) and Ostensen (1983). Microfractures were 

present around grain contacts in all the TGS samples and their closure could have a 

drastic effect on the connectivity of the pores (Section 5.3.4 and Figure 7.27). This is 

further studied in Chapter 8. 

 

Figure 7.27 BSEM image of BP3_4 showing the presence of microfractures surrounding all 

the grains (red arrow). These microfractures close under stress and reduce permeability. 
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Another reason for the decrease in permeability with an increase in pore pressure 

could be due to the narrow pore sizes present in TGS therefore a phenomena called 

slippage could occur. Slippage effect as described by Klinkenberg (1941) occurs 

when the mean path of the gas molecule is longer than the distance between the pore 

wall and the molecule. This results in non-laminar flow of gas along the flow 

direction as molecules do not collide with each other anymore and instead flow 

along the pore throat. This flow is inversely proportional to the pressure, whereby a 

reduction in pore pressure causes an increase in the mean free path of the molecule. 

This is observed in this research where the permeability is found to increase with a 

fixed confining pressure but decrease in the pore pressure (Figure 7.28). 

 

Figure 7.28 Apparent gas permeability vs net confining pressure for EBN3_10. The 

permeability data in the red box is due to a fixed confining pressure and reduced gas 

pressure leading to an increase in permeability with net stress. Similar trends are found with 

the other 24 samples (Table 3.1) . 

Slippage is strongest at the pore throats which are equal or lower than the free 

molecular flow path, this pore throat size is presented as 10-100 nm by Javadpour 

(2009) and Freeman (2011). In TGS there might be pores of this size but most of the 

pores are likely to be larger i.e. 30-2000 nm from Nelson (2009). Therefore though 

there is evidence for both slippage and microfractures it is most likely that the effects 

of microfracture are stronger than the effects of slippage. These microfractures could 

act as flow pathways at low stress but could close at higher confining pressures 

causing the permeability to decrease. The evidence for the closure of the 

microfractures as the cause of the stress dependency found in TGS will be addressed 

in Chapter 8. 
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 7.4.3 Impact of Confining Pressure on Brine Permeability 

Initial experiments indicated that brine permeability was not as stress sensitive as gas 

permeability. For example, the gas permeability decreased by 99% for WIN9_5 and 

by 61% for BP2_5. In comparison, the brine permeability decreased by 38% for 

WIN9_5 and 51% for BP2_5 (Figure 7.29). It was suspected that the brine 

permeability appeared not to be as stress sensitive because the presence of brine had 

prevented the samples reaching pressure equilibrium. Therefore, an experiment was 

conducted in which a sample was saturated at the maximum confining pressure and 

permeability measurements were made as the confining pressure was (i) decreased in 

2 hour increments, (ii) followed by an increase in confining pressure after 24 hours, 

(iii) followed by a decrease in confining pressure after 4 days (Figure 7.30). 

The data shows that brine permeability decreases by 80% after 4 days of pressure 

equilibration compared to 40% after 2 hours of pressure equilibration. Therefore, the 

lack of stress dependency is indeed due to the time allowed for the sample to reach 

pressure equilibrium at each pressure step. The pores and pore throats that should 

have been closed at a particular pressure were still open after 2 hours of pressure 

equilibrium; however, after 4 days of pressure equilibrium, the sample had time to 

adjust to the applied pressure. The data shows that longer time periods are required 

for the sample to reach equilibrium after confining pressure is increased than the 2 

hours that was initially used. Future work is needed to model this equilibrium time. 
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Figure 7.29 Permeability as a function of confining pressure for WIN9_5 and BP2_5 

showing the gas permeability is more stress sensitive than the brine permeability. 

 

Figure 7.30 Brine permeability as a function of confining pressure for different equilibration 

times (orange: instant loading to maximum pressure then decrease in 2 hour increments, 

red: increasing pressures in 1 day increments and blue: decreasing pressure in 4 day 

increments). There is a 40% difference in the reduction in permeability between the sample 

at 4 days of pressure equilibrium vs 2 hours. 

 7.4.4 Impact of Stress on Electrical Properties  

The FRF (Figure 7.12 to Figure 7.16 in Section 7.3.3) and m (Figure 7.17 to Figure 

7.21 Section 7.3.3) increased with net confining pressure. This has been previously 

reported by several authors (Glanville, 1959; Fatt, 1957; Mahmood, 1991; 

Hausenblas, 1995 (Figure 7.31) and Mohammed, 2015). The effects are greatest for 
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lower porosity samples (Glanville, 1959 and Mahmood, 1991), which supports the 

current research data, for example, WIN4_26 has the lowest porosity of around 4.5% 

(Figure 7.6) and therefore the highest FRF (170-387) (Figure 7.12) in core set 1. 

Similar patterns can be seen in core sets 2 and 3. 

 

Figure 7.31 Formation resistivity factor and cementation exponent vs stress showing an 

increase in FRF and m with stress (from Hausenblas, 1995). 

The stress sensitivity present in the electrical properties is related to changes in the 

pore structure (Mahmood, 1991) and especially the closure of microfractures (Brace 

et al,. 1965; Wyble, 1958; Mohammed, 2015 and Zisser and Nover, 2009). Dobrynin 

(1962) pointed out that the resistivity curves for the cores at 100% saturation and 

irreducible water saturation do not change in shape (Figure 7.32). This shows that 

the primary pores have very little influence on the resistivity changes, and that the 

changes in resistivity must be primarily cause by the reduction in the microfractures. 

Hausenblas (1995) stated that the closure of pore throats reduces the size of the 

conductive pathways, which in turn have a greater impact on the resistivity for low 

porosity samples compared to high porosity samples. Zisser and Nover (2009) stated 

that it is the increased tortuosity of the transport path and the closure of thin aspect 

ratio pores and cracks which can create dead end pores.  

Microfractures were found between grain contacts which increase the connectivity of 

the pores and improve fluid and therefore current flow (Section 5.3.4). Therefore, at 

lower stresses the lower FRF and m values are attributed to the presence of 

microfractures. In contrast at higher stresses these microfractures may close and the 

FRF and m increase as the connectivity decreases. The evidence for the closure of 
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the microfractures as the cause of the stress dependency found in TGS will be 

addressed in Chapter 8. 

 

Figure 7.32 Relative resistivity as a function of net overburden pressure. This work used 

samples without any microfractures, this produced trend lines that do not change when a 

100% water saturated core plug is compared with a core plug at irreducible saturation 

(from Dobrynin, 1962). 

Some samples have a large increase in FRF with confining pressure (BP2_5, BP3_5, 

GDF1_6, 7, GDF2_4, SHELL1_83, 111, 216, SHELL2_1B, 9B, SHELL4_202, 409, 

WIN4_26 and WIN9_5). The large FRF are not related to the size of the pores or 

their connectivity as they have porosities that range from 3.4 to 16% and 

permeabilities that range from 0.002 to 4 mD. It was thought the large FRF could be 

related to the different brine concentrations used as experiments on samples 

SHELL1, 2, GDF1 and 2 were conducted with a lower concentration of NaCl brine 

composition compared to the other TGS samples. However, based on  Equation 2.13, 

Chapter 2 FRF is related to the resistivity of a rock fully saturated vs the resistivity 

of fluid which it is saturated with. Therefore, changing the resistivity of the fluid will 

have little effect on FRF. Another possibility was that the higher FRF values could 

be related to a low water saturation (Glanville, 1959), which is more evident for low 

porosity samples (Brace and Orange, 1965). However, these samples were first 

saturated under vacuum for 2 days followed by 2 days under 1500 psi, therefore, this 

is possibly not the case here. 

The large FRF is likely due to a lack of contact between the sample and the end 

platens in the core holder. Samples were removed when the electrical properties 
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appeared to be unrealistic, the system readjusted and the sample re-loaded. However, 

as the set-up was fragile and was composed of many components it was difficult to 

resolve. Future work is needed to design a simpler set-up with less connections to 

improve the accuracy of the data. 

 7.4.5 Permeability Estimations from Mercury Injection Data 

Many studies have compared permeability estimated from MICP data to measured 

permeability values. It is often argued that traditional Hg-injection method is a 

hydrostatic measurement because no confining pressure is applied to the sample 

during the analysis. In the current study, it was argued that mercury compresses the 

sample until it enters the pore space therefore the threshold pressure which is the 

pressure at which a continues pathway is created through the sample (Tiab and 

Donaldson, 2016) is equivalent to the confining pressure. Therefore, it is more 

sensible to compare the permeability estimated from the MICP data to the 

permeability measured at a net confining pressure that is equal to the threshold 

pressure of the sample. 

In Chapter 6 (Section 6.4.3.2), the MICP permeability was compared to the gas 

permeability at a higher single confining pressure of 5000 psi net stress which 

created an underestimation of the measured permeability at the lower permeability 

end. However, once the MICP permeability is compared to gas permeability at 

threshold pressure the trends are improved (Figure 7.33 to Figure 7.36). This implies 

that similar pressure conditions are needed to make a reliable comparison. The 

inaccuracies in estimating the permeability of tight rocks with the MICP models as 

presented in Chapter 6 could still contribute to the trends in Figure 6.33 to Figure 

6.36, nevertheless, the pressure effects appear to be more pronounced in these TGS. 

This indications that the effects of stress are important in permeability experiments. 
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Figure 7.33 Permeability at in-situ stress (top) and threshold pressure (bottom) as a 

function of the estimated Swanson permeability. The trend is improved by plotting against 

the threshold pressure. The red line is the trend line and the blue line is the 1:1. 
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Figure 7.34 Permeability at in-situ stress (top) and threshold pressure (bottom) as a 

function of the estimated Purcell permeability. The trend is improved by plotting against the 

threshold pressure. The red line is the trend line and the blue line is the 1:1. 
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Figure 7.35 Permeability at in-situ stress (top) and threshold pressure (bottom) as a 

function of the estimated Katz and Thompson. The trend is improved by plotting against the 

threshold pressure. The red line is the trend line and the blue line is the 1:1. 
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Figure 7.36 Permeability at in-situ stress (top) and threshold pressure (bottom) as a 

function of the estimated Winland permeability. The trend is improved by plotting against 

the threshold pressure. The red line is the trend line and the blue line is the 1:1. 
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The estimation of permeability using MICP data can also be improved by rock 

typing the samples according to the amount and position of clays. In particular, 

samples with low clay contents tend to have extremely good correlations between 

predicted and measured permeability; the data are relatively tightly scattered around 

the best-fit line (Figure 7.37). Samples with pore-filling clays have a similar trend to 

those with a low clay content but show more scatter around the best fit line (Figure 

7.37). Samples with grain coating clays have the worst correlation between estimated 

and measured permeability and show large amounts of scatter (Figure 7.37). This 

compares well to the conclusions found in Chapter 5 that the position of clays is an 

important control on permeability. 

 

Figure 7.37 Permeability of samples with grain coating clay (top, left), pore filling clay (top, 

right) and low clay content (bottom) measured at the Hg-air threshold pressure as a 

function of the permeability estimated using the Purcell method. The clay free samples have 

the best trend. 
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7.5 Conclusion 

The petrophysical properties of TGS are stress sensitive when measured in the 

laboratory. The extent of this stress sensitivity is different for each property and 

varies from sample to sample. Porosity is the least sensitive to stress with values in 

the subsurface being around 95% of that measured at ambient conditions. 

Permeability is the most stress sensitive with values in excess of an order of 

magnitude lower in-situ compared to ambient conditions. Electrical properties have a 

stress sensitivity that is midway between that of porosity and permeability. The brine 

permeability was found to be stress sensitive but more time is required for 

mechanical equilibrium to ensure the permeability is not overestimated.  

The main reason for the stress sensitive nature of permeability and electrical 

properties is possibly related to the closure of microfractures. These microfractures 

form a small proportion of the overall porosity so their closure may not have a large 

effect on the porosity. The evidence for the closure of microfractures is presented in 

Chapter 8. 

Mercury compresses the sample until it enters the pore space hence it was found that 

the permeability estimated from the MICP data should be compared to the 

permeability measured at a net confining pressure that is equal to the threshold 

pressure of the sample. In doing so, the trend between the estimated permeability 

from the MICP data and the measured permeability at threshold pressure is 

improved. This implies that similar conditions are needed for a reliable comparison 

and that permeability is effected by stress. The results are further improved if 

different correlations are applied to different rock types. Results from clay-free 

sandstones are particularly good whereas results from samples containing grain-

coating clays are the least accurate. Samples with pore-filling clays fall somewhere 

between these end-members. This further demonstrates that clay position is a key 

control on permeability. 
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Chapter 8 - Microfracture Closure on the effects on 

TGS Stress Dependency 

8.1 Introduction 

The results presented in Chapter 7 show that many properties of TGS are stress 

dependent. This stress dependency is thought to be related to the presence of 

microfractures (Joel, 1982; Chun, 2013). However, it is unclear whether 

microfractures that cause the stress dependency are present in the subsurface. If not, 

it is likely that petrophysical properties will not be as stress dependent in the 

subsurface as they are in the laboratory. This is important because it would have a 

significant impact on development planning. For example, if permeability is stress 

dependent in the subsurface there may be benefits to implement restricted rate 

practice where gas is produced at higher pore pressures to maintain higher 

permeabilities. 

The microfractures can be studied in more detail by injecting low melting point 

eutectic alloys such as Wood’s metal (50% bismuth, 26.7% lead, 13.3% tin and 10% 

cadmium) or Field’s metal (51% indium, 32.5% bismuth and 16.5% tin) (Lipchitz, 

2013) into the sample. Metal injection is a useful technique to study the pore 

structure as it offers the possibility of freezing the invaded networks at any stage of 

its injection (Darot and Reuschle, 1999). This enables the pore structure under stress 

to be observed by optical or scanning electron microscopy. 

In this study, Field’s metal was injected into a sample under different confining 

pressures and the metal distribution was determined using SEM to assess whether: 

(i) the microfractures are the main cause of the stress dependency seen in Chapter 7 

and (ii) TGS are stress dependent in the subsurface. Field’s metal was chosen as it is 

nonreactive with water, non-toxic and has an ideal viscosity of 27 mPa-s at 80°C 

(Lipchitz, 2013). The methodology is presented in Section 8.2, the results of the 

experiment are presented in Section 8.3; followed by a discussion of the results in 

Section 8.4. The work in this chapter is then summarised in Section 8.5. 
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8.2 Methodology 

 8.2.1 Sample Preparation 

Sample BP4_5 was first cleaned with DCM using the Soxhlet extractor process as 

described in Section 3.2.1. Gas porosity and permeability were then measured using 

the method described in Section 3.4.1 and 3.4.2. They were both conducted to allow 

a comparison with image analysis values and the latter was also conducted to 

determine the stress dependency of permeability for this specific sample. 

The solid Field’s metal was located inside a 4 ml stainless steel chamber, which was 

plugged at the base (Figure 8.1 and Figure 8.2 - A). A stainless steel platen was 

placed on top, which has a central hole to allow the metal to enter the core (Figure 

8.1 and Figure 8.2 - B). The sample sat above the stainless steel platen (C) and was 

topped with a stainless steel cap to stop the metal entering the set-up (Figure 8.2- D). 

Fine-grained sand was placed above and below the sample to ensure there was a 

good contact as the sample was not perfectly flat (Figure 8.2). In addition, heat 

shrink was added around the stainless steel chamber and sample to ensure the metal 

did not escape. 

 

Figure 8.1 Stainless steel 4ml chamber which housed the Field’s metal along which was 

plugged at the base to stop the metal leaking out (A), fields metal (B) and the stainless steel 

platen with central hole to allow the metal to enter the core plug (C). 

A B C 
Fields metal 

Stainless 

steel platen 

4 ml 

chamber 

Plug 
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Figure 8.2 4ml stainless steel chamber containing Field’s metal (A), stainless steel platern 

(B), core plug (C), fine grained sand at the top and base and stainless steel cap (D). 

 8.2.2 Experiment 

The first objective was to inject as much Field’s metal into the core plug as possible. 

The core plug as seen in Figure 8.2 was placed into a core holder, and the core 

holder was placed vertically into an oven. The temperature was increased to 80°C 

and left to stabilise for a few hours (Figure 8.3). The core holder was placed 

vertically to ensure the molten metal did not start to flow into the core before the 

confining pressure and pore pressure was applied.  

The core holder was connected to two 103 ml Teledyne ISCO model 260D positive 

displacement pumps. One was linked to a piston which drove the confining pressure 

and the other pump drove the pore pressure. The latter had two connections, one to 

the core holder within the oven and one to a beaker containing water where the water 

was used to drive the pump. A vacuum pump was attached to the top of the core 

holder to draw up the metal and draw out the air. 

Once a stable temperature of 80°C was achieved and the metal assumed to be fully 

molten, the confining pressure was increased to 1500 psi and the pore pressure to 

250 psi. The setup was left to stabilise and was monitored for 48 hours by observing 

the change in water level within the pumps. The conductivity across the core was 

also monitored which enabled the exact time at which the metal had reached the top 

of the core plug to be known. It was assumed that no more metal was entering the 

sample when the conductivity and water level in the pump was stable.  
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The oven was turned off and the pore pressure lowered to allow the metal to solidify 

for 24 hours. The core holder was left under confining pressure as it was assumed 

that the metal may shrink away from the pore walls when it cools. The sample within 

the core holder was CT-scanned to determine the distribution of Field’s metal. The 

confining pressure was removed and the sample photographed and weighed. The 

former was for reference and the latter to determine the amount of metal injected.  

The core plug was trimmed at the lower and upper end and prepared for SEM 

analysis (see Section 3.3.1). The sample was replaced into the core holder and the 

same experiment was performed at the same confining pressure of 1500 psi but 

higher pore pressures of 500 then 1000 psi. Following this, the net stress was 

increased to 2500, 3500 and 4500 psi. The second objective at higher net stress 

ranges was to re-distribute the metal; therefore, no pore pressure was needed to push 

in any further metal. 

 

Figure 8.3 Schematic drawing of the Field’s metal injection experimental to determine the 

cause of the stress dependency of TGS. The area drawn in black represents Figure 8.2. 
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8.3 Results 

This section will provide the results to allow an investigate as to whether 

microfractures are the main cause of the stress dependency found within TGS. 

Details of the BP4_5 core plug used are presented in Section 8.3.1. This is followed 

by the CT images after metal injection Section 8.3.2. SEM images showing the 

location of Field’s metal between 500 and 4500 psi net stress are presented in 

Section 8.3.3. The dry weight and core plug images of the sample before and after 

each pressure step is presented in Section 8.3.4. This is followed by an estimation of 

porosity using image analysis in Section 8.3.5. 

 8.3.1 Core and Microstructural Information 

The BP4_5 sample has a permeability of 0.07 mD below 3500 psi confining pressure 

and 0.02 mD above 4100 psi confining pressure (Table 8.1 and Figure 8.4); it also 

has a porosity at ambient stress of 11% (Table 8.2). It is highly laminated as can be 

seen from the core and CT image (Figure 8.5 and Figure 8.6). The BSE images show 

the presence 1-5 μm microfractures surrounding all the grains (Figure 8.7). 

Table 8.1 Permeability from 1500 to 10,000 psi confining pressure and ~1000 psi pore 

pressure for BP4_4. 

Confining pressure  

(psi) 

Pore pressure  

(psi) 

Net stress 

 (psi) 

Permeability  

(mD) 

1500 964 536 0.073 

2500 911 1589 0.071 

3500 947 2553 0.067 

4122 1083 3039 0.02 

4998 1083 3915 0.018 

7000 1027 5973 0.01 

10000 984 9016 0.010 
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Figure 8.4 Permeability as a function of net stress for BP4_5 showing a slow rate of 

permeability decrease below 2500 psi and above 3000 psi and a faster rate of decrease 

between 2500 psi and 3000 psi. 

Table 8.2 Dimensions, dry weight, bulk volume, porosity, permeability and in-situ pressure 

of the reservoir for BP4_5. 

BP4_5 Data 

Length (cm)` 4 

Diameter (cm) 3 

Dry weight (g) 90 

Bulk volume (cm
3
) 38 

Permeability (mD) – 1500 and 5000 psi 0.073 and 0.018 

Porosity (%) 11 

Net stress of the reservoir (psi) 

Cp, Pp (psi) 

8140 

12300, 4130 

 

Figure 8.5 Core photo of BP4_5 with black arrows showing the location of the laminations. 
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Figure 8.6 CT images of the BP4_5 core plug showing the presence of fractures cutting 

through the core (left) or part of the core plug (right). These are not the microfractures. 

  

Figure 8.7 BSE images prior to metal injection showing the main components – Quartz - 

Qtz, Albite – Al, Illite – I, MF – microfractures. 

 8.3.2  CT Images Showing Field’s Metal Injection 

The Field’s metal started to move up through the laminations at 1250 psi net stress 

(1500 psi CP, 250 psi PP) to reach the top of the core plug (Figure 8.8). These 

laminations are much larger than the microfractures under study (Figure 8.5 and 

Figure 8.6) and they provide a pathway to fully saturate the sample with metal. It is 

predicted that with an increase in pore pressure from 250 to 1000 psi, the maximum 

pore pressure used, the metal will start to saturate the smaller pores and 

microfractures and move along the lowest capillary pressure pathways. This was not 

tested as the metal had completely saturated the core plug and the CT scanner could 

not create an internal image after 250 psi Pp, however, the smaller pores and 

microfractures were filled with metal as can be seen in the BSE images in Section 

8.3.3. 

Qtz 
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Figure 8.8 CT image of the core holder  and core plug after Field’s metal Injection (1500 

psi Cp and 250 psi Pp) showing the presence of the metal within the larger vertical 

laminations in the core plug. 

 8.3.3 Microstructure after Field’s Metal Injection using SEM 

The SEM images after metal injection show a decrease in the amount of metal in the 

core plug as the net stress increases from 500 to 4500 psi (Figure 8.9 to Figure 8.12). 

At 500 psi net stress, the metal occurs along the grain scale microfractures, is 

continuous throughout the sample (Figure 8.9a, b) and has reached pore sizes as 

small as 1 μm (Figure 8.9c). This is also the case at 2500 psi net stress, however, 

there is less metal than at 500 psi net stress (Figure 8.10). At 3500 and 4500 psi net 

stress there is a lack of metal within the microfractures and the metal is more isolated 

within the larger pores (Figure 8.11 and Figure 8.12a). In addition, some pores show 

evidence of pinching of the metal (Figure 8.12b) and metal snap-off (Figure 8.12c). 
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Figure 8.9 BSE image showing the metal distributed in all pore sizes (a), the continuous 

nature of the metal through the microfractures (b), and the presence of metal within 

microfractures as small as 1 μm at 500 psi net stress (c). 

  

Figure 8.10 BSE SEM image showing the metal distributed in the microfractures at 2500 psi 

net stress although there is less metal then at 500 psi. 
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Figure 8.11 BSE SEM image showing the metal distributed in the larger pores at 3500 psi 

net stress. 

 

Figure 8.12 BSE SEM images showing the metal distributed in the large isolated pores at 

4500 psi net stress (a), the metal “snap off” (b) and the pinching of pore throats (c). 
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 8.3.4 Dry Weight and Core Plug Images 

The dry weight before and after metal injection at each net stress was determined 

(Table 8.3). It appeared that more metal had entered the sample (12.6%) above the 

original porosity of the sample (11%) at 500 psi net stress, nevertheless, when 

observing the sample some metal had solidified on the outside of the core plug 

(Figure 8.13). Therefore, the 12.6% is not the true amount of metal injected at 500 

psi net stress. More metal was pushed out at 3500 psi net stress compared to 2500 psi 

and 4500 psi net stress. There is more metal in the sample at 500 psi as it appears 

shiny as opposed to the dullness of the sample at higher net stress values (Figure 

8.14). 

Table 8.3 The change in weight of the BP4_5 sample after metal injection at 500 psi net 

stress and after an applied net stress of 2500 to 4500 psi. 

Dry weight (start) - g 90.3 

Weight after  injection (500 psi) -g 103.3 

Amount injected - g 13 

Amount injected - % 12.6 

Weight before 2nd pressure step of 2500 - g 86.5 

Weight after 2nd pressure step of 2500 psi- g 84 

Amount of metal pushed out at 2500 psi - g 2.5 

Amount of metal pushed out at 2500 psi - % 3 

Weight before 3rd pressure step of 3500 psi - g 64.5 

Weight after 3rd pressure step of 3500 psi - g 58.6 

Amount of metal pushed out at 3500 psi - g 6.9 

Amount of metal pushed out at 3500 psi - % 11.8 

Weight before 4th pressure step of 4500 psi - g 51.7 

Weight after 4th pressure step of 4500 psi - g 49 

Amount of metal pushed out at 4500 psi - g 2.7 

Amount of metal pushed out at 4500 psi - % 5.5 
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Figure 8.13 BP 4_5 sample after metal injection at 500 psi net stress showing the metal has 

solidified on the outer surface of the core plug leading to a high metal injection percentage 

above the porosity of the sample at 500 psi. 

 

Figure 8.14 Slice of BP4_5 after injection at 500 psi net stress (left) and 4500 psi net stress 

(right) showing more metal at the lower net stress as it appears more shiny. 

