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IMPROVED CHARACTERIZATION OF THIN BED AND LOW-

RESISTIVITY/LOW-CONTRAST HYDROCARBON RESERVOIRS 

ABSTRACT 

 Thin-bed and low-resistivity/low-contrast (LRLC) reservoirs such as tidal heterolithic 

deposits contain a significant amount of the global hydrocarbon reserves. However, due 

to millimetre-to-centimetre thin sandstone, forecasting hydrocarbon reserves and 

production are challenging. Producing hydrocarbon economically from heterolithic 

deposits in thin-bed reservoirs requires the characterization of flow properties in thin beds 

for improved hydrocarbon reserves and production estimates. Sedimentology 

interpretation of the study area and reservoir in Malaysia shows that heterolithic deposits 

are part of tidal bars in a shallow marine environment with a large areal extent that 

suggests the substantial volume of heterolithic deposits which represent potential 

hydrocarbon reserves. Conventional Well Logs and Experimental Core Analysis cannot 

resolve and represent the flow properties in millimetre-to-centimetre scale sandstone 

layers in heterolithic deposits, which resulted in underestimated hydrocarbon reserves 

estimates. Characterization of flow properties in thin sandstone layers is the first step in 

a multiscale workflow in reservoir modelling that could improve hydrocarbon reserves 

estimates in heterolithic deposits. 

This thesis applied X-Ray Micro-CT Imaging and Analysis, Digital Core Analysis, gas 

permeability analysis, and 3D Visualisation on five mini-plugs from the sand dominated 

regions of two muddy heterolithic core plugs, two laminated rock core plugs and one 

sandy heterolithic core plug that represent sandstone units in the reservoir. The main 

objectives are to characterize the porosity, permeability, and connectivity of the thin 

sandstone layers in the heterolithic samples and investigate the multi-scale impact of 



  

iii 

 

small-scale heterogeneities such as average grain size and carbonate laminates on 

permeability.  

Computed porosities of the five mini-plugs are consistent with the experimental results 

that validated the computed porosity using digital core analysis. The computed 

permeability of a mini plug from one heterolithic core plug is similar to the results of the 

laminated sandstone mini-plugs, which are benchmark reservoir sandstones. 3D 

visualization of the heterolithic core plug reveals laterally continuous thin sandstone 

layers that are well connected and represent potential hidden sand pay and additional 

hydrocarbon reserves in heterolithic deposits. Permeability gas probe measurements of 

the surfaces of the core plugs validated the computed results of all samples. The results 

verified the presence of permeable thin sandstone layers in the heterolithic core plug. Also, 

3D visualization of the sandstone core plugs reveals carbonate minerals. The carbonate 

causes lower core plug permeability compared to their more homogeneous mini-plugs. 

This result highlights the multi-scale effects of small-scale heterogeneities on 

permeability at larger scales. Grain size analysis of all samples indicated that permeability 

increases with smaller average grain sizes and is the main factor in permeability 

difference between similar rock types. 

To sum up, the methodology used in this thesis characterized the permeability of well-

connected millimetre-to-centimetre scale reservoir sandstone layers in heterolithic 

deposits that represent additional net sand pay and potential hydrocarbon reserves in 

heterolithic deposits. Our methodology and results contribute to the first stages of a multi-

scale workflow for reservoir modelling of heterolithic deposits in thin-bed LRLC 

reservoirs. Our methods can incorporate the properties millimetre-to-centimetre scale 

sandstone layers and other small-scale heterogeneities into reservoir models for improved 

hydrocarbon reserves and production forecasts. 
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CHAPTER 1 : INTRODUCTION 
 

This PhD study proposes to use XMCT Imaging and Analysis and Digital Core 

Analysis (DCA) as part of a methodology to characterize porosity and permeability of 

core plugs from a heterolithic thin bed reservoir in Malaysia. Chapter 1 provides an 

overview of Thin Bed as a source of hydrocarbon and the associated general challenges 

in characterizing the hydrocarbon resources in thin-bed reservoirs. This chapter is 

followed by Chapter 2, which provides the literature review of low-resistivity/low-

contrast (LRLC) issues in thin-bed reservoirs. Chapter 2 discusses the limitation of 

current reservoir characterization methods in appraising thin-bed reservoirs and the 

challenges posed by thin-bed reservoirs in terms of geology and estimating the 

hydrocarbon reserves in place. Chapter 3 of this thesis provides a review and discussion 

of XMCT and DCA methods used in this study and significance to this PhD study. 

Chapter 4 provides the methodology in this study that includes other methods such as the 

NER gas probe for permeability measurement and mineralogical analyses. Chapters 5 and 

6 provide the geological and sedimentological description of heterolithic deposits in the 

study area and reservoir. Chapter 7 provides the mineralogical framework of the 

sandstone samples from two core plugs used in this study. Chapter 8 provides the results 

and discussion for XMCT Imaging, Digital Core Analysis, 3D Visualization, and Gas 

Probe Analysis. We conclude this thesis with Chapter 9 that summarises and discusses 

the results of this thesis and their impact on the reservoir characterization of thin-bed 

LRLC reservoirs and future work. 

1.1 Background 

Large and thick sandstone dominated hydrocarbon reservoirs around the world that 

were targeted for easy hydrocarbon production are facing depletion. As a result, countries 
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with modest hydrocarbon reserves such as Malaysia are turning their focus to thin-bed 

and low-resistivity/low-contrast reservoirs such as heterolithic tidal deposits which are 

proven to hold a sizable portion of the world’s hydrocarbon reserves (Jackson et al., 1999; 

Snyder et al., 2016); Sun et al. (2014). It is estimated that a significant portion of the 

world’s hydrocarbon reserves is contained within thin-bed and LRLC reservoirs (Passey 

et al., 2006). However, forecasting hydrocarbon reserves in heterolithic deposits is 

difficult due to multiscale heterogeneity. This multi-scale heterogeneity takes the form of 

thin beddings and low resistivity pay that affect water saturation measurements. Also, 

some heterolithic deposits are affected by freshwater formation such as in Malaysia, 

which causes poor contrast between the hydrocarbon and fresh water-bearing interval, 

causing additional uncertainty is hydrocarbon reserves estimates. 

The multi-scale heterogeneity in thin-bed reservoirs affects pore structures, rock-fluid, 

and fluid-fluid interaction, which have a significant impact on hydrocarbon reserves 

estimation and production. An example is the Archie equation that establishes the 

relationship between fluid saturation and the resistivity of the reservoir and formation 

fluid (Kumar et al., 2010). Fluid saturations of water and hydrocarbon are essential 

variables in determining the amount of hydrocarbon in place. 

Many thin-bed reservoirs are described as low-resistivity/low-contrast (LRLC)  pay as 

they exhibit averaged low resistivity measurements in the well logs’ due effects of 

alternating layers of mudstone and sandstone beds as a significant factor. Low resistivity 

affects the Resistivity Index and Archie Equation, which is used to determine the water 

saturation from the well logs. Equation 1 shows that low average resistivity reading 

affects the Rt value in the Resistivity Index. Similarly, Equation 2 shows that low Rt in 
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low resistivity pay leads to high water saturation. Equation 3 merely shows the formation 

factor.  

In low resistivity pay intervals, the Rt value approaches the value of the brine water 

(R0). This causes the Resistivity Index (Equation 1) to approach the value of 1.0, which 

indicates the reservoir is saturated with water (Tiab et al., 2012). The Resistivity Index is 

used in the Archie equation (Equation 2)  used to calculate saturation. As a result, a low 

Rt value in thin-bed and LRLC reservoirs will cause the Archie equation to calculate a 

higher water saturation. Therefore, resistivity well logs that use the Archie equation to 

measure water saturation would interpret most LRLC intervals with interpreted high 

water saturation as non-reservoir. As a result, well logs analysis would interpret thin-bed 

and LRLC reservoirs as having low net sand pay and hydrocarbon reserves potential. 

Equation 1: Resistivity Index (R.I.) 
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Equation 2: The Archie Equation used for measuring water saturation 
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Equation 3: Formation Factor used in Archie Equation 
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F = Formation Factor which is defined by porosity (Ø) and tortuosity (a) 

Sw = Water Saturation = proportion of pore filled with water 

m = cementation exponent 
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n =saturation exponent 

R0 = F*Rw= Resistivity of Brine Water 

Rt = True Resistivity 

Rw=Water Resistivity 

A = Tortuosity Factor 

 

Low-resistivity in reservoirs is caused by the averaging effect of the thin beds where 

the conductive mudstone layers lower the averaged resistivity measurements in thin-bed 

reservoirs. Low-contrast refers to the low conductivity contrast between the mudstone 

and sandstone layers, which is exacerbated in freshwater formations, which creates poor 

contrast between the hydrocarbon and fresh water-bearing interval, which exhibit low 

resistivity contrast. The combination of low-resistivity and low-contrast creates 

significant issues in terms of measuring the water saturation from resistivity logs and 

measuring the net hydrocarbon-bearing, which are crucial for hydrocarbon reserves and 

production forecasts. 

Thin bed and LRLC reservoir intervals are present in many existing and developed 

hydrocarbon fields but were often neglected due to perceived reduced commercial 

viability and low recovery factor (Elfenbein et al., 2005). However, oil and gas companies 

target these low resistivity intervals development as a means to extend the life cycle of 

mature reservoirs (Kantaatmadja et al., 2014). Also, new technologies and improved 

computing capabilities enabled multi-scale modelling of complex and heterogeneous 

reservoirs for improved petrophysical properties and hydrocarbon reserves forecast  

(Hurley et al., 2012; Ringrose et al., 2008). Multi-scale modelling provides opportunities 

to unlock the commercial value of thin-bed LRLC reservoirs around the world in the form 

of additional hydrocarbon reserves. 
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Historically, thin-bed and LRLC hydrocarbon reservoirs are not recognizable using 

conventional well logs analysis reservoirs and therefore overlooked (Worthington, 2000). 

The resolution limit of the well logs cannot resolve and detect most of the sub-meter thin 

beds and laminations. As a result, net sand pays in LRLC intervals are underestimated, 

which lowers the commercial viability of LRLC intervals.  

 Core analysis data, which include porosity, permeability, petrography, and mercury 

injection, and capillary pressure data most often indicate thin reservoirs are generally of 

poorer quality compared to conventional sandstone reservoirs (Carney et al., 2008). Also, 

the under-sampling and wide range of experimental analyses result in uncertainty in core 

plug data, which do not represent the properties of millimetre-to-centimetre scale 

beddings. As a result, permeability data based on experimental results of heterogeneous 

core plugs have a broad range of values that are not accurate for representing any single 

rock type that makes up the heterogeneous rock (Ringrose et al., 2014). The uncertainty 

occurs because up to 80% of thin sandstone layers in a thin bed reservoir are below the 

thickness of a standard core plug diameter of 25 mm (Passey et al., 2006). As a result, 

current well log analysis and conventional core analysis underestimate net sand pay, 

hydrocarbon saturation, and hydrocarbon reserves in LRLC reservoirs (Kantaatmadja et 

al., 2014). 

1.2 Challenges In developing thin-bed and  LRLC reservoirs 

This section summarizes the challenges faced when describing reservoir properties and 

forecasting hydrocarbon reserves in thin-bed and LRLC pay.  These challenges include 

resolution limitations of well logs, inadequate petrophysical models, low resistivity pay, 

and complex geology. 
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1.2.1 Well Log Resolution Limitations 

The difficulties encountered in developing thin bed LRLC reservoirs are attributed to 

the thin sandstone and mudstone layers that are below the resolution limits of 

conventional well logs. Resistivity well logs cannot detect beddings that are below one 

meter in thickness (Passey et al., 2006). As a result, well logs cannot resolve and detect 

beddings and laminations with thickness in the millimetre-to-centimetre range (Passey et 

al., 2006). Well logs measure petrophysical properties such as resistivity that is converted 

into water saturation using petrophysical models such as the Archie equation. The Archie 

equation has derivatives such as the Shaly Sand Model, which are typically used in 

heterogeneous reservoirs. The well logging tools are constrained by their limited 

resolution, where they can only resolve and detect rock layers that are at least 1 meter 

thick (Manescu et al., 2010). As the well logging tools are unable to detect very thin beds, 

the measured resistivity is averaged and biased towards the lower end(Eshimokhai et al., 

2011). Well logs indicating high water saturation in these low resistivity pay, which also 

translates into low hydrocarbon reserves estimates. Also, this causes heterolithic intervals 

with thin sand beddings that are often excluded as net pay by the well logs analysis cut-

off method (Passey et al., 2006).  

1.2.2 Incompatible Petrophysical Models 

A significant challenge in characterizing LRLC reservoirs is that current petrophysical 

models developed to correlate well log measurements to reservoir rock and fluid 

properties are only applicable in specific geology. Petrophysical models such as Archie 

Equation and its derivatives such as the Simandoux, Shaly Sand, and Timur Equations 

for water saturation interpretation are currently not appropriate for thinly bedded 

formations (Passey et al., 2006). Therefore, there is a need for models to improve the 
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interpretation of LRLC pay to determine the reservoir properties more accurately. 

However, improving current models require a well log tool with an improved resolution 

that can resolve and measure the petrophysical properties of very thin beds common in 

LRLC reservoirs. This limitation remains a significant obstacle. 

1.2.3 Low Resistivity Pay 

Thin bed LRLC reservoirs exhibit lower than usual resistivity measurements that 

indicate high water saturation levels and low hydrocarbon saturation(Jackson et al., 1999; 

Nordahl, 2004; Ringrose, Nordahl, et al., 2005).  The low resistivity in LRLC pay is 

attributed to other small-scale heterogeneities. These small scale heterogeneities include 

millimetre-to-centimetres scale mud drapes, and layers of varying angles, geometries, and 

high-resolution cyclicity (Gupta et al., 2001).  These small scale heterogeneity non-

uniform porosity and permeability distribution at different volume sizes (Carney et al., 

2008). Also, the conductive minerals in the mudstone layer tends to retain water and 

reduces the resistivity contrast between hydrocarbon and water-bearing intervals. The 

high content of conductive minerals such as pyrite, mica, and iron can also contribute to 

low resistivity pay (Kantaatmadja et al., 2014; Worthington, 2000). As a result, the net 

pay potential of the thins sandstone are masked by adjacent mudstones and are often 

overlooked.  

1.2.4 Complex Geology of Thinly Bedded LRLC reservoirs 

Thin bed and LRLC reservoirs such as heterolithic tidal deposits are developed in 

coastal environments such as wave or tidal dominated estuaries and deltas (Martinius et 

al., 2005). These environments include external levees, depositional terraces, and during 

the stages of channel abandonment(Hansen et al., 2015). These depositional processes 
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create alternating layers of sandstone and clay and mudstone. These heterogeneous 

layered rocks have variable sedimentary structures and varying bioturbation intensity. 

The dimensions of these sedimentary features occur at millimetres to meter scales. The 

multi-scale heterogeneity in thin-bed LRLC reservoirs causes petrophysical properties 

variations that have a significant impact on the hydrocarbon reserves and production 

forecasts (Massart et al., 2016).  

Thin bed and LRLC reservoirs often consist of several rock types, which include 

rippled bioturbated heterolithic rock and bioturbated muddy sandstone (Carney et al., 

2008). The rock type diversity results in significant variations in terms of petrophysical 

properties. In addition, rocks of the same type may also exhibit petrophysical properties 

variations that depend on factors such as the geometry of the mud drapes and the thickness 

of the laminations  (Massart, Jackson, Hampson, & Jackson, 2016) and the bioturbation 

intensity (Chai et al., 2008). These factors can affect the flow properties of rocks at 

different length scales and volumes sizes, which makes forecasting reservoir properties 

challenging. The thin beddings in thin-bed LRLC reservoirs also grade vertically and 

laterally into sand reservoirs or clay dominated non-reservoirs, which causes difficulty in 

recognizing identifying net sand pay for volumetric analysis (Carney et al., 2008; Chai et 

al., 2008). These complexities associated with thin bed formations have a significant 

impact on hydrocarbon reserves and production forecast uncertainty as they affect flow 

properties such as permeability differently at different volumes scale  (Massart et al., 2016; 

Nordahl, 2004). 

Besides, thin-bed LRLC reservoirs that consist of tidal deposits have very complex 

reservoir architecture where the tidal sands bars that make up the reservoir may not be 

vertically or horizontally connected. As a result,  extracting the hydrocarbon in place is 
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very difficult, resulting in an average 60% of the resources in tidal sand reservoirs being 

overlooked and remain unexploited due to the complex reservoir architecture and 

connectivity (Oifoghe, 2014; Wood, 2004). 

1.3 Opportunities 

Despite the challenges faced in characterizing and developing LRLC reservoirs, thin-

bedded LRLC reservoirs are increasingly important to countries like Norway, Alaska, 

Canada, Venezuela, and Russia, where such reservoirs are conventional and in abundant. 

(Martinius et al., 2005). There are LRLC reservoirs that produced a commercially viable 

amount of despite the well logs interpreting high water saturation in LRLC intervals 

(Kantaatmadja et al., 2014; Worthington, 2000). Hence there is keen commercial interest 

to improve the evaluation of these reservoirs to improve the prediction of hydrocarbon 

reserves and production from heterolithic deposits. Besides, there is a good potential that 

LRLC intervals in existing fields can contribute to the production and extend the life cycle 

of mature reservoirs (Kantaatmadja et al., 2014). 

Experience in Malaysia has demonstrated that low net to gross LRLC reservoirs has 

produced commercial amounts of hydrocarbon despite interpreted water saturations of 70% 

from the well logs (Chai et al., 2008). Similarly, another well in Malaysia produced up to 

3000 barrels of oil per day for several years from an LRLC  interval despite perceived 

high water saturation measurements from the well logs  (Kantaatmadja et al., 2014). 

These cases support the perception that current reservoir characterization methods still 

overlooked the substantial amount of hydrocarbon reserves in existing thin bed LRLC 

reservoirs. Studies in Malaysia also estimate that LRLC reservoirs may contain tens of 

millions of barrels of untapped hydrocarbon reserves in Malaysian oil and gas fields 

(Kantaatmadja et al., 2014).  
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In Norway, small scale centimetre-to-meter reservoir modelling and description of 

thinly bedded heterolithic hydrocarbon reservoirs have resulted in improved reserves 

estimates and recovery by up to 55% for one heterolithic reservoir compared to 

preliminary estimates using conventional coarse gridded reservoir modelling with meter 

scale resolutions (Elfenbein et al., 2005; Martinius et al., 2005). This experience in 

Norway demonstrates the value of improving the reservoir models of heterogeneous 

reservoirs for improved reserves and production estimates. 

Despite the lucrative opportunities in thin-bed LRLC reservoirs, current reservoir 

model workflows exclude flow properties of sub-meter beddings that are below the 

resolution of well logging tools, including. Also, Routine Core Analysis of core plugs 

does not represent the flow properties of thin sandstone layers below the thickness of 

standard core plugs (Passey et al., 2006). Routine Core Analysis data are used the 

Representative Elementary Volume in current reservoir models. Therefore, reservoir 

models that are based on well logs and core plug data are unreliable in predicting 

hydrocarbon reserves in thin-bed and LRLC reservoirs. 

This thesis proposes using X-Ray Micro-CT (XMCT) Imaging and Digital Core 

Analysis (DCA) to characterize reservoir properties at the millimetre-to-centimetre scale. 

The flow properties such as porosity and permeability of thin sandstone layers contribute 

to a multi-scale workflow in the reservoir model, which could unlock additional net sand 

pay and hydrocarbon reserves with more certainty. Multi-scale modelling of thin-bed 

reservoirs has increased hydrocarbon recovery forecast by 10% to 20% compared to 

conventional coarse grid modelling (Ringrose et al., 2008). Multi-scale modelling 

additional hydrocarbon reserves by up to 16 million barrels in a large oilfield in Norway, 
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which uses the meter scale bedform model to incorporate small scale heterogeneity in its 

reservoir model (Elfenbein et al., 2005).  

1.4 Research Questions 

The research question listed below addresses the complex geology of thinly bed LRLC 

reservoirs and its impact on hydrocarbon reserves in place. 

• How can computation of porosity and permeability small rock samples 

representative of small-scale thin beddings sandstone in heterolithic deposits 

improve estimates of effective flow properties and hydrocarbon reserves estimates? 

• How reliable and valid are X-Ray Micro-CT Imaging (XMCT)and DCA in 

calculating porosity and permeability of samples from a thin bed LRLC reservoir 

compared to experimental Core Analysis results? 

• How do small scale flow properties characterizations and Image Analysis and 

DCA contribute to multiscale workflow in reservoir modelling and improve 

hydrocarbon reserves estimates in thinly bed LRLC reservoirs? 

• How does the geometry of small-scale heterogeneities such as thin sandstone 

layers, carbonate laminates, and mud drapes affect the effective permeability 

performance of core plugs examined in this thesis and their potential impact on a 

larger scale? 

1.5 Objectives of the Research 

Our main objective is to improve the characterization of thin-bed and low-

resistivity/low-contrast reservoirs at millimeter-to-centimeter scale by using XMCT 

imaging and Digital Core Analysis. We use these methods to compute porosity and 

permeability of small-scale samples that represent millimetre-to-centimetre thin 
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sandstone layers and other small scale heterogeneity such as low permeability laminates. 

This small-scale heterogeneity affects reservoir properties at different length scales. The 

following methods listed below are applied to achieve the objective. 

• Apply sedimentology to characterize the lithofacies and facies association to 

interpret the depositional environment that makes up the geological framework of 

the reservoir. Sedimentology also describes the reservoir in terms of the 

abundance of the heterolithic deposits and their lateral and vertical connectivity 

that affect reserves and production forecasts. 

• Apply X-Ray Micro-CT (XMCT) Imaging Analysis, 3D Visualization Image 

Analysis, and Digital Core Analysis  

o to compute porosity and permeability of very small rock samples (core 

plugs and mini plugs) representing thin sandstone layers in heterogeneous 

rocks.  

o We validate the computed porosity and permeability of the mini-plugs 

using Digital Core Analysis with experimental core plug and the NER 

permeameter measurements. 

o Determine if the porosity and permeability of thin sandstone layers in 

heterolithic rock types are comparable to reservoir sandstone reference 

samples. 

o Determine if the connectivity and continuity of the thin sandstone layers 

are a key factor in the reservoir quality of the heterolithic core plugs. 

1.6 Data  

This study has requested the following data and samples from an LRLC reservoir in 

Malaysian from PETRONAS, the national oil company of Malaysia. The most relevant 
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resource to this study is the core plugs from the reservoir for pore network modelling and 

digital core analysis. Other data that are also crucial to this study are the well logs, 

sedimentological description, and core analysis reports. 
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Table 1.1: List of data requested from PETRONAS for this study. 

No. Data Type Details 

 

1 Well Logs Final Well Logs/Digital Laser files 

Conventional Suite 

Gamma Ray 

Shallow and Medium Resistivity Logs 

Neutron Density 

2 Petrographic Reports 

 

Petrographic reports on thin section 

3 X-Ray Diffraction X-Ray Diffraction Report 

Clay Analysis 

4 Geological Reports Sedimentology 

5 Routine Core 

Analysis 

 

Routine Core Analysis Reports on core 

plugs 

6 Special Core 

Analysis 

 

Special Core Analysis reports on core 

plugs 

Vertical plugs from thin beds for kV 

Capillary Pressure Pc 

Relative Permeability kr 
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CHAPTER 2 : LITERATURE REVIEW 

This chapter reviews the causes of LRLC pay in thin-bed reservoirs, the limitations of 

well log resolution and analysis in characterizing thin beds, and the availability of current 

methods and technology for characterizing the flow and reservoir properties in thin-bed 

reservoirs. 

2.1 Causes of low-resistivity/low-contrast pay 

The oil and gas industry acknowledged thin-bed and LRLC reservoirs as being a 

significant source for the world’s hydrocarbon reserves. Still, these reservoirs are mainly 

overlooked due to perceived reduced commercial viability and technical challenges in 

hydrocarbon volumetric analysis of the hydrocarbon reserves potential (Passey et al., 

2006). Also, the previously abundance of conventional and easy to produce sandstone 

reservoirs puts less emphasis on the study of thin-bed and LRLC reservoirs, which are 

considered to be financially risky.  

LRLC reservoirs generally have low resistivity measurements based on the well 

logging tools measurements. However, there is no reference or absolute value of a low 

resistivity pay. This lack of reference is because LRLC reservoirs around the world 

exhibit a wide range of low resistivity values (Worthington, 2000). Instead, the low 

resistivity characteristic of LRLC pay is due to the relatively low conductivity difference 

and contrast between the adjacent reservoir sandstone and non-reservoir mudstone 

beddings (Oifoghe, 2014). 

Worthington (2000) reviewed low-resistivity/low-contrast reservoirs around the world 

and identified six leading causes of low resistivity nature in these reservoirs, which are: 
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• Laminated Shale sequence 

• Fresh Water Formation 

• Conductive Minerals 

• Fine-Grained Sands 

• Internal Microporosity 

• Superficial Microporosity 

Worthington (2000) also reviewed conventional well log analysis limitations such as 

Archie’s equation in evaluating properties of the LRLC reservoir. Also, Passey (2006) 

reviewed current methodologies and technologies used for appraising low resistivity thin-

bedded reservoirs. Besides, Passeey (2006) also discussed the limitations of current well 

logs and petrophysical models in appraising thin bed geology. These limitations will each 

are discussed in the following sections. 

2.1.1 Laminated Shale Sequence 

One of the first causes of low resistivity pay is the occurrence of a laminated sequence 

that consists of thin sandstone and mudstone layers. The thickness and geometry of these 

laminates are usually below the resolution of conventional well logs. As a result, these 

well logs cannot detect and resolve these thin laminates.  Besides, the well logs average 

the resistivity of the thin-bed intervals, which is biased to lower values (Passey et al., 

2006; Worthington, 2000). The low average resistivity values in LRLC reservoirs result 

in underestimated net sand pay and hydrocarbon reserves  (Manescu et al., 2010). The 

effects of thin beds and laminations are discussed extensively in section 2.3. 
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2.1.2 Fresh Water Formation 

Freshwater is present in some thinly bedded reservoirs contribute to poor resistivity 

contrast in the well logs. Freshwater intervals between hydrocarbon-bearing zones create 

poor contrast between freshwater and hydrocarbon-bearing layers, which makes 

differentiating hydrocarbon and water-bearing intervals difficult as both fluids have 

similar resistivity range. (Heavysege, 2002). 

Also, freshwater formation causes poor resistivity contrast between adjacent sandstone 

and freshwater-bearing mudstone layers. The mudstone containing conductive minerals 

results in low resistivity pay (Heavysege, 2002). Poor contrast occurs between these zones 

because water saturation is indirectly measured from resistivity measurement using the 

Archie equation or its derivative, such as Shaly Sand models. Due to low resistivity values 

in low contrast intervals, well logs interpret high water saturation (Oifoghe, 2014). These 

issues highlight that conventional petrophysical evaluation of clean and shaly formations 

cannot interpret LRLC reservoir intervals for accurate hydrocarbon reserves and net sand 

pay estimates (Worthington, 2000). Resolution limitation of well logs that cannot resolve 

thin sand beds in thinly bedded LRLC reservoirs is the leading cause of these issues. 

2.1.3 Conductive Minerals 

Conductive minerals contribute to low resistivity readings in reservoirs but are rarely 

cited as the leading factor to low resistivity phenomena (Heavysege, 2002). However, 

studies have shown that there are mineral types that contribute to low resistivity pay. For 

example, large concentrations of iron-bearing minerals such as pyrite have been identified 

as factors to low resistivity pay  (Worthington, 2000). Another example shows that the 

content of 7% pyrite of the total solid by volume has been quantified as the critical level 
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that would induce low resistivity pay (Worthington, 2000). Other minerals of the same 

category include glauconite and iron-bearing mica, which exhibit a high level of 

conductivity. These conductive minerals skew the reservoir resistivity to the lower end of 

the spectrum (Worthington, 2000). Figure 2.1 below shows a reservoir affected by 

conductive iron-rich minerals. 

 

Figure 2.1: An example of a low resistivity reservoir in the Eutaw play, Mississippi.  

Conductive minerals cause poor resistivity contrast between the gas and water-bearing 

intervals (Worthington, 2000). 

2.1.4 Fine-Grained Sands 

Fine to very fine grains sands with a particle diameter range between 2mm to 4mm 

(Tiab et al., 2012) can affect LRLC reservoirs in two ways. LRLC reservoirs in Malaysia 

have also been described as being fine-grained (Chai et al., 2008). 
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2.1.4.1 Fine sands acting as minerals 

The very fine sands behave like minerals such as quartz, which has high conductivity 

due to large surface pore areas which allows water in the reservoir to exist as a continuous 

phase resulting in high conductivity and low resistivity measurements (Rink et al., 1974). 

Also, very fine grain sands restrict the capillary pressure, which causes high initial 

irreducible water saturation and low resistivity values (Vajnar et al., 1977). The impact 

of this excess conductivity will have to be addressed in the water saturation algorithm if 

it is identified as a cause of low resistivity pay. 

2.1.4.2 High Irreducible water saturation 

Very fine grains cause high irreducible water saturation, which exists as a continuous 

phase and increases the conductivity within the formation. This impact is more significant 

than the first. Therefore, the water saturation must be evaluated and thoroughly 

understood before it is designated as immobile or free fluid  (Worthington, 2000).  

Firstly, to address high irreducible water saturation in low resistivity pay, we need to 

use an appropriate water saturation algorithm. This approach is a similar approach when 

addressing freshwater reservoirs. For example, Shaly-Sand analysis is not appropriate if 

there is a significant silt component that tends to be incorrectly identified as a distinct 

mineral despite its principally consisting of quartz with traces amount of dolomite. The 

study on fresh to brackish water reservoirs highlights the significance of the water 

saturation model and the relationship between different factors that cause low resistivity 

pay (Worthington, 2000). 

The second action is to assess the proportion of free fluid present in the pore space. 

This is typically achieved by determining the number of movable hydrocarbons on a level 
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by level approach or correlating the interpreted water saturation to the irreducible water 

saturation for a particular group of sands.  Spontaneous Potential Logs, which are used to 

differentiate between permeable and impermeable formation by measuring the 

spontaneous potential difference between the borehole and the surface, are typically used 

to evaluate movable hydrocarbons by studying the characteristics of the flushed 

(permeable) and undisturbed impermeable zones. Magnetic resonance logging is also 

used to evaluate movable hydrocarbons or free fluid under irreducible water saturation  

(Worthington, 2000). 

Figure 2.2 illustrates an example of a fine-grained sand reservoir in the Gulf of Mexico. 

The deep induction log can resolve the hydrocarbon-bearing intervals that have resistivity 

as low as 0.3 ohms, which indicate a water saturation of 80%. Yet, it produced 470 barrels 

of dry oil per day. The water zone has a resistivity of 0.2 ohms. High irreducible water 

saturation and large pore surface area in fine-grain sediments cause a low contrast 

between the water and hydrocarbon intervals (Worthington, 2000). 
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Figure 2.2: A wireline log from a clean and fine sand reservoir in Tertiary Sands, Gulf 

of Mexico. High capillarity in the fine-grain sediments causes low resistivity and low 

contrast issues between the water and oil intervals (Worthington, 2000).  

2.1.5 Internal Microporosity 

Microporosity is pore spaces that are less than 1 micron in diameter, exists in the rock 

matrix. Also, microporosity is not associated with clay induced microporosity, which can 

be distinguished as overgrowth microporosity. Microporous reservoirs are principally 

associated with carbonates and granular chert reservoirs in which the microporosity level 

can be as high as 50%. In microporous reservoirs, during the resistivity measurement, the 

conductivity is assumed to be uniformly ionic without considering the effects of surface 

conduction effect. This assumption requires a correction on the resistivity measurement. 

In reservoirs consisting primarily of chalk, the conductance is associated with the high 

pore surface area. The strategies for addressing microporosity are similar to the ones used 

for freshwater formation and fine-grained reservoirs. These strategies include applying 
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the appropriate water saturation method, which divides the water into immobile 

microporosity or movable microporosity (Worthington, 2000). 

Another right approach in studying microporosity is by studying the pore size 

distribution. High capillarity is usually not associated with unimodal distribution with 

pore diameters between 5 to 10 microns. Meanwhile, a bimodal distribution of micropores 

and macropores indicates a microporosity problem most likely associated with internal 

microporosity. If a reservoir is largely microporous, magnetic resonance logging can be 

appropriate in evaluating the flow potential (Worthington, 2000). 

After having identified microporosity as the main factor in LRLC behaviour, its effect 

on the saturation exponent is studied by using strategies such as controlled-flow 

continuous injection. This strategy includes water saturation near the irreducible level 

(Worthington, 2000).  

Figure 2.3 illustrates a wireline log in a microporous limestone reservoir in Texas. The 

bottom part of the wireline log is less than 1.0 ohm, which translates to water saturation 

of 66%. The resistivity on the upper part is one order higher in magnitude, which leads to 

the producing gas interval being interpreted as water-bearing. The high-water saturation 

in the gas interval is caused by immobile water present within and around the grains, 

which is validated by mercury injection and scanning electron microscopy. The 

conclusion is that the intergranular porosity and microporosity within the upper and lower 

intervals have different fluid phases (liquid or gas). 
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Figure 2.3: A wireline log from a microporous reservoir in the Rodessa Limestone, Texas. 

The gas interval has low resistivity due to immobile water in intragranular pores 

(Worthington, 2000). Due to its low resistivity, the gas interval was interpreted as water. 

2.1.6 Superficial Microporosity 

Superficial microporosity refers to situations where the micropores are associated with 

minerals overgrowth, which developed externally from the original granular matrix. This 

category of microporosity, like internal microporosity, can be distinguished 

petrophysically. Superficial microporosity includes issues associated with Internal 

Microporosity and Fine-Grained Sands. Figure 2.4 shows low resistivity intervals caused 

by superficial microporosity in a well log from an Indonesian field  (Worthington, 2000). 

Superficial microporosity occurs as clay minerals that coat the quartz matrix. The 

conductivity of these clay minerals causes excess conductivity and low resistivity 

characteristics, which cannot be addressed and corrected using the shaly-sands algorithms. 
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The widely used Waxman-Smiths model used in well logs analysis is not appropriate for 

addressing superficial microporosity (Worthington, 2000). 

As explained in the previous sections, strategies to address superficial microporosity 

can be divided into two parts, which are evaluating the water saturation and dividing the 

water into free fluid and immobile fluid (Worthington, 2000). 

 

Figure 2.4: Wireline log from a superficially microporous reservoir in the Attaka field, 

Indonesia. The ‘low resistivity’ upper section gas interval is microporous compared to 

the ‘high resistivity’ oil interval in the bottom (Worthington, 2000). 
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2.2 Well Log Resolution Limitation  

A significant amount of hydrocarbon is potentially stored in thin beds and laminae 

within thinly bedded reservoirs (Figure 2.5) that are below the resolution limits of 

conventional well logging tools (Jackson et al., 1999; Passey et al., 2006; Sun et al., 

2014). Thin beddings and their associated anisotropy affect pore structure, fluid 

distribution, mechanical properties, thermal and hydraulic behaviors (Yun et al., 2013). 

As a result, evaluating the petrophysical properties in thinly bedded reservoirs using 

conventional well logging methods is challenging (Oifoghe, 2014; Sun et al., 2014). 

Current well logging tools have resolution constraints in which could not be resolve 

beddings that are below one meter. As a result, well log s cannot accurately measure 

petrophysical properties required to estimate the amount of hydrocarbon in place. 

 

Figure 2.5: An example of a thin bed outcrop. Deep-water Turbidites, Permian 

Collingham Formation, Baviaans Syncline, Laingsburg Karoo, South Africa. Picture by 

Anthony Spragues (Passey et al., 2006) 
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2.3 Thin Beds and Laminations 

Thin-bed and LRLC reservoirs such as the heterolithic deposits encountered in 

Norway are categorized as marginal reservoirs(Brandsæter et al., 2001) due to the 

interpreted low hydrocarbon reserves and low recovery factors that can be as low as 30% 

(Elfenbein et al., 2005). This type of reservoir is also common in Alaska, Canada, 

Venezuela, and Russia. (Martinius et al., 2005)  . Thin-bed and LRLC reservoirs consist 

of sedimentary facies that have bi-modal and multi-modal grain size distribution with 

frequently occurring alternating layers of coarser sandstone and very fine 

mudstone/siltstone. The sandstone and mudstone layers' thickness range from decimetre 

to centimetre-scale ranging from laminae that are below 0.05m, sets of 0.05m to 2m to 

sequences of 5-100m, or more (Wen et al., 1998). Due to the presence of varying types 

of facies and sedimentary structures with length scales ranging from small bedform scale 

to reservoir scale, representing heterogeneous facies or rock types with different 

geometries in a reservoir model is challenging  (Jackson et al., 1999; Wen et al., 1998). 

The net ratio of sand thickness relative to the gross thickness of the reservoir in thin-bed 

reservoirs ranges between 0.3 to 0.9 with recovery factors between 15% to 40% 

(Brandsæter et al., 2001; Martinius et al., 2005). The thickness of the lamina, permeability 

variability, and flow direction relative to the laminae orientation are also significant 

factors on the reservoir quality and fluid flow behaviour (Massart et al., 2016; Ringrose 

et al., 1993).  The Norwegian experience emphasizes the importance of both small scale 

and large scale heterogeneities on reservoir quality and performance (Brandsæter et al., 

2001; Jones et al., 1995). Their experience demonstrated that hydrocarbon recovery could 

be improved if we take a multi-scale approach in reservoir characterization, which leads 

to improved development and hydrocarbon recovery strategies (Elfenbein et al., 2005). 

However, describing these reservoirs at different scales is still very challenging. 
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Figure 2.6 from Passey et al. (2006) illustrates a significant problem with thinly bedded 

reservoirs with relation to the resolution of the well logs and scale of the thin beddings. 

The plot of cumulative percent reservoir versus bed thickness indicates the reservoir is 

from a ‘tidal environment,’ which shows that all the bed thickness in the tidal reservoir is 

below the resolution of the Gamma Ray (GR) and the image logs. In this reservoir, 80% 

of the net reservoir consists of beddings with thickness below the diameter of a standard 

core plug. 

The following list below provides the rank of well log tools with the lowest resolution 

at the top to the highest resolution at the bottom. It is noted that the absolute resolution of 

the tool depends on other factors besides vertical resolution, such as the sampling rate, 

logging speed, and processing methods. 

1. Spontaneous Potential (SP) 

2. Deep resistivity 

3. Gamma Ray (GR) 

4. Bulk density, neutron porosity, and acoustic 

5. Very shallow resistivity  

6. Dip meter and electric borehole image (EBI) 

 

One of the most crucial well log tools used to determine the hydrocarbon capacity of 

a reservoir is the deep resistivity tool. Therefore, the resolution of the deep resistivity tool 

defines the lower limit of bed thickness that can be detected.  The deep resistivity tool has 

a vertical resolution of 2 feet or 0.6 meters. However, they still cannot resolve beddings 

and laminae with thickness at millimetre-to-centimetre scale. This limitation highlights 

Increasing resolution 

from 1 to 6 
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the disadvantages of current well logging tools in characterizing thin-bed and LRLC 

reservoirs. 

 

Figure 2.6: Core images from two thin-bed reservoirs and their bed thickness distribution 

plots showing the approximate resolution of core plugs and Gamma Ray(GR) and 

borehole image logs (Passey et al., 2006) 

2.4 Rock Type Identification 

Another challenge in characterizing thin-bed and LRLC reservoirs is the identification 

of rock type or facies which are categorized based on sand and mud proportions, the 

geometry of the mud drapes and bioturbation intensity (Gupta et al., 2001). The facies 

identification process is crucial to identify LRLC pay and characterize the effects of 

heterogeneity on flow potential between different rock types  (Chai et al., 2008). We 
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identified the identification of rock types and characterizing the petrophysical properties 

as an essential part of a multi-scale workflow for reservoir simulation (Hurley et al., 2012). 

Due to the variety of facies in the heterolithic tidal sandstone reservoir encountered in 

Norway, differentiating these different facies and reservoir from non-reservoir facies or 

rock types has been challenging (Martinius et al., 2005).  The limitation of current well 

logging technology, which has a vertical well log resolution of between 0.5 meters to 1 

meter, constrains the identification of these rock types. The resistivity of the thin beds is 

averaged and biased to low resistivity values. These low resistivity values do not comply 

with the conventional shale volume cut-offs for hydrocarbon bearing pay(Anyiam et al., 

2016), which causes underestimated net sand pay and overestimates high water saturation 

based on the Archie Model(Mode et al., 2015; Worthington, 2000).  

Due to the averaging effect, thin mudstone and sandstone layers have the same gamma-

ray and resistivity reaction and are presumed to be a single rock type.  Despite the 

availability of tools with improved vertical resolution such as micro-resistivity tools, 

borehole imaging tools, and electromagnetic propagation tools, these devices remain 

scarce (Gupta et al., 2001) and expensive. As a result, without access to the actual core 

data from the LRLC interval, most well logs may have incorrectly interpreted sand pay 

in heterolithic intervals as non-reservoir shaly sand or mud dominated facies (Chai et al., 

2008).  

To sum up, we can categorize the different rock types in a thin bed LRLC reservoir by 

grain size, mud-to-sand ratios, and bioturbation intensity. This categorization is one of 

the first steps in modelling the impact of small-scale heterogeneities on effective flow 

properties, which we often overlooked in reservoir models.  



   

30 

 

2.5 Hydrocarbon Pore Thickness 

To assess the amount of hydrocarbon in a reservoir, determining the original 

hydrocarbons in place (OHIP) is a crucial factor. The following volumetric Equations 4 

calculates the original oil-in-place (Passey et al., 2006): 

Equation 4: Original Oil in Place equation 
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Where OOIP is Original Oil in Place (stock tank barrels, STB) 

A= gross reservoir area (acres) 

h= Average oil-bearing rock thickness (feet) 

ø= average total porosity of oil-bearing rock (fraction) 

Swi=average total initial water saturation of oil-bearing rock (fraction) 

Boi = the average initial oil formation volume factor (reservoir barrels/stock tank barrels 

or RB/STB) 

HPT=h.ø. (1 -Swi) = hydrocarbon pore thickness (feet) 

 

In standard well log analysis, the summation for HPT only includes intervals that are 

assessed as a net reservoir or net pay. Geologists and petrophysicists apply cut-offs to 

parameters such as porosity, shale volume, water saturation, etc. to differentiate net pay 

from non-net pay. For example, intervals with less than 12%, porosity, shale volume 

exceeding 50%, and water saturation exceeding 80% are categorized as non-reservoir. 

These cut-offs can have significant implications in thin-bed and LRLC reservoirs where 

resolution limits of well logs overestimate water saturation readings. Cut-offs may also 
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affect hydrocarbon pore thickness and net sand thickness measurements, which could lead 

to inadequate hydrocarbon reserves and production forecasts. (Passey et al., 2006).  

For a thinly bedded reservoir, the net error for calculating the hydrocarbon pore 

thickness is due to the three main factors (h, ø, and (1 -Swi)) in the HPT equation. The 

findings below are based on a comparison between the actual net to the gross and cut-off 

method by Passey et al. (2006): 

• Conventional cut-off methods estimate sand thickness as higher if actual net sand 

is more than 50%. 

• Measured sand porosity is an average of fine-scale sand and shale beds within the 

sand interval that are below the porosity-tool resolution. 

• Measured and averaged resistivity readings in a sand interval containing 

embedded shale laminae is reduced by a low fraction of the low-resistivity shale 

layers. Reservoirs that exhibit this characteristic are called low-resistivity/low-

contrast pay due to the difficulty in differentiating reservoir and non-reservoir 

intervals due to poor resistivity contrast. 

Figure 2.7 shows that well logs underestimate net to gross values compared to the 

actual value due to resolution limitation. The net to gross underestimation causes 

low hydrocarbon reserves forecasts in thin-bed and low-resistivity/low-contrast 

hydrocarbon reservoirs. 
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Figure 2.7: Actual Gamma Ray and Well log derived net sand fraction or Net to Gross 

(N/G) for a 130 feet thin bed-bed reservoir simulation (Passey et al., 2006). This figure 

shows that log derived net-to-gross is lower compared to actual net-to-gross. 

2.5.1 Shaly Sand Analysis 

Well log measurements require mathematical models to convert the measurements into 

their equivalent petrophysical properties such as porosity and water saturation. For 

example, Neutron-Density logs interpret porosity and resistivity measurements to 

interpret water saturation. 
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Some of the mathematical models used to interpret petrophysical properties are Shaly 

Sand Analysis, which is based on the Archie Water Saturation Equation. However, these 

methods do not incorporate the effects of thin beds on the well log measurements as they 

specifically target the effects of dispersed clay on well-log measurements for resistivity 

and not the effects of alternating sand and shale. The effects of dispersed clay and 

interbedded shale in sandstone on resistivity measurements are also different. 

Consequently, the correction used in these two analyses is not appropriate for resistivity 

measurements in thin-bedded reservoirs. (Passey et al., 2006). 

2.5.2 Archie and Dual Water Examples 

This section examines the outcomes of using Archie and Dual Water Analyses in 

determining reservoir properties and the net to gross in a thin bed reservoir. Passey (2006) 

uses a thin bed simulator to create a synthetic dataset using Archie and Dual Waters 

analyses summarized below. 

Summary of the comparison between the Archie and Dual Water analyses with actual 

values shown in Table 2.1. 

• Applying cut-off derived net sand to Archie and Dual Water analyses reduce the 

HPT by up to 1/3 from the actual value. This error is a combination of the three 

factors in the HPT equation - h, ø and (1 -Swi) 

• Dual Water with cut-offs has better results in terms of water saturation, but the 

HPT value is still 1/3 of the actual true value. 

• The cumulative HPT are very low for the Archie and Dual Waters analyses. 
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• The Archie and Dual Waters analyses produce higher water saturation values 

compared to the actual value. Consequently, the calculated hydrocarbon saturation 

and volume estimates will be as lower. 

Table 2.1: Archie and Dual Water Analyses (Passey et al., 2006) 

Reservoir 
Property 

Model 
Values 

Archie with 
cut-off 

D-W with 
cut-off 

Archie, no 
cut-off 

D-W, no 
cut-off 

Net to Gross % 50 39 39 100 100 

Sand 
porosity(frac) 

0.3 0.24 0.24 0.22 0.22 

Sand Sw (frac) 0.1 0.57 0.47 0.64 0.51 

HPT (feet) 2.71 0.79 0.98 1.6 2.18 

% of actual HPT 100 29 36 59 80 

 

Passey et al. (2006) simulated the Hydrocarbon Pore Thickness values in Figure 2.8 to 

acquire the same results as seen in Table 2.1 but for 130 thin bed models. The horizontal 

axis shows the true HPT value while the vertical axis shows the HPT as a % of the true 

value for four methods, which are Archie and Dual Waters with and without cut-offs. The 

following observations are derived from Figure 2.8: 

• Conventional Archie and Dual Water analyses approach actual value when the 

ratio of net sand thickness to the gross reservoir thickness (sand-to-reservoir ratio) 

approaches 90%. Both models are less accurate in reservoirs with a sand-to-

reservoir ratio lower than 90%. 