 8.3.5 Estimation of Porosity using Image Analysis 

A thin section slide was made of the sample after each net stress and the thin section 

was studied using a scanning electron microscope. BSE images were taken and the 

percentage amount of pore space was calculated using image analysis software -

Image J. The area covered by the metal appears white which is referred to as true 

porosity and the area covered by pores appears red which is referred to as closed 

porosity (Figure 8.15 and Figure 8.16). The true porosity was determined by taking 

the closed porosity away from the original porosity from Table 8.2. The percentage 
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area of pores closed is 0.8% and 2.8% at 500 and 4500 psi net stress respectively. 

Therefore, the true porosity at 500 psi net stress is 10.2% (true porosity = 11% 

(original porosity from Table 8.2) - 0.8%) and at 4500 psi net stress it is 8.2% (true 

porosity = 11% (original porosity from Table 8.2) – 2.8) (Figure 8.15 and Figure 

8.16). Both porosities are lower than the helium porosity. 

 

Figure 8.15 Porosity from image analysis on a BSE SEM image of the closed pores at 500 

psi net stress (0.8% red) leading to a porosity of 10.2%  

 
Figure 8.16 Porosity from image analysis on a BSE SEM image of the closed pores at 4500 

psi net stress (2.8% red) leading to a porosity of 8.2%. 

Closed pores 

Open pores 

Closed pores 

Open pores 
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8.4 Discussion 

 8.4.1 Causes of the Stress Dependency found in TGS 

There is evidence in the literature for the closure of microfractures with applied 

stress. Thomas and Ward (1972), Nelson et al. (1976), Walsh (1966) argued that the 

impact of stress on permeability is higher in rocks containing microfractures than 

those containing only natural porosity. Zhang et al. (2013) stated that microfractures 

are easy to deform under the action of external force (Figure 8.17). Joel (1982) 

claimed that flat cracks are closed easily by increasing overburden pressure, and 

their effect on permeability can be seen in Figure 8.18. At higher effective stress, 

their contributions to flow have been almost eliminated. Lorenz (1999) stated that 

the effective stress normal to a fracture increases during drawdown of reservoir 

pressure, and is capable of narrowing fracture apertures in the system. Hyman (1991) 

found that relatively few induced microfractures, 0 to 7% of the total microfractures 

encountered, are observed in the stressed thin sections. This compares to 20% to 

50% induced microfractures detected in the unstressed thin sections.  
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Figure 8.17 Permeability ratio as a function of the effective stress for a matrix core (a) and 

a microfracture core (b) showing a greater stress sensitivity with samples with 

microfractures (Zhang et al., 2013) 

 

Figure 8.18 Permeability as a function of effective pressure for some tight sandstones 

showing a decrease in permeability with effective pressure (Joel, 1982). 

The data in this chapter supports the conclusions from other publications that 

microfractures close under stress. The metal at 500 to 2500 psi net stress saturated all 

the pores, was present along grain scale microfractures and was more continuous 

through the sample. At 3500 to 4500 psi net stress the metal is present mostly in the 

larger pores and less metal was present in the microfractures. Observations of the 

weight change of the sample, which is related to the amount of metal leaving the 

sample, suggests that most of the metal was forced out at 3500 psi net stress 

compared to 2500 psi and > 3500 psi net stress. 
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Less metal is being forced out of the sample (thus smaller weight change) at the 

lower net stresses (<2500 psi), therefore it can be assumed that pores and 

microfractures are not being compressed that much. On the other hand, at 4500 psi 

net stress it might be expected that more metal would be forced out as the stress is 

higher. However, as most of microfractures have already closed, the only metal 

leaving at this stress would be from the pores. Overall, TGS with high permeabilities 

are not very stress dependent (Figure 7.11, Chapter 7), therefore the amount of metal 

forced out at higher stresses would be expected to be lower compared to the amount 

forced out at microfracture closure stresses.  

More metal came out of the sample between 2500-3500 psi because the 

microfractures are closing in this region. This in turn forces out the Field’s metal 

from these microfractures, causing the weight change. This is consistent with the gas 

permeability data as the permeability decreases gradually between 2500 psi and 3500 

psi net stress (Figure 8.4). 

Some isolated pods of metal were found within the microfractures between 3500 and 

4500 psi net stress despite the original theory that the microfracture are shut at this 

stress (Figure 8.12b). This occurs in a similar way with mercury during drainage and 

imbibition experiments (Pickell, et al., 1966; Roff, 1970; Li and Waedlaw, 1986; 

Ioannidis and Chatis, 1993a; Tsakiroglou, 1997; Smith et al., 2002; Al-Gharbi and 

Blunt, 2003). Many publications state that this is because the mercury will enter the 

pore at a pressure determined by the entrance size and not the overall pore size 

(Giesche, 2005). Therefore, if the mercury enters a pore with a narrow pore throat, at 

higher stresses the mercury will break at the pore throat trapping the mercury, this is 

known as the ink bottle theory. This has been observed in pores using Wood’s metal 

(Kaufmann, 2010), therefore, it is predicted it will occur in a similar way in the 

Field’s metal. As the metal ‘snapped off’ with an increase in stress, the metal was 

able to keep segments of the microfractures open, whereas, the area that was not 

filled by the metal was closed; this is seen by the pinching of the metal in Figure 

8.12c. 

In this chapter, the porosity of BP4_5 sample did not vary much as the porosity at 

4500 psi was only 2 porosity units lower than that at 500 psi (Section 8.3.5). There 

are several possibilities for the minor stress dependency of porosity. There is an issue 

in terms of how representative the sample is to the reservoir as the SEM samples are 
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very small (Santarelli, 1998; Egermann et al., 2004). Nevertheless, if this was the 

case this would affect all the samples regardless of the applied stress and a similar 

conclusion was observed in Chapter 7. 

The metal may have contracted as it solidified, which is a common property for 

Wood’s metal (Kaufmann, 2010) and therefore it may occur in Field’s metal as they 

have similar properties. This may cause some pores to be partially open which 

should have been closed leading to higher porosities then expected at higher stresses. 

When observing the Field’s metal inside the microfractures and pores there is no 

evidence of metal shrinkage. 

The microfractures form a small proportion of the overall porosity, therefore, their 

closure has little impact on the overall porosity as the porosity is more controlled by 

the closure of larger pores which are not very stress dependent (Mavko et al., 2009). 

This is supported by the fact that the closure of microfractures impacted the 

permeability and electrical properties in Chapter 7 as these properties are more 

controlled by the closure of microfractures (Jones and Owen, 1980; Ostensen, 1983; 

Takahashi et al., 1995). The closure of microfractures is more likely to be the case 

for the lack of porosity change with stress as there is clear evidence for the presence 

of microfractures in Chapter 5 (Section 5.3.4) and the closure of microfractures with 

stress in this chapter. 

 8.4.2 Impact of Stress on Subsurface Properties 

The data and discussions presented within Chapter 7 suggest that key petrophysical 

properties are very sensitive to net stress under laboratory conditions. There is 

significant evidence that microfractures are responsible for the stress dependence of 

petrophysical properties in TGS. Consequently, a central issue regarding the stress 

sensitivity is whether or not the microfractures are natural or result from damage 

during or after drilling and therefore whether the TGS are stress sensitive in the 

subsurface. 

Hyman (1991); Gale et al. (2007); Chalmers et al. (2012) and Liu et al. (2013) all 

indicated that artificial microfractures can be identified due to their lack of 

cementation. The TGS in this research have undergone extensive diagenetic changes 

with the infilling of pores and throats with clay and the build-up of secondary 
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minerals like quartz, dolomite and siderite. These diagenetic deposits have greatly 

affected the petrophysical properties of TGS (Chapter 5 and 6). However, no mineral 

deposits were found within the microfractures (Chapter 5).  

Hyman (1991) and Loucks (2016) both indicated that artificial microfractures 

surround the grains rather than fracturing them. The microfractures observed during 

the current project are present at grain contacts (Section 5.3.4). The microfractures in 

a number of studies were found to close under stresses lower than that within the 

reservoir (Thomas and Ward, 1972; Vairogs et al. 1971). The Field’s metal 

experiment has also shown that microfractures present at ambient stress are closed 

between 2500 and 3500 psi net stress. In addition, the stress at which the 

microfractures are closing in the laboratory is lower than the in-situ net stress of 

8149 psi at which the core was taken.  

Microfractures have been found to form artificially as a result of drilling, core 

expansion or contraction during or shortly after coring, core handling, or sample 

preparation (Lui et al., 2013). Loucks (2016) argued that they can form during the 

preparation of thin sections for SEM analysis and also a consequence of breakage 

under low-confining pressure. Fjaer et al. (2008) argued that stress, thermal effects 

and chemical effects due to fluid exposure, are the main core alteration mechanisms. 

In addition, the cores may be further damaged by the action of the drill bit. Fjaer et 

al. (2008) presented a schematic illustration of a vertical well drilled in an initial 

stress field with a vertical and isotropic horizontal stress (Figure 8.19). The vertical 

stress decreases first as the well is drilled and the horizontal stress reduces as the 

core enters the core barrel. This creates a point where the horizontal stress is larger 

than the vertical stress. This can cause damage to the core and can create increased 

stress sensitivity (Holt et al., 2000). 

This discussion in this section has shown that the microfractures in the 25 TGS 

(Table 3.1) would not be present in the subsurface therefore, they appear to have 

been created during or after drilling. This implies these microfractures would not be 

present within the subsurface. Therefore, the TGS are not as stress dependent in the 

subsurface as they are in the laboratory. 



232 

 

Figure 8.19 Schematic illustration of the effective stress alteration during coring in a 

normally stressed rock. As the well is drilled the vertical stress decreases, after some time 

the horizontal stress starts to decreases and there is a point where the horizontal is more 

than the vertical stress, at this point microfractures can be created (Holt et al., 2000). 

8.5 Conclusion 

The stress sensitivity shown in Chapter 7 appears to be mainly due to the presence of 

microfractures which close between 2500 and 3500 psi net stress. The first piece of 

evidence is the gas permeability decreased between 2500 and 3500 psi net stress. 

Secondly, the metal is present in all the pores, along grain scale microfractures and 

was more continuous through the sample at 500 to 2500 psi net stress. Thirdly, the 

metal was mostly present in the larger pores and less metal was present in the 

microfractures between 3500 and 4500 psi net stress. Fourthly, more metal was 

forced out at 3500 psi net stress compared to 2500 psi and > 3500 psi net stress. 

Below 2500 psi net stress the pressures are not high enough to compress all the pores 

and microfractures whereas above 3500 psi net stress the microfractures were closed 

and metal was only leaving the larger less stress sensitive pores.  

The closure of these microfractures only has a small impact on porosity because they 

only represent a small proportion of pore volume. These microfractures do, however, 

have a significant impact on resistivity, the cementation exponent and permeability 

which shows why these properties are particularly stress sensitive. Nevertheless, 

these microfractures were found to be formed during or after coring rather than 

naturally as (i) there was no cement deposit present in the microfractures, (ii) the 

microfractures occur at grain contacts, and (iii) the microfractures closed under 
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lower stresses than those found in the subsurface. Therefore TGS samples are not 

likely to be as stress sensitive in the subsurface as they are in the laboratory. 

The higher values of permeability and the low values of FRF and m at lower stresses 

are therefore not representative of subsurface conditions. Consequently, it is 

recommended that all permeability and electrical experiments on TGS in the future 

should be measured at subsurface stresses to remove the effects of these 

microfractures. In addition, implementing restricted rate practise, where gas is 

produced at higher pore pressures to maintain higher permeability, is not likely to be 

beneficial in terms of preserving subsurface permeability during production. Future 

work is needed to understand how the microfracture form. 
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Chapter 9 - Conclusions 

An extensive petrophysical analysis was undertaken with the aim of improving the 

characterisation of tight gas sandstones reservoirs. The main objectives of the 

research work was to (i) improved the understanding of the petrophysical properties 

of tight gas sandstones (TGS), (ii) understand what controls porosity-permeability, 

(iii) identify the most appropriate and cost effective methods to clean TGS core 

plugs, (iv) reduction reservoir characterisation timescales, (v) determine the effects 

of stress on porosity, permeability, electrical properties and MICP permeability 

estimations and (vi) determine the cause of the stress dependency and whether 

properties of TGS are stress sensitive in the subsurface. These key aspects are 

summarized below. 

9.1 Sample Cleaning 

It has been suggested that the Soxhlet extractor using dichloromethane (DCM) with 

methanol could damage the microstructure of samples containing delicate clays. This 

is due to the creation of interfacial tension. Instead, some authors state that critical 

point drying removes the effects of interfacial tension, therefore, providing more 

delicate cleaning. A comparison was made between two cleaning methods with four 

solvents (Soxhlet with DCM/methanol and toluene and critical point drying with and 

acetone or methanol) at the start of the research work to study this further. 

The porosity was 2.3 porosity units (19%) higher and permeability was 0.009 mD 

(49%) lower for the core plugs cleaned by critical point drying. However, with 

increased stress, the permeability for all the samples started to converge and those 

samples with higher permeabilities are from different depths. The brine permeability 

was 80% lower for the core plug cleaned with DCM/methanol, which is possibly an 

error as the other three samples have similar brine permeability values. There was no 

clear relationship in the electrical properties and no significant difference between 

the pore size and pore throat size. The illite clay was well structured in all the 

samples irrespective of their cleaning method. Nevertheless, the amount of illite, 

calcite and dolomite varied before and after cleaning possibly implying the QXRD 

method is inaccurate. 
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There was no significant difference between the petrophysical data and the clay 

structure, suggesting that the Soxhlet extraction method is a reliable cleaning 

method. However, other authors have found that the critical point drying method 

does preserve fine structures. Nevertheless, the samples within these studies had the 

most delicate clays whereas the illite in this research formed strong well-structured 

blades. Therefore, the critical point drying method is not required for the samples 

studied within this research, however, this may not be the case for other rock types 

with more delicate clays. 

The main problem with the critical point drying method was that the DMSO-d6, the 

tracer solvent, solidified at room temperature. This was solved by placing the glass 

tube which contained the DMSO-d6 in a water bath. It was also unsure if the samples 

were fully saturated with the acetone/methanol. This was solved by first saturating 

the samples using a vacuum pump for 2 days followed by an applied confining 

pressure of 1500 psi for 2 days. 

9.2 RCA and SCAL Properties of TGS 

To improve on the current knowledge of the petrophysical properties of tight gas 

sandstones (TGS) an extensive petrophysical analysis was performed on 25 TGS. 

The gas permeability of samples ranged from 1.2 x 10
-3

 to 4.1 mD at 500 psi net 

stress. During the pulse decay experiment there were issues with oil leaking on the 

sample and equipment. This was due to the uneven nature of the sample and was 

solved by sanding down the sample. 

An Eclipse simulation (finite element simulator able to model laboratory scale fluid 

flow through various media) using a Cartesian grid was used to model a 5 cm long 

sample having permeabilities from 0.01 mD to 1 nD, a porosity of 10%, upstream 

and downstream volumes of 30 cm
3
 and an initial pressure of 1000 psi. The model 

was used to enable a comparison to be made between the permeability and the time 

required for pore pressure equilibrium to be achieved through a sample prior to a 

pulse decay permeability measurement. It was found that ~11.4 hours was required 

for the low permeability samples (0.00005 mD) and ~0.5 seconds for the high 

permeable samples (4.1 mD). This shows that equilibrium time is important 

especially for low permeable samples like TGS.  
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It was found that brine permeability was always lower than the gas permeability. A 

number of publications found this to be due to an undersaturation of the core samples 

with respect to the brine, or due to clay swelling or flocculation. The confining 

pressures and back pressures should have ensured the samples were fully saturated as 

well as the method used to saturate the core plugs and no swelling clays such as 

smectite were present. The cause is still unknown, however, flocculation is most 

likely not occurring, as the high salinities used in this research should prevent this, 

nevertheless an experiment needs to be designed to study this further.  

The microstructure of the 12 wells from which the 25 TGS came from were analysed 

using SEM and QXRD. The samples have varied textures (fine to coarse, sub-

rounded to angular, well sorted to moderate grains), compositions (quartz, feldspar, 

illite, kaolin, dolomite and siderite) and they have all been affected by extensive 

diagenetic processes (clay and dolomite cementation, quartz overgrowths and 

outgrowths, secondary porosity and mechanical compaction). Microfractures are also 

present between grain contacts, which act as the main cause of the stress dependency 

found in TGS. 

The formation resistivity factor (FRF) increases as porosity and permeability 

decrease due to the reduction in the pore size and connectivity. It was expected that 

the cementation exponent would also increase with a decrease in porosity and 

permeability, however, the opposite was found. The samples with the lowest 

porosity and permeability have the lowest cementation exponents; this is possibly 

due to the presence of microfractures between grain contacts which increase the 

connectivity even at low porosities. The m is large at higher porosities and 

permeabilities as the microfractures do not contribute much to the pore connectivity. 

The larger m values are most likely related to the presence of isolated secondary 

pores. They increase the porosity but as they do not contribute to the overall fluid 

flow, the m value is high. 

The effects of temperature were important during this study. Brine permeability and 

the electrical properties were found to fluctuate and it took long periods of time for 

them to reach equilibrium. This was solved by placing them in temperature 

controlled rooms. 
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The TGS have varied pore sizes with unimodal, biomodal and trimodal pores being 

present. The pore throat size ranged from 0.002 to 1 μm where some large pore 

throats were identified from 1 to 5 μm these are the microfractures. The surface area 

ranged from 0.2 to 5.3 m
2
/g. BET was measured by two different laboratories and 

there were large discrepancies between the results. No strong correlations were 

identified between surface area and other properties such as permeability, FRF, peak 

pore radius, NMR T2 cut-off, clay content and m. This possess questions on the 

reliability of the BET methodology and there is the need to adjust the methodology. 

Overall this Thesis has provided an extensive outlook on the petrophysical properties 

of a range of TGS rock types which can aid other research work. 

9.3 Controls on Porosity and Permeability 

Rock types based on mineralogy, microstructure, texture and the depositional 

environment were used to study the porosity-permeability trends. The trends 

between porosity and permeability with illite and kaolin content were poor where the 

R
2
 values range from 0.13 to 017. In addition, no trends were found when comparing 

other diagenetic minerals with permeability and porosity. There is no obvious 

permeability vs porosity relationship with grain sorting, grain size, grain shape or 

depositional environment. The lack of relationship is caused by extensive and 

diverse diagenetic alteration such as the formation of clay. 

The only good trend with permeability and porosity was found with the 

microstructure. Those samples with low clay content had the highest permeabilities 

for a given porosity whereas those samples with pore bridging clay had the lowest 

permeabilities for a given porosity. The pore filling clay had permeability values in 

between. It is therefore clear that the microstructure i.e. the clay type and position is 

the major control on the porosity-permeability relationships in TGS. This 

information could be used to determine permeability from wireline log porosity and 

microstructure from SEM without core plugs. 

9.4 Reducing Time Scales for Reservoir Characterisation 

A study into the reduction in timescales for reservoir characterisation by gaining 

petrophysical data without the need for core analysis was performed. The SEM was 
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found to be the most useful tool in providing the composition, distribution of phases, 

diagenetic history, texture, pore size and helped identify microfractures. It also 

enabled an understanding of what controls porosity and permeability and enabled 

permeability to be estimated using the structural position of clay. 

QXRD did not provide a good estimation of permeability as the method is not 

specific enough for tight rocks, it struggles to distinguish detrital from authigenic 

phyllosilicates and does not provide any knowledge into the position of minerals. 

The Coates et al. (1991) model underestimated the laboratory permeability by around 

one order of magnitude and the SDR model underestimated the laboratory 

permeability by around three orders of magnitude. This could be due to the wrong C 

constant or because the key properties that affect the NMR T2 relaxation time i.e. the 

grain size, pore size and clay type/position, are all assumed to be the same by using a 

single value of  33 ms as the T2 cut-off. The permeability trend with NMR was 

however improved when each well was plotted separately as each well will have 

similar conditions and properties. This implies there is the potential to divide 

samples by well to gather more accurate permeability estimations. 

Microstructural analysis has identified many of the causes of the scatter when 

comparing the measured gas permeability and estimated NMR permeabilities. In the 

presence of secondary pores and pore lining or bridging clay the predicted NMR 

permeability will be overestimated. In the presence of fractures the predicted NMR 

permeability will underestimate permeability. 

MICP provided a good link between the estimated and measured permeabilities. 

However, there was an underestimation of the measured permeability at the lower 

permeability end. This is possibly because the measured permeability in this research 

was obtained at one single stress of 5000 psi whereas the models provide 

permeability at a particular threshold pressure. When the MICP permeability was 

compared to the measured permeability at threshold pressure the R
2
 values increased 

implying the trends improved. This implies that similar conditions are needed for a 

reliable comparison and confirms that permeability is affected by stress. 

The flow rate of the wells linked well to the microstructure. The samples with grain 

coating illite had flow rates of 2.5 mmscf/day whereas those with low amounts of 

clay had flow rates of 51 mmscf/day. Those samples with pore filling kaolin clay, 
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quartz cement/outgrowths, dolomite cement or those that have experienced 

compaction had flow rates of 31 mmscf/day. This confirms that the clay position is 

the major control on permeability and that there is a potential to identify good vs 

poor reservoir using a microscope. 

This work has shown that a large amount of information can be gained without the 

need for core plug analysis. Specifically, side wall cores can be studied using NMR 

and cuttings can be studied using SEM and MICP data. The best methodologies for 

obtaining properties such as permeability without core plugs was the SEM and 

MICP. This means that key properties can be obtained quickly at a start of a research 

project where core analysis can be used once the area has shown to be profitable, 

ultimately cutting costs for core labs and oil and gas companies. 

9.5 Impact of Stress on TGS 

The effects of stress on porosity, permeability (gas and MICP) and electrical 

properties and the cause of the stress dependency were studied to understand whether 

properties are stress sensitive in the subsurface. Properties of TGS were found to be 

stress dependent within the laboratory. Porosity was found to be the least stress 

sensitive as seen by the almost horizontal data points where the largest increase was 

7.6% (1.4 pu). Permeability was found to be the most stress sensitive where the 

lower stress data is about three times larger than the higher stress data. The electrical 

properties have a stress dependency between that of porosity and permeability where 

the FRF increased on average by 57% and the m by 8%. The brine permeability was 

originally thought not to be stress dependent, however, when sufficient amount of 

time was allowed for pressure equilibrium prior to the experiment, the brine 

permeability was found to be stress sensitive. There was a 40% decrease in 

permeability with an increase in the confining pressure equilibrium time period from 

2 hrs to 4 days. 

The main issue with the experimental setup used during the stress dependency 

studies was leakage of brine and breakage of the equipment. The setup contained 

many connections which led to the brine leaking, this was solved by ensuring 

everything was tight and old rusted connections were replaced. The equipment had 

many attachments such as the burette which easily broke, this was solved by ensure 

the burette was tightly fastened to the core holder. 
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The microfractures were found to be the main cause of these stress effects. This was 

studied by injecting a TGS sample with a eutectic alloy – Field’s metal. The Field’s 

metal was found to be present in the microfractures up to 2500 psi net stress but the 

Field’s metal mainly resided within the larger isolated pores above 3500 psi net 

stress. This demonstrates that the microfractures are closing between 2500 and 3500 

psi net stress. This was supported by the gas permeability data where the 

permeability decreases from 0.07 to 0.02 mD between 2500 and 3500 psi net stress. 

The closure of only these microfractures has a small impact on porosity because they 

only represent a small proportion of pore volume. These microfractures do, however, 

have a significant impact on the connectivity of the pores providing a reason why 

resistivity, cementation exponent and permeability are particularly stress sensitive. 

Microfractures were present between grain contacts, they were not filled with any 

diagenetic deposits and they closed under stresses lower than that in the subsurface. 

Therefore, they are believed to be created during the coring or preparation of the 

core plugs. This implies they will not contribute to the in-situ permeability. In 

addition, restricted rate practice, where gas is produced at higher pore pressures to 

maintain higher permeabilities, is not beneficial. The significance of this work 

implies that petrophysical properties should be performed at or near the in-situ stress 

to remove the effects of the microfractures. This will ensure the permeabilities are 

not over estimated or the electrical data is underestimated. 

9.6 Contributions and Applications 

This Thesis overall contributes to the knowledge on tight gas sandstones (TGS) and 

their petrophysical properties by providing a RCA/SCAL program on 25 TGS. In 

particular it identifies what controls porosity-permeability i.e. the clay position. It 

obtains different conclusions as different rock types were studied. For example, clay 

position was found to be the major control on porosity and permeability trends rather 

than texture or clay amount as other research projects suggested. The reason clay 

structure was a major control was because the TGS in this research have been 

affected by extensive diagenesis. The Soxhlet extractor was found to be a moderate 

method to clean TGS samples rather than the critical point drying method as the clay 

was well structured compared to the studies that said critical point drying was 
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needed. Furthermore, the cementation exponent increased with porosity despite other 

research saying it increases with a decrease in porosity. 