• The cut-off method reduces the calculated HPT results for both Archie and Dual 

Water methods. 
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• Dual Water produces HPT and water saturation results that are closer to the real 

values, especially at the lower net to gross values. However, HPT is generally still 

20% lower compared to the true value. 

 

Figure 2.8: Log derived HPT for 130 simulated thin-bed reservoirs 

Passey et al. (2006) have demonstrated that the use of cut-offs to differentiate reservoir 

and non-reservoir intervals are not appropriate in calculating OOIP. It is shown that using 

standard cut-offs in Archie and Dual Water underestimates the HPT and Water Saturation 

in thin-bedded reservoirs. Passey et al. (2006) demonstrated that conventional shaly sand 

methods used interpret well log measurements to underestimate parameters such as the 
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hydrocarbon pore thickness (HPT) and water saturation, which may lead to lower OOIP 

values. 

2.6 Other challenges in characterizing thin-bed and LRLC reservoirs 

The review on current cut off methods and shaly sand analyses used to interpret well 

logs discussed in previous sections shows that conventional well log analysis 

underestimates important petrophysical properties such as permeability. Resolution 

limitations of current well logging tools underestimate reservoir properties such as 

hydrocarbon saturation and sand porosity. As a result, well log measurements are biased 

towards low pay reserves. Besides, well logs analysis methods such as the Shaly Sands 

method are incompatible with thinly bedded geology.  

Other studies also identified other challenges encountered when appraising thinly 

bedded LRLC reservoirs around the world. These challenges are related to well logging 

tools resolution limitation, complex multi-scale heterogeneity, and varying sedimentary 

structures.  These complexities create difficulties in estimating primary petrophysical 

properties such as porosity, water saturation, and net-to-gross. Also, these issues affect 

the measurement of  other reservoir properties such as relative permeability and capillary 

pressure, which are essential for calculating the hydrocarbon capacity in the reservoir: 

We summarise thee challenges below: 

• Variable and multiscale sedimentary properties cause difficulties in determining 

the effective reservoir and flow properties such as permeability, fluid saturations 

and capillary pressure (Elfenbein et al., 2005; Martinius et al., 2005; Tyagi et al., 

2008) 
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• Upscaling the reservoir properties from a small scale such as the size of a plug 

progressively to the reservoir scale remains a challenge in reservoir modeling 

(Bastia et al., 2007). This problem is also described as a scale transition issue for 

upscaling reservoir properties in reservoir modelling (Nordahl, 2004). 

• Determination of the lateral and vertical distribution and connectivity of the LRLC 

deposits is difficult (Bastia et al., 2007; Chai et al., 2008). 

• Evaluation of the effects of bioturbation in thin-bed reservoirs that could destroy 

or enhance porosity by either increasing or decreasing the isotropy of the sediment 

structure is difficult with current tools and methods (Ben-Awuah et al., 2015; 

Tonkin et al., 2010) 

• Heterogeneity causes permeability anisotropy, which makes it challenging to 

determine the effective permeability that affects hydrocarbon reserves and 

production forecast from thin-bedded reservoirs. (Elfenbein et al., 2005; Massart 

et al., 2016; Nordahl, 2004). 

• Freshwater in some thin-bedded reservoirs causes low resistivity contrast, which 

makes differentiating adjacent reservoir and non-reservoir rocks more difficult. 

(Heavysege, 2002). This poor contrast causes low resistivity and high water 

saturation measurements in LRLC pay (Worthington, 2000).   

• Impact of mud drapes and geometries and its distribution of effective permeability 

in heterolithic and cross-bedded tidal sandstones (Massart et al., 2016; Massart et 

al., 2016) 

Also, the deposition environments of thin-bed and LRLC reservoir may pose a 

challenge at the reservoir or regional scale. Thin-bed and LRLC reservoirs are interpreted 

to be part of tidal and deltaic deposits pose difficulties in terms of hydrocarbon recovery 

due to reservoir lateral and vertical connectivity. Commonly, 60% of the resources 
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characterized in tidal/deltaic deposits are not extracted due to challenges such as poor 

connectivity between the sand deposits within the reservoir and lateral and vertical 

connectivity (Wood, 2004). As a result, the development of tidal/deltaic reservoirs 

requires a secondary recovery method, which can be financially risky. To mitigate the 

risks, a detailed and multiscale 3-D fluid flow reservoir model of heterogeneous and 

complex tidal influenced reservoirs is essential for planning the hydrocarbon extraction 

and secondary recovery plans required for the field development process (Ringrose et al., 

2008). 

2.7 Overview of Thin Bed Technology 

Thin bed LRLC reservoirs have always been a contentious issue in the oil and gas 

industry for decades due to the limitations of current well log technology. The main issues 

in appraising thinly bedded LRLC reservoirs are the limitation in characterizing its 

petrophysical properties for hydrocarbon estimates. New technology and improved 

methods have been continuously developed to address these issues to appraise and 

develop LRLC reservoirs economically. 

2.7.1 High-Resolution Logs or Borehole Image 

An effective tool described by Passey et al. (2006) to address thin-bed reservoirs is 

high-resolution logs or borehole images, which is used to distinguish thin beds in the 

reservoir at high resolution. After the thin beds are resolved, defined sets of boundaries 

called earth models from high resolution bore imaging is used in conjunction with 

forwarding models. These models were used for the logging tools to perform inversion, 

which creates improved measurement of the net pay in the thinly bedded interval (Oifoghe, 

2014). As there are beddings that are thinner even for the high-resolution borehole image, 
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the forward modelling inversion method using Borehole Image logs may have limitations 

in the application when encountering thin beds below the borehole image resolution.  

2.7.2 Nuclear Magnetic Resonance (NMR) 

Another emerging technology that is effective in appraising thin-bed reservoirs is the 

nuclear magnetic resonance (NMR) tool that has good potential to improve the 

measurement of hydrocarbon pore thickness (HPT) in thinly bedded formations. The 

NMR is useful in evaluating the producibility of hydrocarbon from shale dominated 

intervals in the well-logs. The NMR also qualitatively identifies the amount of free fluids 

of hydrocarbons in the reservoirs. Worthington (2000) has suggested that nuclear 

magnetic resonance be used to evaluate movable hydrocarbons and free fluids in an LRLC 

reservoir under irreducible water conditions. Categorizing the water in the reservoir into 

immobile(irreducible) and free fluids is a crucial strategy for evaluating the hydrocarbon 

reserves in LRLC reservoirs, which can be achieved using nuclear magnetic resonance 

technology. However, nuclear magnetic resonance cannot identify thin beds directly but 

is a useful tool for measuring the cumulative hydrocarbon pore thickness in thin-bed 

reservoirs.  

2.7.3 Bed-form Modelling 

Bed-form modelling method, as described by Ringrose et al. (2005), uses bed-form 

model blocks (0.1m x 0.5m x 0.5m), which contain the geometries and structures in the 

actual beddings and preserves the sedimentary structures such as ripple laminations. Each 

block contains several types of facies that represent a facies assemblage unique to a 

depositional environment, for example, a heterolithic facies assemblage in a tidal 

environment. Different bed-form model blocks are created with a range of sand and mud 
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proportions and stratigraphic surfaces (wavy, laminae, lenticular, etc.) for every type of 

facies assemblage. The facies within the models are assigned petrophysical properties 

such as permeability and porosity integrated from well logs, actual core analysis data, or 

simulated measurements (Theting et al., 2005). Fluid flow simulation using numerical 

calculation is applied to the bed-form models to calculate upscaled effective petrophysical 

properties such as permeability and capillary pressure in a larger reservoir. This method 

is also described by Elfenbein et al. (2005) as Process-Based Modelling. Bedform models 

can be used to investigate the impact of variable sandstone and mudstone structures and 

geometries in heterogeneous formations such as tidal heterolithic deposits. Bedform 

modelling simulates petrophysical properties such as relative permeability that is an 

essential factor in hydrocarbon reserves estimates and recovery strategies (Ringrose, 

Skjetne, et al., 2005). Bedform Modelling and  Simulation (Figure 2.9) can be integrated 

with well logs analysis and upscaled to predict reservoir properties in intervals that have 

no core sample (Alam et al., 2014). 
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Figure 2.9: Metre scale bedform model of a wellbore above shows the upscaling process 

from the wellbore scale to the reservoir scale (Alam, 2012). 

2.7.4 Digital Core Analysis 

An increasingly critical technology that is utilized in this study is Digital Core Analysis 

(DCA) that uses X-Ray Micro Computer Tomography (XMCT) Imaging for analyzing 

and computing petrophysical properties such as porosity and permeability of rock samples. 

Chapter 3 of this thesis provides an extensive overview of Digital Core Analysis and 

application in the geoscience and this thesis. 

2.8 Opportunities for Improved Reservoir Characterization 

Reservoir modelling constructs an often-simplified digital representation of a reservoir 

called a static model. The static model represents the reservoir characteristics and 

properties such as the boundary layers of the reservoir formation, fluid contacts, and 

spatial distribution of the reservoir and petrophysical properties such as porosity and 

water saturation (Ringrose et al., 2014). These properties are acquired from tools such as 
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seismic data, well log data, experimental core analysis data, and other tools (Figure 2.10). 

The resolution of the tools ranges from hundreds of meters using seismic to meter-scale 

of well logs measurements. The reservoir model integrates this information to form the 

static model, which is used for volumetric and flow analysis. These analyses allow 

geologists and petroleum engineers to estimate the amount of hydrocarbon in place and 

identify optimal hydrocarbon recovery strategies. These objectives are achieved using 

reservoir modelling and simulation software such as PETREL and ECLIPSE and other 

software for static modelling analysis and flow analysis, respectively.  

Estimating the amount of hydrocarbon in a heterogeneous reservoir becomes more 

complex and uncertain as current methods are unable to provide information at scales 

representative of small scale heterogeneity such as thin beds (Bentley, 2015). 

Characterizing the hydrocarbon resources in thin-bed reservoirs requires the spatial 

distribution of reservoir and petrophysical properties such as porosity, permeability, fluid 

saturations, and capillary pressure properties. These properties are samples at the 

representative elementary volumes (REV) of the geology and are upscaled for volumetric 

analyses of the hydrocarbon resources in place. However, in thin-bed reservoirs where 

the representative elementary volumes(REV) are at the millimetre-to-centimetre scale, 

well logs and core analysis data are not appropriate due to the resolution of these two 

methods which cannot resolve millimetre-to-centimetre beddings. This limitation causes 

uncertainty in hydrocarbon reserves and production forecasts (Elfenbein et al., 2015).  
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Figure 2.10: Reservoir characterization and modelling incorporate observations ranging 

in a scale of at least nine orders of magnitude. (Watney et al.). Current X-Ray Micro-CT 

imaging extends from the nanoscale to millimetre scale. 

Currently, geoscientists in Norway have developed process-based modelling methods 

such as the SBED modelling method that incorporates small scale sedimentary features 

such as the complex intercalating sandstone and mudstone beddings in heterolithic 

reservoirs at a centimetre-to-meter scale. The thin beddings of different rock types are 

assigned petrophysical properties from experimental core analysis. By integrating the 

effects of sedimentary details and small scale beddings on the reservoir properties via 

SBED modelling, we can create synthetic well logs to estimate crucial petrophysical 

properties that have control over hydrocarbon reserves estimates and production behavior 

(Elfenbein et al., 2005).  

However, it must be noted that the SBED models simulate the deposition process using 

a sign curve. The model use sign curves to create approximated models of sedimentary 

structures such as the intercalating structure of the thin beddings in some rocks. These 

approximations do not reflect the actual complex structure of the heterogeneous rocks 
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being modelled (Nordahl, 2004). Therefore, even though SBED can simulate the general 

shape of the observed geological structures, it still cannot accurately model the observed 

natural variability. Some of the natural variable structures that SBED cannot simulate 

accurately are 1) isolated ripples (formsets) 2) rippled crests that split and rejoin 3) ripples 

with migration vector under or parallel the horizontal plane and 4) depositional rate and 

length of the silt and sand lamina types but only for the flood or ebb migrating stages. To 

sum up, SBED tends to oversimplify the structures of the actual geology, which may 

result in inaccurate simulated reservoir properties (Nordahl, 2004). 

Despite the progress in modelling complex geology with tools such as SBEDS 

modelling, the current benchmark for small scale properties in reservoir models are still 

experimental core analysis data. Core plug data cannot resolve the flow properties of 

millimeter-to-centimeter scale beddings that are prevalent in thin-bed and LRLC pay. 

According to Passey (2006), up to 80 percent of the net sand pay in LRLC reservoirs exist 

as thin beds with the thickness that is below the dimension of core plugs (one inch in 

diameter and height), which are used in experimental core analysis. Characterizing these 

thin beds is vital to investigate effects on reservoir quality. Hence, there is an opportunity 

to improve the reservoir characterization of a thin bed LRLC reservoir by characterizing 

the properties of thin beds in the millimetre-to-centimetre scale. These small-scale 

properties can then be upscaled either numerically or integrated into other upscaling 

methods such as SBED modelling to predict and estimate the effective reservoir 

properties at the wellbore and inter-well scale for improved hydrocarbon reserves and 

production forecasts.  

To provide reservoir properties at millimetre-to-centimetre scale in a reservoir model, 

this thesis focuses on using XMCT imaging and DCA to compute porosity and 
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permeability of small samples representative of the millimetre-to-centimetre scale 

sandstone layers in heterogeneous rocks in thin-bed reservoirs. XMCT technology 

application in the geosciences has become significant due to the availability of computing 

resources to process the large amount of data involved in 3D datasets reconstruction and 

numerical calculation for calculating petrophysical properties. Properties derived from 

pore-scale can be integrated into a multi-scale workflow for reservoir model of thin-bed 

reservoirs that can convert and upscale the properties of small scale volumes to coarse 

grids while preserving key rock properties at all scale (Hurley et al., 2012). 

  



   

46 

 

CHAPTER 3 : AN OVERVIEW OF DIGITAL CORE ANALYSIS  

3.1 Introduction to XMCT Technology 

X-Ray Micro-CT (XMCT) Imaging technology is increasingly applied in the 

geosciences due to its inherent ability to visualize the interior of rock samples at high 

resolution, which enables the rock fabric to be accurately represented in a 3D volume 

dataset. Application of XMCT imaging in the geosciences initially started with the 

imaging of rocks samples to scout the interior of core plugs using low-resolution X-Ray 

Imaging to select suitable undamaged core plugs for laboratory-based core analysis. 

Currently, XMCT imaging creates detailed 3D digital models of rock samples at the pore 

scale for detailed image-based analysis and to predict petrophysical properties (Cnudde 

et al., 2013). Digital Core Analysis (DCA) uses mathematical models such as the Lattice 

Boltzmann method to calculate petrophysical properties such as permeability directly on 

the 3D images and volumes of the rock samples (Arrufat et al., 2014). The high-resolution 

imaging recreates the flow limiting microstructures of the rocks accurately. Geologists 

use this technology to study and probe the interior of the rock for fossils or meteorites, 

conduct a textural analysis of metamorphic rocks, and derive properties such as 

permeability and porosity (Arns et al., 2005; Ketcham et al., 2001; Krakowska et al., 

2016). These technologies have brought the geosciences into new frontiers of cutting-

edge research. This thesis demonstrates that these technologies can be used to investigate 

the impact of geological heterogeneity on hydrocarbon reserves and production estimates 

(Golab et al., 2013).  

XMCT Imaging and DCA have significant advantages over conventional laboratory-

based methods such as Routine Core Analysis (RCA) and Special Core Analysis (SCAL) 

for measuring petrophysical properties of core samples. Two significant advantage of 
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Digital Core Analysis is that it consumes less time and is non-destructive compared to 

experimental core analysis. Experimental core analyses consume a significant amount of 

time to process in addition to destroying the rock samples or core plugs, which are 

difficult and expensive to recover. XMCT Imaging and DCA use less time to calculate 

petrophysical properties of rock samples, and its non-destructive analysis provides results 

that are comparable and reliable as the experimental results using RCA and SCAL (Arns 

et al., 2003; Cnudde et al., 2013; Ketcham et al., 2014; Knackstedt et al., 2007; Knackstedt 

et al., 2009; Riepe et al., 2011; Turner et al., 2004). 

XMCT imaging and DCA software have undergone significant advancement in terms 

of high-resolution imaging and improved DCA software thanks to the availability of 

faster computing capabilities (Cnudde et al., 2013). As such, they can be new standalone 

analytical methods or integrated with other workflows such as multi-scale reservoir 

modelling to provide input of flow properties of rocks at smaller and finer scales. Previous 

studies have shown that the computed petrophysical properties are easier in sandstone, 

which has predictable properties such as pore size. In contrast, complex rock types such 

as carbonates have multi-modal pore size distribution and have complex diagenesis that 

affects (Sheppard et al., 2006). Despite the challenges, geoscientists use Digital Core 

Analysis to study carbonates such as investigating heterogeneity permeability and 

permeability anisotropy of carbonate reservoirs that causes difficulties in predicting 

hydrocarbon reserves and production (Sun et al., 2017).  

Similarly, predicting hydrocarbon reserves and production is a challenge in thin-bed 

and LRLC reservoirs due to the inability of well in resolving millimetre-to-centimetre 

sand beddings that potentially represent additional hydrocarbon reserves (Passey et al., 

2006; Worthington, 2000). Meanwhile, experimental core plug data are unable to sample 



   

48 

 

the flow properties of millimetre-to-centimetre beddings that dominate heterolithic 

reservoirs (Ringrose et al., 2014). A previous study using surface models show that that 

connectivity and continuity of thin sandstone layers in low resistivity heterolithic 

reservoirs are a key factor to improved effective permeability data that can lead to better 

hydrocarbon reserves and production estimates (Massart et al., 2016; Massart et al., 

2016)). 

 In this thesis, we use XMCT imaging and DCA to characterize the permeability, 

connectivity, and continuity of thin sandstone layers in heterolithic rocks. We use the 

Digital Core Analysis software method compute porosity and permeability of small mini-

plugs extracted from sand regions of the core plug. We use segmented high-resolution 

XMCT images of these mini-plugs in Lattice Boltzmann solver to compute permeability. 

Also, image analysis software extracts information such as porosity and grain size from 

the segmented XMCT images of the mini-plugs. Also, we used 3D volume visualization 

to characterize the connectivity and continuity of the sandstone layers in the heterolithic 

core plugs. Our findings show that permeability, connectivity, and the continuity of the 

thin sandstone layers are key to identifying reservoir heterolithic rocks that represent 

additional net sand pay and potential hydrocarbon reserves in low net to gross and low 

resistivity heterolithic intervals. Our results are consistent and further validates the 

findings by a previous study (Massart et al., 2016)  that highlight the connectivity and 

continuity of thins sandstone layers as a key factor to improved effective permeability 

information in heterolithic rocks. In addition to providing the ability to show connectivity 

and continuity of thin sandstone layers in 3D, we show that DCA can compute the 

permeability of these millimetre-to-centimetre sandstone layers. Our results provide 

information at very small scales that are not accessible from well logs and core plug data/ 
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3.2 Introduction to Digital Core Analysis 

DCA uses computational suites to extract petrophysical properties from segmented 

XMCT images of rock samples. DCA is an increasingly efficient method in evaluating 

and predicting the transport properties of porous rock over a wide range of reservoir 

conditions, flow regimes, and fluid compositions through numerical calculation and 

simulation on a 3D volume dataset of a rock sample. In this thesis, we used a DCA 

software that uses the Lattice Boltzmann method to calculate petrophysical properties 

such as permeability (Arns et al., 2004; Arrufat et al., 2014). Previous studies 

demonstrated that calculated properties using DCA have good accuracy compared to 

laboratory-based Special Core Analysis (SCAL) and Routine Core Analysis results 

(Grader et al., 2010; Karoteev et al., 2014; Øren et al., 2006). This method is more 

efficient due to the shorter data processing time and the high quality of the analysis and 

data (Grader et al., 2010). 

Most importantly, XMCT imaging can resolve most of the flow, limiting 

microstructures (Kalam et al., 2012). DCA uses high-resolution XMCT images and 

volumes of small scale rock samples to compute petrophysical and flow properties such 

as porosity and permeability. Well, logs and core plug analysis cannot resolve and 

measure the reservoir properties of rock volumes that are below one meter and smaller 

than a standard one-inch diameter core plug. As a result, XMCT imaging and DCA 

provide the capability to accurately measure the reservoir properties of very thin 

sandstone beddings that make up thin-bed and LRLC reservoirs. 

Consequently, DCA is advantageous over laboratory-based measurements and its 

associated rudimentary rock physics models, which oversimplify the geometry of the 

rocks. As a result, experimental results are unable to correlate measured properties with 
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different types of rocks with varying microstructures. DCA, on the other hand, provides 

the ability to investigate and study rock property relations such as transport properties and 

the pore-scale processes (Andrä et al., 2013). 

Most importantly, DCA calculations are accurate. Previous studies have shown that 

calculated flow properties using DCA are relatively similar to the results of experimental 

methods such as RCA and SCAL (Grader et al., 2010; Lopez et al., 2010; Riepe et al., 

2011). Another essential benefit of DCA is that it avoids the alteration and destruction of 

scanned objects and core samples and can be a risk reduction tool for studies in areas such 

as Enhanced Oil Recovery by avoiding the shortcoming of conventional core flood 

methods. (Cnudde et al., 2013; Karoteev et al., 2014; Long et al., 2009). The non-

destructive nature of DCA enables multiple analyses to be conducted on the same core 

sample for further studies. The application of DCA in the calculation of flow properties 

in complex geology such has enabled reservoir characterization to include small scale 

heterogeneities and flow-limiting microstructures, which were previously not possible 

due to technological and computational limitations. (Bultreys et al., 2015) 

3.3 XMCT image acquisition and Image Processing 

We used an XMCT  machine such as the Helical XMCT scanner at the CTLab facility 

at the ANU (Turner et al., 2004) to image and re-create 3D datasets of core samples used 

in this PhD study. DCA analysis uses the MANGO software at the Department of Applied 

Maths, ANU to calculate properties such as porosity. A second software used in this thesis 

is MORPHY, which uses the Lattice-Boltzmann method to calculate the permeability on 

the 3D datasets of the rock samples. 
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3.3.1 Image Acquisition 

The XMCT machine uses a source that emits polychromatic X-Rays that irradiates a 

sample placed on a holder. During the imaging process, we rotated the sample 360 degrees, 

and the detector captures two-dimensional images of the object. The 2-dimensional 

images of the object are called CT slices or a tomogram. After the imaging process is 

concluded, several thousands of tomograms would have been imaged. A software would 

compile the tomograms into a 3D volume dataset of the object and eliminates image 

artifacts. We controlled other variable factors during the imaging are the resolution stated 

as dimension per voxel, which affects the smallest feature or dimensions that can be 

captured by the imaging. For example, a resolution of 10 microns/voxels would not be 

able to resolve a pore that is 2 microns. The tomograms are in a greyscale colored scheme. 

The variation of the greyscale shades corresponds to varying levels of X-Ray attenuation, 

which indicate the number of X-Rays that are scattered and absorbed as they pass through 

the scanned object(Krassakopoulos, 2013). The level of X-Ray attenuation depends on 

the density and the atomic number of the materials of the scanned object(Al-Raoush et 

al., 2005a; Kyle et al., 2015). 

3.3.2 Imaging Techniques 

When a material is irradiated with X-Ray, photons are absorbed, which causes the solid 

material to eject electrons. The ionized atoms in the material that lose the electrons will 

revert to its neutral state, emitting X-Rays which are specific to the atoms of the material.  

Lambert-Beer’s law describes the attenuation of X-Rays in Equation 6 below as it 

passes through a solid material (Ketcham et al., 2014; Krakowska et al., 2016; 

Wildenschild et al., 2013). 
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Equation 5: X-Ray Attenuation Equation 

I = I�e"?@ 

I= Attenuated intensity after the X-Ray passes through the solid material 

x= thickness of the object 

Io= incident radiation intensity 

µ  = linear attenuation coefficient 

XMCT machine emits polychromatic X-Ray beams, which consist of a broad spectrum 

of energies. 

3.3.2.1 Beam Hardening and Artefacts 

When a polychromatic beam passes through a material with a specific thickness, such 

as a cylinder of rock, cylinder’s outer regions absorb and scatter the lower energies in the 

X-Ray spectrum, leaving only higher energy rays passing through the center. As a result, 

the interior of the cylinder will be darker than the outer regions, which seem to be more 

attenuating than the inner region. As a result, the rims of the cylinder will appear brighter 

than the middle of the cylinder after reconstruction. This darkening of the inner region is 

called beam hardening and can cause streaking and other artifacts with irregular shapes. 

(Ketcham et al., 2014). Beam Hardening causes misinterpretation during the analysis of 

3D images.  
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3.3.2.2 Beam Hardening Correction 

We applied beam correction methods to reduce or eliminate the effects of beam 

hardening that may lead to misinterpretation of 3D image analysis,  

One method used is to pre-filter the X-Ray beams to remove the low energy spectrum. 

However, this method only reduces the effects instead of removing it entirely and can be 

time-consuming. We achieve this by using a filter or putting the object in a material that 

can absorb the low energy spectrum (Ketcham et al., 2014).  

The more popular method is to post-process the tomograms before reconstruction to 

eliminate the beam hardening effects. This method is called linearization, which 

transforms the polychromatic attenuation curve into a monochromatic curve. However, 

the process can be time-consuming, and the determination of the correction coefficient 

requires trial and error and are subjective. (Wildenschild et al., 2013) 

Another method to reduce beam hardening artifacts is to use a dual-energy scanning 

method. This method scans an object at high and energy levels to differentiate the 

different attenuations caused by photoelectric absorption, which is dependent on the 

composition of the material and Compton scattering that changes linearly with the 

material density. (Ketcham et al., 2014). However, this method is very time-consuming 

as it requires at least two separate scans. 

3.3.3 Pore Network Modelling 

Pore network models are not explicitly used in this thesis as we can directly compute 

permeability on the segmented 3D volumes of rocks. However, we provide an overview 
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of pore network models as highlight its usefulness in the geosciences for predicting 

petrophysical properties. 

Pore network models are a simplified network of pore volumes connected by channels 

that represent the more complex pore space geometry in rock and soil.  We generated the 

pore network models from XMCT imaging, and numerical calculation is applied using 

software to calculate and simulate petrophysical properties and transport behavior 

(Sakellariou et al., 2007). Flow properties in complex reservoirs occur at the pore scale, 

and there is a strong focus on pore-scale flow simulation to describe the transport and 

flow behavior and their effects on a larger scale (Bultreys et al., 2015). The physics used 

to describe transport behaviour through a pore network model are simple and uses 

computerized and conservation-based mathematical models. A widely used mathematical 

model is the Lattice Boltzmann method, which is used to compute permeability and 

simulate and study phenomena such as dissolution precipitation (Meakin et al., 2009) and 

carbon dioxide sequestration (Bultreys et al., 2015). These pore-scale models are also 

used to study multiphase flow in complex reservoirs, which could lead to improved 

capability in predicting bulk parametric relationships (Al-Raoush et al., 2005b). In this 

thesis, we use a Lattice-Boltzmann solver that directly uses the segmented pores and 

grains in the 3D models of rock samples to compute permeability. However, the pore 

network model remains an option for future work in studying petrophysical properties in 

thin-bed and LRLC reservoirs. 

3.4 Digital Core Analysis 

3.4.1 Image Processing and Segmentation 

We used the Image Analysis Software called MANGO (Medial Axis and Network 

GeneratiOn) at the Australian National University (Sheppard et al., 2014) to segment the 
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3D digital rocks into distinct phases. These phases include the grain(rock matrix), pores, 

and intermediate phases. The segmentation process is tedious and user subjective and 

requires attention to detail to extract a pore network model that best describes the actual 

physical rock (Sheppard et al., 2004). 

3.4.2 Petrophysical Properties computation 

After we segmented the 3-D datasets of the rock samples, we use the petrophysical 

calculator software MORPHY to calculate the porosity and permeability from the 

segmented 3D datasets. We use MORPHY to compute petrophysical properties such as 

permeability and conductivity based on the Lattice Boltzmann method  (Arns et al., 2004; 

Golab et al., 2013).  

3.4.2.1 Lattice Boltzmann Method for Absolute Permeability Calculation 

The Lattice Boltzmann Method (LBM) solver used by MORPHY, which is based on 

kinetic theory, is optimal for fluid simulation in complex porous media due to its ability 

to solve complex boundary conditions problems. The underlying theory of the Lattice-

Boltzmann method is to use simplified kinetic models that include the physics of 

microscopic and mesoscopic processes that would result in averaged macroscopic 

properties that are governed by the desired macroscopic equations(Sun et al., 2017). This 

thesis uses the MORPHY petrophysical package, which uses a Lattice Boltzmann solver 

to compute the absolute permeability of 3D datasets of rock samples (Arns et al., 2004; 

Arrufat et al., 2014). 
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3.4.2.2 3D Volume Visualization 

We rendered the 3D volume datasets of rock samples using visualization software such 

as Drishti that allows 3D datasets from XMCT imaging to be interactively explored using 

tools such as volume sculpting, animation, and mesh generation for various applications 

(Limaye, 2012; Sakellariou et al., 2007). Also, we can use Drishti and other commercial 

visualization software to explore specific features of the 3D rock sample, such as 

identifying sand beddings, fossils, and signs of biogenic traces such as funnels. We used 

3D volume rendering to provide qualitative information to model and characterize small 

scale heterogeneities such as the connectivity and continuity of sand beddings in 

heterogeneous rocks for potential flow evaluation.  

3.4.3 Advantages of Digital Core Analysis 

This section summarises the advantages of High-Resolution Computer Tomography 

Imaging in the field of geosciences. We also discussed the limitations of the technology. 

3.4.3.1 Detailed 3-Dimensional Imaging 

The main advantage that is highlighted by proponents of X-Ray Micro-CT (XMCT) 

technology is its ability to create highly detailed 3-dimensional imaging of flow-limiting 

microstructures of rock samples. CT imaging created 3-dimensional models of rocks by 

creating a distribution of the local linear attenuation coefficient in 3-D. Using specialized 

3D model rendering software such as Drishti and Pergeos,  it is possible to visually review 

and inspect the interior of the 3D volume using the local attenuation coefficient. (Cnudde 

et al., 2013) 
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3.4.3.2 Non-destructive technique 

Another main advantage of 3D imaging using CT technology that has made this 

technology highly relevant and attractive is its non-destructive nature. This valuable 

characteristic of CT imaging allows investigation into areas such as 

• Investigation of structural properties within the same sample that undergo 

environmental changes such as temperature or mechanical stress(Saadatfar et al., 

2012; Sheppard et al., 2006) 

• Documenting changes in the sample using time-lapse (Mokso et al., 2012) 

• Characterize petrographic and petrophysical properties of porous media for pore-

scale simulation (Alyafei et al., 2016; Munawar et al., 2018)  

• Multi-phase flow analysis in porous media which allows the prediction of phase 

transport properties (Turner et al., 2004) 

3.4.3.3 Limitation of Digital Core Analysis 
 

However, current DCA still has deficiencies that limit its effectiveness.  

• In this thesis, we show that high-resolution XMCT imaging requires small 

samples which require the extraction of smaller sub-plugs or mini-plugs from 

a large core plug. Therefore, in some cases, DCA requires the original sample 

to be partially destroyed.  

• In complex rocks such as carbonates, where multi-scale heterogeneity is the 

main issue, there is a poor match between computed and experimental results 

with some computed properties such as elastic moduli diverges significantly 

from experimental results (Jouini et al., 2015).  
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• DCA can use pore network models used for studying multi-phase flow in 

porous media still cannot capture all of the pore-scale characteristics such as 

aspect ratio and pore-pore correlation that essential for understanding the 

multiphase fluid systems (Al-Raoush et al., 2005b). Also, DCA is still unable 

to compute many petrophysical properties that still require experimental 

approaches, which are generally still favored over the numerical and simulated 

result (Schepp et al., 2020). 
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CHAPTER 4 : METHODOLOGY 

We achieve the objectives of this study is to through the following components which are 

• Apply sedimentology description to interpret the depositional environment of low 

resistivity heterolithic reservoirs. The aim is to determine the spatial distribution 

of heterolithic deposits and their impact on hydrocarbon reserves potential. 

• Calculate Porosity and Absolute Permeability at the micron-to-centimetre scale 

using 6 mm and 8 mm mini-plugs from five core plugs of varying rock types using 

Digital Core Analysis software. 

• Apply Image-based Analysis and Image Registration Techniques on the mini-

plugs 3D datasets using 3D-to-3D volume registration and 3D Volume 

Visualization. 

• Measure permeability of thin beddings on the core plug surface using the New 

England Research (NER) gas permeability probe for millimetre-to-centimetre 

scale permeability measurement. 

• Use a QEMSCAN machine to map the mineralogy on two sandstone mini-plug 

samples. The aim is to identify conductive minerals that cause low resistivity. 

4.1 Sedimentology Analysis 

We identify the facies types and facies assemblage and interpreting the depositional 

environment and processes. This information provides the geological input and 

underlying reservoir architecture by  
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4.1.1 Facies Analysis 

This task involves the characterization of the rocks and basic geologic units observed in 

the core in terms of 

• Types of facies identification and facies assemblage 

• depositional fabric 

• sedimentary structure, 

• bioturbation 

4.1.2 Depositional Environment Interpretation 

We used facies types and assemblages identified to interpret the depositional 

environments and processes, which results in the deposition of the sequence of sediments. 

Interpreted depositional environments conceptualize the reservoir architecture in terms of 

the facies types and their distribution and connectivity. For example, a shallow marine 

environment consist of tidal sand bars are laterally extensive but may not be vertically 

connected. The depositional environment also affects the character of the various deposits, 

such as the sand-to-mud ratio, sedimentary structures, and bioturbation intensity. The 

reservoir architecture is essential for providing insight into estimating the number of 

reservoir deposits and connectivity that affect hydrocarbon reserves and production 

forecasts. 
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4.2 X-Ray Micro-CT (XMCT) Imaging 

In this thesis, XMCT imaging created 3D volume datasets of the core plugs and mini 

plugs from a thin bed LRLC reservoir in Malaysia. The MANGO and MORPHY software 

use these datasets to compute porosity and absolute permeability. The main goal is to 

identify thin sandstone layers within heterolithic rocks and evaluate their potential as 

hidden net sand pay. A secondary objective is to characterize the carbonate minerals 

observed in the sandstone core plugs and their impact on permeability. 3D volume 

visualization software, Drishti, was used to visualize the core plugs and mini-plugs to 

visualize sandstone layers in mud dominated heterolithic core plugs (Sample 64 and 245) 

and carbonate minerals in the sandstone core plugs (Sample 127, 148 and 210). We 

discussed the shape, thickness, connectivity, and location of the sandstone layers 

heterolithic core plugs (Sample 64 and 245) and carbonate minerals in the sandstone core 

plugs (127, 148, and 210) and their effects on the permeability of the samples in Chapter 

8. 

We divided the XMCT imaging into two stages, which are the low-resolution scoping 

scan using the 37 mm diameter core plugs and the high-resolution imaging of the 6mm 

or 8 mm mini plugs extracted from the sand dominated regions of the core plugs. The 

core plugs received for this project have a height and diameter of 38mm or 1.5 inches.  

We scanned the core plug at a low-resolution resolution of between 16 microns/voxel 

(Table 4.1). The low resolution is sufficient for us to scope the interior of the core plugs 

for sandstone dominated regions. We will extract a mini plug from the sands dominated 

regions from each core plug. We note, however, that some mini-plugs also sample 

mudstone due to heterogeneity. We show the approximated location of the mini-plugs 

relative within the core plugs in section 8.3. 
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The mini plugs extracted from the core plugs have diameters of 6mm and 8mm with a 

height of 38mm. However, we only imaged 20 mm of the mini-plugs’ length at high 

resolution. The resolution of the scan is 2.8 or 3.8 microns per voxels depending on the 

diameters (Table 4.2). These resolutions are sufficient to resolve many of the grains, pores, 

and flow-limiting microstructures. 

Table 4.1: CT Imaging parameters used on the core plugs (stacked in threes) 

Core 
Plugs 

Power(kV) Current(μA) Filter Projections 
Voxel 
Size 

Acquisition 
Time (hours) 

64-81-
127 

120 140 
5mm 

Stainless 
Steel 

17028 16.4 19 

245-
148-
210 

120 140 
5mm 

Stainless 
Steel 

16719 16.4 19 

 

Table 4.2: Imaging parameters used on the mini-plugs. 

Core 
Plug 

Power 

(kV) 
Current(μA) Filter Projections 

Voxel Size 
(µm/voxel) 

Acquisition 
Time 

(hours) 

64 100 55 
2mm 

Aluminium 
23444 2.87 18 

127 100 55 
2mm 

Aluminium 
25218 2.85 20 

148 100 55 
2.5mm 

Aluminium 
26323 3.87 19 

210 100 55 
2.5mm 

Aluminium 
19052 3.87 19 

245 100 55 
2mm 

Aluminium 
24210 2.82 19 
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4.2.1 Workflow for core plug analysis using X-ray Micro-CT Imaging and Digital 
Core Analysis 

 

The project received nine core plugs from X-4 for the initial analysis. The plugs were 

selected base on the permeability measurement and represent the length of the X-4 core. 

However, only five core plugs out of the nine were in useable and suitable conditions for 

XMCT Imaging. We did not select the other samples for further analysis due to fractures 

and poor conditions. 

This study will use a modified version of a workflow adopted by Kumar et al. (2013) 

in Figure 4.1 at the ANU Micro-CT Centre when analyzing samples using XMCT 

Imaging and processing the XMCT datasets for Image Analysis and Digital Core Analysis. 
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Figure 4.1: A proposed workflow used for specimens analyzed using Computer 

Tomography Imaging at the Australian National University (Kumar et al., 2013). MIP= 

Mercury Intrusion Porosimetry. 

4.2.1.1 The selected five core plugs from Well X-4, Field X 
 

Tables 4.3 and 4.4 show the information about the five core plugs from Well X-4 that 

were selected for this thesis. The core plugs were selected base on several criteria 

• They represent the different rock types in a well within Field X, such as sandstone 

and heterolithic rocks. Non-reservoir mudstone and coal are excluded. 

• The core samples are from a different depth of the total core length. 
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• The core plugs have different permeability values ranging from hundreds of 

millidarcy to below one millidarcy. 

Table 4.3: Details of the rock types, sedimentary structure, and bioturbation intensity in 

the five core plugs from well X-4. 

Depth 
(m) 

Sample Rock Type 
Main 

Sedimentary 
Structure 

Bioturbation 
2nd 

Sedimentary 
Structure 

Remark 

1476 64 Heterolithic Lenticular Low Muddy 
Well 

bioturbate
d 

1495 127 Sandstone Silt Laminae Low Laminated 
Well 

bioturbate
d 

1501 148 Sandstone Silt Laminae Low 
Well 

laminated 

Main 
reservoir 

unit 

1520 210 Heterolithic Lenticular Low 
Rippled-

Laminated 

Sparsely 
bioturbate

d 

1530 245 Heterolithic Lenticular High Muddy 
Intensely 
bioturbate

d 
 

 

Table 4.4: Petrophysical properties of the nine core plugs from well X-4 provided by 

the Routine Core Analysis report from Petronas. 

Sample Rock Type 
Ambient 

He 
porosity 

Corrected 
porosity 

(%) 

Gas 
Horizontal 

Permeability 
(mD) 

Empirical. 
Klinkenberg 

(mD) 

Grain 
Density 
(g/ml) 

64 Heterolithic 19.19 18.86 41.84 35.98 2.70 

127 Sandstone 28.90 28.41 603.00 633.00 2.69 

148 Sandstone 28.03 27.55 414.00 394.16 2.70 

210 Heterolithic 29.20 28.70 287.00 276.00 2.73 

245 Heterolithic 15.95 15.68 1.29 0.90 2.66 

       

 
 

 
      



   

66 

 

 
 

4.2.1.2 The workflow of the Micro-CT scan of the core plugs 
 

 

  

Specimen
Preparation

• Preparation of core pugs for XMCT scans

• Core plugs initially scanned at low resolution

• Extraction of sub plugs from regions of interest

XMCT

Imaging

• 2D Microscopy

• Low Resolution scan for core plugs ( 3.5 microns per voxel)

• Highe Resolution scan for sub-plugs ( 1 microns per voxel)

3D Image
Registration

• Use software (MANGO) for phase segmentation to identify 
pores and grains

• Pore and grain labelling

• Pore network extraction

• Topological and structural Analysis

Computation of
Petrophysical

Properties

• MANGO/PerGeos and MORPHY software applies analysis to 
calculate petrophysical properties such as porosity, 
permeability, formation factor, absolute permeability and 
capillary pressure.
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4.2.1.3 The workflow of the Digital Core Analysis using MANGO 
 

 

  

Data
• Import Data into MANGO

Editing

• Extract or crop subvolume

• Select Region of Interest (ROI)

• Select and apply filter

Filtering

• Noise control and smoothening of the XMCT dataset

• Prepate the XMCT dataset for image analysis(segmenting)

Segment

• Segmentation process such 'interactive overlay threshold) applied to 
identfy and label grains and pores.

Analysis

• Apply image analysis filters (MANGO) and digital core analysis 
(MORPHY) to determine petrophysical properties such as porosity and 
absolute permeability.

• Image registration of mini plug volume to the original core plug to 
understand the impact of heterogeneity on permeability at difference 
scales represented by the mini plug and core plug
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4.2.2 Core Plug Preparation for Low-Resolution Imaging 

  We put three core plugs into a cylindrical sleeve made of Aluminium and placed inside 

the ANU CT machine and scanned for almost 24 hours. The cylindrical sleeve was 

inserted into a holder within the CT machine and locked in place to prevent movements 

that can spoil the CT imaging. The CT machine X-Ray source and sample distance were 

adjusted to provide a voxel size of 16 microns per voxel (Table 4.5).  

To save cost and time, three core plugs were stacked on top of each other and inserted 

into a single sleeve made of aluminum. The core plugs are also separated by a thin piece 

of foam, which will make it easier to differentiate the core plugs from one another. A 

single low-resolution imaging scan at the ANU costs at least AU$600, hence by stacking 

the core plugs, we only required three scanning sessions for all the core plugs, which were 

cost-effective and saved time. 

Table 4.5: The volume by voxels and a voxel size of the reconstructed core plugs. 

Three core plugs were stacked together and imaged at the same time to save time and 

cost. Each image contains three core plugs. 

Core Plugs Volume (voxels) 
Volume 

(diameter x height) 
Voxel Size (μm/voxels) 

64-81-127 2800 x 2800 x 7400 37mm x 111 mm 16.32 

245-148-127 2800 x 2800 x 7400 37mm x 111 mm 16.33 
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4.2.3 Region of Interest Selection 

 

We reconstructed and compiled the 20,000 projections collected from a single XMCT 

imaging session into a 3D volume dataset by using the Raijin computing facility at the 

ANU. We used the ANU CT Image viewer software, called the NCViewer, to scout the 

interior of the core plug slice by slice in different perspectives such as from the top (Z-

direction) and the sides (X and Y directions). We reviewed the 3D volume datasets for 

sandstone dominated regions in each core plug. Later, we extracted 6mm, or 8mm mini-

plugs were extracted from the sandstone regions of the core plugs. For heterolithic core 

plugs, which consist of mudstone and sandstone, we extracted mini-plugs from regions 

with the most amount of sandstone. 

Some of the core plugs (127, 148, and 210) are predominantly sandstone interbedded 

with carbonate thin and thick laminates, which we show in section 8.2, Chapter 8. The 

sandstone regions within the core plugs feature distinct grains of sand with pores between 

the grain boundaries. Some pores are filled with cement, minerals, or clay that are 

generally more attenuating than the grey sand grains, as shown in Figure 4.2.  
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Figure 4.2: A single greyscale tomogram of a mini plug. 

Based on these observations, we decided that the regions of interest will be the sand 

dominated regions that are least affected by mudstone and cementation. For heterolithic 

core plugs that are mud dominated, we targeted regions that contain the most sandstone. 

One objective is to determine if the sandstone in the heterolithic plugs from the are similar 

in terms of porosity and permeability. 

4.2.4 Mini Plug extraction 

We drilled and extracted he mini-plugs using a modified milling machine that uses 

specially manufactured hollow drilling bits with 6 mm and 8 mm inner diameters that are 

drilled into core samples to retrieve mini plugs. 

The core plugs were held in place by a clamp while the rotating drilling penetrates the 

core plug from end to end. The mini plug extraction process takes 10 to 15 minutes and 

does not cause further damage to the core plugs. Dr Michael Turner, the Technical Officer 

at the Department of Applied Mathematics ANU, conducted the mini-plugs extraction 

process. 

Minerals 

Cementatio

n 

Sand grains 
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4.2.5 High-Resolution XMCT Scan of Mini Plugs 

We inserted the mini-plugs into aluminium tubes with the corresponding diameters, 

which were then capped by a piece of foam and rubber on the top to prevent micron level 

sample movement. Table 4.6 shows the dimensions and volume in voxels of the mini-

plugs. 

We inserted the aluminium cylinder into a drilling bit clamp within the CT machine, 

and the X-Ray source and detector adjusted accordingly to achieve a resolution of 2 to 3 

microns per voxel. The XMCT scans of the mini plug were prepared and run by the 

Department of Applied Mathematics Technical Officer, Dr. Michael Turner 

The duration of the scan was 20 hours, and the ANU Raijin Supercomputer 

reconstructed the collected tomograms numbering 20,000 to 24000 projections for several 

hours. The reconstructed 3D volume datasets of core plugs and mini-plugs of the five 

mini-plugs were processed using the MANGO software and segmented to separate pore, 

grains, and intermediate phases, which we show in Chapter 8. 
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Table 4.6: The volume by voxels and a voxel size of the reconstructed and cropped 

mini plugs. 

Mini Plug Volume (voxels) 
Volume 

(diameter x height) 
Voxel Size (μm/voxels) 

64 1809 x 1837 x 7401 6 mm x 20 mm 2.74 

127 1809 x 1837 x 7400 6 mm x 20 mm 2.72 

148 1803 x 1807 x 5560 8 mm x 20 mm 3.74 

210 1969 x 2009 x 5520 8 mm x 20 mm 3.76 

245 1809 x 1837 x 7400 6 mm x 20 mm 2.73 
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4.2.6 Image Analysis 

 

We used several image analysis techniques using the MANGO software to acquire 

qualitative and quantitative information from the segmented XMCT images of the core 

plugs and mini plugs. These techniques are listed below, and the results summarized in 

Chapter 8. 