An experiment was designed to compare different cleaning methods. The Soxhlet 

extractor and critical point drying method with CO2 was compared. It was found that 

the Soxhlet extractor with DCM/methanol is an adequate method to use for TGS 

with a similar clay structure.  

Experimental data was compared to modelled data to estimate permeability (Kozeny-

Carmen equation – BET surface area, SDR and Coates models – NMR and MICP 

models) and permeability was estimated using microstructure from SEM. The best 

methods for determining permeability were SEM and MICP. These provide 

alternative faster methods to estimations permeability without core plugs.  

It was found that permeability and electrical properties vary with stress.  Therefore, 

by obtaining these data under reservoir conditions more accurate data that is 

representative of reservoir conditions can be obtained. The main cause of the stress 

sensitivity was obtained and found to be due to the closure of microfractures at low 

stress. This was identified by designing a method where Fields metal was injected 

into a sample under different stresses and the location of the metal identified using 

the SEM. This work also enabled the microstructure of a sample to be studied under 

stress  in a microscope, this is significant as it is important to understand how these 

rocks appear under stress. 

This research work could be useful to the oil and gas industry in particular core labs 

as it increases data accuracy by identifying that some experiment need to be 

performed under higher stresses. It presents methods which work (porosity, 

permeability) and those that need improving (QXRD, BET, NMR). It has provided 

faster alternative methods to obtain key data such as permeability without the time 

consuming core analysis programs. The controls on porosity and permeability enable 

the recognition of good vs poor reservoir as those samples with a lot of pore bridging 

or grain clay will have lower permeabilties compared to those sample with little or 

no clay. In addition, as the flow of gas and brine and the microstructure and 

connectivity of pore systems in TGS has been studied, there is the potential to use 

the data to understand waste disposal and trap systems. 
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9.7 Future Work 

The next step in this research would be to compare the effects of core plug cleaning 

using the Soxhlet extractor and critical point drying on more rock types to provide 

stronger statistical data. This may demonstrate that the Soxhlet extractor method of 

cleaning is suitable for those samples where the clay is not so delicate, whereas, 

those samples with delicate clays require delicate cleaning methods like critical point 

drying. 

A modelling technique similar to that used for permeability needs to be employed 

prior to the brine permeability and electrical experiments to determine the pressure 

and electrical current stability times respectively. In addition, the difference between 

the brine and gas permeability needs to be further evaluated to ensure it is not an 

experimental error and a methodology needs to be developed to study the effects of 

flocculation by studying the change in brine permeability when the direction of the 

flow of brine and/or when the brine salinity is changed. 

The inaccuracies in the QXRD and BET methods as well as the permeability 

estimations using QXRD and NMR also need to be studied in more detail. For the 

QXRD, improvements into the accuracy of the data collection and interpretation is 

required. For the BET and NMR, the methodology needs to be more suitable for 

TGS. In addition, for the NMR further analysis is required to understand why the 

data is improved when studying individual wells. 

A more extensive study into the formation of the microfractures needs to be done. 

This could involve strength tests on artificial rocks to try to re-create the 

microfractures and determine the exact conditions at which they can be generated. In 

addition, microfractures should be accounted for in simulation models to distinguish 

between microfracture and matrix permeability. 

In this work there were issues with temperature control especially with the stress 

dependency experiments where the temperature can affect the fluid movement. The 

laboratory was logged and data corrected for in-situ temperatures, however, in the 

future all instruments need to be placed in temperature controlled rooms. The set-up 

for the effects of stress on TGS was fragile and had many connections leading to 

breakages and there were issues with poor electrical contact. Future work would be 

to design a simpler set-up. 
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Appendix A 

Dimensions and weights before and after cleaning with the four solvents 

Cleaning/Solvent Core/crushed Sample 
Length 

(cm) 

Diameter 

(cm) 

Weight 

before 

(g) 

Weight 

after 

(g) 

Weight 

loss (g) 

Critical - Acetone Core WCB 1 2.7 2.5 30.8 30.6 0.2 

 Crushed WCA 4 3.0 2.5 33.8 33.5 0.3 

Critical -

Methanol 
Core WCA 2 3.1 2.5 34.8 34.3 0.5 

 Crushed WCA 3 3.0 2.5 33.0   

Soxhlet – 

DCM/methanol 
Core WCB 6 3.3 2.5 37.9   

 Crushed 
WCB 

11 
3.0 2.5 34.6 34.4 0.2 

Soxhlet -Toluene Core WCB 5 2.9 2.5 33.1 32.9 0.2 

 Crushed WCB 2 3.0 2.4 34.6   

Peak ratios of DMSO-d6 to acetone and methanol 

Core Solvent 
Time 

(mins) 
Peak ratio of DMSO-d6:Acetone/Methanol 

WCA_4 Acetone 0 0:0 

  60 1:0.46 

  120 1:0.36 

  240 1:0.22 

  570 1:0.16 

  750 1:0.05 

  870 1:0.03 

  1080 1:0.02 

  1230 1:0.01 

WCA_1 Acetone 1680 0 

WCA_2 Methanol 0 1:0 

  210 1:6.61 

  1290 1:2.92 

  1590 1:1.41 
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  2910 1:0.55 

  3720 1:0.16 

  5880 1:0.57 

WCA_3 Methanol 0 1:0 

  60 1:6.61 

  180 1:2.92 

  360 1:1.41 

  480 1:0.5 

  600 1:0.16 

  780 1:0.52 

  900 1:0.11 

  1200 1:0.06 

  1500 1:0.05 

  1740 1:0.05 

  22801: 1:0.02 

  3420 1:0.01 

  3720 1:0.02 

Note: Those peak ratios highlighted in red did not fit the general trend of decreasing 

acetone and methanol amounts with time. 

Liquid NMR spectra for the critical point drying with CO2 samples 
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WCA_4 - first samples taken with no CO2 flush through (top) and 60 minutes after flushing 

CO2 (bottom). 
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WCA_4 - 120 minutes after flushing CO2 (top) and 240 minutes after flushing CO2 (bottom). 
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WCA_4 - 570 minutes after flushing CO2 (top) and 750 minutes after flushing CO2 (bottom). 
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WCA_4 - 870 minutes after flushing CO2 (top) and 1880 minutes after flushing CO2 (bottom) 

 

WCA_4 - 1230 minutes after flushing CO2. 
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WCA_2 - 210 minutes after flushing CO2. 

 

WCA_2 - 1290 minutes after flushing CO2. 
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WCA_2 - 1590 minutes after flushing CO2. 

 

WCA_2 - 2910 minutes after flushing CO2. 
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WCA_2 - 3720 minutes after flushing CO2. 

 

WCA_2 - 5880 minutes after flushing CO2. 
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Appendix B 

Dry weight and dimensions of the 25 TGS 

Sample Dry weight (g) 
Length 

(cm) 

Diameter 

(cm) 
Sample Dry weight (g) 

Length 

(cm) 

Diameter 

(cm) 

BP2_2 166.3 6.6 3.7 SHELL4_370 101.5 4.1 3.8 

BP2_3 151.6 6.1 3.7 SHELL4_389 100.8 3.9 3.8 

BP2_5   5.6 3.8 SHELL4_409 122.9 4.3 3.8 

BP3_1 168.1 6.8 3.7 GDF1_1   5.2 3.8 

BP3_4 141.6 5.5 3.8 GDF1_6   5.8 3.8 

BP3_5 141.1 5.7 3.8 GDF1_7 142.6 5.4 3.8 

BP3_6   5.5 3.7 GDF2_4   3.5 3.8 

EBN3_40 103.6 4.5 3.7 WIN4_26 142.6 5.0 3.8 

EBN4_10 153.5 5.5 3.7 WIN5_16B 131.9 5.0 3.8 

SHELL1_83E   4.6 3.8 WIN9_5 119.9 4.2 3.8 

SHELL1_111 142.2 5.1 3.8 WIN10_1 30.8 2.7 2.5 

SHELL1_216B 160.7 5.4 3.8 WIN10_2 34.8 3.1 2.5 

SHELL2_9B   5.0 3.8 WIN10_3 34.6 3 2.5 

SHELL2_1B 117.8 4.3 3.8 WIN10_4 33.1 2.9 2.5 

SHELL4_202 106.6 4.4 3.7 BP4_5   5.1   
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Bulk volume – calliper and mercury immersion for the 25 TGS samples 

Sample 
BV from caliper  

(cm
3
) 

BV from Hg 

(cm
3
) 

Sample 
BV from caliper  

(cm
3
) 

BV from Hg  

(cm
3
) 

BP2_2 70.39 57.96 SHELL2_1B 48.51   

BP2_3 56.34 55.37 SHELL4_202 47.79   

BP2_5 62.94 62.18 SHELL4_370 44.97 43.75 

BP3_1 72.71 59.24 SHELL4_389 43.53   

BP3_4 61.51 60.39 SHELL4_409 48.11   

BP3_5 60.20 59.83 GDF1_1 56.88 56.64 

BP3_6 60.31 59.42 GDF1_6 63.51 60.31 

EBN3_40 49.02   GDF1_7 60.07 59.68 

EBN4_10 49.11 59.80 GDF2_4 38.10 37.83 

SHELL1_83E     WIN4_26 56.45   

SHELL1_111 57.97   WIN5_16B 56.45   

SHELL1_216B 61.05   WIN9_5 46.91 46.89 

SHELL2_9B           
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Bulk density and grain density for the 25 TGS samples 

Sample 
Bulk density (Calliper) 

(gm/cm
3
) 

Bulk density (Hg immersion) 

(gm/cm
3
) 

Bulk density (Hg injection) 

(gm/cm
3
) 

BP2_2 2.36 2.34 2.30 

BP2_3 2.32   2.27 

BP2_5 2.63 2.62 2.57 

BP3_1 2.32 2.32 2.14 

BP3_4 2.23 2.27 2.27 

BP3-5 2.26 2.28   

BP3_6 2.25 2.28 2.29 

EBN3_40 2.11     

EBN4_10 2.57 2.57 2.49 

SHELL1_83E 2.59   2.44 

SHELL1_111 2.43   2.26 

SHELL1_216B 2.61   2.57 

SHELL2_9B 2.34   2.11 

SHELL2_1B 2.46     

SHELL4_202 2.24     

SHELL4_370 2.28     

SHELL4_389 2.35     

SHELL4_409 2.57     

GDF1_1 2.44 2.44 2.43 

GDF1_6 2.58 2.58 2.56 

GDF1_7 2.39 2.39 2.38 

GDF2_4       

WIN4_26 2.53   2.44 

WIN5_16B 2.35 2.33 2.22 

WIN9_5 2.57 2.58 2.55 
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Sample 
Grain Density (He)  

(gm/cm
3
)  

Grain Density (Hg Injection) 

(gm/cm
3
) 

Grain density (QXRD) 

BP2_2 2.66 2.61 2.69 

BP2_3 2.65 2.57 2.65 

BP2_5 2.71 2.67 2.70 

BP3_1 2.65 2.54 2.64 

BP3_4 2.68 2.64 2.57 

BP3-5 2.68     

BP3_6 2.65 2.64 2.71 

EBN3_40 2.68     

EBN4_10 2.75 2.68 2.71 

SHELL1_83E 2.69 2.56 2.68 

SHELL1_111 2.67 2.48 2.66 

SHELL1_216B 2.71 2.66 2.63 

SHELL2_9B 2.67 2.40 2.58 

SHELL2_1B 2.66   2.66 

SHELL4_202 2.67   2.69 

SHELL4_370 2.66 2.64 2.69 

SHELL4_389 2.67 2.62 2.69 

SHELL4_409 2.69   2.72 

GDF1_1 2.69 2.67 2.68 

GDF1_6 2.71 2.70 2.72 

GDF1_7 2.64 2.57 2.67 

GDF2_4 2.72 2.66   

WIN4_26 2.67 2.62 2.61 

WIN5_16B 2.68 2.57 2.70 

WIN9_5 2.71 2.58 2.72 
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Bulk density - Hg immersion vs callipers for the 25 TGS samples 

 

Bulk density – Hg injection vs callipers for the 25 TGS samples 

 

Bulk density – Hg immersion vs Hg injection for the 25 TGS samples 
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Grain density – Hg injection vs Helium porosimeter for the 25 TGS samples 

 

Grain density – QXRD vs helium porosimeter and Hg injection for the 25 TGS 

samples  
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QXRD data for all 25 TGS samples 

Sample Amount (%) Quartz Albite Microcline Calcite Dolomite Magnesite Mica Illite-smectite 

BP2_1 73.9 4.6 8 0.0 0.2 0.0 2.6 8.4 

BP2_2 87 0.0 2.6 0.0 0.8 0.0 1.4 2.5 

BP2_3 88.2 0.0 4.2 0.0 0.0 0.0 2.1 0.4 

BP3_1 86.9 0.0 2.8 0.0 0.1 0.0 0.0 1 

BP3_4 78.4 2.5 5.0 0.0 0.0 0.0 2.5 0.0 

BP3_5 78.4 2.5 5.0 0.0 0.0 0.0 2.5 0.0 

BP3_6 68.2 0.7 6.8 0.0 0.0 0.0 1.8 0.0 

EBN3_40 74.7 4.9 3 0.4 0.6 0.0 1.2 11.5 

EBN4_10 51.3 7.3 0.8 0.3 0.7 0.0 7.9 11.1 

GDF1_1 83.2 0.1 0.0 0.3 9.2 0.0 1.7 0.0 

GDF1_6 69.9 0.2 0.0 0.6 13.8 0.0 2.7 1.5 

GDF1_7 90.1 0.4 0.0 0.5 0.6 0.0 1.0 1.3 

GDF2_4                 

SHELL4_202 85.6 0.2 0.0 0.3 0.3 1.6 0.9 7.4 

SHELL4_370 83.5 0.2 0.3 0.5 3.6 1.8 1.9 5.8 

SHELL4_389 85.3 0.2 0.0 0.3 0.4 4.7 1.2 6.3 

SHELL4_409 79.4 0.0 0.0 0.2 0.4 3.4 3.8 7.8 

SHELL1_83 70.5 4.9 1.0 0.0 4.8 0.0 8.2 4.3 

SHELL1_111 78.1 4.5 0.0 0.0 2.7 0.0 8.4 0.6 

SHELL1_216 69.1 4.7 0.0 0.0 8.3 0.0 11.2 0.4 

SHELL2_1B 72.7 4.5 7.6 0.2 4.1 0.0 0.0 9 

SHELL2_9B 73.7 5.7 6.0 0.0 4.7 0.0 5.3 4.4 

WIN4_26 85.1 1.4 1.1 0.0 4.6 0.0 7.9 0.0 

WIN5_16B 68.5 9.4 0.0 0.0 4.1 0.0 0.0 15.7 

WIN9_5 65.4 2.6 0.0 0.0 1.9 0.0 14.1 8.0 
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Sample Amount (%) Kaolinite Chlorite Pyrite Siderite Barite Anhydrite Mica+illite Clay 

BP2_1 1.2 0.0 0.9 0.0 0.0 0.2 11.0 12.2 

BP2_2 2.7 1.6 0.0 0.0 0.0 0.0 3.9 8.2 

BP2_3 4.7 0.0 0.0 0.0 0.0 0.0 2.5 7.2 

BP3_1 7.9 1.1 0.0 0.0 0.0 0.0 1.0 10.0 

BP3_4 12.6 2.5 0.0 0.0 0.0 0.0 2.5 17.7 

BP3_5 12.6 2.5 0.0 0.0 0.0 0.0 2.5 17.7 

BP3_6 17.1 3.6 0.4 0.0 0.0 0.0 1.8 22.4 

EBN3_40 0.0 0.7 0.0 1.4 0.0 0.0 12.7 13.4 

EBN4_10 11.8 0.5 0.3 7.9 0.0 0.0 19.0 31.3 

GDF1_1 3.1 0.6 0.3 1.4 0.0 0.1 1.7 5.4 

GDF1_6 8.2 0.4 0.0 1.2 0.0 0.2 4.2 12.8 

GDF1_7 3.1 0.9 0.2 0.6 1.1 0.1 2.3 6.3 

GDF2_4                 

SHELL4_202 0.4 2.3 0.2 0.3 0.0 0.6 8.3 11.0 

SHELL4_370 0.2 0.8 0.2 0.9 0.0 0.0 7.7 8.7 

SHELL4_389 0.0 0.2 0.2 0.7 0.0 0.0 7.5 7.7 

SHELL4_409 0.0 3.2 0.2 0.5 0.0 0.9 11.6 14.8 

SHELL1_83 0.0 6.1 0.0 0.0 0.0 0.0 12.6 18.7 

SHELL1_111 0.0 6.4 0.0 0.0 0.0 0.0 8.9 15.3 

SHELL1_216 0.0 8.0 0.5 0.0 0.0 0.0 11.6 19.6 

SHELL2_1B 0.0 1.8 0.0 0.2 0.0 0.0 9.0 10.8 

SHELL2_9B 0.0 2.8 0.0 0.8 0.0 0.0 9.7 12.5 

WIN4_26 0.0 1.2 0.0 0.9 0.0 0.0 7.9 9.1 

WIN5_16B 0.0 0.0 0.0 1.3 0.0 0.0 15.7 15.7 

WIN9_5 3.7 0.0 0.0 3.1 0.0 0.0 22.1 25.8 
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Pore pressure equilibrium time eclipse file  
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Appendix C 

Sample divided according to grain sorting, grain shape and grain size  

Well  Sample 
Porosity (BV Calliper - GD He) 

(fraction) 

Kg at in situ stress  

(mD) 
Grain sorting 

WIN4 26 0.054 0.023 Very well sorted 

WIN5 16B 0.12 0.009   

EBN3 40 0.21 0.67   

EBN4 10 0.064 0.002   

SHELL1 83 0.036 0.00019 Well sorted 

SHELL2 1 0.074 0.28   

BP2 5 0.028 0.0018   

BP3 4 0.17 0.69   

SHELL4 370 0.14 0.93   

SHELL4 409 0.045 0.00002   

WIN 9 5 0.052 0.00003   

GDF1 6 0.096 0.015   

GDF1 7 0.095 3.7   

SHELL1 111 0.090 0.0037 Moderately sorted 

SHELL1 216 0.035 0.005   

BP3 6 0.15 0.56   

SHELL4 202 0.16 0.047   

SHELL4 389 0.12 0.035   

GDF1 1 0.093 1.09   
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Well  Sample 
Porosity (BV Calliper - GD He)  

(fraction) 

Kg at in situ stress 

 (mD) 
Grain shape 

WIN4 26 0.054 0.023 Sub-rounded 

WIN5 16B 0.12 0.009   

SHELL1 83 0.036 0.00019   

SHELL1 111 0.09 0.0037   

SHELL2 1 0.074 0.28   

SHELL4 389 0.12 0.035   

SHELL4 409 0.045 0.00002   

WIN 9 5 0.052 0.00003   

GDF1 7 0.095 3.7   

SHELL1 216 0.035 0.005 Sub-angular 

BP2 5 0.028 0.0018   

BP3 4 0.17 0.69   

BP3 6 0.15 0.56   

EBN4 10 0.064 0.002   

GDF1 1 0.093 1.09   

GDF1 6 0.096 0.015   

EBN3 40 0.21 0.67 Rounded 

SHELL4 202 0.16 0.047   

SHELL4 370 0.14 0.93   
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Well  Sample  
Porosity (BV Calliper - GD He)  

(fraction) 

Kg at in situ stress  

(mD 
Grain size 

BP3 4 0.17 0.69 Coarse 

BP3 6 0.15 0.56   

BP2 3 0.13 0.17   

WIN4 26 0.054 0.023 Medium Sand 

SHELL1 216 0.035 0.005   

BP2 2 0.12 0.03   

BP3 1 0.13 0.16   

EBN3 40 0.21 0.67   

EBN4 10 0.064 0.002   

SHELL4 409 0.045 0.00002   

WIN 9 5 0.052 0.00003   

SHELL4 370 0.14 0.93 Fine-medium 

GDF1 1 0.093 1.09   

SHELL4 389 0.12 0.035 Very Fine - medium 

WIN5 16B 0.12 0.009 Fine sand 

SHELL1 83 0.036 0.00019   

SHELL1 111 0.09 0.0037   

GDF1 6 0.096 0.015   

GDF1 7 0.095 3.7   

SHELL2 1 0.074 0.28   

SHELL2 9 0.12 0.3   

BP2 5 0.028 0.0018 Very fine sand 

SHELL4 202 0.16 0.047   

BP2 5 0.028 0.0018   
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Sample divided according to illite and kaolin content 

Well  Sample  
Porosity (BV Calliper - GD He)  

(fraction) 

Kg in-situ stress  

(mD) 

Illite 

(%) 

WIN5 16B 0.12 0.009 2.6 

SHELL1 111 0.090 0.0037 0.6 

GDF1 6 0.049 0.015 1.5 

GDF1 7 0.095 3.7 1.3 

BP2 2 0.12 0.03 2.5 

BP2 3 0.13 0.17 0.4 

BP3 1 0.13 0.16 1 

SHELL1 216 0.035 0.005 0.4 

SHELL4 370 0.14 0.93 5.8 

SHELL1 83 0.036 0.00019 4.3 

SHELL4 389 0.12 0.035 6.3 

SHELL4 409 0.045 0.00002 7.8 

SHELL4 202 0.16 0.047 7.4 

WIN 9 5 0.052 0.00003 8.0 

BP2 5 0.028 0.0018 7.2 

SHELL2 1 0.074 0.28 9 

EBN3 40 0.21 0.67 11.5 

EBN4 10 0.064 0.002 11.1 

BP3 4 0.17 0.69 12.6 

BP3 5 0.16 0.69 12.6 

BP3 6 0.15 0.56 17.1 
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Well  Sample  
Porosity (BV caliper - GD He)  

(fraction) 

Kg at in situ stress  

(mD) 

kaolin  

(%) 

SHELL4 202 0.16 0.047 0.4 

SHELL4 370 0.14 0.93 0.2 

BP2 2 0.12 0.034 2.7 

WIN 9 5 0.052 0.00003 3.7 

BP2 5 0.028 0.0022 3.5 

GDF1 1 0.093 0.75 3.1 

GDF1 7 0.095 3.7 3.1 

BP2 3 0.13 0.21 4.7 

GDF1 6 0.096 0.00085 8.2 

BP3 1 0.13 0.16 7.9 

EBN4 10 0.064 0.002 11.8 

Sample divided according to microstructure 

Well  Sample  
Porosity (BV Calliper - GD He) 

 (fraction) 

Kg in-situ stress  

(mD) 
Microstructure 

BP3 5 0.16 0.69 Mixture 

BP2 2 0.12 0.03 
 

EBN4 10 0.064 0.002 
 

WIN 9 5 0.052 0.00003 
 

GDF1 6 0.096 0.015 Kaolin 

BP3 4 0.17 0.69 
 

BP3 6 0.15 0.56 
 

BP2 3 0.13 0.17 
 

BP2 5 0.028 0.0018 
 

SHELL1 216 0.035 0.005 
 

GDF1 7 0.095 3.7 
 

BP3 1 0.13 0.16 
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Well  Sample  
Porosity (BV Calliper - GD He) 

 (fraction) 

Kg in-situ stress  

(mD) 
Microstructure 

GDF1 1 0.093 0.75 Kaolin 

GDF2 4 0.12 3.13 
 

SHELL4 409 0.045 0.00002 Iliite 

SHELL2 9 0.12 0.26 
 

SHELL1 83 0.036 0.00019 
 

WIN5 16B 0.12 0.009 
 

SHELL4 370 0.14 0.93 
 

SHELL4 389 0.12 0.035 
 

SHELL4 202 0.16 0.047 
 

EBN3 40 0.21 0.67 
 

SHELL1 111 0.09 0.0037 
 

SHELL2 1 0.074 0.28 Low clay 

WIN4 26 0.054 0.023 
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Samples divided according to depositional environment  

Well/Sample 
Porosity (BV Calliper - GD He)  

(fraction) 

Kg at in situ stress  

(mD) 
Sedimentary facies 

SHELL4_202 16.4 0.047 Aeolian dry sandflat 

WIN5_16B 12.7 0.009 Aeolian dune 

SHELL4_370 15.2 0.93 Aeolian dune 

SHELL4_389 13.7 0.035 Aeolian dune 

SHELL1_83E 3.6 1.50E-04 Aeolian wet sandflat 

SHELL1_216B 3.4 0.0045 Aeolian wet sandflat 

SHELL4_409 5.1 3.25E-05 Aeolian wet sandflat 

BP3_1 12.7 0.18 Channel 

EBN3_40 21 0.67 Channel 

EBN4_10 7.5 0.002 Channel 

GDF1_6 5.3 8.50E-04 Channel 

GDF1_7 10 3.68 Channel 

WIN4_26 5.8 0.024 Channel 

BP3_4 16.9 0.69 Crevasse splay/levee 

BP3-5 15.5 0.69 Crevasse splay/levee 

BP3_6 15.3 0.56 Crevasse splay/levee 

BP2_2 11.5 0.034 Deltaic sandstone 

BP2_3 12.6 0.21 Deltaic sandstone 

BP2_5 4.5 2.20E-03 Deltaic sandstone 

SHELL1_111 8.1 0.003 Reworked aeolian 

SHELL2_9B 12.3 0.26 Reworked aeolian 

SHELL2_1B 8.3 0.28 Reworked aeolian 

GDF1_1 9.7 0.75 Sheetflood 

GDF2_4 11 3.13 Sheetflood 

WIN9_5 6.3 3.00E-05 Sheetflood 
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Appendix D 

Nuclear magnetic resonance (NMR) data for all 25 TGS samples 

Sample EBN3_40 EBN4_10 GDF1_1 GDF1_6 GDF1_7 GDF2_4 

T2 (ms) Normalised Signal Normalised Signal Normalised Signal Normalised Signal Normalised Signal Normalised Signal 

0.01 4.37773E-12 2.20572E-11 9.66194E-14 4.37773E-12 0 0 

0.0115 6.25682E-11 3.16072E-10 1.38092E-12 6.25682E-11 0 0 

0.01322 6.32418E-10 3.20199E-09 1.3958E-11 6.32418E-10 0 0 

0.0152 4.72931E-09 2.39922E-08 1.04386E-10 4.72931E-09 0 0 

0.01748 2.72133E-08 1.38293E-07 6.00847E-10 2.72133E-08 0 0 

0.02009 1.24676E-07 6.34534E-07 2.75639E-09 1.24676E-07 0 0 

0.0231 4.68504E-07 2.38762E-06 1.04049E-08 4.68504E-07 0 0 

0.02656 1.4819E-06 7.56159E-06 3.33389E-08 1.4819E-06 0 0 

0.03054 4.03578E-06 2.06195E-05 9.36675E-08 4.03578E-06 0 0 

0.03511 9.65249E-06 4.93906E-05 2.38854E-07 9.65249E-06 0 0 

0.04037 2.06298E-05 0.000105775 5.71377E-07 2.06298E-05 0 0 

0.04642 4.00025E-05 0.000205719 1.31317E-06 4.00025E-05 0 0 

0.05337 7.13051E-05 0.000368377 2.92442E-06 7.13051E-05 0 0 

0.06136 0.000118152 0.000614677 6.28108E-06 0.000118152 0 0 

0.07055 0.000183675 0.000965633 1.28837E-05 0.000183675 0 0 

0.08111 0.000269879 0.001440645 2.50388E-05 0.000269879 0 0 

0.09326 0.00037702 0.002055843 4.59413E-05 0.00037702 0 0 

0.10723 0.000503196 0.002822471 7.96017E-05 0.000503196 0 0 

0.12328 0.000644417 0.003745317 0.000130591 0.000644417 0 0 



297 

 

 

 

0.14175 0.000795319 0.004821352 0.000203609 0.000795319 0 0 

0.16298 0.000950479 0.00603888 0.000302883 0.000950479 0 0 

0.18738 0.001106005 0.007377582 0.000431439 0.001106005 0 0 

0.21544 0.001260927 0.008809753 0.000590296 0.001260927 0 8.05021E-05 

0.24771 0.001418007 0.010302817 0.000777685 0.001418007 0 0.00018788 

0.2848 0.0015838 0.011822754 0.000988467 0.0015838 0 0.000315238 

0.32745 0.001768044 0.013337754 0.001213913 0.001768044 0 0.000456658 

0.37649 0.001982628 0.014821358 0.001442013 0.001982628 0 0.000604935 

0.43288 0.002240475 0.016254584 0.001658357 0.002240475 0 0.000752794 

0.4977 0.002554776 0.017627049 0.001847534 0.002554776 0 0.000894285 

0.57224 0.002938926 0.018937329 0.001994899 0.002938926 0 0.001026052 

0.65793 0.00340732 0.020192653 0.002088548 0.00340732 8.81047E-05 0.00114813 

0.75646 0.003976741 0.021407648 0.002121311 0.003976741 0.000436247 0.001264179 

0.86975 0.004667796 0.0226017 0.002092492 0.004667796 0.000838477 0.001381178 

1 0.005505763 0.023794724 0.00200892 0.005505763 0.001295769 0.001508788 

1.14976 0.006520403 0.025001839 0.001884897 0.006520403 0.001805531 0.001658545 

1.32194 0.00774451 0.026228038 0.001740828 0.00774451 0.002360865 0.001842901 

1.51991 0.009211269 0.027464382 0.001600882 0.009211269 0.002950208 0.002074093 

1.74753 0.01095081 0.028686823 0.001490528 0.01095081 0.003557647 0.002362811 

2.00923 0.01298659 0.029858523 0.001435019 0.01298659 0.004164411 0.002716769 

2.31013 0.015332332 0.030934833 0.001459644 0.015332332 0.00475202 0.003139444 

2.65609 0.01799019 0.031870086 0.001591825 0.01799019 0.005307218 0.003629333 

3.05386 0.02094997 0.03262341 0.001864475 0.02094997 0.005828149 0.004180013 

3.51119 0.02418913 0.033162061 0.002319562 0.02418913 0.006330422 0.004781126 

4.03702 0.027672557 0.033461357 0.003010631 0.027672557 0.006851157 0.005420117 
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4.64159 0.031351193 0.033501986 0.004003056 0.031351193 0.007449331 0.006084352 

5.3367 0.035158738 0.033267354 0.005370901 0.035158738 0.00820166 0.006763104 

6.13591 0.039006385 0.032742465 0.007189694 0.039006385 0.009194725 0.007448931 

7.0548 0.042776584 0.031915697 0.009525316 0.042776584 0.010515195 0.008138191 

8.11131 0.046318602 0.030782618 0.012420493 0.046318602 0.012240123 0.0088305 

9.32603 0.049448822 0.029350735 0.015881485 0.049448822 0.014428679 0.009527217 

10.7227 0.051958755 0.027643928 0.019867984 0.051958755 0.017115284 0.010229306 

12.3285 0.053631547 0.025705114 0.024288792 0.053631547 0.020303461 0.010935278 

14.1747 0.054266273 0.023596538 0.029004557 0.054266273 0.023959581 0.01164032 

16.2975 0.053706814 0.021396594 0.033837341 0.053706814 0.028007086 0.012337442 

18.7382 0.051870246 0.019193009 0.038584967 0.051870246 0.032322917 0.013021149 

21.5443 0.048769203 0.017072783 0.043037837 0.048769203 0.036739103 0.013692944 

24.7708 0.044522836 0.015109795 0.046995249 0.044522836 0.041052082 0.014367224 

28.4804 0.039353498 0.013353378 0.050280196 0.039353498 0.045040346 0.015075825 

32.7455 0.033568237 0.011821938 0.052752114 0.033568237 0.048488538 0.015870332 

37.6494 0.027527809 0.010505712 0.05431733 0.027527809 0.051212689 0.016822023 

43.2876 0.021607345 0.009379513 0.054936101 0.021607345 0.053080509 0.018019492 

49.7702 0.016153597 0.008420174 0.05462363 0.016153597 0.054021385 0.019563336 

57.2237 0.011444584 0.007619775 0.053442333 0.011444584 0.054023587 0.021556091 

65.7933 0.007658166 0.00698656 0.05148404 0.007658166 0.053119716 0.024085609 

75.6463 0.00485623 0.006532194 0.048845903 0.00485623 0.051364896 0.027202026 

86.9749 0.002989749 0.006252199 0.045608377 0.002989749 0.048815205 0.030891981 

100 0.001923744 0.006110725 0.041824367 0.001923744 0.045515112 0.035056695 

114.976 0.001474884 0.006038621 0.037525705 0.001474884 0.041499857 0.039501799 

132.194 0.001450599 0.005946061 0.032744805 0.001450599 0.036812377 0.04394486 
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151.991 0.001679185 0.005744551 0.027541482 0.001679185 0.031527506 0.048041648 

174.753 0.002025671 0.005368721 0.022023138 0.002025671 0.025771312 0.051426613 

200.923 0.002394667 0.004790585 0.016349278 0.002394667 0.019726598 0.053759398 

231.013 0.002724735 0.004022486 0.010719175 0.002724735 0.013621146 0.054767024 

265.609 0.002979534 0.003109946 0.005347073 0.002979534 0.007702227 0.054273923 

305.386 0.00313951 0.002118755 0.000433936 0.00313951 0.002206071 0.052215585 

351.119 0.003196231 0.001120483 0 0.003196231 0 0.048635556 

403.702 0.003148764 0.000180554 0 0.003148764 0 0.04366931 

464.159 0.003001667 0 0 0.003001667 0 0.037520104 

533.67 0.002763786 0 0 0.002763786 0 0.030432126 

613.591 0.002447155 0 0 0.002447155 0 0.022665043 

705.48 0.002065959 0 0 0.002065959 0 0.014472974 

811.131 0.001635563 0 0 0.001635563 0 0.006088897 

932.603 0.00117109 0 0 0.00117109 0 0 

1072.27 0.00068701 0 0 0.00068701 0 0 

1232.85 0.00019619 0 0 0.00019619 0 0 

1417.47 0 0 0 0 0 0 

1629.75 0 0 0 0 0 0 

1873.82 0 0 0 0 0 0 

2154.43 0 0 0 0 0 0 

2477.08 0 0 0 0 0 0 

2848.04 0 0 0 0 0 0 

3274.55 0 0 0 0 0 0 

3764.94 0 0 0 0 0 0 

4328.76 0 0 0 0 0 0 
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4977.02 0 0.000123099 0 0 0 0 

5722.37 0 0.000328049 0.000789147 0 0.000189081 0 

6579.33 0 0.000514537 0.001542036 0 0.00101076 0 

7564.63 0 0.000683098 0.002217463 0 0.001748945 0 

8697.49 0 0.000834724 0.002820786 0 0.002409214 0 

10000 0 0.000970439 0.003357728 0 0.002997471 0 

 

Sample SHELL4_370 SHELL4_409 SHELL1_83 SHELL1_111 SHELL1_216 SHELL2_1B 

T2 (ms) Normalised Signal Normalised Signal Normalised Signal Normalised Signal Normalised Signal Normalised Signal 

0.01 6.55764E-13 6.65016E-12 3.13451E-11 1.15358E-11 1.99228E-11 8.69291E-12 

0.0115 9.37242E-12 9.50465E-11 4.47996E-10 1.64873E-10 2.85301E-10 1.24648E-10 

0.01322 9.47332E-11 9.60699E-10 4.5282E-09 1.66648E-09 2.88863E-09 1.26347E-09 

0.0152 7.08429E-10 7.18428E-09 3.38625E-08 1.24622E-08 2.16336E-08 9.47172E-09 

0.01748 4.07641E-09 4.13405E-08 1.94851E-07 7.17097E-08 1.24643E-07 5.46191E-08 

0.02009 1.86755E-08 1.89415E-07 8.92694E-07 3.28532E-07 5.71679E-07 2.50705E-07 

0.0231 7.01733E-08 7.1198E-07 3.35448E-06 1.23451E-06 2.15025E-06 9.43665E-07 

0.02656 2.2192E-07 2.25389E-06 1.061E-05 3.90455E-06 6.80647E-06 2.98952E-06 

0.03054 6.04088E-07 6.15074E-06 2.88924E-05 1.06318E-05 1.85459E-05 8.15461E-06 

0.03511 1.44334E-06 1.47756E-05 6.909E-05 2.54192E-05 4.43634E-05 1.95402E-05 

0.04037 3.07856E-06 3.18452E-05 0.000147618 5.4293E-05 9.47827E-05 4.18676E-05 

0.04642 5.94776E-06 6.2649E-05 0.00028614 0.000105179 0.000183611 8.14816E-05 

0.05337 1.05363E-05 0.000114242 0.000509985 0.000187283 0.000326766 0.000146043 

0.06136 1.7283E-05 0.000195665 0.000845674 0.000310116 0.000540381 0.000243996 

0.07055 2.64446E-05 0.000318166 0.001318323 0.00048246 0.000838619 0.000383933 
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0.08111 3.79269E-05 0.00049531 0.001949667 0.000711573 0.001231702 0.000573966 

0.09326 5.11183E-05 0.000742836 0.00275706 0.001002831 0.001724539 0.000821109 

0.10723 6.48026E-05 0.001078228 0.003753342 0.001359857 0.002316233 0.001130688 

0.12328 7.72583E-05 0.001520061 0.004947077 0.001785088 0.003000531 0.001505781 

0.14175 8.66171E-05 0.002087189 0.006342694 0.002280702 0.003767056 0.001946705 

0.16298 9.14606E-05 0.002797724 0.007940311 0.002849789 0.004602929 0.002450646 

0.18738 9.15417E-05 0.003667715 0.009735369 0.003497648 0.005494296 0.003011538 

0.21544 8.84954E-05 0.004709485 0.011718224 0.004232898 0.006427383 0.003620386 

0.24771 8.64467E-05 0.005929769 0.01387371 0.005068028 0.007388975 0.004266158 

0.2848 9.2446E-05 0.007328035 0.016180428 0.006019002 0.008366599 0.004937272 

0.32745 0.000116613 0.00889549 0.018609629 0.007103777 0.009348767 0.005623454 

0.37649 0.00017181 0.010615231 0.021123878 0.008339869 0.01032553 0.0063175 

0.43288 0.000272704 0.012463675 0.023676103 0.009741404 0.011289315 0.007016333 

0.4977 0.000434226 0.01441304 0.026209735 0.011316206 0.012235649 0.007720891 

0.57224 0.00066966 0.016434209 0.028660274 0.013063411 0.013163291 0.008434707 

0.65793 0.000988773 0.018499074 0.030958303 0.014972072 0.0140735 0.00916154 

0.75646 0.001396527 0.020581809 0.033033701 0.01702095 0.014968564 0.009902775 

0.86975 0.001892862 0.022658687 0.034820716 0.01917956 0.01585014 0.010655417 

1 0.002473899 0.024706781 0.036263363 0.021410242 0.016718253 0.011411205 

1.14976 0.003134438 0.026702114 0.037320209 0.023670772 0.017571578 0.012156926 

1.32194 0.003871156 0.028618113 0.037967814 0.025916965 0.01840941 0.012875502 

1.51991 0.004685506 0.030424437 0.038201321 0.028105194 0.019235138 0.013547376 

1.74753 0.005585398 0.032086761 0.03803292 0.030194605 0.02006069 0.014151712 

2.00923 0.006585036 0.033567494 0.037488505 0.032149209 0.020910949 0.01466737 

2.31013 0.007702853 0.034827713 0.036604778 0.0339398 0.021826572 0.015073686 
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2.65609 0.008957961 0.035830491 0.035427408 0.035544741 0.02286353 0.015351455 

3.05386 0.010365738 0.036544856 0.034010449 0.036949623 0.024087604 0.015484191 

3.51119 0.011933225 0.036949121 0.032415532 0.038144897 0.025562757 0.015459869 

4.03702 0.013654498 0.037032239 0.030709502 0.0391222 0.027333825 0.015272939 

4.64159 0.015506626 0.036792541 0.028959876 0.039869995 0.029406109 0.014926277 

5.3367 0.017446949 0.036234634 0.02722879 0.040369104 0.03172557 0.014432831 

6.13591 0.019412897 0.035366677 0.025566968 0.040589635 0.034164689 0.013816993 

7.0548 0.021325421 0.034199653 0.024009286 0.040489835 0.036519097 0.013115986 

8.11131 0.023095871 0.032749207 0.022572864 0.040018234 0.038519176 0.012381207 

9.32603 0.024635057 0.031038807 0.02125731 0.039119527 0.039860357 0.011678885 

10.7227 0.025863045 0.029102233 0.020046179 0.037744491 0.040251232 0.011088781 

12.3285 0.026718553 0.026983515 0.018908357 0.035862769 0.039473602 0.010699879 

14.1747 0.02716839 0.024734407 0.017799076 0.033476365 0.037439935 0.010602856 

16.2975 0.027217168 0.02241021 0.01666175 0.030630089 0.034229884 0.010880814 

18.7382 0.026917109 0.020065921 0.015431892 0.027414705 0.030090636 0.0116006 

21.5443 0.02637564 0.017753399 0.014044293 0.023959892 0.025396244 0.01280732 

24.7708 0.025756555 0.015520073 0.01244368 0.020417493 0.020577291 0.014523009 

28.4804 0.025269021 0.013408086 0.010598669 0.01693913 0.016041697 0.016748432 

32.7455 0.025141235 0.011453384 0.008517492 0.01365565 0.01210972 0.019464565 

37.6494 0.025579616 0.009684328 0.006262231 0.010664836 0.008978051 0.022630495 

43.2876 0.026721059 0.008120003 0.003955677 0.008030588 0.006715318 0.026176097 

49.7702 0.02858989 0.00676884 0.001774272 0.00579129 0.005281108 0.029990789 

57.2237 0.031072145 0.005627647 0 0.00397035 0.004557014 0.033912384 

65.7933 0.033916484 0.004682494 0 0.002580843 0.004380589 0.0377214 

75.6463 0.036764672 0.003912981 0 0.001620761 0.004576753 0.041146238 
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86.9749 0.039207312 0.003299891 0 0.00106199 0.004984367 0.043882801 

100 0.040853675 0.002834329 0 0.000842036 0.00547493 0.045628136 

114.976 0.041399842 0.002522584 0 0.000866364 0.005961096 0.046122406 

132.194 0.040679099 0.002382822 0.000804085 0.001022845 0.006394477 0.045189468 

151.991 0.038683662 0.002433184 0.001806474 0.001203229 0.006755051 0.042765234 

174.753 0.035554571 0.002676219 0.002396999 0.001322769 0.007038229 0.038906716 

200.923 0.031545904 0.003086839 0.002423202 0.001331686 0.007243093 0.033780518 

231.013 0.026974914 0.003609006 0.001846078 0.001216272 0.007366259 0.027634855 

265.609 0.022170607 0.004162161 0.000731666 0.000991512 0.007400233 0.020763397 

305.386 0.017431688 0.004654575 0 0.000690069 0.007335963 0.013468924 

351.119 0.012998587 0.004998778 0 0.000350949 0.007165869 0.006033342 

403.702 0.009040903 0.005124525 0 1.08512E-05 0.006887006 0 

464.159 0.005657763 0.004986671 0 0 0.006502545 0 

533.67 0.002886364 0.004567679 0 0 0.006021903 0 

613.591 0.000715604 0.003875147 0 0 0.005459425 0 

705.48 0 0.002936664 0 0 0.004832934 0 

811.131 0 0.001793119 0 0 0.004161615 0 

932.603 0 0.000492381 0 0 0.003464441 0 

1072.27 0 0 0 0 0.002758927 0 

1232.85 0 0 0 0 0.002060143 0 

1417.47 0 0 0 0 0.001380543 0 

1629.75 0 0 0 0 0.000729891 0 

1873.82 0 0 0 0 0.000114934 0 

2154.43 0 0 0 0 0 0 

2477.08 0 0 0 0 0 0 
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2848.04 0 0 0 0 0 0 

3274.55 0 0 0 0 0 0 

3764.94 0 0 0 0 0 0 

4328.76 0.000115387 0 0 0 0 0 

4977.02 0.000506811 0 0 0 0 0 

5722.37 0.000868599 0 0 0 0 0 

6579.33 0.001199836 0 0 0 0 0 

7564.63 0.001500699 0 0 0 0 0 

8697.49 0.001772193 0 0 0 0 0 

10000 0.00201593 0 0 0 0 0 

 

Sample SHELL2_9b SHELL1_216 WIN4_26 WIN5_16b WIN9_5 BP3_4 

T2 (ms) Normalised Signal Normalised Signal Normalised Signal Normalised Signal Normalised Signal Normalised Signal 

0.01 2.07331E-11 1.54039E-11 1.91671E-11 1.00758E-11 1.54039E-11 6.07747E-12 

0.0115 2.96904E-10 2.20158E-10 2.73944E-10 1.44477E-10 2.20158E-10 8.7088E-11 

0.01322 3.00611E-09 2.22529E-09 2.76893E-09 1.46447E-09 2.22529E-09 8.82252E-10 

0.0152 2.25134E-08 1.6641E-08 2.07065E-08 1.09785E-08 1.6641E-08 6.61062E-09 

0.01748 1.29711E-07 9.57559E-08 1.19149E-07 6.33077E-08 9.57559E-08 3.81037E-08 

0.02009 5.94907E-07 4.38707E-07 5.45866E-07 2.90577E-07 4.38707E-07 1.74826E-07 

0.0231 2.2374E-06 1.64864E-06 2.05115E-06 1.09364E-06 1.64864E-06 6.5775E-07 

0.02656 7.08028E-06 5.21555E-06 6.48719E-06 3.46361E-06 5.21555E-06 2.08233E-06 

0.03054 1.92783E-05 1.42094E-05 1.76623E-05 9.44101E-06 1.42094E-05 5.67306E-06 

0.03511 4.60443E-05 3.40136E-05 4.22195E-05 2.25877E-05 3.40136E-05 1.35623E-05 

0.04037 9.80792E-05 7.28152E-05 9.01395E-05 4.82538E-05 7.28152E-05 2.89361E-05 

0.04642 0.000188985 0.000141611 0.000174496 9.34312E-05 0.000141611 5.59127E-05 

0.05337 0.000333373 0.000253676 0.000310337 0.000166119 0.000253676 9.90987E-05 
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0.06136 0.000543786 0.000423654 0.000512932 0.000274318 0.000423654 0.000162892 

0.07055 0.000826946 0.000666476 0.000795845 0.000424915 0.000666476 0.0002507 

0.08111 0.001180298 0.000996274 0.001169373 0.000622768 0.000996274 0.000364277 

0.09326 0.001590143 0.001425344 0.001639683 0.00087025 0.001425344 0.000503329 

0.10723 0.00203286 0.001963191 0.002208785 0.001167373 0.001963191 0.000665451 

0.12328 0.002480062 0.002615712 0.002875167 0.001512467 0.002615712 0.000846372 

0.14175 0.002907138 0.00338461 0.003634825 0.001903172 0.00338461 0.001040408 

0.16298 0.003302736 0.004267096 0.004482306 0.002337421 0.004267096 0.001241018 

0.18738 0.003675693 0.005255927 0.0054115 0.002814088 0.005255927 0.001441424 

0.21544 0.004056499 0.006339791 0.006416012 0.003333097 0.006339791 0.001635262 

0.24771 0.004492511 0.007504112 0.007489158 0.003895025 0.007504112 0.001817269 

0.2848 0.005038817 0.008732226 0.008623704 0.00450042 0.008732226 0.001983931 

0.32745 0.005748176 0.010006795 0.009811564 0.005149102 0.010006795 0.002133962 

0.37649 0.006662916 0.011311147 0.011043568 0.005839755 0.011311147 0.002268479 

0.43288 0.007809466 0.012630136 0.012309335 0.006569914 0.012630136 0.002390849 

0.4977 0.009194034 0.013950317 0.013597201 0.007336339 0.013950317 0.002506382 

0.57224 0.010797584 0.015259428 0.014894192 0.0081357 0.015259428 0.002622125 

0.65793 0.012569998 0.016545657 0.016186075 0.008965453 0.016545657 0.002746965 

0.75646 0.014425395 0.017797092 0.017457669 0.009824714 0.017797092 0.002891964 

0.86975 0.016241598 0.019001815 0.01869334 0.010714878 0.019001815 0.003070713 

1 0.017866148 0.02014841 0.019877726 0.011639805 0.02014841 0.003299365 

1.14976 0.019129519 0.0212267 0.020996448 0.012605442 0.0212267 0.003596198 

1.32194 0.01986452 0.022228293 0.022036849 0.013619087 0.022228293 0.003980751 

1.51991 0.019929518 0.023146802 0.022988929 0.014688604 0.023146802 0.004472592 

1.74753 0.01923299 0.023978037 0.023846522 0.015821756 0.023978037 0.005089874 

2.00923 0.01775784 0.024720405 0.024608604 0.017025843 0.024720405 0.005847823 

2.31013 0.015584719 0.025375892 0.025280348 0.018307294 0.025375892 0.006757456 

2.65609 0.012912202 0.025951279 0.02587297 0.019671198 0.025951279 0.00782482 

3.05386 0.010070202 0.026459017 0.026402314 0.02112038 0.026459017 0.009050819 
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3.51119 0.007519002 0.026917108 0.026885884 0.022654328 0.026917108 0.010431424 