• Segmentation 

• Median Grain Size Distribution 

• Microporosity Analysis 

• Image Registration of mini-plug dataset to core plug dataset. 

• Spanning Cluster Analysis 

• 3D Volume Visualization 

4.2.7 3D Volume Visualization 

 

Another software used in this study for image-based analysis is the Drishti software at 

the ANU, which we used to visualize tomography and electron-microscopy data (Limaye, 

2012). The software enables image-based visualization of the different constituent rock 

types in a core plug due to the different rock types having a different level of attenuation 

to x-rays. Other information that can be derived using Drishti is to identify indicators of 

bioturbation such as funnels, burrows, and fossils that affect permeability from the 

structure and arrangements of the sediments in the core plug. In this thesis, Drishti 

rendered thin sandstone layers in the heterolithic core plugs to characterize the 

connectivity and structure of the sandstone that can be correlated to measured 

permeability of the core sample. We noted the presence of bioturbation in one of the 

heterolithic core plugs that changed the structure of the sandstone layers significantly, 
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resulting in lower permeability. The impact of bioturbation on the sample’s permeability 

is discussed later in section 8.2, Chapter 8. 

4.3 Digital Core Analysis  

 

This thesis uses DCA software to simulate petrophysical properties directly from 3D 

datasets generated from XMCT images of rock samples (Sakellariou et al., 2007). We use 

Image Analysis software MANGO to segment the 3D datasets of the mini-plugs into the 

pore, grain, and intermediate phases (Figure 4.3) and simulate petrophysical properties 

such as porosity (Sheppard et al., 2006). Also, we use a Lattice-Boltzmann software called 

MORPHY to simulate permeability directly on the 3D datasets of each mini plug, which 

we segmented into grain and pore phases (Arns et al., 2003). However, some phases 

cannot be segmented into pore and grain as the greyscale value is between the threshold 

limits of either phase. We used Additional Segmentation to combine these outlier phases 

into the intermediate phase, which can potentially be clay: minerals and silt. 

MANGO segmented the 3D volume datasets of the mini-plugs into the pore (Phase 0), 

grain (Phase 1), and intermediate phases (Phase 2) phases. The phase volume fraction of 

the pore is the porosity of the 3D volume of the mini plug. Initially, we segmented the 

greyscale tomogram into grain and pores. The segmentation is not complete as there are 

phases that cannot be segmented into pore and grain as the greyscale value is outside the 

threshold limits of either phase. We use an Additional Segmentation filter in MANGO to 

combine these phases into a third phase, which we called the intermediate phase. A second 

DCA software MORPHY calculates the absolute permeability directly on the segmented 

3D datasets of the mini-plugs. We compared the porosity and permeability of the 

miniplugs to their corresponding core plug permeability measured using RCA.  
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We used the image registration techniques in the MANGO software to overlay the mini 

plug dataset onto the core plug dataset using a 3D-to-3D volume registration method. We 

used the technique to position the 3D datasets of the mini-plugs to their original location 

within their respective core plugs. This method helps us to understand as to why the 

computed permeability of the smaller mini-plug using DCA is significantly different from 

the permeability of the core plug measured experimentally. Also, we use this comparison 

to correlate the permeability difference between the two-volume scales to the different 

rock compositions. For example, a sandstone dominated mini-plugs from thin sandstone 

layers in a heterolithic core plugs has higher computed permeability than the entire 

heterogeneous core plug, which consist of mudstone layers that can affect fluid flow. We 

summarized the results of the image registration technique in section 8.2, Chapter 8. 

 

Figure 4.3: Segmented XMCT image of mini plugs using MANGO. The resolution is 

2.74 microns/voxel. (Images were taken at Australian National University CTLab and 

processed using the MANGO software) 

Original greyscale 

tomogram 

3 Phase Segmentation into 

• Black: Pore 

• Red: Grain 

• Green: Intermediate 

phases 

Binarized image  
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4.3.1 Computing Permeability  using MORPHY 

 

MORPHY calculated the absolute permeability of the segmented 3D dataset of the 

rock samples using the Lattice-Boltzmann method (Alyafei et al., 2016; Bernaschi et al., 

2009) (Arns et al., 2004; Arrufat et al., 2014).   

The Digital Core Analysis software MORPHY, a scripting program, calculates the 

absolute permeability of the segmented 3D volume datasets within the framework of the 

Lattice-Boltzmann method (Alyafei et al., 2016; Arns et al., 2004; Bernaschi et al., 2009). 

A highlighted advantage of this method is that permeability computations are performed 

on multiple small sub-volumes of the segmented XMCT datasets, thereby generating 

statistically significant and useful numbers of data points (Botha, 2017). In this thesis, we 

divided the datasets of the mini-plugs into sub-volumes with side lengths of 300 voxels 

and 400 voxels (Table 4.7) to determine the impact of heterogeneity of the computed 

permeabilities at these two sub-volumes. A relatively homogeneous rock will have 

similarly computed permeabilities at these two volume sizes. 

The computed permeability is sensitive to the porosity of the segmented dataset of the 

rock samples, as a small range of porosity values may result in a large variation of 

permeability values (Hommel et al., 2018). We compared the computed porosity of the 

segmented mini-plugs to the experimentally measured permeability of the original core 

plugs in section 8.2, Chapter 8. Our results show that the difference between the computed 

and measured values are marginal and acceptable.  

Also, previous studies using the same Lattice-Boltzmann solver as this thesis show 

good agreement between the computed permeability of sandstone was in good agreement 

for all porosity values. Also, the variation of the computed permeability is the same as the 
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experimental permeability data (Arns et al., 2004). Therefore, we are confident that the 

Lattice-Boltzmann solver (MORPHY) can provide reliable and accurate permeability 

data of the sandstone in the mini-plugs. 

Table 4.7: Summary of the sub-volume sizes in mm at 300 voxels and 400 voxels side 

lengths  

Mini 
Plug 

Resolution 
µm/voxel 

Volume with 300 voxels 
side length (mm3) 

Volume with 400 voxels 
side length (mm3) 

64 2.87 0.63 1.51 

127 2.85 0.62 1.48 

148 3.87 1.56 3.71 
210 3.87 1.56 3.71 

245 2.82 0.61 1.44 

 

Figure 4.4 shows the workflow for computing permeability using the Lattice-Boltzmann 

solver (Arns et al., 2004). In the workflow, we divided the segmented 3-D dataset of a 

mini plug into cubic sub-volumes with 300 voxels and 400 voxels side lengths. The 

Lattice-Boltzmann solver simulates fluid flow in each cubic sub-volume in the mini-plug 

to compute permeability data. The computed permeability is comparable to experimental 

results (Alyafei et al., 2016; Evans et al., 2010; Knackstedt et al., 2006; Sakellariou et al., 

2007). Table 4.9 shows the parameters of the sub-volume sizes of each mini-plug used by 

the Lattice-Boltzmann solver to compute permeability and porosity.  
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Figure 4.4: Workflow for computing permeability and porosity using a Lattice-

Boltzmann method. The direction of simulated flow in the z-direction, which is the same 

as the direction of the injected fluid in core plug analysis. 

Table 4.8 shows the total volume of the sub-volumes or the ‘Sample size,’ grid spacing 

(resolution), and the side lengths of the sub-volumes. Figure 4.8 shows the side lengths 

of the sub-volume are limited by the actual dimension of the mini plug datasets. We 

selected 300 voxels and 400 voxels side length for the sub-volumes as the total volume 

sizes are within the mini plug. 

The millimetre-scale of the cubic sub-volumes shown in Table 4.5 is similar to the 

thickness of the mm-to-cm sandstone layers common in heterolithic rocks. Hence, the 

Lattice-Boltzmann solver can measure the permeability of the millimetre-to-centimetre 

20 mm 

Results: Computed Permeability 

for each sub-volume(mD) 

Lattice-

Boltzmann 

Solver 

(MORPHY) 

Segmented Mini plug divided into 

300 voxels side length cubic sub-

volumes followed by porosity and 

permeability computation 

Segmented Mini Plug Image: 
 

Mini Plug 

300/400 voxels 

Z= flow direction 

y 
x 
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Pore 

Intermediate Phases 

6 mm 
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sandstone layers in the mini plug samples and provide a large number of data points from 

the sub-volumes that are useful for statistical analysis.  

We note that only computed permeability in the axial direction (z-direction) is presented 

as to be consistent with the fluid flow direction through the core plug in the experimental 

Routine Core Analysis used to measure the permeability of the core plugs. 
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Table 4.8: Used parameters of the sub-volumes of the mini plugs for the computation of 

permeability and porosity using the Lattice-Boltzmann solver. The figure below Table 

8.12 illustrates the partitioning of the mini plug into cubic sub-volumes. 

Parameters 
 

A B C 

 
Mini plug diameter 

x height (mm) 
 

8 x 20 6 x 20 6 x 20 

 
Number of voxels   

(x, y, z) 
 
 

: <1200><1200><5400> : <1200><1200><7200> <1200><1200><7200> 

 
Grid spacing ∆h  

(μm) 
 

3.87 2.87 2.87 

300 
voxels3 

 
Side 

length 
(mm) 

 

1.16 0.86 0.86 

 
No. of 
sub-

volumes 
 

162 216 216 

400 
voxels3 

 
Side 

length 
(mm) 

 

1.55 1.15 1.15 

 
No. of 
sub-

volumes 
 

117 162 162 

 

Z= flow direction 

y x 
300/400 voxels 

20 mm 

Mini Plug 

6 mm Mini Plug sub-divided 

into sub-volumes 
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Figure 4.5: An image of the core plug B. The side length of the sub-volumes is 

constrained within the dimensions of the mini plug diameter.  The dimensions of the mini-

plugs allow sub-volumes with 300 voxels and 400 voxels side lengths. 

1837 voxels 

1809 voxels 
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4.4 New England Research (NER) Permeameter Measurement 

This study uses the New England Research (NER) permeability gas probe or 

permeameter at the CTLab, ANU. Figure 4.6 illustrates the NER permeameter utilizing 

gas injecting probes that directly measure permeability on the surface of core slabs and 

core plugs (Grover et al., 2016). In this thesis, we used the NER permeameter to measure 

the permeability on the flat surfaces of the five core plugs of this study. The permeameter 

measures the permeability by using a steady-state injection technique with one-millimetre 

steps between each measured point. Also, the measured permeability is presented visually 

in the form of a permeability map with the permeability contrast indicated by colour, 

which we show later in section 8.2, Chapter 8.  

 

Figure 4.6: Permeability measurement using a New England Research mini-

permeameter using air injection principle (Filomena et al., 2013) 
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The permeameter is useful in this thesis as it measures the permeability of millimetre-

to-centimetres beddings or layers directly on the core slab or core plugs. The permeability 

map produced from the measurements provides both qualitative and quantitative 

information with regards to the permeability variations between adjacent layers of 

different types of rock. We used the permeameter to verify the calculated permeability 

using MORPHY. The Lattice-Boltzmann solver we use computes permeability on sub-

volumes that make up the 3D datasets of the mini-plugs. These sub-volumes have 

dimensions in the millimetre scale that is similar to the amount of volume of rock 

measured by the NER permeameter. The NER permeameter and MORPHY provides a 

substantial amount of useful data points that reflect the permeability variation at 

millimetre-to-centimetre scale on the surfaces and within 3D volumes of geological 

samples such as the core plugs and mini plugs. 

4.5 Mineralogical Analysis 

The Mineralogical Analysis in this study employs Thin Section Analysis, and 

Scanning Electron Microscopy (SEM) provides the mineralogical framework in the 

samples. SEM analysis provides qualitative analyses on the impact of facies, pore type, 

and pore connectivity on flow properties such as permeability (Al-Marzouq et al., 2014). 

In this study, SEM is used to identify the presence and quantity of conductive minerals 

such as iron minerals and pyrite that can result in low resistivity pay in the sandstone 

sediments within some of the core plugs. This study employs an SEM facility at the ANU 

Centre of Advanced Microscopy called QEMSCAN.  

Quantitative Evaluation of Minerals using a Scanning Electron Microscopy 

(QEMSCAN) can generate images of the organic material and minerals by scanning the 

sample (Tang et al., 2016). The instrument can provide the element analysis on each 
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measurement point according to the X-ray energy spectrum. Based on the grey value of 

the back-scattered electron image and the intensity of the X-ray, the mineral phase can be 

determined. We used the QEMSCAN equipment at the Centre for Advanced Microscopy 

at the ANU to analyze the Organic Material and minerals of the core samples and generate 

a high-resolution mineralogy map of the surface of the mini-plugs. The pixel resolution 

of the map images is 1 mm. The QEMSCAN tool provides quantitative and qualitative 

content of the organic materials and minerals on an exposed surface of the core plug 

samples. 

We used the QEMSCAN tool to characterize the mineralogical framework, such as the 

clay content and conductive minerals. Also, we determine the percentage weight of iron 

minerals and pyrite in the sand mini-plugs from sample 210 and 148.  We quantify the 

number of conductive minerals such as Pyrite, Iron minerals such as Siderite because they 

are one of the leading factors to low resistivity pay besides laminated structures (Pratama 

et al., 2017; Worthington, 2000). 

4.5.1 Sample  Preparation for QEMSCAN analysis 

 

The Mini plug was cut to a length of 13 mm and placed in resin and later grounded to 

below 12 mm in length. A 5 mm by 5 mm region of interest on the mini plug was analyzed 

using QEMSCAN to produce a mineral map. The QEMSCAN analysis parameter is 2-

micron resolution, 2000 counts per pixel, and a field area of 5 mm2 which we divided into 

nine sub-areas. The length of the scan was 10 hours. Post-processing using Nanomin 

identifies the minerals and elements by percentage weight. Dr Michael Turner prepared 

the mini plugs for the QEMSCAN analysis at the Department of Applied Maths Rock 

Lab. Later, Dr Frank Bink conducted the QEMSCAN analysis on 14th December 2017, 
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and the results were post-processed on 19th and 20th December 2017 using the Nanomin 

software. 
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CHAPTER 8 : RESULTS OF XMCT IMAGING AND DIGITAL CORE 

ANALYSIS. 

This chapter summarises and discusses the significant findings and results of this thesis. 

We divided this chapter into two sections. The first section summarises and discusses the 

porosity and permeability results for each sample using XMCT Image Analysis, Digital 

Core Analysis, and NER permeability probe analysis, and their correlation with the 

effects of heterogeneity. The second section summarises and discusses the results of the 

XMCT imaging and Digital Core Analysis of the five mini-plugs and core plugs that we 

used. The section also compares the computed results based Digital Core Analysis to the 

NER measured surface permeabilities. Also, we discussed the significance of the results 

of the five mini-plugs and core plugs we used in this thesis. 

8.1 Summary of Image Analysis, Digital Core Analysis, and Surface Permeability 

Analysis Methods and Results 

This section summarizes the methods used in this thesis and its results. The methods 

are categorized based on the software and tools used. Under Image Analysis, which used 

the MANGO software, results include First Stage Segmentation, Median Grain Size 

Distribution, Microporosity Analysis, Image Registration Technique, and the Spanning 

Cluster Analysis. Under the digital core analysis software, MORPHY, computed porosity, 

and permeabilities are presented. These methods are followed by 3D Volume 

Visualization that present images of the rendered 3D volumes of each core plug and the 

results from the NER permeability gas probe measurements. 
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8.1.1 MANGO Image Analysis 

We used image segmentation that converts the multiphase dataset from XMCT 

datasets into one, two, or more phases. We used Image Analysis Software at the 

Australian National University (ANU) MANGO (Medial Axis and Network GeneratiOn) 

for parallel segmentation and network generation and pre- and post-processing and 

analysis of XMCT datasets used in this thesis. (Sheppard et al., 2014; Sheppard et al., 

2004)  

Generally, we segmented a grey level image into a low and high phase object. This 

seemingly simple but manual process proves to be quite challenging as it requires human 

input in thresholding the grey levels for the phase segmentation procedure and additional 

processing of the images to achieve a satisfactory segmentation result (Sheppard et al., 

2014; Sheppard et al., 2004). To achieve a satisfactory result, we compared the computed 

porosity of the segmented dataset of rock samples to experimental results if available. 

In this section, we also present a microporosity analysis of the wet images of mini plug 

148. The objective is to determine if microporosity causes low resistivity in the sandstone. 

We also present the results of 3D-to-3D registration of mini plug 64 to core plug 64 to 

investigate the effects of multi-scale heterogeneity on permeability. 

8.1.1.1 Segmentation 

The first stage segmentation using the MANGO involved partitioning the XMCT 

image into phases based on their voxel intensity. Firstly, we segmented the XMCT 

datasets of the mini-plugs into the pore and grain phases. Additional Segmentation was 

applied on the segmented dataset twice that created 4 phases. We merged the two phases 

that are not part of the pore and grain phases into a third ‘Intermediate phase.’ The 
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intermediate phase is part of the solid grain and not pore. The ‘intermediate phase’ in the 

mini-plugs represents phases with different density and attenuation than the solid grains 

and represent clay and minerals. The threshold values applied for the segmentation and 

Addition Segmentation are shown in Table 8.1. Also, in Lattice-Boltzmann solver 

(MORPHY), we specify that the segmented 3D datasets have three phases. If we do not 

create the third phase, the Lattice-Boltzmann solver will identify multiple numbers of 

phases that are neither grain nor pores and will not be able to compute permeability. 

 

Figures 8.1, 8.2, 8.3, 8.4, and 8.5 shows the voxel intensity histograms generated from 

XMCT images of the mini-plugs using MANGO. Figure 8.6 shows all the voxel intensity 

histograms and they greyscale and segmented images of the five mini plugs. Each 

histogram shows three curves that represent the pore, grain, and intermediate phases. The 

histograms of mini plugs 64, 127, 148, and 210 show a bimodal distribution with two 

curves, with curves to the left represent the pore phase, and the curve to the right 

represents the grain phase. The small curve in the middle represents the intermediate 

phase. Datasets with bi-modal profiles with the pore and grain curves having the same 

shape indicate a well-balanced pore and grain system in a relatively homogeneous rock 

with well-sorted grains such as the histogram of Mini Plug 127 and 148 which represent 

relatively homogeneous sandstone. These relatively balanced profiles have a higher 

certainty in terms of segmenting the pore and the grains. Therefore, the segmented phase 

should be relatively accurate. In more the heterogeneous mini plug 64 and 245, there is a 

more considerable amount of grain phases than the pores resulting in the curve of the 

grains to be substantially larger than the curve of the pores, indicating a poorly sorted 

rock. Also, these poorly sorted rock profiles have a large number of voxels that lie within 

the intersection area between the pore and grain curves. As a result, segmenting the pore 
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and grain is delicate that may lead to inaccurate porosity values. These inaccurate porosity 

values can have implications when using the dataset to compute permeability, where poor 

porosity estimates may lead to inaccurate computed permeabilities. Therefore, in 

heterogeneous rocks, it would be good practice to compute absolute permeabilities using 

segmented datasets with slightly different segmentation thresholds. 

 

 The segmentation process is manual and subjected to human error and bias. Therefore, 

we benchmarked the computed porosity of the mini-plugs to the measured permeability 

of their corresponding core plugs. We clarify that we do not deliberately segment target 

to match the experimental results, which we only use as a benchmark. Our results show 

that the computed and measured results are very similar to a marginal difference, which 

is acceptable. We attribute the marginal difference to the difference of heterogeneity 

between the core plug and mini plugs. We also clarify that the Routine Core Analysis 

method used to measure the permeability of the core plugs cannot measure samples that 

are smaller than standard core plugs with a diameter and height of one inch. Therefore, 

the experimentally measured permeability of the core plugs is the best reference for 

validating the computed porosity of the mini-plugs. Previous studies also use 

experimentally measured core plug porosity and permeability as benchmarks for 

validating computed results, which relatively good match between the results of the two 

methods with some marginal difference (Arns et al., 2005). 
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Table 8.1: The threshold ranges for the first stage Segmentation (CAC), Additional 

Segmentation on grain phase (ASC1), and Additional Segmentation 2 (ASC2) on the pore 

phase using MANGO. Intermediate phases are nether pore nor grain. 

Mini Plug 64 127 148 210 245 

CAC 
Lower Threshold 11100 10950 10850 10900 11210 

Upper Threshold 11250 11000 10950 10950 11250 

ASC1 
Lower Threshold 10950 10850 10950 10900 11050 

Upper Threshold 11120 11300 11120 11100 11200 

ASC2 
Lower Threshold 10640 10500 10640 10650 11050 

Upper Threshold 11000 11050 11000 10980 11230 

Computed Porosity 17.00% 25.40% 26.70% 25.20% 15.20% 

Measured Core Plug Permeability 18.9% 29.0% 28.0%% 28.0% 15.0% 

Grain 80.00% 71.50% 69.60% 69.95% 77.0% 

Intermediate Phase 2.00% 3.10% 3.70% 4.85% 7.00% 
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Figure 8.1: Top: Voxel Intensity Histograms of mini plug 64. Bottom: Greyscale and 

segmented images the mini plug 64 

 

 

Grain: 79.3% 
Pore: 17.8% 
Intermediate Phase: 2.9% 

Grain Pore Intermediate Phase 
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Figure 8.2: Top: Voxel Intensity Histograms of mini plug 127. Bottom: Greyscale and 

segmented images the mini plug 127. 

 

 

Grain: 71.5% 
Pore: 25.4% 
Intermediate Phase:3.1% 

Grain Pore Intermediate Phase 
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Figure 8.4: Top: Voxel Intensity Histograms of mini plug 148. Bottom: Greyscale and 

segmented images the mini plug 148. 

Grain: 69.92% 
Pore: 26.7% 
Intermediate Phase: 3.67% 

Figure 8.3: Left: Voxel Intensity 
Histograms for the five mini 
plugs. Right: Greyscale and 

Grain Pore Intermediate Phase 
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Figure 8.5: Top: Voxel Intensity Histograms of mini plug 210. Bottom: Greyscale and 

segmented images the mini plug 210. 

 

 

Grain: 69.95% 
Pore: 25.2% 
Intermediate Phase: 4.85% 

Grain Pore Intermediate Phase 
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Figure 8.6: Top: Voxel Intensity Histograms of mini plug 245. Bottom: Greyscale and 

segmented images the mini plug 245. 

Grain: 78% 
Pore: 15.2% 
Intermediate Phase: 7% 

Grain Pore Intermediate Phase 
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Figure 8.7: Left: Voxel Intensity Histograms for the five mini plugs. Right: Greyscale 

and segmented images of the mini plug. 

Grain: 79.3% 
Pore: 17.8% 
Intermediate Phase: 2.9% 

Grain: 71.5% 
Pore: 25.4% 
Intermediate Phase:3.1% 

Grain: 69.95% 
Pore: 25.2% 
Intermediate Phase: 4.85% 

Grain: 69.92% 
Pore: 26.7% 
Intermediate Phase: 3.67% 

Grain: 78% 
Pore: 15.2% 
Intermediate Phase: 7% 

Grain Pore Intermediate 

Phase 
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8.1.1.2 Median Grain Size Distribution 

We used MANGO to calculate the grain size distribution from the XMCT images of 

the five mini-plugs using the Cluster Size Distribution filter, which we summarized in 

Table 8.2 and Figure 8.8.  