4.03702 0.005824664 0.027347621 0.027338967 0.024268005 0.027347621 0.01195777 

4.64159 0.005599254 0.027773917 0.027770729 0.025951259 0.027773917 0.013615811 

5.3367 0.007397658 0.028217114 0.028180925 0.02768879 0.028217114 0.01538578 

6.13591 0.011572659 0.028692408 0.028558117 0.029460419 0.028692408 0.017242047 

7.0548 0.018109747 0.029205502 0.028879776 0.031240721 0.029205502 0.019154129 

8.11131 0.026484525 0.029749026 0.029114102 0.032996838 0.029749026 0.021089277 

9.32603 0.035603514 0.030298989 0.029223252 0.034683926 0.030298989 0.023016683 

10.7227 0.043889639 0.030812264 0.029166823 0.036239773 0.030812264 0.024912543 

12.3285 0.049550068 0.031226355 0.028905512 0.037580985 0.031226355 0.02676448 

14.1747 0.051007699 0.031463353 0.028405207 0.038604706 0.031463353 0.028573779 

16.2975 0.047397551 0.031438407 0.027642054 0.039197854 0.031438407 0.030353511 

18.7382 0.038955692 0.031072169 0.02660869 0.039253417 0.031072169 0.032122348 

21.5443 0.027118785 0.030304379 0.025320419 0.038690605 0.030304379 0.033894255 

24.7708 0.014236563 0.029105485 0.023819025 0.037473975 0.029105485 0.03566637 

28.4804 0.002957594 0.027483103 0.022171351 0.035625966 0.027483103 0.037408236 

32.7455 0 0.025480881 0.020461484 0.033229744 0.025480881 0.03905534 

37.6494 0 0.023170398 0.018777471 0.03042086 0.023170398 0.040509441 

43.2876 0 0.020638685 0.017196364 0.027369 0.020638685 0.041646288 

49.7702 0.001986928 0.017976478 0.015771693 0.024253599 0.017976478 0.042329624 

57.2237 0.010374412 0.01527098 0.014527056 0.021237975 0.01527098 0.042429665 

65.7933 0.018855213 0.012604324 0.013456127 0.018446779 0.012604324 0.041843269 

75.6463 0.025880739 0.010054829 0.012527991 0.015951699 0.010054829 0.040512553 

86.9749 0.030561154 0.007697684 0.011694822 0.013768207 0.007697684 0.03843824 

100 0.032713219 0.005601985 0.010900731 0.011863476 0.005601985 0.035684984 

114.976 0.032711412 0.003824474 0.010091193 0.010173459 0.003824474 0.032376052 

132.194 0.031226613 0.002402102 0.009221897 0.00862397 0.002402102 0.028679033 

151.991 0.028957294 0.00134629 0.008266532 0.007150338 0.00134629 0.024784314 

174.753 0.026428655 0.000640898 0.007220814 0.005710949 0.000640898 0.020881745 
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200.923 0.023899368 0.000245075 0.006102278 0.004292591 0.000245075 0.017139708 

231.013 0.021367453 9.97879E-05 0.004945523 0.002907659 9.97879E-05 0.013690513 

265.609 0.018644478 0.000136716 0.003794764 0.001586346 0.000136716 0.010623414 

305.386 0.015457497 0.00028702 0.002695667 0.000366448 0.00028702 0.007984935 

351.119 0.011540195 0.000488765 0.00168843 0 0.000488765 0.005784633 

403.702 0.006700473 0.000691711 0.000803186 0 0.000691711 0.0040036 

464.159 0.000850138 0.000859447 5.81202E-05 0 0.000859447 0.002603881 

533.67 0 0.000969273 0 0 0.000969273 0.001536954 

613.591 0 0.00101042 0 0 0.00101042 0.0007506 

705.48 0 0.000981657 0 0 0.000981657 0.000193733 

811.131 0 0.000888293 0 0 0.000888293 0 

932.603 0 0.000739782 0 0 0.000739782 0 

1072.27 0 0.000547525 0 0 0.000547525 0 

1232.85 0 0.000323415 0 0 0.000323415 0 

1417.47 0 7.85282E-05 0 0 7.85282E-05 0 

1629.75 0 0 0 0 0 0 

1873.82 0 0 0 0 0 0 

2154.43 0 0 0 0 0 0 

2477.08 0 0 0 0 0 0 

2848.04 0 0 0 0 0 0 

3274.55 0 0 0 0 0 0 

3764.94 0 0 0 0 0 1.70196E-05 

4328.76 0 0 0 0 0 0.00010436 

4977.02 0 0 0 0 0 0.000185445 

5722.37 0 0 0 0 0 0.000259867 

6579.33 0 0 0 0 0 0.000327576 

7564.63 0 0 0 0 0 0.000388748 

8697.49 0 0 0 0 0 0.000443661 

10000 0 0 0 0 0 0.000492744 
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Sample BP3_1 BP2_2 BP2_3 BP3_5 BP3_6 BP2_5 

T2 (ms) Normalised Signal Normalised Signal Normalised Signal Normalised Signal Normalised Signal Normalised Signal 

0.01 1.99132E-11 9.55676E-12 3.4111E-12 2.0323E-12 4.34844E-12 1.9263E-11 

0.01149757 2.85535E-10 1.37034E-10 4.89117E-11 2.91221E-11 6.23116E-11 2.76032E-10 

0.013219412 2.89428E-09 1.38902E-09 4.95787E-10 2.95025E-10 6.31253E-10 2.79637E-09 

0.015199111 2.16973E-08 1.0413E-08 3.71676E-09 2.21059E-09 4.72991E-09 2.09529E-08 

0.017475285 1.25119E-07 6.00469E-08 2.14342E-08 1.2742E-08 2.72632E-08 1.20774E-07 

0.020092331 5.74328E-07 2.75621E-07 9.84108E-08 5.84655E-08 1.25086E-07 5.5414E-07 

0.023101297 2.16209E-06 1.03748E-06 3.70765E-07 2.20004E-07 4.70586E-07 2.08499E-06 

0.026560879 6.85218E-06 3.287E-06 1.1777E-06 6.96844E-07 1.48956E-06 6.6021E-06 

0.030538555 1.87089E-05 8.96791E-06 3.23337E-06 1.90082E-06 4.05657E-06 1.79958E-05 

0.035111916 4.49227E-05 2.14985E-05 7.85569E-06 4.55625E-06 9.68974E-06 4.30685E-05 

0.040370174 9.66238E-05 4.61013E-05 1.72724E-05 9.7704E-06 2.06407E-05 9.20831E-05 

0.04641589 0.000189253 8.98445E-05 3.50852E-05 1.90439E-05 3.97732E-05 0.000178584 

0.053366993 0.000342434 0.000161362 6.69955E-05 3.42145E-05 7.01838E-05 0.000318382 

0.061359074 0.000579302 0.000270324 0.000121777 5.73495E-05 0.000114622 0.00052794 

0.070548019 0.000925015 0.000426733 0.000212237 9.06043E-05 0.000174863 0.00082259 

0.081113083 0.001403957 0.000640097 0.000355707 0.000136061 0.000251233 0.001215054 

0.093260338 0.002035457 0.000918472 0.000573655 0.000195565 0.000342462 0.001714509 

0.10722672 0.002828587 0.001267505 0.000890302 0.000270596 0.000445923 0.002326268 

0.12328468 0.003777333 0.001689665 0.001330387 0.000362237 0.000558235 0.003051939 

0.14174742 0.004857511 0.002183916 0.001916329 0.000471255 0.000676077 0.00388989 

0.16297508 0.006026275 0.002745979 0.002664835 0.000598289 0.000797064 0.004835921 

0.18738174 0.007224248 0.003369154 0.003582651 0.000744026 0.000920554 0.005884094 

0.21544347 0.008379649 0.004045494 0.004661029 0.000909285 0.001048296 0.007027732 

0.24770764 0.009413541 0.004766973 0.005868751 0.001094894 0.001184829 0.008260574 

0.28480359 0.010245161 0.005526339 0.007144487 0.001301406 0.001337533 0.009577941 

0.32745493 0.010796032 0.006317443 0.008390333 0.001528773 0.001516243 0.010977715 

0.37649359 0.010991581 0.007135186 0.009468807 0.001776174 0.001732399 0.012460836 
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0.43287613 0.010758998 0.00797542 0.01020496 0.002042175 0.001997777 0.014031086 

0.49770236 0.010021379 0.008835225 0.010394059 0.002325278 0.002322926 0.01569403 

0.57223676 0.008689634 0.009713752 0.009814493 0.002624727 0.002715515 0.017455006 

0.65793323 0.006655576 0.010613524 0.008245362 0.002941328 0.003178898 0.019316294 

0.75646332 0.003790198 0.011541711 0.005488596 0.003278036 0.003711286 0.021273538 

0.86974902 0 0.01251085 0.001395094 0.003640253 0.004305957 0.023312019 

1 0 0.013538614 0 0.004035845 0.004952747 0.025403433 

1.149757 0 0.014646696 0 0.004475034 0.00564076 0.027504078 

1.3219412 0 0.015858912 0 0.004970127 0.006361732 0.029555031 

1.5199111 0 0.01719876 0 0.005535033 0.00711318 0.031484323 

1.7475284 0 0.018686376 0 0.006184456 0.007900391 0.033211205 

2.009233 0 0.020335091 0 0.0069328 0.008736449 0.034652298 

2.3101296 0 0.022147746 0 0.007792884 0.009640234 0.035729775 

2.6560879 0 0.024113412 0 0.0087746 0.010632822 0.036381028 

3.0538555 0 0.026204993 0 0.009883682 0.011733363 0.036568695 

3.5111917 0 0.028378074 0 0.011120753 0.012955316 0.036288766 

4.0370173 0 0.030571296 0 0.012480966 0.01430392 0.035574099 

4.6415889 0 0.032707924 0 0.013954508 0.015775029 0.034491495 

5.3366992 0 0.034698415 0 0.015528013 0.017355563 0.033132162 

6.1359072 0.016801664 0.036442896 0.021518375 0.017186611 0.019025334 0.031596982 

7.0548022 0.051684339 0.037833778 0.054960177 0.018916018 0.020760045 0.029979493 

8.1113081 0.08617973 0.038759406 0.087966275 0.02070416 0.022534879 0.02835061 

9.3260332 0.114459431 0.039111251 0.115251063 0.022541822 0.024327543 0.026748913 

10.722672 0.130260943 0.03879711 0.131022161 0.024422273 0.026119752 0.025179667 

12.328468 0.128236403 0.037760675 0.1301286 0.026339841 0.027896554 0.023623956 

14.174741 0.10546 0.03600377 0.109405496 0.028287496 0.029643517 0.022055406 

16.297509 0.062646022 0.033603959 0.068842907 0.030253852 0.031343575 0.0204589 

18.738174 0.004607424 0.030718477 0.012155381 0.032219638 0.032974502 0.018844125 

21.544348 0 0.027569488 0 0.034154346 0.034508383 0.017248165 
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24.770764 0 0.02441074 0 0.03601377 0.035912741 0.015726035 

28.480359 0 0.021484159 0 0.037739289 0.037152029 0.014333214 

32.745492 0 0.018977975 0 0.039259603 0.038187747 0.013107777 

37.649359 0 0.01699782 0 0.040494533 0.038976399 0.012059192 

43.287613 0 0.015557542 0 0.041360971 0.039466275 0.011167161 

49.770234 0 0.014589604 0 0.04177937 0.039595595 0.010389221 

57.223676 0 0.013969593 0 0.041680566 0.03929486 0.00967231 

65.79332 0 0.013546832 0 0.041012141 0.038494874 0.008963359 

75.646336 0 0.01317325 0 0.039744512 0.037140174 0.008216562 

86.974898 0.030651433 0.012726032 0 0.037876339 0.035204758 0.007398748 

100 0.047554023 0.012121514 0.027340229 0.035438865 0.032705878 0.00649474 

114.9757 0.048922901 0.011320526 0.04411724 0.032497886 0.029711111 0.005512308 

132.19411 0.036771517 0.010325842 0.046778802 0.029152324 0.026335747 0.004484022 

151.99111 0.01466218 0.009173849 0.037258319 0.025528126 0.022730272 0.003462937 

174.75284 0 0.007922634 0.018666504 0.021767913 0.019061026 0.002511733 

200.9233 0 0.006639001 0 0.018017982 0.015489095 0.00168872 

231.01297 0 0.005386986 0 0.014414415 0.012152224 0.001035362 

265.60878 0 0.004219775 0 0.011071866 0.009153047 0.000569185 

305.38556 0 0.003175235 0 0.008075724 0.006554699 0.000283365 

351.11919 0 0.002274978 0 0.005479281 0.004382866 0.000151725 

403.70172 0 0.001526228 0 0.003304725 0.002631924 0.000136524 

464.15888 0 0.000924737 0 0.001547728 0.001273267 0.000196437 

533.66994 0 0.000458506 0 0.000183354 0.000263772 0.00029312 

613.59075 0 0.000110977 0 0 0 0.000395216 

705.48025 0 0 0 0 0 0.000480087 

811.13081 0 0 0 0 0 0.000533866 

932.60338 0 0 0 0 0 0.000549997 

1072.2673 0 0 0 0 0 0.000527798 

1232.8468 0 0 0 0 0 0.000470418 
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1417.4741 0 0 0 0 0 0.000383366 

1629.7509 0 0 0 0 0 0.000273081 

1873.8174 0 0 0 0 0 0.000146258 

2154.4348 0 0 0 0 0 9.07791E-06 

2477.0763 0 0 0 0 0 0 

2848.0358 0 0 0 0 0 0 

3274.5493 0 0 0 0 0.000120231 0 

3764.9358 0 0 0 0 0.000300006 0 

4328.7615 0 0 0 0 0.000466278 0 

4977.0235 0 0 0 0.00012816 0.000618603 0 

5722.3675 0 2.61376E-05 0 0.000327392 0.000756979 0 

6579.332 0 6.38524E-05 0 0.000508498 0.000881819 0 

7564.6335 0 9.79598E-05 0 0.000672041 0.000993889 0 

8697.49 0 0.00012852 0 0.000818888 0.001093988 0 

10000 0.001000876 0.00015587 0.001732508 0.000950193 0.00118308 0 
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BET surface area data for all 25 TGS samples 

Well/Sample 
BET  

(m
2 
/g) 

WIN4_26 0.94 

SHELL1_83 0.89 

BP3_1 0.85 

BP3_6 0.63 

WIN5_16B 2.73 

SHELL1_111 2.15 

BP2_2 1.76 

BP2_5 1.64 

EBN3_40 5.27 

EBN4_10 2.82 

SHELL4_202 2.15 

SHELL4_370 1.11 

SHELL4_389 1.1 

SHELL4_409 1.32 

BP3_4 1.2 

BP2_3 1.24 

BP3_5 1.2 

WIN 9_5 
 

GDF1_1 0.49 

GDF1_6 0.47 

GDF1_7 0.24 

SHELL1_216 0.22 

SHELL2_1 0.49 

SHELL2_9 0.43 

GDF2_4   
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Mercury injection capillary pressure (MICP)– incremental data for all 25 TGS samples 

 
BP2_5 BP2_2 BP2_3 BP3_1 BP3_4 BP3_6 EBN4_10 GDF1_1 

Pore throat radius (μm) 
incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

45.216 0.000 0.000 0.000 0.000 0.000 0.002 0.006 0.001 

18.086 0.004 0.000 0.000 0.000 0.004 0.010 0.016 0.002 

11.304 0.004 0.000 0.000 0.000 0.002 0.003 0.006 0.005 

9.043 0.001 0.000 0.000 0.000 0.001 0.002 0.003 0.002 

6.029 0.008 0.000 0.000 0.000 0.004 0.003 0.003 0.004 

4.522 0.000 0.000 0.000 0.000 0.003 0.002 0.004 0.005 

3.617 0.002 0.000 0.023 0.014 0.004 0.002 0.001 0.006 

2.261 0.001 0.009 0.034 0.018 0.003 0.001 0.003 0.011 

1.206 0.004 0.041 0.221 0.092 0.178 0.078 0.006 0.279 

0.904 0.002 0.049 0.093 0.058 0.168 0.212 0.006 0.180 

0.624 0.006 0.163 0.114 0.073 0.110 0.125 0.019 0.125 

0.603 0.001 0.016 0.009 0.007 0.019 0.021 0.012 0.020 

0.452 0.010 0.094 0.075 0.051 0.073 0.079 0.073 0.072 

0.301 0.053 0.102 0.083 0.067 0.089 0.097 0.157 0.079 

0.226 0.078 0.061 0.051 0.047 0.055 0.059 0.104 0.046 

0.181 0.064 0.044 0.037 0.037 0.037 0.038 0.070 0.031 

0.113 0.136 0.091 0.077 0.082 0.069 0.070 0.119 0.051 

0.090 0.060 0.044 0.032 0.042 0.027 0.029 0.044 0.018 

0.060 0.097 0.085 0.049 0.086 0.043 0.047 0.062 0.026 

0.045 0.064 0.054 0.027 0.062 0.025 0.027 0.035 0.014 
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0.036 0.047 0.036 0.017 0.045 0.017 0.018 0.026 0.009 

0.030 0.039 0.023 0.012 0.035 0.011 0.014 0.021 0.006 

0.026 0.031 0.017 0.009 0.026 0.011 0.011 0.017 0.003 

0.023 0.029 0.014 0.007 0.021 0.008 0.008 0.014 0.003 

0.020 0.024 0.010 0.006 0.017 0.006 0.006 0.009 0.001 

0.018 0.021 0.008 0.004 0.013 0.005 0.006 0.011 0.000 

0.013 0.066 0.017 0.011 0.036 0.013 0.014 0.039 0.000 

0.010 0.042 0.008 0.004 0.020 0.007 0.008 0.017 0.000 

0.008 0.028 0.005 0.002 0.012 0.004 0.005 0.021 0.000 

0.007 0.018 0.003 0.001 0.008 0.002 0.003 0.012 0.000 

0.006 0.008 0.002 0.000 0.006 0.002 0.001 0.011 0.000 

0.005 0.019 0.001 0.000 0.007 0.001 0.000 0.012 0.000 

0.005 0.006 0.000 0.000 0.003 0.000 0.000 0.009 0.000 

0.004 0.012 0.000 0.000 0.006 0.001 0.000 0.011 0.000 

0.003 0.006 0.000 0.000 0.004 0.000 0.000 0.009 0.000 

0.003 0.004 0.000 0.000 0.002 0.000 0.000 0.003 0.000 

0.002 0.004 0.000 0.000 0.001 0.000 0.000 0.007 0.000 

0.002 -0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.002 -0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.002 -0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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GDF1_6 GDF1_7 GDF2_4 SHELL4_202 SHELL4_370 SHELL4_389 SHELL4_409 

Pore throat radius (μm) 
incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

45.216 0.005 0.005 0.001 0.003 0.003 0.006 0.000 

18.086 0.014 0.015 0.016 0.009 0.013 0.028 0.000 

11.304 0.005 0.007 0.004 0.003 0.009 0.023 0.008 

9.043 0.001 0.003 0.002 0.002 0.005 0.013 0.005 

6.029 0.000 0.009 0.010 0.004 0.010 0.026 0.006 

4.522 0.001 0.010 0.009 0.003 0.012 0.023 0.006 

3.617 0.001 0.020 0.018 0.003 0.018 0.022 0.004 

2.261 0.001 0.079 0.095 0.002 0.011 0.007 0.001 

1.206 0.004 0.362 0.388 0.009 0.107 0.049 0.005 

0.904 0.001 0.120 0.083 0.020 0.076 0.054 0.005 

0.624 0.004 0.094 0.059 0.068 0.091 0.067 0.006 

0.603 0.001 0.011 0.010 0.023 0.019 0.013 0.001 

0.452 0.008 0.057 0.038 0.101 0.061 0.061 0.011 

0.301 0.128 0.065 0.049 0.112 0.059 0.077 0.093 

0.226 0.168 0.038 0.031 0.060 0.030 0.044 0.092 

0.181 0.104 0.026 0.026 0.038 0.021 0.031 0.046 

0.113 0.171 0.042 0.051 0.082 0.064 0.066 0.079 

0.090 0.079 0.013 0.021 0.042 0.050 0.041 0.033 

0.060 0.116 0.014 0.030 0.089 0.078 0.075 0.058 

0.045 0.064 0.006 0.016 0.075 0.039 0.040 0.050 

0.036 0.029 0.000 0.010 0.052 0.030 0.029 0.034 

0.030 0.024 0.000 0.007 0.034 0.023 0.025 0.036 

0.026 0.020 0.001 0.005 0.025 0.018 0.021 0.031 

0.023 0.013 0.002 0.004 0.019 0.015 0.017 0.027 

0.020 0.007 0.000 0.003 0.011 0.011 0.013 0.017 
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0.018 0.007 0.000 0.002 0.013 0.010 0.012 0.021 

0.013 0.016 0.000 0.006 0.031 0.027 0.035 0.068 

0.010 0.006 0.000 0.003 0.018 0.016 0.023 0.052 

0.008 0.001 0.000 0.002 0.013 0.011 0.018 0.043 

0.007 0.000 0.000 0.001 0.009 0.008 0.014 0.036 

0.006 0.000 0.000 0.000 0.007 0.006 0.008 0.026 

0.005 0.000 0.000 0.000 0.010 0.007 0.008 0.030 

0.005 0.000 0.000 0.000 0.004 0.004 0.005 0.019 

0.004 0.000 0.000 0.000 0.002 0.007 0.002 0.026 

0.003 0.000 0.000 0.000 0.001 0.006 0.002 0.014 

0.003 0.000 0.000 0.000 0.000 0.005 0.000 0.009 

0.002 0.000 0.000 0.000 0.000 0.004 0.000 0.003 

0.002 0.000 0.000 0.000 0.000 0.004 0.000 0.000 

0.002 0.000 0.000 0.000 0.000 0.005 0.000 0.000 

0.002 0.000 0.000 0.000 0.000 0.004 0.000 0.000 

 

 
SHELL1_83 SHELL1_111 SHELL1_216 SHELL2_1B SHELL2_9B WIN4_26 WIN5_16B WIN9_5 

Pore throat 

radius (μm) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

incremental 

(frac) 

45.216 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.020 

18.086 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.062 

11.304 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.030 

9.043 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 

6.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.021 

4.522 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 

3.617 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013 

2.261 0.000 0.000 0.000 0.000 0.000 0.053 0.000 0.002 
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1.206 0.000 0.000 0.000 0.244 0.000 0.141 0.000 0.000 

0.904 0.000 0.000 0.000 0.230 0.000 0.093 0.000 0.000 

0.624 0.000 0.000 0.000 0.141 0.000 0.140 0.000 0.000 

0.603 0.000 0.000 0.000 0.010 0.000 0.010 0.000 0.001 

0.452 0.037 0.064 0.057 0.067 0.048 0.083 0.027 0.001 

0.301 0.059 0.135 0.109 0.059 0.061 0.084 0.065 0.003 

0.226 0.047 0.079 0.082 0.026 0.034 0.044 0.083 0.001 

0.181 0.041 0.048 0.054 0.014 0.025 0.030 0.061 0.005 

0.113 0.085 0.087 0.081 0.020 0.071 0.053 0.117 0.003 

0.090 0.033 0.037 0.026 0.007 0.038 0.023 0.051 0.006 

0.060 0.047 0.057 0.036 0.012 0.049 0.039 0.098 0.005 

0.045 0.029 0.033 0.019 0.008 0.027 0.026 0.061 0.007 

0.036 0.022 0.025 0.015 0.007 0.017 0.017 0.039 0.006 

0.030 0.018 0.019 0.015 0.006 0.011 0.015 0.026 0.005 

0.026 0.017 0.016 0.014 0.005 0.008 0.011 0.020 0.007 

0.023 0.015 0.014 0.012 0.005 0.006 0.010 0.016 0.005 

0.020 0.017 0.014 0.013 0.005 0.007 0.011 0.014 0.007 

0.018 0.019 0.012 0.010 0.004 0.005 0.008 0.013 0.024 

0.013 0.040 0.037 0.006 0.020 0.020 0.025 0.035 0.023 

0.010 0.030 0.029 0.001 0.012 0.016 0.016 0.027 0.023 

0.008 0.023 0.022 0.066 0.008 0.011 0.014 0.021 0.025 

0.007 0.018 0.017 0.040 0.012 0.008 0.010 0.020 0.026 

0.006 0.015 0.014 0.004 0.011 0.007 0.009 0.014 0.037 

0.005 0.021 0.016 0.000 0.014 0.029 0.008 0.020 0.027 

0.005 0.013 0.008 0.000 0.007 0.003 0.003 0.013 0.068 

0.004 0.027 0.015 0.000 0.014 0.009 0.017 0.015 0.073 

0.003 0.022 0.008 0.000 0.009 0.007 0.006 0.009 0.069 

0.003 0.017 0.004 0.000 0.006 0.004 0.002 0.005 0.069 

0.002 0.012 0.002 0.000 0.004 0.002 0.000 0.002 0.073 

0.002 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.074 
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Mercury injection capillary pressure (MICP) - normalised data for all 25 TGS samples 

  BP2_2 BP2_3 BP2_5 BP3_1 BP3_4 BP3_6 EBN3_40 EBN4_10 

Pore throat radius (μm) 
normalized  

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized  

psd 

normalized 

psd 

45.216 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.957E-08 8.221E-07 0 6.595E-07 