Mini plug 127 has the highest median grain diameter at 103µm followed by mini plug 

148 at 92 µm, mini plug 64 at 72 µm, mini plug 210 at 36 µm and mini plug 245 at 23 

µm. Although the median grain size of mini plug 64 is smaller than mini plug 127 and 

148, the grain diameter profile for mini plug 64 in Figure 8.8 is closer to the two mini 

plugs compared to mini-plug 210 and 245. The median grain diameter in mini plug 64 is 

twice of that of mini plug 210 and three-time that of mini plug 245. The results for mini 

plug 64 suggest that its sandstone is relatively comparable to the sandstone in mini plug 

127 and 148 in which are the benchmark reservoir sandstones for this thesis. 

The permeability-to-median grain diameter graph in Figure 8.9 shows that 

permeability increases with larger grain size. Mini plug 210’s lower averaged 

permeability compared to mini-plug 64, 127, and 148 can be correlated to its smaller 

median grain diameter at only 36 µm. Lastly, mini plug 245, which has the smallest 

median grain diameter of only 23 µm, has the lowest permeability. 

 

 

 



   

180 

 

Table 8.2: The measured and computed porosity, permeability, and median grain size of 

the five mini plugs. We observed that mini-plug permeability increases with median grain 

diameter. 

Sample Core Plug 
Permeability 

(mD) 

Mini Plug 
Permeability 

(mD) 

Core 
Plug 

Porosity 

Mini 
Plug 

Porosity 

Mini Plug 
Median 
Grain 

Diameter 
(µm) 

64 36 894 19% 
17.8% 

72 

127 633 1358 28.9% 
25.4% 

103 

148 394 2033 28.03% 
29.8% 

92 

210 276 251 29.2% 
25.2% 

36 

245 0.9 65 15.95% 
15.0% 

23.2 

 

 

Figure 8.8: Grain size distribution calculated from the images of the mini-plugs. 
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Figure 8.9: The computed permeability of the mini-plugs using digital core analysis for 

300 voxels3 sub-volume sizes versus the median grain diameter of the mini-plugs. The 

results showed that permeability increases with median grain diameter. 

8.1.1.3 Microporosity Analysis 

We used MANGO to calculate the fraction of micro-porosity or pores that are below 

one micron of the five samples summarised in Table 8.3. This method identifies rock 

types affected by microporosity, which causes low resistivity (Worthington, 2000). 

Microporosity, which is associated with the clay phases, causes low resistivity 

(Worthington, 2000). The results show that the computed microporosity of the five 

samples is between 0.9% to 1.5%, which meagre. Studies by Worthington (2000) show 

that most low resistivity reservoirs have measured microporosity of up to 50%. Therefore, 

the computed microporosity of the five mini-plugs is too small to be one of the leading 

causes of low resistivity pay. 
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Table 8.3: Computed Macroporosity and Microporosity of all Mini Plugs. 

Mini Plug 

Microporosity Analysis 

Macroporosity (%) Microporosity (%) 

64 17.77 0.9 

127 30.48 0.94 

148 29.8 1.5 

210 25.2 1.5 

245 11.72 1.01 

 

8.1.1.3.1 Wet Imaging Microporosity Analysis of Mini Plug 148 

We used a wet-dry difference imaging technique that can resolve overlooked 

microporosity. We selected mini plug 148 for this procedure to determine if the sandstone 

rock would have any undetected microporosity. The next step involves saturating mini 

plug 148 with 1.5 M of Sodium Chloride (NaCl). Dr. Michael Turner then scanned the 

mini plug at high resolution using the ANU X-Ray Micro-CT tool at 3.8 μm/voxels. The 

NaCl acts as a contrast agent that permeates through the sand and clay phases within the 

mini plug and enhances the visibility of the micropores. 

In the next step, we identified an XMCT image from both the dry and NaCl saturated 

similar images. The MANGO software aligned both images and calculated the differences 

in intensity between the two images (Latham et al., 2008). The intensity difference is then 

subtracted from the dry image to remove phases that were not penetrated by the NaCl. 
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The resultant image enables the identification of additional micropores that have absorbed 

the NaCl  

Figure 8.10 shows the wet and dry images of mini plug 148. Image A is the original 

dry image of Mini Plug 148. In contrast, Image B is the mini plug saturated with a 1.5M 

NaCl contrasting agent that increases the voxel intensity contrast of the hidden 

micropores. As a result, the intensity of these two phases is higher than the grains, 

resulting in the pores and intermediate phases appearing brighter while the grains are dark. 

We inverted the Image B intensity into Image D, where the intensity profile is similar to 

the dry image with the grains have a higher intensity than the pore and intermediate phase.  

We then applied another image registration procedure to subtract the voxel intensity 

of the dry image from the inverted wet image D to produce Image F. The voxel intensity 

difference in Image F contains the hidden micropores in mini plug 148.  However, the 

hidden micropores are not apparent when compared to the original image. We computed 

the microporosity in Image F, which we segmented using the same thresholds values used 

for the segmentation of the dry image. 

Tables 8.4 and Table 8.5 shows the computed microporosity in mini plug 148.  The 

table shows that the pores and grains remain mostly unchanged, but the intermediate 

phases volume fraction increased by 18% from 3.1% t0 3.65% of the total volume. Table 

8.20 shows very little change in total porosity and macroporosity of the wet image relative 

to the dry image. The micro-porosity, on the other hand, increases by 120% from 0.9% to 

2%. The microporosity doubled after the NaCl saturation was applied. The microporosity 

in mini plug 148 to be too low to be a leading factor to low resistivity. Most microporous 

low resistivity pay has a microporosity of 50% (Worthington, 2000). The result for mini 

plug 148 is applicable to mini-plug 127 as the sandstone in both samples is similar. We 
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did not apply microporosity analysis on the heterolithic samples 64 and 245, as laminated 

structures are the leading cause of low resistivity in these samples. The wet imaging 

microporosity analysis is a useful method for investigating microporosity in rock types 

such as carbonate in which microporosity is high. 

Table 8.4: Differences in terms of phase volume percentage of the pore, grain, and 

intermediate phases between the dry and NaCl saturated mini plug 148. 

3 Phase 
Segmentation 

Dry 
Image % 

Wet Image % Difference 
Percentage 
Difference 

Pore 25.4 25.09 -0.31 -1.2% 

Grain 71.6 71.27 -0.33 -0.5% 

Intermediate phases 3.1 3.65 +0.55 +17.7% 

 

Table 8.5: Differences in terms of porosity, Macroporosity, and microporosity between 

the dry and NaCl saturated mini tomogram of mini plug 148. 

Micro-porosity 
Analysis 

Dry 
Image % 

Wet 
Image % 

Difference 
(Wet-
Dry) 

Percentage 
Difference 

Total Porosity 26.4 27.09 +0.7 +2.6% 

Macro-porosity 25.4 25.09 -0.3 -1.2% 

Micro-porosity 0.9 2.00 +1.1 +120.0% 
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Figure 8.10: Comparison between the dry and wet images and processed images for 

Image Registration. Image A is the original dry image of Mini Plug 148. Image B is the 

tomogram of the same mini-plug saturated with 1.5M NaCl. We applied an image 

registration procedure on image C that subtracted the intensity of the dry image from the 

inverted wet image C to produce Image F. The attenuation difference between the dry (A) 

and wet image (C) is not apparent on image D. Therefore, we computed the porosity 

between the two images using the MANGO Image Analysis software and shown 

previously in Tables 8.5 that highlight the difference between the two images. 

 

Intensity of dry image A is 

subtracted from Image C = (C-A) 

C 

C 
D 
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8.1.1.4 Image Registration of mini-plug dataset to the core plug  

We performed A ‘3D to 3D’ image registration technique using MANGO to align the 

mini plug dataset to its original location within the core plug. The registration technique 

was developed to combine XMCT images to other imaging techniques such as 2D 

Backscattered Scanning Electronic Microscope images that provide opportunities to 

examine structure at higher resolutions (Latham et al., 2008). In this thesis, this technique 

to align the high-resolution image of the mini plug to its original location within the low-

resolution image of the core plug. This allows us to view the mini-plugs at their original 

location within the core plugs and allows us to confirm that the mini-plugs were extracted 

from the sandstone dominated region of the core plug. We compare the mini plug to the 

overall core plug to examine the effect of heterogeneity between these two volumes sizes 

on permeability. We expect that the mini-plugs with a high sandstone-to-mudstone ratio 

extracted from the sandstone layers in the heterolithic core plugs to have a higher 

permeability than the experimentally measured permeability of the core plugs which have 

a lower sand-to-mudstone ratio. 

We conducted the 3D to 3D Image Registration on mini-plugs 64 and 148, which 

represent heterogeneous and homogeneous core plugs, respectively. Mini plug 64 comes 

from a heterogeneous muddy heterolithic core plug, while 148 comes from a 

homogeneous laminated sandstone core plug. Mini plug 64 is selected due to the large 

difference between the permeability of its mini plug and core plug at 894mD and 36mD, 

respectively. We used Core plug 148 as a reference to the sandstone reservoir rock as 

PETRONAS identified as part of the main reservoir unit.  
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8.1.1.4.1 3D to 3D Registration of Mini Plug 64 

Firstly, we observed similar features on the mini plug dataset (2.74 microns/ voxel), 

and the original core plug dataset (16 microns/voxel). Once we identified these similar 

features, as shown in Figure 8.11, we selected 3 common locations and recorded their 

coordinates (x, y, and z). We used the two sets of coordinates from the mini plug and core 

plug images to align both datasets using a Registration Transform filter on the MANGO 

software, which aligned the two datasets onto a single coordinate system. After the 

transformation, the mini-plugs datasets have their coordinates virtually aligned to their 

original general position on the core plug. The alignment allows the 6mm diameter mini-

plug to be re-sized correctly relative to the 37mm diameter core plug. 

 

Figure 8.11: We identified similar features on the core plug (left) and mini-plug ( right). 

Three coordinates on both features are identified and used to overlay the mini plug on the 

core plug using the Registration Transform function from the MANGO software (bottom 

images). 
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A 3D-to-3D volume transformation filter in MANGO matches the resolution of the 

mini plug to the resolution of the core plug (16 microns/voxel). It aligns the mini plug 

dataset to the core plug dataset base on the coordinates of the similar features on the mini 

plug and core plug (shown previously in Figure 8.11). The resulting mini-plug dataset 

from this procedure will have the same resolution of the core plug dataset and aligned to 

approximately to its original location within the core plug. As a result, both datasets can 

be opened concurrently in the NCViewer slice viewer, where the alignment can be 

inspected by toggling between two images from the same datasets. The alignment was 

successful as the two images from the two datasets would have a relatively good match. 

With features from both datasets such as cracks and grains relatively well aligned, as 

shown in Figure 8.12. 

 

Figure 8.12: Two aligned images from the mini plug (A) and core plug (B) after 

application of Registration 3D to 3D volume. The mini plug image resolution (left) is 

reduced from 2.74 microns/voxels to 16 micron/voxels. The red square in image B 

corresponds to image A. 

Image A: 2.74 µm/voxel Image B: 16 µm/voxel 
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8.1.1.4.1.1 Discussion 

Based on the results of the Registration technique used on the mini plug and core plug 

64 in Figures 8.13, 8.14, and 8.15, we show that mini plug 64 was extracted from a 

sandstone dominated region of the core plug which was deliberate. Figure 8.16 shows 

that we extracted mini plug 64 from the thick sandstone layers (circled in red) in core plug 

64. As a result, the mini plug has a higher calculated permeability using DCA compared 

to the measured core plug permeability of 36 mD. 3D volume visualization of core plug 

and mini plug 64 using Drishti in Figure 8.17 validated the significant presence of 

sandstone within the core plug and mini plug 64. Despite the dominating presence of 

sandstone in mini plug 64, we observed that the sandstone thins from top to bottom with 

some of the bottom sandstone poorly connected. Also, within the core plug, the sandstone 

layers only make up 15% of the core plug volume and consist of very thin sandstone 

layers that have a tortuous geometry and may not be well connected and continuous in 

some parts.  This poor connectivity and continuity of the sandstone layers result in lower 

effective permeability of core plug 64. Our results show that while the computed 

permeability of the sandstone sub-volumes is higher than the RCA measured core plug 

permeability, the computed results may not necessarily suggest that fluid will flow 

smoothly through the mini plug. In mini plug 64, the path of the fluid flow may be 

tortuous due to the sandstone regions being thinner at one end of the mini plug. 

Similarly, the thin and tortuous sandstone layers in core plug 64 resulted in poor fluid 

transmissibility through the sandstone. These findings emphasize the potential impact of 

the connectivity and continuity of the sandstone regions in the mini plug and core plug 

scale that can affect effective flow properties at different scales. We discussed the impact 

of multi-scale heterogeneity on the permeability of Sample 64 in section 8.2.3. 
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Figure 8.13:  We show mini plug 64(left) relative to its original location in the core plug 

64 (right). Large sections of the mini-plugs are made up of sandstone. 
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Figure 8.14: Registration of the mini plug to its original location on core plug 64. We 

observed that sandstone dominates a significant amount of the core plug. 

 

Figure 8.15:  The left image is the greyscale tomogram of mini plug 64, while the right 

image is a corresponding Drishti rendering of the sandstone phase. We observed that the 

sandstone has good connectivity and spans the mini plug in the axial direction but thins 

out at the bottom. 
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Figure 8.16: Rendered sandstone layers in core plug 64 using Drishti visualization 

software with the rendered mini plug 64 to the right for comparison. The green sandstone 

layer inside the red circle in core plug 64 is the general area from which we extracted 

mini plug 64. 

8.1.1.4.2 3D to 3D Registration of Mini Plug 148 

We initially identified similar features are on both the mini plug and core plug datasets 

(Figure 8.17). The coordinates of three similar features on both datasets are recorded and 

used in the Registration Transform to align both the datasets. We completed the alignment 

using a 3D to 3D Image Registration, which transforms the resolution of the mini plug 

dataset to the resolution of the core plug (16 micron/voxel). When we opened the resultant 

mini-plug dataset concurrently with the core plug dataset, we positioned the mini plug 

within its original position in the core plug (Figure 8.18 and 8.19). 
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Figure 8.17: We identified Similar features in the mini plug and core plug datasets (in 

red circles) for ‘3D to 3D’ Image registration process. 

8.1.1.4.2.1 Discussion  

We see in Figures 8.18 and 8.19 that Mini plug 148 is dominated by sandstone, which 

shows we extracted the mini plug from the sandstone region of core plug 148. These 

images indicate a high degree of homogeneity in mini plug 148. Despite the homogeneity, 

the calculated mini-plug permeability is higher than the measured core plug permeability 

at 812 mD versus 394 mD, respectively. This discrepancy indicates that there is a 

difference in terms of heterogeneity at the mini plug and core plug scale that resulted in 

permeability difference at the core plug and mini plug scale. We discussed the impact of 

the heterogeneity in core plug 148 in section 8.3.1. 

To sum up, the 3D-to-3D volume registration technique used on samples 64 and 148 

is a useful image analysis method to view the smaller samples, such as mini-plugs relative 

to a larger core plug from which they were extracted. The registered volume of the mini 

Mini Plug dataset 2.74 micron/voxel Core Plug dataset 16 micron/voxel 
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plug to the core plug allows us to compare the heterogeneity difference between the two-

volume sizes. We used this method in analyzing core plug 64, where which has significant 

multi-scale heterogeneities that caused large permeabilities difference at the core plug 

and mini plug scales, as discussed in section 8.2.3. 

 

Figure 8.18: Mini plug 148(left) and its location on core plug 148 after 3D to 3D Image 

Registration. The mini plug is generally sandstone dominated. There is a significant 

presence of carbonate minerals, as indicated in the image. 
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Figure 8.19: Approximated location of mini plug 148 in relative to the volume of core 

plug 148. We noted there is a white high attenuation region that consists of carbonates 

that have different permeability compared to the rest of the sandstone region or act a 

barrier to flow, resulting in lower effective permeability of the core plug. 

8.1.1.5 Spanning Cluster Analysis 
 

Sandstone connectivity is an important aspect when evaluating the reservoir potential 

of heterogeneous rocks. In this section, a spanning cluster filter was applied on the dataset 

of the five core plugs. Core plug 64 and 245 are mud dominated heterolithic rocks and 

contain thin sandstone layers that can be segmented. Meanwhile, in core plug 127,148 

and 210, the main interests are the carbonate phase, which is the dominant phase after 

sandstone. The MANGO filter eliminates non-connected sandstones and carbonate 

phases in the axial or z-direction.  The connectivity in the z-direction is of interest as it is 

the axial direction of the cylindrical core plugs used. Core plug permeability was 

measured by injecting fluid through the axial direction of the core plug. We also identify 
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connected and continuous sandstone from the 3D images by computing the amount of the 

sandstone phases that are connected through the z-direction by calculating the volume 

fraction of the sandstone phase before and after that application of the spanning cluster 

filter (Table 8.6). The differences represent the amount of non-connected sandstone 

phases in the axial direction. 

Table 8.6: Sand phase volume fraction before and after the application of Spanning 

Cluster (SC) filter on core plug 64 and 245 dataset. We visualized the segmented 

sandstone layers core plug 64 and 245 using Drishti (refer to Section 8.1.1.6). In core plug 

127, 148 and 210, the carbonate phase is the highest occurrence phase after sandstone and 

are segmented and visualized using Drishti (refer to Section 8.3.4. 

Core 
Plug 

Original Sand 
Pay of core 
plug volume 

(%) 

Sand 
Pay 

after SC 
(%) 

Carbonate 
after SC 

(%) 

Sand Pay 
Difference 

after SC (%) 

% of sand 
that spans z-

direction 

64 17.54 15.19 N/A -13.4 86.6 

127 81.60 81.21 16.00 -0.48 99.5 

148 83.14 83.11 15.80 -0.04 99.9 

210 93.89 93.88 11.00 -0.01 99.9 
245 19.85 17.94 N/A -9.62 90.3 

 

In summary, the volume fraction of the sandstone phase for core plug 64 and 245 are 

reduced by 9.6% and 13.4% respectively after the filter is applied as sand phases that do 

not span in the z-direction are removed as illustrated in Figure 8.20 and Figure 8.21 for 

core plug 64 and 245 respectively. On the other hand, most of the sandstone phase in core 

plug 127, 148, and 210 remain relatively unchanged as the sandstone in these core plugs 

is mostly connected.  However, we noted that we might have underestimated the fraction 

of the sandstone in Table 8.6 as the consolidated sandstone phases may be disconnected 

because they were within the boundary of the core plug. 



   

197 

 

In core plug 64, sandstone makes up 15.19% of the core plug volume, and 86.6% of 

the sandstone phase in core plug 64 spans the z-direction. These numbers are a good 

indication that the sandstone layers core plug 64 has good lateral connectivity. This 

connected sandstone in heterolithic rocks represent potentially additional net sand pay 

and hydrocarbon reserves heterolithic deposits. However, we should verify the reservoir 

potential of the additional net sand pay with additional reservoir properties. These 

additional petrophysical properties include irreducible water saturation, relative 

permeability, and capillary pressure. These additional properties are essential for 

forecasting hydrocarbon reserves and production accurately. 

Meanwhile, core plug 245, which has a sand volume fraction of 17.94%, with 90% of 

its sand pay connected in the z-direction, which slightly higher than in core plug 64. The 

sand phases (red phase) in Figure 8.21 are connected in the z-direction. The images show 

that the sand phases in core plug 245 are thinner and narrower than the sand phases in 

core plug 64 and based on the very low core plug and mini plug permeability at 0.9 mD 

and 13 mD, respectively. These low permeability numbers suggest that the sandstone in 

core plug 245 is poorly connected, possibly due to the effects of bioturbation that 

reworked the sandstone layers. Discussion of the permeability results for core plug and 

mini plug 245 and their relationship to the connectivity of the thin sandstone layers were 

discussed in section 8.2.5. We show the spanning cluster images for core plug 148, 127, 

and 210 in section 8.2.1, 8.2.2. and 8.2.4, and their impact on core plug permeability are 

discussed. 
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Figure 8.20: Original Image of core plug 64. B: Image of core plug 64 after application 

of Spanning Cluster filter. C: Diagram showing direction relative to core plug. The 

Spanning Cluster is applied in the z-direction. The black phase is sandstone, while the 

green phase is predominantly mudstone. 
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Figure 8.21: Original Image of core plug 245. B: Image of core plug 64 after application 

of Spanning Cluster filter. C: Diagram showing direction relative to core plug. The 

Spanning Cluster is applied in the z-direction. The black phase is sandstone, while the 

green phase is predominantly mudstone. 
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8.1.1.6 3D Volume Visualization 
 

This thesis used the Drishti 3D Volume Visualization to visualize and explore 

volumetric 3D datasets for quantitative and qualitative analysis. Drishti was used to 

render the 3D volume datasets of some core plugs to render sand beddings or minerals 

such as carbonates, which prevalent in the sandstone core plugs. The 3D visualizations 

allow the understanding of the connectivity of sandstone beddings in heterolithic core 

plugs and the impact of the geometry of carbonate minerals on the permeability in the 

sandstone core plugs. 

3D volume view of the XMCT datasets provides information on the connectivity and 

continuity of the sandstone phases in the heterogeneous core plugs. The connectivity of 

the sandstone determines the ability of the sandstone phase to transmit fluid in the 

reservoir. The 2D images we show in the previous sections are useful but cannot provide 

information on the connectivity and continuity of the sandstone layers. 

Before we rendered the 3D datasets of the core plugs, we initially segmented the 

datasets into the mudstone, carbonate, and sandstone phases. Spanning cluster filter was 

applied to these datasets to eliminate unconnected phases in the axial direction 

The imported the segmented datasets into Drishti Import and recompiled it in a format 

that can read by Drishti. In Drishti, the mudstone or sandstone phases were made 

transparent, leaving only the sandstone phase or carbonate phase within the core plug 

visible. The rendered 3D image of phases of interest of each of the five core plugs is 

shown in Figure 8.22 to Figure 8.26. 