18.086 0.000E+00 0.000E+00 1.760E-06 0.000E+00 8.140E-06 1.963E-05 0 7.498E-06 

11.304 0.000E+00 0.000E+00 4.775E-06 0.000E+00 1.255E-05 1.431E-05 0 7.529E-06 

9.043 0.000E+00 0.000E+00 4.011E-06 0.000E+00 9.861E-06 2.434E-05 0 7.885E-06 

6.029 0.000E+00 0.000E+00 2.096E-05 0.000E+00 4.466E-05 2.786E-05 0 8.226E-06 

4.522 0.000E+00 0.000E+00 2.048E-06 0.000E+00 6.058E-05 4.112E-05 0 1.551E-05 

3.617 0.000E+00 8.719E-04 1.464E-05 1.342E-04 1.100E-04 6.682E-05 0 4.754E-06 

2.261 1.667E-04 1.112E-03 6.411E-06 1.510E-04 6.772E-05 3.456E-05 0 1.904E-05 

1.206 1.099E-03 1.080E-02 3.820E-05 1.142E-03 6.982E-03 2.966E-03 3.19E-04 5.547E-05 

0.904 3.283E-03 1.124E-02 5.484E-05 1.776E-03 1.641E-02 2.011E-02 7.03E-04 1.371E-04 

0.624 1.273E-02 1.614E-02 1.631E-04 2.624E-03 1.254E-02 1.381E-02 3.22E-03 4.758E-04 

0.603 1.183E-02 1.233E-02 3.703E-04 2.260E-03 2.097E-02 2.215E-02 3.27E-02 3.043E-03 

0.452 1.251E-02 1.828E-02 4.814E-04 3.156E-03 1.428E-02 1.504E-02 6.56E-03 3.204E-03 

0.301 1.537E-02 2.275E-02 2.784E-03 4.684E-03 1.952E-02 2.071E-02 4.41E-03 7.779E-03 

0.226 1.634E-02 2.472E-02 7.318E-03 5.794E-03 2.140E-02 2.233E-02 3.31E-03 9.152E-03 

0.181 1.835E-02 2.838E-02 9.372E-03 7.110E-03 2.279E-02 2.259E-02 2.48E-05 9.648E-03 

0.113 3.248E-02 5.002E-02 1.697E-02 1.350E-02 3.572E-02 3.543E-02 7.29E-05 1.389E-02 

0.090 3.693E-02 4.871E-02 1.765E-02 1.626E-02 3.338E-02 3.450E-02 2.11E-04 1.204E-02 

0.060 6.387E-02 6.679E-02 2.552E-02 3.000E-02 4.758E-02 4.986E-02 1.56E-04 1.537E-02 

0.045 7.254E-02 6.585E-02 3.001E-02 3.836E-02 4.881E-02 5.180E-02 3.30E-04 1.543E-02 

0.036 7.472E-02 6.488E-02 3.412E-02 4.344E-02 5.074E-02 5.410E-02 5.98E-04 1.765E-02 

0.030 6.938E-02 6.697E-02 4.095E-02 4.839E-02 4.896E-02 5.777E-02 8.40E-04 2.053E-02 

0.026 7.108E-02 6.554E-02 4.457E-02 4.990E-02 6.578E-02 6.484E-02 1.29E-03 2.287E-02 
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0.023 7.292E-02 6.707E-02 5.380E-02 5.252E-02 6.050E-02 6.309E-02 2.00E-03 2.403E-02 

0.020 6.993E-02 7.301E-02 5.695E-02 5.362E-02 5.674E-02 5.899E-02 3.02E-03 1.912E-02 

0.018 6.482E-02 6.682E-02 6.044E-02 4.985E-02 5.886E-02 6.758E-02 4.63E-03 3.119E-02 

0.013 7.072E-02 7.890E-02 9.493E-02 6.823E-02 7.864E-02 8.190E-02 2.26E-03 5.296E-02 

0.010 5.712E-02 5.511E-02 1.004E-01 6.128E-02 7.027E-02 7.418E-02 4.63E-03 3.873E-02 

0.008 4.827E-02 3.717E-02 1.003E-01 5.704E-02 5.431E-02 6.539E-02 7.38E-03 6.900E-02 

0.007 4.151E-02 2.624E-02 9.109E-02 5.467E-02 4.503E-02 6.493E-02 1.34E-02 5.660E-02 

0.006 3.056E-02 1.298E-02 5.229E-02 5.318E-02 4.157E-02 2.981E-02 1.05E-02 6.562E-02 

0.005 2.479E-02 7.313E-03 1.222E-01 5.762E-02 3.708E-02 4.636E-03 1.08E-02 7.226E-02 

0.005 6.673E-03 0.000E+00 7.374E-02 5.145E-02 9.596E-03 1.238E-03 4.31E-02 9.462E-02 

0.004 0.000E+00 0.000E+00 8.620E-02 6.044E-02 2.121E-02 0.000E+00 3.94E-02 7.489E-02 

0.003 0.000E+00 0.000E+00 6.470E-02 5.301E-02 0.000E+00 0.000E+00 5.96E-02 8.516E-02 

0.003 0.000E+00 0.000E+00 5.878E-02 3.802E-02 0.000E+00 0.000E+00 8.76E-02 3.764E-02 

0.002 0.000E+00 0.000E+00 7.455E-02 2.040E-02 0.000E+00 0.000E+00 1.07E-01 1.268E-01 

0.002 0.000E+00 0.000E+00 -5.842E-02 0.000E+00 0.000E+00 0.000E+00 1.45E-01 0 

0.002 0.000E+00 0.000E+00 -1.441E-01 0.000E+00 0.000E+00 0.000E+00 1.79E-01 0 

0.002 0.000E+00 0.000E+00 -1.183E-01 0.000E+00 0.000E+00 0.000E+00 2.26E-01 0 

 

  GDF1_1 GDF1_6 GDF1_7 GDF2-4 SHELL2_83 SHELL1_111 SHELL1_216 SHELL2_1B 

Pore throat radius 

(μm) 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

45.216 1.010E-06 1.798E-06 1.265E-05 5.353E-07 0 0 0 0 

18.086 9.227E-06 2.141E-05 1.559E-04 6.388E-05 0 0 0 0 

11.304 7.148E-05 1.827E-05 1.762E-04 4.272E-05 0 0 0 0 

9.043 7.667E-05 1.284E-05 1.702E-04 5.120E-05 0 0 0 6.319E-06 

6.029 1.357E-04 3.836E-06 5.357E-04 2.195E-04 7.290E-05 0 2.474E-04 9.702E-06 

4.522 2.575E-04 2.057E-05 1.011E-03 3.618E-04 9.015E-05 0 3.314E-04 1.308E-05 
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3.617 5.067E-04 2.142E-05 3.219E-03 1.110E-03 1.167E-04 0 3.983E-04 1.952E-05 

2.261 8.574E-04 2.128E-05 1.065E-02 4.874E-03 4.363E-05 1.646E-04 2.113E-04 8.371E-06 

1.206 3.151E-02 1.143E-04 7.373E-02 3.004E-02 3.500E-04 5.492E-04 1.146E-03 2.626E-03 

0.904 5.065E-02 8.664E-05 6.078E-02 1.595E-02 4.090E-04 7.291E-04 1.300E-03 6.147E-03 

0.624 4.087E-02 3.142E-04 5.578E-02 1.321E-02 6.677E-04 1.434E-03 2.218E-03 4.415E-03 

0.603 6.174E-02 4.759E-04 6.522E-02 2.181E-02 6.082E-04 1.536E-03 1.613E-03 2.978E-03 

0.452 4.047E-02 1.176E-03 5.740E-02 1.464E-02 9.581E-04 2.748E-03 4.022E-03 3.605E-03 

0.301 5.001E-02 2.087E-02 7.399E-02 2.123E-02 1.699E-03 6.512E-03 8.676E-03 3.561E-03 

0.226 5.200E-02 4.872E-02 7.757E-02 2.363E-02 2.427E-03 6.741E-03 1.158E-02 2.738E-03 

0.181 5.460E-02 4.729E-02 8.318E-02 3.080E-02 3.248E-03 6.503E-03 1.191E-02 2.287E-03 

0.113 7.656E-02 6.625E-02 1.131E-01 5.194E-02 5.812E-03 9.988E-03 1.531E-02 2.824E-03 

0.090 6.421E-02 7.173E-02 8.512E-02 5.000E-02 5.271E-03 9.849E-03 1.157E-02 2.375E-03 

0.060 8.348E-02 9.497E-02 7.968E-02 6.588E-02 6.720E-03 1.366E-02 1.416E-02 3.504E-03 

0.045 7.862E-02 9.352E-02 6.405E-02 6.091E-02 7.567E-03 1.416E-02 1.328E-02 4.479E-03 

0.036 7.876E-02 6.461E-02 0.000E+00 6.091E-02 8.817E-03 1.644E-02 1.658E-02 5.987E-03 

0.030 7.445E-02 7.898E-02 0.000E+00 5.847E-02 1.063E-02 1.847E-02 2.395E-02 7.396E-03 

0.026 5.094E-02 8.795E-02 2.511E-02 5.610E-02 1.359E-02 2.090E-02 3.127E-02 8.745E-03 

0.023 7.128E-02 7.733E-02 6.937E-02 6.401E-02 1.555E-02 2.368E-02 3.311E-02 1.037E-02 

0.020 3.194E-02 5.301E-02 0 5.932E-02 2.208E-02 2.967E-02 4.548E-02 1.289E-02 

0.018 6.017E-03 6.024E-02 0 5.072E-02 3.104E-02 3.339E-02 4.292E-02 1.465E-02 

0.013 0 7.237E-02 0 7.453E-02 3.161E-02 4.914E-02 1.252E-02 3.228E-02 

0.010 0 4.737E-02 0 6.474E-02 3.873E-02 6.204E-02 5.152E-03 3.294E-02 

0.008 0 9.515E-03 0 5.112E-02 4.409E-02 7.054E-02 3.515E-01 3.321E-02 

0.007 0 2.977E-03 0 2.745E-02 4.743E-02 7.693E-02 2.981E-01 6.752E-02 

0.006 0 0 0 1.956E-02 5.486E-02 8.262E-02 3.680E-02 8.433E-02 

0.005 0 0 0 6.309E-03 7.200E-02 9.225E-02 4.567E-03 1.006E-01 

0.005 0 0 0 0 8.308E-02 8.219E-02 0 9.292E-02 

0.004 0 0 0 0 1.074E-01 1.036E-01 0 1.138E-01 

0.003 0 0 0 0 1.259E-01 7.971E-02 0 1.076E-01 
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  SHELL2_9B SHELL4_202 SHELL4_370 SHELL4_389 SHELL4_409 WIN5_16B WIN4_26 WIN9_5 

Pore throat radius 

(μm) 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

normalized 

psd 

45.216 0 5.912E-07 3.129E-07 1.081E-06 0 0 0 1.956E-07 

18.086 0 6.598E-06 5.345E-06 1.947E-05 0 0 0 2.527E-06 

11.304 0 6.306E-06 9.612E-06 4.089E-05 4.77E-06 0 0 3.130E-06 

9.043 6.400E-05 8.446E-06 1.252E-05 5.444E-05 7.74E-06 0 0 3.912E-06 

6.029 1.575E-04 1.615E-05 2.337E-05 9.839E-05 7.74E-06 0 0 4.621E-06 

4.522 2.147E-04 2.196E-05 4.906E-05 1.508E-04 1.51E-05 6.85E-05 0 7.042E-06 

3.617 3.142E-04 3.035E-05 1.119E-04 2.251E-04 1.29E-05 8.47E-05 0 7.947E-06 

2.261 3.211E-04 1.440E-05 5.898E-05 6.589E-05 2.30E-06 5.30E-05 4.650E-04 8.410E-07 

1.206 1.854E-03 1.268E-04 8.687E-04 6.618E-04 2.56E-05 2.80E-04 1.874E-03 4.275E-08 

0.904 1.861E-03 6.968E-04 1.530E-03 1.798E-03 5.77E-05 3.20E-04 3.075E-03 8.349E-07 

0.624 2.521E-03 2.710E-03 2.159E-03 2.627E-03 7.88E-05 5.71E-04 5.390E-03 2.152E-07 

0.603 1.726E-03 9.033E-03 4.247E-03 4.888E-03 1.68E-04 4.71E-04 3.696E-03 1.821E-05 

0.452 2.851E-03 6.919E-03 2.465E-03 4.088E-03 2.52E-04 9.98E-04 5.475E-03 2.283E-06 

0.301 4.044E-03 8.679E-03 2.687E-03 5.801E-03 2.45E-03 2.70E-03 6.233E-03 1.518E-05 

0.226 4.031E-03 8.244E-03 2.443E-03 5.898E-03 4.34E-03 6.15E-03 5.779E-03 5.495E-06 

0.181 4.631E-03 8.204E-03 2.669E-03 6.477E-03 3.39E-03 7.08E-03 6.152E-03 5.580E-05 

0.113 1.109E-02 1.498E-02 6.876E-03 1.184E-02 4.95E-03 1.16E-02 9.381E-03 3.043E-05 

0.090 1.400E-02 1.793E-02 1.269E-02 1.710E-02 4.82E-03 1.19E-02 9.557E-03 1.442E-04 

0.060 1.629E-02 3.417E-02 1.780E-02 2.808E-02 7.72E-03 2.05E-02 1.446E-02 9.959E-05 

0.045 1.607E-02 5.163E-02 1.576E-02 2.692E-02 1.18E-02 2.25E-02 1.696E-02 2.633E-04 

0.036 1.532E-02 5.619E-02 1.896E-02 3.058E-02 1.24E-02 2.27E-02 1.780E-02 3.805E-04 

0.030 1.421E-02 5.318E-02 2.130E-02 3.818E-02 1.90E-02 2.21E-02 2.274E-02 4.547E-04 

0.026 1.462E-02 5.256E-02 2.203E-02 4.210E-02 2.21E-02 2.25E-02 2.265E-02 8.029E-04 

0.023 1.500E-02 5.249E-02 2.386E-02 4.493E-02 2.55E-02 2.36E-02 2.728E-02 8.282E-04 

0.020 2.026E-02 3.923E-02 2.257E-02 4.520E-02 2.08E-02 2.62E-02 3.650E-02 1.303E-03 

0.018 1.963E-02 5.713E-02 2.623E-02 5.065E-02 3.16E-02 3.05E-02 3.323E-02 5.950E-03 
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0.013 3.656E-02 6.485E-02 3.314E-02 7.102E-02 4.88E-02 4.02E-02 5.102E-02 2.708E-03 

0.010 4.858E-02 6.424E-02 3.307E-02 7.815E-02 6.24E-02 5.08E-02 5.404E-02 4.479E-03 

0.008 5.061E-02 6.878E-02 3.263E-02 9.025E-02 7.74E-02 5.90E-02 6.883E-02 7.517E-03 

0.007 5.242E-02 6.312E-02 3.355E-02 9.662E-02 9.06E-02 7.95E-02 7.003E-02 1.060E-02 

0.006 5.468E-02 6.432E-02 3.390E-02 7.798E-02 8.46E-02 7.16E-02 8.114E-02 2.058E-02 

0.005 2.277E-01 9.111E-02 3.612E-02 7.482E-02 9.47E-02 1.01E-01 7.500E-02 1.442E-02 

0.005 4.597E-02 7.302E-02 3.655E-02 9.104E-02 1.11E-01 1.20E-01 5.177E-02 6.619E-02 

0.004 8.730E-02 2.238E-02 4.624E-02 1.957E-02 9.53E-02 8.41E-02 1.706E-01 4.487E-02 

0.003 9.266E-02 1.326E-02 5.140E-02 3.209E-02 7.49E-02 7.29E-02 8.803E-02 6.103E-02 

0.003 6.924E-02 0 5.991E-02 0 6.34E-02 5.54E-02 4.079E-02 8.337E-02 

0.002 4.252E-02 0 6.856E-02 0 2.60E-02 2.73E-02 0 1.145E-01 

0.002 1.067E-02 7.041E-04 8.321E-02 0 0 5.56E-03 0 1.467E-01 

0.002 0 0 1.139E-01 0 0 0 0 1.866E-01 

0.002 0 0 1.304E-01 0 0 0 0 2.261E-01 
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Appendix E 

BET surface area permeability estimation data for all 25 TGS samples 

Well/Sample 
Permeability at in-situ stress 

(mD) 
BET permeability 

WIN4_26 0.023 0.009 

SHELL1_83 0.00019 

 BP3_1 0.16 0.089 

BP3_6 0.56 

 WIN5_16B 0.009 0.013 

SHELL1_111 0.0037 0.006 

BP2_2 0.030 0.020 

BP2_5 0.0018 0.002 

EBN3_40 0.67 0.019 

EBN4_10 0.002 0.004 

SHELL4_202 0.047 0.047 

SHELL4_370 0.93 0.14 

SHELL4_389 0.035 0.10 

SHELL4_409 0.00002 0.004 

BP3_4 0.69 

 BP2_3 0.17 

 BP3_5 0.69 

 WIN 9_5 0.00003 

 GDF1_1 0.75 0.29 

GDF1_6 0.015 0.201 

GDF1_7 3.7 3.4 

SHELL1_216 0.005 0.035 

SHELL2_1 0.28 0.14 

SHELL2_9 0.26   

GDF2_4 3.1   
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Mercury injection capillary pressure (MICP) permeability estimation data for all 25 

TGS samples 

Sample Purcell (1949) Winland (1980) 
Swanson 5000 

psi (1981) 

Katz-Thompson lmax 

from Hg (1986, 1987) 

WIN4_26 0.28 0.32 0.04 0.45 

WIN5_16B 0.02 0.03 0.01 0.05 

SHELL1_83 0.01 0.01 0.00 0.06 

SHELL1_111 0.02 0.04 0.01 0.05 

SHELL2_1B 0.47 0.79 0.28 0.86 

SHELL2_9B 0.03 0.03 0.01 0.26 

BP2_2 0.23 0.29 0.08 0.34 

BP2_3 0.94 1.06 0.35 1.41 

BP2_5 0.00 0.01 0.00 0.00 

BP3_1 0.46 0.62 0.20 1.06 

BP3_4 0.67 1.23 0.45 0.66 

BP3_5         

BP3_6 0.40 0.68 0.27 0.38 

EBN3_40 0.47 0.47 0.85 0.33 

EBN4_10 0.05 0.06 0.01 0.01 

SHELL4_202         

SHELL4_370 0.34 0.31 0.12 0.26 

SHELL4_389 0.21 0.18 0.06 0.06 

SHELL4_409         

WIN9_5 0.00 0.00 0.00   

GDF1_1 0.77 0.83 0.32 0.56 

GDF1_6 0.01 0.02 0.00 0.00 

GDF1_7 1.44 2.71 0.60 0.76 

GDF2_4 1.64 2.92 0.84 0.91 
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Appendix F 

Porosity vs stress from the discovery data 

Constants A -0.049 -0.048 -0.047 -0.046 -0.065 

 
B 1.16 1.15 1.1 1.1 1.14 

Cp (psi) 
Log Cp 

(psi) 

Porosity (%) 

BP2_2 BP2_3 BP3_1 WIN6_16B WIN4_26 

10 1 13 14 14 15 7 

250 2.4 13 14 14 15 7 

500 2.7 13 14 14 15 7 

750 2.9 13 14 13 15 7 

1000 3 13 14 13 14 6 

2000 3.3 13 14 13 14 6 

3000 3.5 12 13 13 14 6 

4000 3.6 12 13 13 14 6 

5000 3.7 12 13 13 14 6 
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A comparison of porosity under stress for this research data with the Discovery Group 

relationship (lines) for core set 1. 

Constants A -0.049 -0.06 -0.085 -0.059 -0.091 

 
B 1.16 1.16 1.13 1.11 1.16 

Cp 

(psi) 

Log 

Cp 

(psi) 

Porosity (%) 

SHELL2_

9B 

SHELL2_1

B 

SHELL1_8

3 

SHELL1_11

1 

SHELL1_21

6 

10 1 13 8 4 8 3 

500 2.7 13 8 3 8 3 

750 2.9 13 8 3 8 3 

1000 3 13 8 3 8 3 

2000 3.3 13 8 3 8 3 

3000 3.5 13 8 3 8 3 

3500 3.5 12 8 3 8 3 

4000 3.6 12 8 3 8 3 
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A comparison of porosity under stress for this research data with the Discovery Group 

relationship (lines) for core set 2. 

Constants A -0.043 -0.040 -0.045 -0.044 -0.048 

 
B 1.15 1.15 1.1 1.1 1.13 

Cp (ps) Log Cp (psi) 
Porosity (%) 

BP3_4 BP3_5 BP3_6 SHELL4_202 SHELL4_389 

0 
 

17 20 15 16 13 

250 2.4 18 21 15 16 13 

500 2.7 18 21 15 16 13 

750 2.9 17 21 15 16 13 

1000 3 17 21 15 16 13 

1500 3.2 17 20 15 16 13 

2000 3.3 17 20 15 16 13 

3000 3.5 17 20 15 16 13 

4000 3.6 17 20 14 16 13 
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A comparison of porosity under stress for this research data with the Discovery Group 

relationship (lines) for core set 3. 

Constants 
A -0.062 -0.073 -0.079 -0.074 -0.056 

 
B 1.16 1.17 1.1 1.1 1.1 

Cp (psi) Log Cp (psi) 
Porosity (%) 

EBN4-10 WIN9_5 BP2_5 SHELL4_409 GDF1-6 

0 
 

7 5 5 7 5 

250 2.4 7 5 4 7 5 

500 2.7 7 5 4 7 5 

750 2.9 7 5 4 7 5 

1000 3 7 5 4 7 5 

1500 3.2 7 5 4 7 5 

2000 3.3 7 5 4 7 5 

3000 3.5 7 5 4 6 5 

3500 3.5 7 5 4 6 5 

4000 3.6 7 5 4 6 5 
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A comparison of porosity under stress for this research data with the Discovery Group 

relationship (lines) for core set 4. 