We visualized the 3D datasets of the five core plugs using the Drishti software to 

characterize the geometry of the sandstone phase in core plug 64 and 245 and the 
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carbonate minerals in core plug 127,148 and 210. The geometry of the two phases, such 

as the thickness, shape, connectivity, and continuity, are parameters that have varying 

impact on permeability at different scales and were discussed in section 8.3 for each 

sample. 
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8.1.1.6.1 Core Plug 64 

 

Figure 8.22: 3D volume images of core plug 64, showing two sandstone layers within 

the core plug. The red phase represents a very thin upper sand layer that is about 1 mm 

thick while the lower green phase layers consist of several 1 mm to 5 mm sandstone layers 

connected. The different colors of the sand layers indicate that they are not connected. 
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8.1.1.6.2 Core Plug 127 

 

Figure 8.23: 3D volume images of core plug 127 showing the segmented carbonate 

laminates that could potentially block fluid flow.  
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8.1.1.6.3 Core Plug 148 

 

Figure 8.24: 3D volume images of core plug 148 that shows the segmented calcium 

carbonate that makes up 16% of the core plug volume. The calcium carbonate is a large 

grain that potentially blocks fluid flow that resulted in lower RCA measured permeability.  
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8.1.1.6.4 Core Plug 210 

 

Figure 8.25:  3D volume images of Core Plug 210 showing thin carbonate laminates 

within the core plug. 
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8.1.1.6.5 Core Plug 245 

 

Figure 8.26:  3D Volume images of Core Plug 245, showing the sandstone phases. The 

bioturbated sandstone layers consist of very thin sheets that are poorly connected.  
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8.1.2 Computed Porosity and Permeability 

The results in Table 8.7 show the computed porosity and permeability of each mini 

plug. The computed porosities in all the mini-plugs show some high degree of consistency 

with the core plug porosity measured using Routine Core Analysis which. This good 

correlation between computed and experimental results for porosity and other 

petrophysical properties has been demonstrated by previous studies where numerical 

measurements of flow properties and rock fabric and textures using DCA are comparable 

to experimental results on the same core material (Knackstedt et al., 2005; Knackstedt et 

al., 2007; Øren et al., 2006). We attributed this reliable porosity computation to the ability 

of XMCT imaging ability to resolve many of the flow limiting microstructures. However, 

there are issues or limitations in the calculated porosity, which is observed to be lower 

than the experimental results. Firstly, the segmentation process that separates the pores 

from the grains is subjective due to human error, which may result in underestimated 

porosity. Secondly, XMCT imaging is still unable to completely resolve some of the 

micro-structures, especially in the nano-metre scale, such as micropores. Therefore, we 

compared the computed permeability to the measured experimental results such as 

Routine Core Analysis and Special Core Analysis for validation. We discussed the RCA 

and DCA results of the five samples in section 8.2, Chapter 8. 
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Table 8.7: Phase volume fraction calculated after the segmentation process using the 

digital core analysis software, MANGO, and MORPHY permeability results for 300 

voxels3 and 400 voxels3 sub-volume sizes. The Routine Core Analysis represents the core 

plug while the DCA results represent the mini-plugs  

Mini 
Plug 

Routine Core 
Analysis 

Phase Segmentation using DCA 

Φ (%) k (mD) 
Pore 
(%) 

Intermediate 
Phase (%) 

300 voxels3 

(mD) 

400 voxels3 
(mD) 

64 18.9 35.98 17.8 2.9 894 945 

127 28.0 633 25.4 3.09 1358 1384 

148 27.0 394 26.7 3..67 2106 2102 

210 28.0 287 25.2 4.84 251 239 

245 15.7 0.9 15.0 7.% 64.7 13.6 

 

8.1.3 NER Permeameter Measurements 

Figure 8.27 to Figure 8.36 below shows the permeability map of the five core plugs, 

and Table 8.8 below compares the measured surface permeabilities of the core plug and 

the computed permeabilities of the mini plug. Each core plug consists of two permeability 

maps (A and B) representing one half of the core plug, which we cut in two halves. The  

The NER permeameter gas probe has a diameter of 4 mm and measures at an interval 

of 1mm, which is similar to the length scale of the volume sizes of the mini plug datasets 

used by MORPHY (refer to section 8.2.3) to compute permeability. Hence, we used the 

permeameter results to validate the computed results. Also, the NER results provide 

permeability data of phases that are not included in the mini-plugs used in this thesis. For 
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example, the permeameter provided the permeability data for carbonate (below 100 mD) 

in core plug 148 because mini plug 148 does not sample any carbonate, and all the high 

computed permeabilities represent sandstone. The surface permeabilities provide a large 

amount of data that we used to determine if the permeabilities of the sandstone, mudstone, 

and carbonate in different core plugs are statistically similar. We will discuss the 

comparison between the surface permeabilities and the computed permeabilities and their 

significance for each sample in section 8.2  
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Table 8.8: Comparison between computed permeabilities of the mini-plugs using digital 

core analysis (MORPHY and the measured surface permeabilities (NER permeability gas 

probe) of the core plugs. The compute computed permeabilities are of the 300 voxels3 

sub-volumes. 

  

Sample 64 127 148 210 245 

Methods DCA NER DCA NER DCA NER DCA NER DCA NER 

Average 
(mD) 

894.2 228.9 1357.9 1145.5 811.8 820.9 251.4 391.9 64.7 20.0 

Max. 
(mD) 

2300 725.6 2743.7 1994.9 1285.3 1730.8 536.4 685.6 640.8 107.0 

Min. 
(mD) 

2.4 7.5 54.9 86.7 168.8 106.8 31.2 117.3 0.1 1.3 

Standard. 
Deviation 

(mD) 
879.4 149.02 626.6 482.2 276.7 312.3 120.0 125.0 136.8 22.6 
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8.1.3.1 Core Plug 64 

Core Plug 64, Side A 

 

Figure 8.27: Permeability map of core plug 64, side A. 
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Core Plug 64, Side B 

 

Figure 8.28: Permeability map of core plug 64, side B. 
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8.1.3.2 Core Plug 127 

Core Plug 127, Side A 

 

Figure 8.29: Permeability map of core plug 127, side A. 
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Core Plug 127, Side B 

 

Figure 8.30: Permeability map of core plug 127, side B. 
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8.1.3.3 Core Plug 148 

Core Plug 148, Side A 

 

Figure 8.31: Permeability map of core plug 148, side A. 
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Core Plug 148, Side B 

 

Figure 8.32: Permeability map of core plug 148, side B. 

  

<1 mD <1-100 mD >100 mD 

Sandstone 

Carbonate 



   

217 

 

8.1.3.4 Core Plug 210 

Core Plug 210, Side A 

 

Figure 8.33: Permeability map of core plug 210, side A. 
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Core Plug 210, Side B 

 

Figure 8.34: Permeability map of core plug 210, side B. 
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8.1.3.5 Core Plug 245 

Core Plug 245, Side A 

 

Figure 8.35: Permeability map of core plug 245, side A. 
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Core Plug 245, Side B 

 

Figure 8.36: Permeability map of core plug 245, side B. 
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8.2 Summary and Discussion of Results by Sample 

This section provides a detailed overview of the results of each of the five samples that 

used the XMCT imaging Analysis, Digital Core Analysis, and NER permeameter 

methods. We present porosity and permeability results for each sample using these 

methods. Other results include 3D volume images of the core plugs and mini plugs 

rendered using the Drishti 3D visualization software, and NER generated permeability 

maps of the surfaces of the core plugs. Also, we discuss the porosity and permeability 

results at the mini plug and core plug scale for each sample and their correlation with the 

effects of heterogeneity observed in each sample at core plugs and mini plug scale. Also, 

we compare the computed permeability results to the permeameter and experimental core 

analysis results to discuss the similarities and differences between these results with 

regards to multi-scale heterogeneity and connectivity and continuity of the sandstone 

layers. 
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8.2.1 Sample 148: Laminated Sandstone 

Core Plug 148 is essential as PETRONAS identified it as part of the main reservoir 

unit and primary reservoir rock. The core plug in Figure 8.37 consists mostly of fine-grain 

sandstone with a median grain diameter of 92 µm (section 8.1.1.2) with some carbonate 

mineral grains, which are reported as common occurrences in sandstone in the reservoir.  

 

Figure 8.37: A view of core plug 148 and the core slab that indicates light-colored 

sandstone. 

8.2.1.1 Segmentation and 3D visualization of Sample 148 

The XMCT image of the core plug in Figure 8.38 has sufficient resolution to 

distinguish sandstone from the mudstone and the carbonate minerals. Core plug 148 

mainly consists of sandstone and carbonate mineral, as shown in Figures 8.39 and 8.40. 

The carbonate phase has a higher attenuation to x-ray than sandstone and appears brighter 

in the greyscale images. Based on the segmented dataset of core plug 148, we viewed the 
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geometry, such as the shape, thickness, and connectivity of the calcium within the core 

plug using the Drishti 3D volume visualization software shown in Figures 8.41. 

In Figure 8.43, we segmented the high-resolution images of mini plug 148 into the 

pore, grains, and intermediate phase. We could not segment the intermediate phases, 

which are generally clay phases into either grains or pores. The calculated porosity at 

26.7% is very similar to the measured core plug porosity at 28%.  

Figure 8.41 shows that the carbonate phase occupies 15.8% of the core plug volume 

and acts as a low permeability barrier that reduced the fluid transmissibility and 

permeability in the core plug. 

 

Figure 8.38: Left: Low resolution (16.3 microns/voxel) and Right: High Resolution (3.74 

microns/voxel) tomograms of core plug and mini plug 148, respectively. The bright areas 

represent carbonate minerals. We also indicate the direction of fluid flow through the core 

plug and mini plug. 
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Figure 8.39: Top and Middle Images are greyscaled and segmented images of core plug 

148. The left bottom image is a rendered 3D volume of core plug 148, showing the 

carbonate phase tagged in yellow. The segmented carbonate in core plug 148 occupies 

15.8% of its volume. 
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Figure 8.40: Segmented Images of Mini plug 148. A and C: Original unprocessed 

Greyscale tomogram, B, and D: Segmented tomogram with three-segmented phases (red, 

green, and black). The green intermediate phase is not visible due to their trace amounts 

in mini plug 148. 
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8.2.1.2 Discussion of Permeability Results for Sample 148 

Table 8.9 shows there a substantial similarity between the computed porosity of mini 

plug 148 and the experimental porosity of the core plug 148 at 26.7% and 27%, 

respectively. This similarity indicates that the computed porosity is reliable as the high 

resolution captured many of the flow limiting microstructures. We attributed the lower 

values in the computed porosity to several factors, such as overlooked microporosity due 

to the segmented phases that are very subjective. The experimental porosity of core plug 

148 at 27% validated the computed porosity of mini plug 148, which is 26.7%. 

The permeability results in Table 8.9 also shows that the computed permeabilities at 

811 mD (300 voxels3) and 790 mD (400 voxels3) of mini plug 148 are at least twice higher 

than the experimental core plug 148 permeability at 395 mD. Figure 8.41 shows that the 

permeabilities of the 300 voxels3 and 400 voxels3 sub-volume sizes are similar, as shown. 

This excellent match between the two-volume sizes suggests that the sandstone in mini 

plug 148 is relatively homogeneous at these two sub-volume sizes. Due to the relative 

homogeneity and functional connectivity of the sandstone in mini plug 148, which do not 

contain any mudstone layers or carbonate laminates that can restrict fluid flow, the 

computed permeability of mini plug 148 is higher than the RCA result of core plug 148. 

The RCA measured permeability of core plug 148 is lower than the mini plug due to the 

flow restricting effects of the large carbonate grain shown previously in Figure 8.41 that 

makes up 15.8% of the core plug volume. 
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The NER permeameter’s probe has a diameter at 4mm, which is relatively similar to 

side lengths of the sub-volumes of mini plug 148 at 1.12 mm (300 voxels3) and 1.50 mm 

(400 voxels3) used by MORPHY to compute permeability as shown in Table 8.14. Due 

to the similar millimetre resolution between the two methods, we used the NER results to 

validate the computed results. 

8.2.1.3 Comparison between MORPHY computed permeability and Gas probe 

measured permeability 

In Table 8.11, we show that the average computed permeabilities at 812 mD (300 

voxels3) and 791 mD (400 voxels3) are comparable to the permeameter measured surface 

permeability at 820 mD. We attributed this similarity to the millimetre resolution of the 

NER permeameter and the millimetre length scales of the sub-volumes of the mini-plugs 

(Table 8.10) used by MORPHY to compute permeability. Also, the average surface 

permeabilities in Table 8.9 represent the sandstone, which is the same sandstone dominant 

in mini plug 148, as indicated previously in Figure 8.40. Therefore, the NER permeameter 

results of the sandstone of core plug 148 validated the computed permeabilities of mini 

plug 148. As a result, the histogram in Figure 8.42 shows that the MORPHY computed 

permeabilities of mini plug 148 sub-volumes and permeameter measured surface 

permeabilities of core plug 148 matches very well. Also, the histogram shows that both 

datasets have a similar range and frequencies, which validates the computed results. 
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Table 8.9: Permeability results from MORPHY calculation, Experimental Core Analysis 

Gas Probe measurements for Sample 148 MORPHY results represent the 8 mm diameter 

mini-plug while the Experimental Core Analysis and NER permeameter measurements 

represent the 37mm diameter core plug 148. 

Method 
MORPHY  

(Mini Plug) 

Experimental Core Analysis  

(Core Plug) 

NER   
(Core 
Plug) 

Details 
300 

voxels3 
400 

voxels3 
Klinkenberg 
Horizontal 

 

Air 
Horizontal 

 

Routine 
Core 

Analysis 

Gas 
probe 

Average 
811.8 
mD 

790.7 
mD 

414.7 mD 420.3 mD 395 mD 820.9 
mD 

Maximum 
1285.3 

mD 
1163.3 

mD 
474.0 mD 480.0 mD N/A 1730.8 

mD 

Minimum 
168.8 
mD 

259.0 
mD 

332.0 mD 337.0 mD N/A 106.8 
mD 

Standard 
Deviation 

276.7 
mD 

258.0 
mD 

53.7 mD 54.2 mD N/A 312.3 
mD 

 

Table 8.10: Comparison between the two sub-volumes sizes used in MORPHY to 

calculate the permeability in mini plug 148. 

Edge Length in 
voxels 

Resolution in voxel 
per mm 

Side Length in 
mm 

Cubic Volume in 
mm3 

300 0.00374 1.122 1.41 

400 0.00374 1.496 3.35 
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Figure 8.41: Sample 148:Permeability versus Porosity graph of Routine Core (RCA), 

Special Core Analysis (SCAL), and MORPHY (for 300 voxels and 400 voxels sub-

volumes). The Klinkenberg horizontal permeability and horizontal air permeability are 

the experimental Special Core Analysis results. 
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Figure 8.42: Sample 148: Histogram of Permeability results from using MORPHY and 

the NER Permeability Gas Probe and the 3-D image of the carbonate (bottom left) and 

the XMCT image (bottom right) with the dashed red and blue lines correlated to the 

histogram indicating the sandstone dominated matrix and carbonate permeabilities.  
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8.2.1.4 Conclusion 

The computed high permeabilities in mini plug 148 suggest that the mini plug 

represents relatively clean and homogeneous sandstone in core plug 148. We attributed 

the significant permeability difference between the mini plug and core plug scale to the 

heterogeneity difference at the mini plug and core plug scale. Core plug 148 contains a 

large carbonate grain with low permeability (below 100 mD) that restricts fluid flow and 

reduces the permeability of core plug 148 to 395 mD. On the other hand, mini plug 148 

mainly consists of homogeneous sandstone shown previously in Figures 8.41. As a result, 

the averaged computed permeability of the mini plug is higher at between 790 mD and 

812 mD, which is twice the value of experimentally measured permeability of core plug 

148 at 395 mD. The permeability map of core plug 148 in Figure 8.43 shows the carbonate 

and sandstone on the surface of core plug 148. It shows the significant permeability 

contrast between the permeable sandstone and the less permeability carbonate phase. The 

permeability map of core plug 148 validates that the carbonate has lower permeability 

(below 100 mD) relative to the sandstone phase, which is consistent with the results of 

the histogram shown previously in Figure 8.42. The NER permeameter is instrumental in 

providing the carbonate permeability data since mini plug 148 did not sample any 

carbonate.  

We used the permeameter results to validate the computed results due to the notable 

similarity between the computed permeabilities and the NER generated permeabilities, as 

shown previously in Figure 8.42. The NER permeameter has a measuring tip with a width 

of 4 mm, which is similar to the edge lengths of the sub-volumes of mini plug 148, which 

are at 1.12 mm and 1.41 mm shown previously in Table 8.10. Also, the permeameter 

measures permeability at an interval of 1mm on the surface of the core plug, providing a 



   

232 

 

large amount of data points that are useful for statistical analysis for comparison to the 

computed permeabilities, as shown in the histogram in Figure 8.42. Due to the millimetre 

scale resolution of the NER permeameter measurement, the measured surface 

permeabilities validated computed permeabilities as both results show a good match, as 

shown previously in the histogram Figure 8.42. The surface and computed permeabilities 

also validated the permeability range of the sandstone, which is between 790 mD and 820 

mD. Besides, the permeameter results provided the surface permeability data of carbonate 

on the core plug’s surfaces that we did not sample in mini plug 148. There were no signs 

of carbonate in mini plug 148 (Figures 8.41). Therefore we used NER permeameter to 

measure the permeability of the carbonate on the surface of the core plug 148 in Figure 

8.43, which we show is below 100 mD. The NER permeability map also shows significant 

permeability contrast between the high permeability sandstone regions (red regions, 

above 100 mD) and the low permeability carbonate regions (green and blue regions, 

below 100 mD). These results show that the permeability of core plug 148 is lower due 

to the lower permeability values of the carbonate, which can act as a barrier to fluid flow. 

Also, our results shown previously in Table 8.9 show that the average permeability of the 

reservoir sandstone in core plug 148 is at least twice higher than the measured core plug 

permeability. The computed permeability of mini plug 148 is a more accurate value for 

the sandstone in core plug 148 as the mini plug is homogeneous sandstone. 
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Figure 8.43: Permeability map on the surface of the core plug 148 from the NER 

Permeability Gas Probe. The blue areas are low permeability carbonate regions. 

The results for core plug and mini plug 148 are pertinent to this thesis as they showcase 

the challenges in evaluating porosity and permeability of sandstone due to the impact of 

multi-scale heterogeneity on permeability at different length scales and volume sizes. The 

results from MORPHY, while indicating highly permeable sub-volumes in mini plug 148, 

should consider the effects of heterogeneity on permeability at a larger scale. XMCT 

imaging shows mitigating flow carbonate in core plug 148 that causes lower core plug 

permeability compared to mini plug 148. XMCT imaging and DCA allow us to compute 

the permeability of smaller and homogeneous sandstone mini-plugs from core plug 148 

that is more accurate and representative of the sandstone in core plug 148. As 

heterogeneity affects permeability at different scales, investigating a suitable 

Representative Elementary Volume for sandstone is essential to accurately determine 

effective flow properties for use in the reservoir model. We can use XMCT imaging, and 
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DCA computes the permeability of samples smaller than a standard core plug to sample 

and compute permeability of different rock types within a heterogeneous core plug.  

8.2.2 Sample 127: Laminated Sandstone 

Core plug 127 is a laminated sandstone core plug similar to core plug 148. We 

extracted the core plug from a 40 cm thick sand dominated bed between mudstone 

dominated beds (Figure 8.44). Core plug 127 look relatively homogeneous with no signs 

of bioturbation (traces of plants and animal movements) on the exterior of the core plug 

and core slab. Sample 127 and 148 are only six meters apart. There it is likely that the 

sandstone in these two core plugs is a similar 3D Volume rendering of sample 127 in 

Figure 8.46, indicate the significant presence of thin carbonate laminates in its interior. 

 

Figure 8.44: A view of the core (left) indicating distinct layers of dark colored mudstone 

and light-colored sandstone and core plug 127 (right). 
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8.2.2.1 Segmentation and 3D visualization of Sample 127 

Similar to core plug 148, Figures 8.45 and 8.46 show there is a significant presence of 

carbonate minerals in core plug 127. However, unlike in core plug 148, where the 

carbonate is a large single grain, the carbonate minerals in core plug 127 are in the form 

of thin laminates (or ribbons). Similar to core plug 148, these low permeability carbonate 

minerals acted as a barrier to fluid flow and reduced the permeability of core plug 127. 

Similarly, Figure 8.47 shows that mini plug 127 is mostly homogeneous sandstone. 

However, there are small parts of the mini plug include some thin carbonate laminates 

that can potentially restrict fluid flow.  

Figure 8.46 is a 3D visualization of core plug 127 that shows the presence of extensive 

carbonate laminates (or ribbons) throughout the core plug. The carbonate laminates are 

very thin, generally well connected, and occupy approximately 16% of the core plug 

volume. There is a notable tubular structure that suggests traces of fossils within the core 

plug; however, we cannot yet verify this without destroying the core plug for further 

analysis for fossil identification. The carbonates are almost impermeable (below 100 mD) 

and can act as baffles to fluid flow. 
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Figure 8.45: Left: Low-resolution image (37 microns/voxel) of core plug 127 and Right: 

High-Resolution image (3.76 microns/voxel) tomograms of mini plug 127. The location 

of the mini-plug relative to the core plug is only an approximation. 
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Figure 8.46: Top and Middle Images are greyscaled images and segmented images of 

core plug 127. The left bottom left image is a rendered 3D volume of core plug 127 

showing the calcium carbonate phase tagged in yellow. The segmented calcium carbonate 

in core plug 127 occupies 16% of its volume.  The fluid was injected in the z-direction in 

the experimental core plug analysis. 

Carbonate 

laminates 

Carbonate 

laminates 

Carbonate 

y 

z 

x 

XY plane 

XZ plane 

Carbonate 

laminates 

Carbonate 

laminates 

Sandstone 

Carbonate 

x 

z 

y 

XY 

Flow direction 

XZ plane 

Flow 

Direction 



   

238 

 

 

Figure 8.47: Images of Mini Plug 127. A and C: Original unprocessed Greyscale 

tomogram, B, and D: Segmented image of mini plug 127. 
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8.2.2.2 Discussion of Permeability Results of Sample 127  

The results in Table 8.11 shows that the computed permeabilities of mini plug 127 at 

1358 mD (300 voxels3) and 1384 mD (400 voxels3) are between 2-3 times higher than the 

experimental permeability of core plug 127 at 633 mD. Meanwhile, the averaged NER 

permeameter measured surface permeability is at 1145.5 mD, which is 1.8 times higher 

than the RCA result and is at least 15% lower than the lowest computed permeability at 

1358 mD (300 voxels3) at 1358 mD. Figure 8.48 shows that the computed permeabilities 

at the 300 voxels3 and 400 voxels3 sub-volume sizes are relatively similar, with only a 

1.9% difference. This very good match shows that the sandstone in mini plug 127 is 

relatively homogeneous at these two sub-volume sizes. 

Comparison between sample 127 and 148 are pertinent because both samples are 

laminated sandstone located 6 meters apart. Core plug 148 has a core plug permeability 

at 395 mD, which is 60% lower than core plug 127 at 633 mD. Table 8.11 also shows that 

computed permeabilities of mini plug 148 at 892 mD (300 voxels3) are 34% lower than 

core plug 127 at 1358 mD (300 voxels3). The lower computed permeability for mini plug 

148 compared to mini-plug 127 is attributed to the smaller average grain size of the 

sandstone in mini plug 148 at 92µm, which is 12% lower than the average grain size in 

mini plug 127 at 103µm (refer to previous section 8.1.1.2). Larger average grain sizes 

have a linear correlation with higher permeabilities (Masch et al., 1966). 

While the average permeability of samples 127 and 148 diverged at the mini plug and 

core scale at 812 mD versus 1358 mD respectively, Figure 8.49 shows that the porosity-

to- permeability gradient of mini plug 127 and 148 are similar. This excellent match 

indicates that the sandstone in both mini-plugs has a similar porosity-to-permeability 
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relationship. Similarly observed in core plug 148, the NER permeability map in Figure 

8.51 shows that the carbonate minerals in core plug 127 are also below 100 mD. 

The  NER permeameter gas probe tip has a diameter of 4mm, which is relatively 

similar to side lengths of the sub-volumes of mini plug 127 at 0.85 mm (300 voxels) and 

1.13 mm (400 voxels) used by MORPHY to compute permeability (Table 8.12). Due to 

their similar resolution, we used the permeameter results to validate the computed 

permeabilities due to its similar resolution to the computed results using MORPHY.  

Table 8.11: Permeability results from MORPHY calculation, Experimental Core 

Analysis Gas Probe measurements for Sample 127. MORPHY results represent the 8 mm 

diameter mini-plug while the Experimental Core Analysis and NER gas probe 

measurements represent the 37mm diameter core plug. 