Core set 1 –Porosity, FRF and m with Stress` 

Original Porosity 

(%) 12.66 13.58 13.89 14.97 6.81 

Sample BP 2_2 BP 2_3 BP 3_1 WIN5_16B WIN4_26 

Pressure (psi) Porosity (%) Porosity (%) Porosity (%) Porosity (%) Porosity (%) 

852 12.66 13.58 13.89 14.97 6.81 

782           

877   13.24       

958 12.78 13.31 14.61 15.75 7.34 

1365       15.77   

1496     14.58 15.91   

1721 12.81 13.51 14.55 15.83 7.48 

2581   13.39       

2698 12.76       7.43 

2667     14.46 15.69   

2932 12.78         

3039   13.36 14.41 15.66 7.42 

4906         7.37 

4583 12.63 13.02 14.28 15.46   

4754       15.43   

4760   12.96 14.24   7.35 

4419     14.18 15.33   
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BP2_2 

Resistivity (ohm-m) Confining pressure (psi) Log confining pressure (psi) Porosity (fraction) FRF (unitless) m (unitless) 

4.57 852 2.93 0.109 93.3 2.05 

5.83 782 2.89 0.109 119.0 2.16 

5.92 877 2.94 0.109 120.9 2.16 

5.81 958 2.98 0.109 118.6 2.15 

5.72 1459 3.16 0.108 116.7 2.14 

5.66 1365 3.14 0.108 115.6 2.13 

5.27 1496 3.17 0.108 107.6 2.10 

5.32 1785 3.25 0.107 108.6 2.10 

5.24 1687 3.23 0.107 106.9 2.09 

5.51 1483 3.17 0.108 112.5 2.12 

5.55 1721 3.24 0.107 113.3 2.12 

5.39 2581 3.41 0.106 110.1 2.10 

5.70 2698 3.43 0.106 116.3 2.12 

5.61 2667 3.43 0.106 114.4 2.11 

5.94 2932 3.47 0.106 121.3 2.14 

6.31 3039 3.48 0.106 128.8 2.16 

7.14 4741 3.68 0.105 145.8 2.21 

7.10 4845 3.69 0.105 144.9 2.20 

7.24 4851 3.69 0.105 147.8 2.21 

6.83 4901 3.69 0.105 139.4 2.19 

7.10 4809 3.68 0.105 145.0 2.20 

6.53 4934 3.69 0.105 133.2 2.17 

6.31 4906 3.69 0.105 128.7 2.15 

6.92 4583 3.66 0.105 141.1 2.19 

7.02 4754 3.68 0.105 143.2 2.20 

7.01 4759 3.68 0.105 143.0 2.20 

7.04 4760 3.68 0.105 143.7 2.20 
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BP2_3 

Resistivity (ohm-m) Confining pressure (psi) Log confining pressure (psi) Porosity (fraction) FRF (unitless) m (unitless) 

6.7 852 2.93 0.117 136.2 2.29 

6.9 782 2.89 0.117 140.2 2.31 

7.1 877 2.94 0.117 145.0 2.32 

7.2 958 2.98 0.117 146.6 2.32 

7.7 1459 3.16 0.116 157.1 2.34 

7.5 1365 3.14 0.116 153.1 2.33 

7.4 1496 3.17 0.116 150.0 2.32 

7.4 1785 3.25 0.115 151.2 2.32 

7.3 1687 3.23 0.115 148.6 2.31 

7.7 1483 3.17 0.116 156.9 2.34 

7.8 1721 3.24 0.115 158.2 2.34 

7.8 2581 3.41 0.114 158.3 2.33 

8.1 2698 3.43 0.114 165.9 2.35 

8.1 2932 3.47 0.114 165.7 2.35 

8.7 3039 3.48 0.114 177.0 2.38 

9.4 4741 3.68 0.112 190.9 2.40 

10.3 4845 3.69 0.112 210.5 2.45 

10.5 4851 3.69 0.112 215.1 2.46 

10.8 4901 3.69 0.112 219.4 2.47 

10.3 4809 3.68 0.112 211.0 2.45 

10.8 4934 3.69 0.112 220.1 2.47 

9.9 4906 3.69 0.112 201.6 2.43 

9.2 4583 3.66 0.112 187.5 2.40 

10.2 4754 3.68 0.112 209.1 2.44 

10.4 4759 3.68 0.112 212.1 2.45 

10.3 4760 3.68 0.112 211.0 2.45 

10.5 4419 3.65 0.113 214.8 2.46 
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BP3_1 

Resistivity (ohm-m) Confining pressure (psi) Log confining pressure (psi) Porosity at stress (%) FRF (unitless) m (unitless) 

3.73 852 2.93 0.114 76.1 2.00 

4.49 782 2.89 0.114 91.6 2.08 

4.59 877 2.94 0.114 93.7 2.09 

4.75 958 2.98 0.114 96.9 2.10 

4.97 1459 3.16 0.113 101.4 2.12 

4.93 1365 3.14 0.113 100.6 2.11 

4.68 1496 3.17 0.113 95.4 2.09 

4.78 1785 3.25 0.112 97.5 2.09 

4.32 1687 3.23 0.112 88.2 2.05 

4.46 1483 3.17 0.113 91.0 2.07 

4.51 1721 3.24 0.112 92.1 2.07 

4.47 2581 3.41 0.111 91.2 2.05 

4.56 2698 3.43 0.111 93.1 2.06 

4.62 2667 3.43 0.111 94.3 2.07 

4.84 2932 3.47 0.111 98.7 2.09 

5.12 3039 3.48 0.111 104.4 2.11 

5.76 4741 3.68 0.110 117.5 2.16 

5.91 4845 3.69 0.109 120.7 2.17 

6.09 4851 3.69 0.109 124.3 2.18 

5.83 4901 3.69 0.109 118.9 2.16 

6.06 4809 3.68 0.109 123.7 2.18 

5.57 4934 3.69 0.109 113.7 2.14 

5.37 4906 3.69 0.109 109.7 2.12 

5.91 4583 3.66 0.110 120.7 2.17 

5.99 4754 3.68 0.110 122.3 2.17 

6.00 4759 3.68 0.110 122.5 2.17 

6.02 4760 3.68 0.110 122.8 2.18 
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WIN5_16B 

Resistivity (ohm-m) Confining pressure (psi) Log confining pressure (psi) Porosity at stress (%) FRF (unitless) m (unitless) 

2.45 852 2.93 0.12 50.0 1.84 

2.63 782 2.89 0.12 53.7 1.88 

2.68 877 2.94 0.12 54.8 1.88 

2.75 958 2.98 0.12 56.2 1.89 

2.93 1459 3.16 0.12 59.9 1.92 

2.91 1365 3.14 0.12 59.3 1.91 

3.03 1496 3.17 0.12 61.8 1.93 

3.06 1785 3.25 0.12 62.4 1.93 

3.03 1687 3.23 0.12 61.8 1.93 

3.19 1483 3.17 0.12 65.2 1.95 

3.21 1721 3.24 0.12 65.6 1.95 

3.12 2581 3.41 0.12 63.7 1.93 

3.35 2698 3.43 0.12 68.3 1.96 

3.22 2667 3.43 0.12 65.6 1.95 

3.51 2932 3.47 0.12 71.6 1.98 

3.61 3039 3.48 0.12 73.8 2.00 

4.20 4741 3.68 0.11 85.7 2.06 

4.11 4845 3.69 0.11 83.9 2.05 

4.15 4851 3.69 0.11 84.8 2.05 

3.89 4901 3.69 0.11 79.4 2.02 

4.00 4809 3.68 0.11 81.5 2.03 

3.67 4934 3.69 0.11 74.9 1.99 

3.55 4906 3.69 0.11 72.5 1.98 

3.91 4583 3.66 0.11 79.9 2.02 

3.93 4754 3.68 0.11 80.3 2.03 

3.93 4759 3.68 0.11 80.2 2.03 

3.91 4760 3.68 0.11 79.9 2.02 
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WIN4_26 

Resistivity (ohm-m) Confining pressure (psi) Log confining pressure (psi) Porosity at stress (%) FRF (unitless) m (unitless) 

7.95 852 2.93 0.045 162 1.65 

8.39 782 2.89 0.045 171 1.66 

8.60 877 2.94 0.045 176 1.67 

8.92 958 2.98 0.045 182 1.68 

9.94 1459 3.16 0.044 203 1.71 

9.82 1365 3.14 0.045 200 1.70 

10.35 1496 3.17 0.044 211 1.72 

10.62 1785 3.25 0.044 217 1.72 

10.49 1687 3.23 0.044 214 1.72 

10.95 1483 3.17 0.044 224 1.74 

11.17 1721 3.24 0.044 228 1.74 

11.46 2581 3.41 0.043 234 1.74 

12.30 2698 3.43 0.043 251 1.76 

11.85 2667 3.43 0.043 242 1.75 

13.13 2932 3.47 0.043 268 1.78 

13.57 3039 3.48 0.043 277 1.79 

16.88 4741 3.68 0.042 345 1.85 

16.67 4845 3.69 0.042 340 1.84 

16.90 4851 3.69 0.042 345 1.85 

15.87 4901 3.69 0.042 324 1.83 

16.33 4809 3.68 0.042 333 1.84 

15.02 4934 3.69 0.042 306 1.81 

14.54 4906 3.69 0.042 297 1.80 

15.93 4583 3.66 0.043 325 1.83 

16.04 4754 3.68 0.042 327 1.83 

16.00 4759 3.68 0.042 327 1.83 

16.05 4760 3.68 0.042 328 1.83 

15.82 4419 3.65 0.043 323 1.83 

16.06 4457 3.65 0.043 328 1.84 
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Core set 2 –Porosity, FRF and m with Stress` 

Original Porosity 

(%) 
12.703 8.030 3.782 8.154 3.420 

Sample 
SHELL2_

9B 

SHELL2_

1B 

SHELL1_8

3B 

SHELL1_11

1B 

SHELL1_21

6B 

Pressure (psi) 
Porosity 

(%) 

Porosity 

(%) 

Porosity 

(%) 

Porosity 

(%) 

Porosity 

(%) 

842 12.70 8.03 3.78 8.33 3.32 

1377 12.72 
  

8.33 2.97 

1415 12.72 7.87 3.41 8.17 2.95 

1558 12.56 7.70 3.37 7.93 2.93 

2186 12.41 
  

12.15 2.90 

1945 12.41 7.54 3.32 7.45 2.92 

2224 12.87 7.46 3.29 
 

2.86 

1895 12.87 
 

3.32 
 

2.92 

3200 12.25 7.36 3.36 7.07 2.86 

3817 12.22 7.32 3.20 7.16 2.82 

3640 12.18 7.27 3.22 7.07 2.84 

3485 12.14 7.24 3.24 7.16 2.86 

 

SHELL2_9B 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

3.3 714 2.9 0.13 99.5 2.2 

3.7 842 2.9 0.13 111.4 2.3 

4.2 1377 3.1 0.13 125.9 2.3 

4.0 1415 3.2 0.13 119.7 2.3 

4.2 1558 3.2 0.13 125.9 2.3 

4.6 2186 3.3 0.13 138.7 2.4 

4.5 1945 3.3 0.13 136.7 2.4 

4.9 2224 3.3 0.13 148.3 2.4 

5.0 1895 3.3 0.13 152.7 2.4 

5.6 3200 3.5 0.12 169.3 2.5 

6.1 3817 3.6 0.12 184.6 2.5 

6.0 3640 3.6 0.12 181.2 2.5 

6.1 3566 3.6 0.12 185.9 2.5 

6.0 3485 3.5 0.12 180.3 2.5 
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SHELL2_1B 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

7.4 714 2.9 0.09 224.5 2.2 

6.7 842 2.9 0.09 203.4 2.2 

7.1 1377 3.1 0.09 215.5 2.2 

6.8 1415 3.2 0.09 206.0 2.2 

7.0 1558 3.2 0.09 213.4 2.2 

7.5 2186 3.3 0.09 228.6 2.2 

7.4 1945 3.3 0.09 225.2 2.2 

7.7 2224 3.3 0.09 232.4 2.2 

7.7 1895 3.3 0.09 233.1 2.2 

8.4 3200 3.5 0.08 255.4 2.2 

9.0 3817 3.6 0.08 272.8 2.3 

8.7 3640 3.6 0.08 264.0 2.3 

8.7 3566 3.6 0.08 262.6 2.3 

8.5 3485 3.5 0.08 256.9 2.2 

 

SHELL1_83 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

11.5 714 2.9 0.036 349.8 1.8 

11.5 842 2.9 0.035 348.0 1.8 

14.5 1377 3.1 0.035 439.5 1.8 

13.6 1415 3.2 0.035 411.4 1.8 

14.4 1558 3.2 0.034 435.3 1.8 

16.9 2186 3.3 0.034 511.9 1.8 

16.7 1945 3.3 0.034 505.0 1.8 

17.1 2224 3.3 0.034 518.6 1.8 

17.2 1895 3.3 0.034 521.5 1.9 

21.4 3200 3.5 0.033 649.8 1.9 

23.3 3817 3.6 0.033 706.2 1.9 

22.8 3640 3.6 0.033 692.2 1.9 

23.1 3566 3.6 0.033 701.1 1.9 

22.6 3485 3.5 0.033 685.5 1.9 
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SHELL1_11B 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

5.4 714 2.9 0.076 164.8 2.0 

6.0 842 2.9 0.076 182.7 2.0 

8.1 1377 3.1 0.075 244.0 2.1 

  1415 3.2 0.075     

  1558 3.2 0.074     

10.8 2186 3.3 0.074 326.1 2.2 

9.5 1945 3.3 0.074 288.4 2.2 

10.5 2224 3.3 0.074 318.9 2.2 

9.5 1895 3.3 0.074 287.6 2.2 

11.3 3200 3.5 0.073 343.2 2.2 

11.9 3817 3.6 0.073 359.2 2.2 

11.5 3640 3.6 0.073 348.6 2.2 

11.4 3566 3.6 0.073 345.7 2.2 

11.3 3485 3.5 0.073 342.9 2.2 

 

SHELL1_216 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

10.7 714 2.9 0.031 324.5 1.7 

11.7 842 2.9 0.031 353.1 1.7 

14.1 1377 3.1 0.030 427.1 1.7 

14.0 1415 3.2 0.030 424.3 1.7 

14.8 1558 3.2 0.030 448.1 1.7 

16.9 2186 3.3 0.029 513.0 1.8 

16.7 1945 3.3 0.030 506.0 1.8 

17.5 2224 3.3 0.029 531.4 1.8 

17.7 1895 3.3 0.030 534.9 1.8 

22.1 3200 3.5 0.029 668.5 1.8 

24.2 3817 3.6 0.029 734.4 1.9 

23.7 3640 3.6 0.029 719.4 1.9 

23.8 3566 3.6 0.029 721.6 1.9 

23.1 3485 3.5 0.029 700.5 1.8 

  



344 

 

 

 

Core set 3 –Porosity, FRF and m with Stress 

Original 

Porosity (%) 
16.920 19.993 15.317 16.414 13.259 

Sample BP3_4 BP3_5 BP3_6 SHELL4_202 SHELL4_389 

Pressure (psi) Porosity (%) Porosity (%) Porosity (%) Porosity (%) Porosity (%) 

500 16.92 19.99 15.32 16.41 13.26 

1000           

1000   20.24       

1500         16.54 

1500 17.32   17.17     

1600     17.10     

2200     17.04     

2200     17.04     

2000 17.32     18.71   

2000 17.32 20.24       

2500       18.04   

2500           

2200     16.97     

2250 17.19         

2450 17.19 19.99       

3500   19.49 16.96     

3500       17.87 15.77 

3000       17.87 15.77 

3000         15.77 

3100 16.99   16.82 17.87   

4500   19.49       

4400 16.85 19.49     15.49 

4500   19.45     15.49 

4400       17.28   

4250     16.63 17.28   

4500     16.49   15.49 

4500     16.49   15.49 
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BP3_4 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

3.3 500 2.70 0.143 67.6 2.17 

3.4 1000 3.00 0.141 69.7 2.17 

3.5 1000 3.00 0.141 70.4 2.17 

3.4 1000 3.00 0.141 68.8 2.16 

3.4 1000 3.00 0.141 70.2 2.17 

3.4 1500 3.18 0.140 69.1 2.15 

3.5 1500 3.18 0.140 72.1 2.18 

3.6 1500 3.18 0.140 72.9 2.18 

3.6 1600 3.20 0.140 73.5 2.18 

3.8 2200 3.34 0.139 77.7 2.20 

3.8 2200 3.34 0.139 78.1 2.21 

3.9 2000 3.30 0.139 79.3 2.22 

3.9 2000 3.30 0.139 78.9 2.21 

3.7 2000 3.30 0.139 76.0 2.20 

4.4 3000 3.48 0.138 88.8 2.26 

4.2 2500 3.40 0.138 85.7 2.25 

4.2 2500 3.40 0.138 85.6 2.25 

4.1 2200 3.34 0.139 83.8 2.24 

4.2 2500 3.40 0.138 86.5 2.26 

4.0 2250 3.35 0.139 82.6 2.24 

4.2 2500 3.40 0.138 86.7 2.26 

4.2 2450 3.39 0.139 85.6 2.25 

4.5 3500 3.54 0.137 91.1 2.27 

4.8 3100 3.49 0.138 97.2 2.31 

4.6 2500 3.40 0.138 93.1 2.29 

4.6 3000 3.48 0.138 93.7 2.29 

4.9 3000 3.48 0.138 99.2 2.32 

4.5 3100 3.49 0.138 91.5 2.28 

4.7 4500 3.65 0.137 96.5 2.30 

4.8 4500 3.65 0.137 97.4 2.30 

4.8 4500 3.65 0.137 98.9 2.31 

4.8 4500 3.65 0.137 98.3 2.31 

4.8 4400 3.64 0.137 98.5 2.31 

4.9 4500 3.65 0.137 100.1 2.31 

5.0 4400 3.64 0.137 101.4 2.32 

4.9 4250 3.63 0.137 99.2 2.31 

5.2 4500 3.65 0.137 106.3 2.34 

5.4 4450 3.65 0.137 109.5 2.36 

5.3 4000 3.60 0.137 108.5 2.36 
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BP3_5 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

2.72 500 2.70 0.140 55.43 2.04 

2.95 1000 3.00 0.138 60.28 2.07 

2.97 1000 3.00 0.138 60.67 2.07 

2.92 1000 3.00 0.138 59.64 2.06 

2.97 1000 3.00 0.138 60.60 2.07 

7.79 1500 3.18 0.136 158.89 2.54 

3.07 1500 3.18 0.136 62.73 2.08 

3.34 1500 3.18 0.136 68.24 2.12 

3.09 1600 3.20 0.136 63.09 2.08 

3.34 2200 3.34 0.135 68.08 2.11 

3.37 2200 3.34 0.135 68.67 2.11 

3.41 2000 3.30 0.136 69.51 2.12 

3.43 2000 3.30 0.136 69.93 2.13 

5.65 2000 3.30 0.136 115.31 2.38 

7.36 3000 3.48 0.134 150.11 2.50 

7.85 2500 3.40 0.135 160.21 2.53 

7.91 2500 3.40 0.135 161.47 2.54 

5.79 2200 3.34 0.135 118.25 2.39 

8.12 2500 3.40 0.135 165.62 2.55 

7.95 2250 3.35 0.135 162.32 2.54 

8.56 2500 3.40 0.135 174.73 2.58 

8.55 2450 3.39 0.135 174.55 2.58 

5.71 3500 3.54 0.134 116.60 2.37 

6.44 3100 3.49 0.134 131.39 2.43 

6.56 2500 3.40 0.135 133.88 2.44 

6.67 3000 3.48 0.134 136.18 2.45 

7.29 3000 3.48 0.134 148.77 2.49 

7.05 3100 3.49 0.134 143.94 2.47 

7.47 4500 3.65 0.133 152.38 2.49 

7.90 4500 3.65 0.133 161.18 2.52 

8.22 4500 3.65 0.133 167.79 2.54 

8.28 4500 3.65 0.133 168.99 2.54 

8.38 4400 3.64 0.133 170.98 2.55 

9.35 4500 3.65 0.133 190.74 2.60 

7.48 4400 3.64 0.133 152.59 2.49 

7.41 4250 3.63 0.133 151.13 2.49 

8.38 4500 3.65 0.133 170.94 2.55 

8.66 4450 3.65 0.133 176.72 2.57 

9.05 4000 3.60 0.133 184.74 2.59 
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BP3_6 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 
FRF (unitless) m (unitless) 

2.90 500 2.70 0.130 59.16 2.00 

3.18 1000 3.00 0.128 64.90 2.03 

3.22 1000 3.00 0.128 65.68 2.04 

3.15 1000 3.00 0.128 64.36 2.03 

3.23 1000 3.00 0.128 65.94 2.04 

3.18 1500 3.18 0.127 64.96 2.02 

3.32 1500 3.18 0.127 67.75 2.04 

3.33 1500 3.18 0.127 67.96 2.04 

3.39 1600 3.20 0.127 69.28 2.05 

3.66 2200 3.34 0.126 74.70 2.08 

3.68 2200 3.34 0.126 75.17 2.08 

3.76 2000 3.30 0.126 76.70 2.10 

3.78 2000 3.30 0.126 77.13 2.10 

3.53 2000 3.30 0.126 71.95 2.07 

3.87 3000 3.48 0.125 78.97 2.10 

3.94 2500 3.40 0.125 80.32 2.11 

3.88 2500 3.40 0.125 79.17 2.11 

3.80 2200 3.34 0.126 77.58 2.10 

3.91 2500 3.40 0.125 79.75 2.11 

3.75 2250 3.35 0.126 76.44 2.09 

3.89 2500 3.40 0.125 79.30 2.11 

3.86 2450 3.39 0.126 78.75 2.10 

4.03 3500 3.54 0.125 82.21 2.12 

4.29 3100 3.49 0.125 87.55 2.15 

4.09 2500 3.40 0.125 83.41 2.13 

4.07 3000 3.48 0.125 83.09 2.13 

4.28 3000 3.48 0.125 87.44 2.15 

3.97 3100 3.49 0.125 81.03 2.11 

4.20 4500 3.65 0.124 85.67 2.13 

4.23 4500 3.65 0.124 86.33 2.13 

4.29 4500 3.65 0.124 87.47 2.14 

4.26 4500 3.65 0.124 86.99 2.14 

4.26 4400 3.64 0.124 86.91 2.14 

4.30 4500 3.65 0.124 87.76 2.14 

4.37 4400 3.64 0.124 89.22 2.15 

4.27 4250 3.63 0.124 87.05 2.14 

4.47 4500 3.65 0.124 91.18 2.16 

4.56 4450 3.65 0.124 93.11 2.17 

4.64 4000 3.60 0.124 94.73 2.18 
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SHELL2_202 

Resistivity 

(ohm-m) 

Confining 

pressure 

(psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 
FRF (unitless) m (unitless) 

3.16 500 2.70 0.153 64.58 2.22 

2.93 1000 3.00 0.151 59.70 2.17 

2.83 1000 3.00 0.151 57.73 2.15 

9.37 1000 3.00 0.151 191.21 2.78 

7.46 1000 3.00 0.151 152.21 2.66 

4.90 1500 3.18 0.150 100.03 2.43 

5.06 1500 3.18 0.150 103.25 2.44 

4.40 1500 3.18 0.150 89.81 2.37 

11.79 1600 3.20 0.150 240.70 2.89 

8.77 2200 3.34 0.149 179.07 2.72 

8.97 2200 3.34 0.149 183.04 2.73 

9.46 2000 3.30 0.149 193.06 2.77 

8.80 2000 3.30 0.149 179.62 2.73 

12.16 2000 3.30 0.149 248.22 2.90 

12.91 3000 3.48 0.148 263.49 2.92 

12.70 2500 3.40 0.148 259.21 2.91 

12.52 2500 3.40 0.148 255.44 2.91 

12.28 2200 3.34 0.149 250.58 2.90 

12.03 2500 3.40 0.148 245.44 2.88 

10.12 2250 3.35 0.149 206.44 2.80 

10.33 2500 3.40 0.148 210.88 2.81 

10.56 2450 3.39 0.148 215.43 2.82 

9.50 3500 3.54 0.147 193.82 2.75 

10.87 3100 3.49 0.148 221.76 2.82 

9.95 2500 3.40 0.148 203.08 2.79 

10.46 3000 3.48 0.148 213.50 2.81 

10.65 3000 3.48 0.148 217.26 2.82 

10.26 3100 3.49 0.148 209.37 2.79 

10.81 4500 3.65 0.147 220.68 2.81 

11.23 4500 3.65 0.147 229.11 2.83 

11.54 4500 3.65 0.147 235.61 2.84 

11.62 4500 3.65 0.147 237.12 2.85 

11.54 4400 3.64 0.147 235.61 2.85 

13.07 4500 3.65 0.147 266.71 2.91 

9.54 4400 3.64 0.147 194.72 2.75 

9.80 4250 3.63 0.147 199.94 2.76 

10.75 4500 3.65 0.147 219.31 2.81 

11.02 4450 3.65 0.147 224.80 2.82 

15.16 4000 3.60 0.147 309.42 2.99 
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SHELL4_389 

Resistivity 

(ohm m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 
FRF (unitless) m (unitless) 

4.96 500 2.70 0.123 101.22 2.20 

5.45 1000 3.00 0.121 111.16 2.23 

5.47 1000 3.00 0.121 111.71 2.23 

5.40 1000 3.00 0.121 110.26 2.22 

5.99 1000 3.00 0.121 122.19 2.27 

5.41 1500 3.18 0.120 110.38 2.21 

5.64 1500 3.18 0.120 115.12 2.23 

5.67 1500 3.18 0.120 115.73 2.24 

5.55 1600 3.20 0.119 113.34 2.23 

6.02 2200 3.34 0.119 122.78 2.26 

5.97 2200 3.34 0.119 121.93 2.25 

6.05 2000 3.30 0.119 123.56 2.26 

6.05 2000 3.30 0.119 123.56 2.26 

5.76 2000 3.30 0.119 117.50 2.24 

6.37 3000 3.48 0.118 129.96 2.27 

6.48 2500 3.40 0.118 132.30 2.29 

6.65 2500 3.40 0.118 135.77 2.30 

6.54 2200 3.34 0.119 133.43 2.29 

6.78 2500 3.40 0.118 138.43 2.31 

6.17 2250 3.35 0.118 125.96 2.27 

6.37 2500 3.40 0.118 130.08 2.28 

6.57 2450 3.39 0.118 134.18 2.29 

6.77 3500 3.54 0.117 138.25 2.30 

7.25 3100 3.49 0.118 148.01 2.33 

7.47 2500 3.40 0.118 152.38 2.35 

7.32 3000 3.48 0.118 149.42 2.34 

7.59 3000 3.48 0.118 154.90 2.36 

6.88 3100 3.49 0.118 140.35 2.31 

7.16 4500 3.65 0.117 146.09 2.32 

7.20 4500 3.65 0.117 146.99 2.32 

7.19 4500 3.65 0.117 146.79 2.32 

7.12 4500 3.65 0.117 145.27 2.32 

7.11 4400 3.64 0.117 145.15 2.32 

7.37 4500 3.65 0.117 150.47 2.33 

7.54 4400 3.64 0.117 153.95 2.34 

7.28 4250 3.63 0.117 148.49 2.33 

7.48 4500 3.65 0.117 152.56 2.34 

7.60 4450 3.65 0.117 155.05 2.35 
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Core set 4 –Porosity, FRF and m with Stress 

Original Porosity 

(%) 
7.528 5.202 4.480 5.092 9.591 

Sample EBN4_10 WIN9_5 BP2_5 SHELL4_409 GDF1_6 

Pressure (psi) Porosity (%) Porosity (%) Porosity (%) Porosity (%) Porosity (%) 

740 7.528 5.202 4.480 5.092 9.591 

740   5.202 4.480 5.092 9.662 

600     4.480     

700     4.480     

600     4.480     

1400   5.807       

2500 8.368 5.707       

2250 8.368       9.591 

2500   5.707 4.405   9.591 

2250     4.405   9.591 

2450     4.405     

2500   5.707       

2500     4.405     

2450     4.405     

3000     4.405     

3000     4.405 4.096   

3000 8.368 5.707 4.405 4.096   

3000 8.368   4.405 4.096   

3000     4.405 4.096   

3400   5.707 4.405 4.096   

3250   5.707 4.405 4.096 9.320 

3250   5.707 4.405     

3250     4.405 4.096   

3500 8.276   4.405 4.096   

3750     4.328     

3600         9.234 

3750     4.328 4.096 9.234 

3750     4.328 4.096 9.234 

3750     4.328 4.096   

3750   5.707       

3800   5.707       

4000 8.201     4.096   

3500   5.707   4.096   

3590 8.201     4.096   

3750 8.201     4.096   

3750       4.096   

4000 8.201 5.707 4.328     

3800 8.201 5.707 4.328 4.096   

3900   5.707 4.328 4.096   

3900   5.707       

3900   5.707   4.096   

3750   5.707 4.328 4.096   

4000 8.201 5.707   4.096   

4000     4.328     
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EBN4_10 

Resistivity 

(ohm-m) 

Confining 

pressure 

(psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

7.6 740 2.87 0.065 155.4 1.84 

8.1 740 2.87 0.065 164.8 1.86 

6.1 600 2.78 0.065 125.3 1.77 

6.1 900 2.95 0.064 124.6 1.76 

6.4 900 2.95 0.064 130.2 1.77 

6.1 1000 3.00 0.064 125.1 1.76 

6.3 1000 3.00 0.064 128.4 1.77 

6.5 700 2.85 0.065 132.9 1.79 

5.9 600 2.78 0.065 120.7 1.75 

6.4 1300 3.11 0.063 130.8 1.77 

6.8 1400 3.15 0.063 138.5 1.79 

6.5 1400 3.15 0.063 132.1 1.77 

6.6 1500 3.18 0.063 135.7 1.78 

6.8 1500 3.18 0.063 139.2 1.79 

6.8 1500 3.18 0.063 139.0 1.79 

6.8 1700 3.23 0.063 139.7 1.79 

6.7 1600 3.20 0.063 135.9 1.78 

6.6 1500 3.18 0.063 133.9 1.77 

6.7 1500 3.18 0.063 136.2 1.78 

6.8 1500 3.18 0.063 139.8 1.79 

6.8 1650 3.22 0.063 138.2 1.78 

6.7 1500 3.18 0.063 136.6 1.78 

6.8 1500 3.18 0.063 138.5 1.79 

6.8 1600 3.20 0.063 138.5 1.78 

7.0 1750 3.24 0.063 142.3 1.79 

7.1 1750 3.24 0.063 145.9 1.80 

6.9 1600 3.20 0.063 140.7 1.79 

7.1 1600 3.20 0.063 144.1 1.80 

7.2 1600 3.20 0.063 147.6 1.81 

7.2 1600 3.20 0.063 147.6 1.81 

7.9 2450 3.39 0.062 160.3 1.83 

8.2 2300 3.36 0.062 168.3 1.85 

8.2 2500 3.40 0.062 166.4 1.84 

9.0 2400 3.38 0.062 183.5 1.88 

8.8 2400 3.38 0.062 179.0 1.87 

8.7 2500 3.40 0.062 176.7 1.86 

8.6 2500 3.40 0.062 176.2 1.86 

8.6 2500 3.40 0.062 176.2 1.86 

9.1 2250 3.35 0.062 186.1 1.88 

8.6 2500 3.40 0.062 176.3 1.86 

9.3 2250 3.35 0.062 189.5 1.89 

9.0 2450 3.39 0.062 182.8 1.88 

9.3 2500 3.40 0.062 189.0 1.89 

9.9 2500 3.40 0.062 202.1 1.91 

9.3 2450 3.39 0.062 189.9 1.89 

9.2 3000 3.48 0.062 187.6 1.88 

9.1 3000 3.48 0.062 184.7 1.87 

9.6 3000 3.48 0.062 195.1 1.89 
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9.7 3000 3.48 0.062 197.0 1.90 

9.9 3000 3.48 0.062 201.6 1.91 

10.3 3000 3.48 0.062 209.3 1.92 

9.5 3400 3.53 0.062 194.8 1.89 

9.8 3250 3.51 0.062 199.6 1.90 

9.5 3250 3.51 0.062 194.8 1.89 

9.9 3250 3.51 0.062 201.3 1.90 

9.4 3500 3.54 0.061 191.4 1.88 

10.7 3750 3.57 0.061 219.2 1.93 

10.4 3750 3.57 0.061 213.0 1.92 

11.3 3600 3.56 0.061 229.6 1.95 

11.0 3750 3.57 0.061 224.3 1.94 

11.5 3750 3.57 0.061 235.6 1.96 

11.7 3750 3.57 0.061 239.7 1.96 

11.7 3750 3.57 0.061 238.5 1.96 

9.5 3800 3.58 0.061 194.0 1.89 

10.6 4000 3.60 0.061 217.1 1.93 

11.1 3500 3.54 0.061 227.2 1.95 

11.4 3590 3.56 0.061 232.5 1.95 

11.4 3750 3.57 0.061 232.6 1.95 

11.9 3750 3.57 0.061 242.8 1.97 

11.3 4000 3.60 0.061 230.7 1.95 

10.9 3800 3.58 0.061 222.4 1.94 

11.0 3900 3.59 0.061 225.3 1.94 

11.1 3900 3.59 0.061 225.8 1.94 

11.4 3900 3.59 0.061 233.2 1.95 

11.8 3750 3.57 0.061 239.8 1.96 

11.6 4000 3.60 0.061 236.3 1.96 

11.4 4000 3.60 0.061 233.2 1.95 

 

WIN9_5 

Resistiv

ity 

(ohm-

m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

16.11 740 2.87 0.045 328.82 1.87 

17.64 740 2.87 0.045 359.90 1.89 

16.16 600 2.78 0.045 329.88 1.87 

16.77 900 2.95 0.044 342.17 1.87 

17.81 1000 3.00 0.044 363.50 1.89 

18.24 1000 3.00 0.044 372.16 1.90 

18.62 700 2.85 0.045 380.03 1.91 

17.07 600 2.78 0.045 348.45 1.89 

19.28 1300 3.11 0.044 393.50 1.91 

19.95 1400 3.15 0.044 407.16 1.92 

19.65 1400 3.15 0.044 400.95 1.91 

20.53 1500 3.18 0.044 418.98 1.93 

21.10 1500 3.18 0.044 430.65 1.94 

21.09 1500 3.18 0.044 430.36 1.94 



353 

 

 

 

21.31 1700 3.23 0.043 434.89 1.94 

20.67 1600 3.20 0.043 421.90 1.93 

20.36 1500 3.18 0.044 415.41 1.92 

20.69 1500 3.18 0.044 422.20 1.93 

21.37 1500 3.18 0.044 436.13 1.94 

21.28 1650 3.22 0.043 434.29 1.94 

21.08 1500 3.18 0.044 430.12 1.94 

21.44 1500 3.18 0.044 437.62 1.94 

21.86 1600 3.20 0.043 446.14 1.95 

22.63 1750 3.24 0.043 461.92 1.95 

23.35 1750 3.24 0.043 476.43 1.96 

22.49 1600 3.20 0.043 458.97 1.95 

24.12 1600 3.20 0.043 492.23 1.98 

24.81 1600 3.20 0.043 506.28 1.99 

25.08 1600 3.20 0.043 511.74 1.99 

27.55 2450 3.39 0.043 562.18 2.01 

30.93 2300 3.36 0.043 631.13 2.05 

32.43 2500 3.40 0.043 661.89 2.06 

38.73 2400 3.38 0.043 790.50 2.12 

36.90 2400 3.38 0.043 753.11 2.10 

34.29 2500 3.40 0.043 699.73 2.08 

35.06 2500 3.40 0.043 715.46 2.08 

34.73 2500 3.40 0.043 708.70 2.08 

40.02 2250 3.35 0.043 816.75 2.13 

35.59 2500 3.40 0.043 726.30 2.09 

41.58 2250 3.35 0.043 848.58 2.14 

40.10 2450 3.39 0.043 818.44 2.13 

43.46 2500 3.40 0.043 886.98 2.15 

44.99 2500 3.40 0.043 918.11 2.16 

46.83 2450 3.39 0.043 955.81 2.18 

33.79 3000 3.48 0.042 689.58 2.07 

34.95 3000 3.48 0.042 713.36 2.08 

48.83 3000 3.48 0.042 996.49 2.18 

54.75 3000 3.48 0.042 1117.43 2.22 

62.58 3000 3.48 0.042 1277.06 2.26 

80.35 3000 3.48 0.042 1639.86 2.34 

50.25 3400 3.53 0.042 1025.52 2.19 

59.96 3250 3.51 0.042 1223.62 2.25 

67.73 3250 3.51 0.042 1382.20 2.29 

65.09 3250 3.51 0.042 1328.46 2.27 

39.75 3500 3.54 0.042 811.28 2.12 

45.88 3750 3.57 0.042 936.29 2.16 

66.51 3750 3.57 0.042 1357.37 2.28 
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BP2_5 

Resistivity 

(ohm m) 

Confining 

pressure 

(psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

16.99 740 2.87 0.027 346.69 1.62 

15.07 740 2.87 0.027 307.51 1.59 

13.55 600 2.78 0.028 276.55 1.56 

13.76 900 2.95 0.027 280.76 1.56 

14.70 900 2.95 0.027 299.94 1.58 

14.44 1000 3.00 0.027 294.76 1.57 

14.83 1000 3.00 0.027 302.61 1.58 

15.34 700 2.85 0.027 313.02 1.60 

14.12 600 2.78 0.028 288.17 1.58 

15.55 1300 3.11 0.027 317.45 1.59 

16.13 1400 3.15 0.026 329.15 1.60 

16.14 1400 3.15 0.026 329.46 1.60 

16.77 1500 3.18 0.026 342.28 1.60 

17.42 1500 3.18 0.026 355.51 1.61 

17.62 1500 3.18 0.026 359.64 1.62 

17.86 1700 3.23 0.026 364.41 1.62 

17.66 1600 3.20 0.026 360.40 1.62 

17.61 1500 3.18 0.026 359.30 1.62 

17.85 1500 3.18 0.026 364.21 1.62 

18.61 1500 3.18 0.026 379.84 1.63 

17.82 1650 3.22 0.026 363.64 1.62 

18.26 1500 3.18 0.026 372.62 1.63 

18.77 1500 3.18 0.026 382.98 1.64 

18.75 1600 3.20 0.026 382.58 1.63 

18.79 1750 3.24 0.026 383.52 1.63 

19.34 1750 3.24 0.026 394.73 1.64 

19.16 1600 3.20 0.026 391.02 1.64 

19.36 1600 3.20 0.026 395.07 1.64 

19.50 1600 3.20 0.026 398.03 1.64 

19.45 1600 3.20 0.026 396.90 1.64 

21.41 2450 3.39 0.026 436.87 1.66 

22.11 2300 3.36 0.026 451.30 1.67 

21.66 2500 3.40 0.026 442.08 1.66 

22.11 2400 3.38 0.026 451.18 1.67 

22.11 2400 3.38 0.026 451.30 1.67 

21.97 2500 3.40 0.026 448.32 1.67 

22.24 2500 3.40 0.026 453.85 1.67 

21.94 2500 3.40 0.026 447.71 1.67 

22.09 2250 3.35 0.026 450.90 1.67 

22.70 2500 3.40 0.026 463.27 1.68 

22.59 2250 3.35 0.026 460.92 1.68 

22.48 2450 3.39 0.026 458.76 1.67 

22.66 2500 3.40 0.026 462.55 1.68 

24.01 2500 3.40 0.026 489.99 1.69 

22.30 2450 3.39 0.026 455.06 1.67 

24.03 3000 3.48 0.025 490.47 1.69 

24.58 3000 3.48 0.025 501.66 1.69 

24.36 3000 3.48 0.025 497.17 1.69 
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24.18 3000 3.48 0.025 493.51 1.69 

24.54 3000 3.48 0.025 500.82 1.69 

24.72 3000 3.48 0.025 504.48 1.69 

24.72 3400 3.53 0.025 504.48 1.69 

25.32 3250 3.51 0.025 516.63 1.70 

24.26 3250 3.51 0.025 495.14 1.69 

25.54 3250 3.51 0.025 521.13 1.70 

25.16 3500 3.54 0.025 513.46 1.70 

25.87 3750 3.57 0.025 527.87 1.70 

26.78 3750 3.57 0.025 546.58 1.71 

25.70 3600 3.56 0.025 524.43 1.70 

26.05 3750 3.57 0.025 531.57 1.70 

27.04 3750 3.57 0.025 551.78 1.71 

26.78 3750 3.57 0.025 546.58 1.71 

26.78 3750 3.57 0.025 546.58 1.71 

27.15 3800 3.58 0.025 554.07 1.71 

26.22 4000 3.60 0.025 535.13 1.70 

26.01 3500 3.54 0.025 530.90 1.71 

26.33 3590 3.56 0.025 537.38 1.71 

26.40 3750 3.57 0.025 538.70 1.71 

27.62 3750 3.57 0.025 563.67 1.72 

26.57 4000 3.60 0.025 542.27 1.71 

26.22 3800 3.58 0.025 535.13 1.71 

26.09 3900 3.59 0.025 532.36 1.70 

26.43 3900 3.59 0.025 539.32 1.71 

26.40 3900 3.59 0.025 538.70 1.71 

26.87 3750 3.57 0.025 548.35 1.71 

27.05 4000 3.60 0.025 552.00 1.71 

26.43 4000 3.60 0.025 539.32 1.71 

 

SHELL4_409 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

17.54 1600 3.20 0.0424 357.97 1.86 

17.36 1600 3.20 0.0424 354.35 1.86 

17.14 1600 3.20 0.0424 349.85 1.85 

17.23 1600 3.20 0.0424 351.66 1.85 

19.54 2450 3.39 0.0417 398.87 1.88 

19.83 2300 3.36 0.0418 404.61 1.89 

19.76 2500 3.40 0.0417 403.20 1.89 

19.82 2400 3.38 0.0417 404.46 1.89 

19.80 2400 3.38 0.0417 403.99 1.89 

20.10 2500 3.40 0.0417 410.11 1.89 

20.38 2500 3.40 0.0417 415.82 1.90 

19.98 2500 3.40 0.0417 407.75 1.89 

19.90 2250 3.35 0.0418 406.15 1.89 

20.44 2500 3.40 0.0417 417.16 1.90 

20.43 2250 3.35 0.0418 416.91 1.90 

19.97 2450 3.39 0.0417 407.54 1.89 

20.48 2500 3.40 0.0417 418.02 1.90 

21.55 2500 3.40 0.0417 439.76 1.91 
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19.60 2450 3.39 0.0417 399.94 1.89 

23.19 3000 3.48 0.0414 473.21 1.93 

22.28 3000 3.48 0.0414 454.73 1.92 

21.84 3000 3.48 0.0414 445.69 1.91 

21.87 3000 3.48 0.0414 446.30 1.92 

21.88 3000 3.48 0.0414 446.59 1.92 

21.87 3000 3.48 0.0414 446.26 1.92 

22.70 3400 3.53 0.0412 463.29 1.92 

22.90 3250 3.51 0.0412 467.30 1.93 

21.87 3250 3.51 0.0412 446.27 1.91 

23.07 3250 3.51 0.0412 470.88 1.93 

23.37 3500 3.54 0.0411 476.85 1.93 

23.90 3750 3.57 0.0410 487.81 1.94 

24.38 3750 3.57 0.0410 497.47 1.94 

23.23 3600 3.56 0.0411 474.06 1.93 

35.63 3750 3.57 0.0410 727.19 2.06 

24.46 3750 3.57 0.0410 499.29 1.95 

23.90 3750 3.57 0.0410 487.81 1.94 

25.56 3750 3.57 0.0410 521.62 1.96 

24.61 3800 3.58 0.0410 502.30 1.95 

23.91 4000 3.60 0.0409 487.86 1.94 

23.52 3500 3.54 0.0411 479.91 1.93 

24.03 3590 3.56 0.0411 490.48 1.94 

23.84 3750 3.57 0.0410 486.48 1.94 

24.81 3750 3.57 0.0410 506.27 1.95 

24.13 4000 3.60 0.0409 492.47 1.94 

23.91 3800 3.58 0.0410 487.86 1.94 

24.19 3900 3.59 0.0409 493.77 1.94 

24.19 3900 3.59 0.0409 493.77 1.94 

24.13 3900 3.59 0.0409 492.47 1.94 

23.80 3750 3.57 0.0410 485.76 1.94 

24.50 4000 3.60 0.0409 499.91 1.94 

23.97 4000 3.60 0.0409 489.28 1.94 

 

GDF1_6 

Resistivity 

(ohm-m) 

Confining 

pressure 

(psi) 

Log 

confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

1419.55 1600 3.20 0.040 430.17 1.88 

1446.04 1600 3.20 0.040 438.19 1.88 

1468.78 1600 3.20 0.040 445.08 1.89 

1446.89 1600 3.20 0.040 438.45 1.89 

1656.65 2450 3.39 0.039 502.01 1.92 

1681.97 2300 3.36 0.039 509.69 1.92 

1675.06 2500 3.40 0.039 507.59 1.92 

1678.35 2400 3.38 0.039 508.59 1.92 

1684.23 2400 3.38 0.039 510.37 1.92 

1692.85 2500 3.40 0.039 512.99 1.92 

1735.10 2500 3.40 0.039 525.79 1.93 

1714.21 2500 3.40 0.039 519.46 1.93 

1762.81 2500 3.40 0.039 534.18 1.94 
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1752.67 2250 3.35 0.039 531.11 1.94 

1734.49 2450 3.39 0.039 525.60 1.93 

1790.84 2500 3.40 0.039 542.68 1.94 

1855.79 2500 3.40 0.039 562.36 1.95 

1692.90 2450 3.39 0.039 513.00 1.92 

2011.66 3000 3.48 0.039 609.60 1.97 

1947.87 3000 3.48 0.039 590.26 1.96 

1919.17 3000 3.48 0.039 581.57 1.96 

1902.04 3000 3.48 0.039 576.38 1.95 

1902.04 3000 3.48 0.039 576.38 1.95 

1902.04 3000 3.48 0.039 576.38 1.95 

1970.58 3400 3.53 0.038 597.15 1.96 

2000.52 3250 3.51 0.039 606.22 1.97 

1891.72 3250 3.51 0.039 573.25 1.95 

2029.63 3250 3.51 0.039 615.04 1.97 

2065.55 3500 3.54 0.038 625.92 1.98 

2088.26 3750 3.57 0.038 632.81 1.98 

2123.35 3750 3.57 0.038 643.44 1.98 

2023.43 3600 3.56 0.038 613.16 1.97 

2073.60 3750 3.57 0.038 628.36 1.98 

2155.35 3750 3.57 0.038 653.14 1.99 

2105.81 3750 3.57 0.038 638.12 1.98 

2105.81 3750 3.57 0.038 638.12 1.98 

2140.90 3800 3.58 0.038 648.76 1.98 

2341.16 4000 3.60 0.038 709.44 2.01 

2285.42 3500 3.54 0.038 692.55 2.01 

2313.29 3590 3.56 0.038 701.00 2.01 

2090.32 3750 3.57 0.038 633.43 1.98 

2157.21 3750 3.57 0.038 653.70 1.99 

2123.77 4000 3.60 0.038 643.57 1.98 

2090.32 3800 3.58 0.038 633.43 1.98 

2103.95 3900 3.59 0.038 637.56 1.98 

2103.95 3900 3.59 0.038 637.56 1.98 

2123.77 3900 3.59 0.038 643.57 1.98 

2159.07 4000 3.60 0.038 654.26 1.99 

Core set 5 – FRF and m with Stress 

GDF2_4 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at stress 

(%) 

FRF 

(unitless) 

m 

(unitless) 

17.62 2000 3.301 0.102 533.81 2.75 

  2500 3.398 0.101     

  2500 3.398 0.101     

  2500 3.398 0.101     

  2500 3.398 0.101     

  2500 3.398 0.101     

  2500 3.398 0.101     

  2500 3.398 0.101     

  2500 3.398 0.101     

  2500 3.398 0.101     

  2800 3.447 0.101     
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  2700 3.431 0.101     

  2600 3.415 0.101     

  2600 3.415 0.101     

  2500 3.398 0.101     

  2600 3.415 0.101     

  4000 3.602 0.100     

40.98 4000 3.602 0.100 1241.87 3.09 

41.13 4000 3.602 0.100 1246.40 3.09 

  4400 3.643 0.100     

43.73 4400 3.643 0.100 1325.14 3.12 

  4600 3.663 0.100     

45.79 4500 3.653 0.100 1387.67 3.14 

 

GDF1_7 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

5.09 2000 3.301 0.092 154.36 2.11 

  2500 3.398 0.091     

  2500 3.398 0.091     

  2500 3.398 0.091     

  2500 3.398 0.091     

  2500 3.398 0.091     

  2500 3.398 0.091     

  2500 3.398 0.091     

9.94 2500 3.398 0.091 301.20 2.38 

9.94 2500 3.398 0.091 301.35 2.38 

11.65 2800 3.447 0.091 353.16 2.45 

  2700 3.431 0.091     

  2600 3.415 0.091     

  2600 3.415 0.091     

  2500 3.398 0.091     

  2600 3.415 0.091     

  4000 3.602 0.090     

  4000 3.602 0.090     

17.57 4000 3.602 0.090 532.32 2.61 

23.04 4400 3.643 0.090 698.31 2.72 

  4400 3.643 0.090     

  4600 3.663 0.090     

  4500 3.653 0.090     

 

GDF1_1 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

4.37 2000 3.301 0.086 132.5 2.0 

  2500 3.398 0.085     

  2500 3.398 0.085     

  2500 3.398 0.085     

  2500 3.398 0.085     

  2500 3.398 0.085     

  2500 3.398 0.085     
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  2500 3.398 0.085     

  2500 3.398 0.085     

5.99 2500 3.398 0.085 181.4 2.1 

6.32 2800 3.447 0.085 191.6 2.1 

6.42 2700 3.431 0.085 194.5 2.1 

6.37 2600 3.415 0.085 192.9 2.1 

6.46 2600 3.415 0.085 195.8 2.1 

  2500 3.398 0.085     

6.46 2600 3.415 0.085 195.9 2.1 

6.95 4000 3.602 0.084 210.7 2.2 

7.05 4000 3.602 0.084 213.6 2.2 

  4000 3.602 0.084     

7.16 4400 3.643 0.084 217.0 2.2 

7.54 4400 3.643 0.084 228.4 2.2 

7.87 4600 3.663 0.084 238.6 2.2 

7.72 4500 3.653 0.084 233.9 2.2 

 

EBN3_40 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

1.69 2000 3.301 0.204 34.5 2.2 

1.71 2500 3.398 0.203 34.8 2.2 

1.70 2500 3.398 0.203 34.7 2.2 

1.66 2500 3.398 0.203 33.9 2.2 

1.66 2500 3.398 0.203 33.9 2.2 

1.63 2500 3.398 0.203 33.2 2.2 

1.71 2500 3.398 0.203 34.9 2.2 

1.72 2500 3.398 0.203 35.2 2.2 

1.74 2500 3.398 0.203 35.6 2.2 

1.67 2500 3.398 0.203 34.0 2.2 

1.73 2800 3.447 0.203 35.4 2.2 

1.76 2700 3.431 0.203 36.0 2.2 

1.72 2600 3.415 0.203 35.2 2.2 

1.75 2600 3.415 0.203 35.8 2.2 

1.73 2500 3.398 0.203 35.4 2.2 

1.72 2600 3.415 0.203 35.2 2.2 

1.75 4000 3.602 0.202 35.7 2.2 

1.86 4000 3.602 0.202 37.9 2.3 

2.08 4400 3.643 0.201 42.4 2.3 

1.93 4400 3.643 0.201 39.4 2.3 

1.86 4600 3.663 0.201 38.0 2.3 

1.95 4500 3.653 0.201 39.7 2.3 
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SHELL4_370 

Resistivity 

(ohm-m) 

Confining 

pressure (psi) 

Log confining 

pressure (psi) 

Porosity at 

stress (%) 

FRF 

(unitless) 

m 

(unitless) 

3.87 2000 3.301 0.128 78.88 2.12 

3.81 2500 3.398 0.127 77.70 2.11 

3.78 2500 3.398 0.127 77.05 2.11 

3.81 2500 3.398 0.127 77.79 2.11 

3.79 2500 3.398 0.127 77.27 2.11 

3.82 2500 3.398 0.127 77.96 2.11 

4.01 2500 3.398 0.127 81.87 2.14 

4.11 2500 3.398 0.127 83.94 2.15 

4.34 2500 3.398 0.127 88.56 2.17 

4.09 2500 3.398 0.127 83.56 2.15 

4.34 2800 3.447 0.127 88.51 2.17 

4.89 2700 3.431 0.127 99.72 2.23 

4.31 2600 3.415 0.127 87.96 2.17 

4.43 2600 3.415 0.127 90.37 2.18 

4.28 2500 3.398 0.127 87.37 2.17 

4.29 2600 3.415 0.127 87.64 2.17 

4.27 4000 3.602 0.126 87.06 2.16 

4.16 4000 3.602 0.126 84.81 2.14 

4.16 4000 3.602 0.126 84.93 2.14 

4.29 4400 3.643 0.126 87.46 2.16 

4.35 4400 3.643 0.126 88.79 2.16 

4.57 4600 3.663 0.125 93.27 2.19 

4.44 4500 3.653 0.126 90.62 2.17 

 