Method 
MORPHY 
(Mini Plug) 

Experimental Core Analysis 
(Core Plug) 

NER (Core 
Plug) 

Details 
300 

voxels3 
400 

voxels3 
Air 

Horizontal 
Routine Core 

Analysis 
Gas probe 

Average 
1357.9 

mD 
1383.8 

mD 
578.6 mD 633 mD 1145.5 mD 

Maximum 
2743.7 

mD 
2431.9 

mD 
633.0 mD N/A 1994.9 mD 

Minimum 54.9 mD 81.8 mD 551.0 mD N/A 86.7 mD 

Standard 
Deviation 

626.6 
mD 

593.8 
mD 

22.9 mD N/A 482.2 mD 

 

Table 8.12: Comparison between the two sub-volumes sizes used in MORPHY to 

calculate the permeability in mini plug 127. 

Edge Length in 
voxels 

Resolution in 
voxel per mm 

Side Length in 
mm 

Cubic Volume in 
mm3 

300 0.00282 0.846 0.61 

400 0.00282 1.128 1.44 
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Figure 8.48: Top Left:  The permeability-porosity graph of computed permeabilities and 

experimental permeabilities of sample 127. Top Right: XMCT image of mini plug 127 

with sandstone and carbonate phase correlated to the graph to the left. Bottom Middle: 

XMCT image of core plug 127. We noted that the carbonate has permeability below 100 

mD which was validated by the surface permeability map of core plug 127 in Figure 8.16 
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Figure 8.49: Permeability versus Porosity for mini plug 127 and 148, indicating that the 

gradient of the sandstone in both mini-plugs is relatively similar. With the low 

permeability data points below 100 mD captured in mini plug 127 representing the 

carbonate mineral. As sample 127 and 148 are only 6 meters apart, the carbonate in 

sample 127 and 148 should be similar. 
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8.2.2.3 Comparison between MORPHY computed permeability and Gas probe 

measured permeability 

The histogram in Figure 8.50 shows the computed permeabilities of mini plug 127, 

and the NER measured surface permeabilities of core plug 127. The histogram shows that 

there is a good match between the histogram profiles of the two datasets, which have 

similar permeability range and frequencies by percentage. The permeabilities below 100 

mD in the histogram Figure 8.50 represent carbonate minerals measured by both digital 

core analysis and the NER permeability gas probe. The carbonate minerals in core plug 

127 and 148 have a similar permeability range that is below 100 mD. 

The permeameter results provide a large number of data points that we compared to 

the computed permeabilities due to similar millimetre scale resolutions used in both 

methods. Permeability map of the surface of core plug 127 generated by the NER 

measurements in Figure 8.51 shows significant permeability contrast between the red 

sandstone regions (above 1000 mD) and the green carbonate regions (below 100 mD). 

The permeability map also shows that the carbonate in sample 127 and 148 are similarly 

below 100 mD, indicating the carbonate and sandstone are constituent rocks in both core 

plugs with similar permeability ranges. The small difference of 15% between the average 

surface permeabilities at 1145 mD versus the computed mini permeability at 1358 mD 

suggests that the computed permeability of mini plug 127 is valid.  
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Figure 8.50: Histogram of Permeability results from using MORPHY and the NER 

Permeability Gas Probe. Images in the bottom are the XMCT images of mini plug 127 

and core plug 127. We correlated the low permeability results on the histogram below 

100 mD to the carbonate minerals in core plug 127. 
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8.2.2.4 Conclusion for Sample 127 

The computed permeability of mini plug 127 at 1358 mD is higher than the RCA 

measured core plug permeability at 633 mD by a factor 2. We attributed the divergence 

between the two-scale to the different levels of heterogeneity at the two-volume sizes. 

Mini plug 127 is more homogeneous than core plug 127 and show similar permeability 

results at the 300 voxels3 and 400 voxels3 sub-volume sizes. Hence it is strongly suggested 

that mini plug 127 represents the relatively homogeneous sandstone in core plug 127. On 

the other hand, Core plug 127 includes 16.7% carbonate laminates that restrict fluid flow, 

resulting in a lower core plug permeability at 633 mD compared to the more homogeneous 

mini plug 127, which is at least 1358 mD. 

Figure 8.50 shows that the NER permeability map of core plug 127 validated the 

computed permeabilities of mini plug 127 as the permeabilities of both results match very 

well. Besides, the NER permeameter results in sample 127, and 148 verify that the 

carbonate minerals are below 100 mD. These results show that the constituent rocks in 

both samples, sandstone (above 100 mD) and carbonate (below 100 mD), can be 

distinguished based on their distinct permeability ranges and limits. 
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Figure 8.51: Top image: Permeability map on the surface of the core plug 127 from the 

NER permeameter. The red regions are high permeability sandstone, while the green, 

yellow and blue regions are carbonate minerals with permeability below 1000 mD. 

Bottom image: XMCT image of core plug 127 with carbonate laminated correlated to the 

low permeability regions on the permeability map. 
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geometry of the carbonate minerals. However, we believe that the geometry, orientation, 

and positioning of the carbonate laminates could affect permeability in a different 

direction, which we could consider for future work. 

Table 8.13 shows a significant difference between the RCA and computed 

permeabilities between Samples 127 and 148, despite both samples categorized as 

laminated sandstone with 15% to 17% carbonate minerals. The carbonate in core plug 

148 is a large thick carbonate grain that reduced the axial (z-direction) cross-section of 

core plug 148 and restricts fluid flow. This restriction most likely causes lower 

permeability of core plug 148 at 395 mD, which is 106% lower than the average computed 

permeability of mini plug 148 at 812 mD (300 voxels3). Similarly, despite the carbonate 

in core plug 127 taking the form of thin laminates, its core plug permeability at 633 mD 

is 114% lower than computed core plug permeability at 1358 mD. The permeability of 

both samples reduces by the same factor between mini and core plug volumes sizes, 

although the carbonate in both samples has different shapes and geometry. This result 

seems to suggest that carbonate may not be the leading factor that causes permeability 

difference between sample 127 and 148. The carbonate minerals only affect the 

permeability difference between the core plug and mini plug of both samples, which 

shows the effect of heterogeneity on permeability at different volume sizes. 

Also, Table 8.13 shows that the median grain size in mini plug 127 is 11 µm bigger 

than mini plug 148. The table shows the permeability ratio of sample 127 to 148 (or 

127/148) are similar at 1.6 for RCA permeability and 1.52 (300 voxels3 ) and 1.74(400 

voxels3) for computed permeabilities. This strong correlation verifies that the median 

grain size is a leading factor in the permeability difference sample 127 and 148. Sample 
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127 has a higher RCA and computed permeabilities because of its larger median grain 

size than sample 148. 

To sum up, the permeability difference observed at the mini plug, and core plug scale 

of Sample 127 and 148 are strongly correlated to the carbonate minerals within the core 

plugs that resulted in lower core plug permeabilities compared to their mini plugs. 

However, the shape of the carbonate minerals is not the leading factor in the permeability 

difference between sample 127 and 148. Instead, we show that the permeability difference 

between Sample 127 and 148 are strongly correlated to the median grain size of the 

sandstone in the two samples. 

Table 8.13: Measured and computed permeability of core plug 127 and 148. The RCA 

permeability of core plug 127 is 61% higher than the core plug 148. Inversely, the 

computed permeability of mini plug 148 is 55% higher than mini plug 127.  

Mini 
Plug 

Routine 
Core 

Analysis 
Phase Segmentation using DCA 

Φ 
(%) 

k 
(mD) 

Pore 
(%) 

Intermediate 
Phase (%) 

Carbonate 
(% of core 

plug 
volume) 

k_300 
voxels3 

(mD) 

k_400 
voxels3 
(mD) 

Median 
Grain 

Diameter 
(µm) 

127 29 633 25.4 3.09 15.8 1358 1384 103 

148 28.0 395 26.7 3.67 16.0 892 791 92 

127/148 - 1.60 N/A N/A- N/A 1.52 1.74 1.13 
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8.2.3 Sample 64: Muddy Heterolithic 

Sample 64 is a muddy heterolithic rock type, which we considered as a non-reservoir 

rock due to a high mud content of at least 50%. Also, the high content of mud and 

laminated structure resulted in low resistivity reactions in the well logs, suggesting high 

water saturation, which is not accurate. Core plug 64 is of significant interest as 

heterolithic rocks make up 60% of the interval in well X-4 from which core plug 64 

originated. Heterolithic deposits in other reservoirs the same basin as ‘Well X-4’ has been 

shown to produce a considerable amount of hydrocarbon despite interpreted high water 

saturation and can potentially contain tens of millions of barrels of hydrocarbon 

(Kantaatmadja et al., 2014). However, the effective flow properties in heterolithic 

intervals cannot be determined accurately from the well logs due to resolution limits that 

cannot resolve thin beds. Overlooked thin sandstone layers can be part of additional net 

sand pay that potentially holds hydrocarbon. Also, experimental core plug data analysis 

is unable to measure the permeability of sandstone layers that is smaller than a standard 

core plug (Passey et al., 2006). 

Figure 8.52 shows that externally, core plug 64 consists of alternating layers of 

sandstone and mudstone with the darker coloured mudstone r dominating most of the core 

plug external surfaces. We estimated that sandstone makes up a significant part of the 

core plug volume; however, quantifying the fraction of the sandstone is difficult. 3D 

images in Figure 8.56 also shows the significant presence of lighter coloured sandstone 

beddings intercalated between mudstone beddings. The average grain size of sediments 

in sample 64 is 72 µm which is the third-largest after Sample 127 (103 µm) and Sample 

148 (92 µm). 
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Figure 8.52: A view of one of the faces of core plug 64 (right), indicating distinct layers 

of dark coloured mudstone and light-coloured sandstone. The numbers in the core slab on 

the left indicate the order of the core plug. The hole on the core plug in the location from 

where we extracted a 6 mm mini-plug. 

8.2.3.1 Segmentation and 3D visualization of Sample 64 

Figures 8.53, 8.54, and 8.55 show we extracted mini plug 64 from a generally sand 

dominated region in core plug 64. Core plug 64 is affected by a high degree of 

heterogeneity with sandstone regions surrounded by a mudstone dominated matrix. 

Besides, the sandstone and mudstone layers are not continuous and are intercalated into 

each other. As a result, mini plug 64 incorporates a significant amount of low permeability 

mudstone. 

In Figure 8.54, we segmented the XMCT dataset of core plug 64 XMCT datasets into 

two-phase, sandstone, and mudstone. The mudstone phase may include other non-

37mm  
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sandstone phases, such as minerals and clay. In Figure 8.54, 3D visualization of the 

sandstone phase in core plug 64 reveals two separate millimetre scale sandstone beddings 

within the mudstone matrix. These sandstone layers occupy 15% of the core plug volume 

and are connected in the axial direction (z-direction in Figure 8.54) of the core plug. This 

notable observation suggests that many of the millimetre-to-centimetre thick sandstone 

layers in some muddy heterolithic deposits are connected and continuous in the lateral 

direction, which is the plane of deposition.  

Figure 8.55 shows the segmented images of mini plug 64, which have a porosity of 

17%, which is 10% lower than the core plug porosity at 18.9%. The slightly lower 

porosity can be attributed to the pore filling mudstone in mini plug 64 that reduced the 

porosity. The small difference is considered acceptable and validated by the calculated 

porosity, which we may have overestimated or underestimated due to the subjective 

nature of the segmentation process. However, the small difference of 10% between the 

computed and RCA results are deemed acceptable. 
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Figure 8.53: Left: High resolution (2.74 microns/voxel) and Right: Low Resolution (16.3 

microns/voxel) tomograms of Sample 64 indicating the location of mini plug 64 in core 

plug 64. 
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Figure 8.54: Top and Middle Images are greyscaled images and segmented images of 

core plug64. The left bottom left image is a rendered 3D volume of core plug 64, showing 

the sandstone phase tagged in red and yellow. The different colours indicate that the sand 

layers are not connected. The segmented sandstone in core plug 64 occupies 15% of its 

volume. 
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Figure 8.55: Images of mini plug 64. Greyscale and segmented images of Mini Plug 64. 

Image A and D: Greyscale. Image B and D: Segmented images of Mini Plug 64. 
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8.2.3.2 Discussion of Permeability Results for Mini Plug 64 

Table 8.14 shows the permeability results from MORPHY, Routine Core Analysis, 

and NER permeability gas probe for Sample 64. There is no reference Klinkenberg 

horizontal and Air Horizontal results for core plug 64 as muddy heterolithic core samples 

represented by core plug 64 were considered non-reservoir and were not selected to 

undergo Special Core Analysis. There is a 50 mD or 6% difference between the 

permeability of the 300 voxels3 and 400 voxels3 side length, which is 894 mD and 944 

mD, respectively. This significant difference between the two sub-volumes sizes not 

observed in samples 127 and 128 is correlated to the higher level of heterogeneity in 

sample plug 64. While we extracted mini plug 64 from a relatively sandstone dominated 

region of the core plug, we see previously in Figure 8.55 that the mini plug still includes 

many mudstones that span the length of the mini plug. As a result, the 300 voxels3 sub-

volumes incorporate more mudstone than the 400 voxels3 sub-volumes, resulting in the 

50 mD between the two sub-volume sizes results. 

Figure 8.56 shows that the sub-volumes in mini plug 64 can be divided into sandstone 

that has the increasing trendline and the flat trendline that represent mudstone. A notable 

result in Figure 8.59 shows that the permeability and porosity of the sandstone sub-

volumes in mini plug 64 matches well with the data points in mini plug 127 and 148. This 

trend suggests that many of the data points in mini plug 64 are part of the thin sandstone 

layers in core plug 64 that are similar to the reservoir sandstone in mini plug 127 and 148 

(Figure 8.59). This similarity validates the presence of overlooked thin permeable 

sandstone layers in heterolithic core plug 64 that has similar permeability-to-porosity 

behavior as the reference reservoir sandstone in core plug 127 and 148. 
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The NER permeameter probe has a diameter of 4mm, which is relatively similar to the 

side lengths of the sub-volumes of mini plug 64 at 0.86 mm (300 voxels) and 1.15 mm 

(400 voxels used by MORPHY to compute permeability as shown in Table 8.15. Due to 

their similar resolution, the NER results validated the computed permeability results. 

Table 8.14: Permeability results from MORPHY calculation, Experimental Core 

Analysis Gas Probe measurements. MORPHY results represent the 6 mm diameter mini-

plug while the Experimental Core Analysis and NER gas probe measurements represent 

the 37mm core plug 

Method 
Digital Core Analysis: 
MORPHY 

Experimental Core 
Analysis 

NER 

Details 300 voxels3 400 voxels3 Routine Core Analysis 
Gas 
probe 

Average 
894.2 mD 944.7 mD 35.98 mD 228.9 

mD 

Maximum 
2297.5 mD 2571.0mD N/A 725.6 

mD 

Minimum 
2.4 mD 7.5 mD N/A 7.5     

mD 

Standard 
Deviation 

879.4 mD 975.3 mD N/A 149.0 
mD 

 

Table 8.15: The two sub-volumes sizes used in MORPHY to calculate the permeability 

in mini plug 64. 

Edge Length in 
voxels 

Resolution in voxel 
per mm 

Side Length in 
mm 

Cubic Volume in 
mm3 

300 0.00287 0.861 0.64 

400 0.00287 1.148 1.51 
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Figure 8.56: The porosity versus permeability of Mini Plug 64 from MORPHY and RCA 

results. The computed permeabilities in mini plug 64 represent the sandstone and 

mudstone in core plug 64. 
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8.2.3.3 Comparison between MORPHY computed permeability and Gas probe 

measured permeability 

The histogram in Figure 8.57 shows the computed permeabilities of mini plug 64, and 

the NER measured surface permeabilities. Also, the histogram shows that the range of the 

measured permeabilities on the surface plug 64 is below 1000 mD at between 10 mD to 

800 mD with an average surface permeability of 229 mD. On the other hand, the 

computed permeability of the sub-volumes in mini plug 64 has a range between 10 mD 

to 2700 mD with no permeability values making up more than 10% of frequency. 

However, many of the permeabilities of the 300 voxels3 and 400 voxels3 sub-volumes are 

above 1000 mD, resulting in higher average computed permeability of mini plug 64 at 

894 mD (300 voxels3) and 944 mD (400 voxels3). These values are at least four times the 

average surface permeability at 229 mD. The average computed permeability at 894 mD 

(300 voxels3) and surface permeability ay 229 mD is at least 26 times and 6 times higher 

compared to the RCA measured core plug permeability at 36 mD. This divergence 

between the three datasets is due to mini-plug 64 has a higher sandstone content by 

volume percentage than the core plug, which is dominated by mudstone. 

Similarly, the computed permeability of mini plug 64 is also higher than the surface 

permeabilities of core plug 64 by 3.9 times due to higher sandstone content samples by 

mini plug 64 compared to core plug 64. The NER permeameter measures the permeability 

of sandstone and mudstone on the surface of core plug 64. The results show that at least 

half of its datapoint at equal to or below 200 mD, resulting in a lower average surface 

permeability compared to the computed permeability of the mini plug, which has a higher 

number sandstone sub-volumes than mudstone sub-volumes.  

 



   

259 

 

 

Figure 8.57: Histogram of Permeability results from using MORPHY and the NER Gas 

Probe. The MORPHY results represent mini plug 64, while the NER results are from core 

plug 64.  

Figure 8.58 shows the permeability map of core plug 64 surfaces. There is a significant 

permeability contrast between the sandstone regions (yellow/red) and the mudstone that 

are below 10 mD (blue). Some areas are between 10 to 100 mD (green), which are the 

intermediate areas between the sandstone and mudstone regions. This intermediate region 

occurs because the NER permeameter averages the permeability of the sandstone and 
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mudstone within these intermediate regions. As a. result of the mudstone, these regions 

are lower than the sandstone but higher than the mudstone. 

 

Figure 8.58: Permeability on the surface of the core plug 64 from the NER Gas Probe. 

The blue/green areas are low permeability mudstone dominated regions that are below 

100 mD while the yellow/orange areas and permeable sandstone regions that are between 

100-1000 mD. 

8.2.3.4 Conclusion for Sample 64. 

3D visualization of core plug 64 shown previously in Figure 8.54 revealed thin 

sandstone layers make up 15 % of the core plug volume. The thin sandstone layers in core 

plug 64 have millimetre scale thickness and seem to be laterally and well-connected and 

continuous. Mini plug 64, which we extracted from these sandstone layers, is 

heterogeneous, consisting of mudstone and sandstone. However, the sandstone to the 

<10mD 10-100 mD 100-1000mD 
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mudstone ratio of mini plug 64 is higher than the core plug 64. As a result, the average 

permeability of the mini plug is dominated by the permeable sandstone phase. Also, the 

average grain size of mini plug 64 is 72 µm which is smaller than the average grain sizes 

in sample 127 (103 µm) and 148 (92 µm). The smaller median grain size of the sandstone 

in core plug 64 is a factor to its lower measured and computed permeability compared to 

sample 127 and 148. 

. Figure 8.59 shows that the permeability-to-porosity gradient of mini plug 64 is similar 

to mini-plug 127 and 148. This excellent match confirmed that the sandstone in sample 

64 is mainly similar to the reference reservoir sandstone in sample 127 and 148. Also, 

this result validated the presence of thin permeable sandstone in heterolithic rocks that 

often overlooked. These thin sandstone layers represent potential additional net sand pay 

and hydrocarbon reserves in heterolithic deposits at the larger reservoir scale. We have 

shown previously the abundance of heterolithic rocks that make up 60% of well X-4 from 

where the samples come. The additional gas produced from well X-4 was most likely 

produced from the connected and continuous sandstone layers within the heterolithic 

intervals. 
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Figure 8.59: Porosity versus Permeability chart of mini plug 64 and mini plug 127 and 

148. The sandstone of the three mini-plugs is statistically consistent with similar porosity-

permeability gradients.  

The average permeameter measured permeabilities of core plug 64 are smaller than 

computed permeabilities at 229 mD compared to at least 894 mD (300 voxels3) for the 

computed results using MORPHY. However, the histogram of the permeabilities of both 
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results shows some good matches within the 20 mD to 600 mD range. Hence, the NER 

permeameter results validate the computed permeabilities of mini plug 64. The 

divergence between the two results is due to many sub-volumes in mini plug 64 having 

permeabilities equal or above 1000 mD while the permeameter measured more mudstone 

than sandstone on the surface of core plug 64.  

Figure 8.60 highlights the challenge of measuring surface permeability in heterogeneous 

rock samples, such as in core plug 64. Heterolithic core plugs contain low permeability 

layers that change the trajectory of injected gas from the NER permeameter. This effect 

causes measured surface permeabilities with high variations compared to homogeneous 

samples such as core plugs 148 and 127. Despite this discrepancy, there is sufficient 

similarity between the computed and mini-permeameter measured results for core plug 

64 that validated the computed results, as shown previously in the histogram in Figure 

8.60. These results show that we can use the NER permeameter to validate the accuracy 

and reliability of the Lattice-Boltzmann solver permeability results we used in this thesis.  
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Figure 8.60: Gas-flow trajectories for (a) homogeneous samples and (b) heterogeneous 

samples. Such structures strongly affect flow geometry by inducing preferential flow, 

which creates issues in determining volume and area represented by surface permeability 

measurements. 
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8.2.4 Sample 210: Sandy Heterolithic 

Sample 210, a sandy heterolithic rock type, is different than sample 127 and 148 

despite being a sandstone dominated sample because of its lower measured and computed 

permeabilities. This sample is located 18 m below sample 148 and was extracted from a 

sandstone region that is sandwiched between two thin mudstone layers (Figure 8.61). The 

sandstone in sample 210 has a smaller median grain diameter at 68 µm compared to core 

plug 127 and 148, which have median grain sizes of 103 µm and 92 µm respectively. 

 

Figure 8.61: A view of core plug 210 and the core slab that indicates light-coloured 

sandstone with interbedded mudstone and siltstone layers. 

8.2.4.1 Segmentation and 3D visualization of Sample 210 

The XMCT images of core plug 210 in Figure 8.62 indicate a sandstone dominated 

core plug sparsely interbedded with very thin carbonate laminates. Core plug 210 was 

segmented into sandstone and carbonate phases in Figure 8.63 and rendered into a 3D 

volume using Drishti. The carbonate in core plug 210 makes up 11% of the total volume 
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of the core plug and consists of very thin laminates (or ribbons) that are at least 1 mm 

thick and concentrated in the middle region of the core plugs as shown in Figure 8.63. 

These thin carbonate laminates are deposited at an angle of about 23 degrees angle in the 

x-direction. The thickness, continuity, and angle of these thin sheets could have an impact 

on the permeability of the core plug and mini plug as previously observed in core plug 

127.  

The segmented images of mini plug 210 in Figure 8.64 has a computed porosity of 

25.2%, which is 10% lower than the RCA measured core plug porosity of 28%. We 

attributed the lower computed porosity to the carbonate laminates in mini plug 210 or 

subjective segmentation process that may have underestimated the porosity. However, 

the computed porosity is acceptable due to the small 10% difference compared to the 

RCA measured porosity of core plug 210.  

 

Figure 8.62: Left: Low-resolution image (37 microns/voxel) and Right: High-Resolution 

image (3.76 microns/voxel) tomograms of Sample 210. The location of the mini-plug 

relative to the core plug is an approximation. 
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Figure 8.63: Top and Middle Images are greyscaled images and segmented images of 

core plug 210. The left bottom left image is a rendered 3D volume of core plug 210, 

showing the calcium carbonate phase tagged in yellow. The segmented calcium carbonate 

in core plug 148 occupies 11% of its volume. 
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Figure 8.64: Image A and C: Greyscale image of Mini Plug 210. Image B and D: 

Segmented images of Mini Plug 210. The sandstone grains in mini plug 210 are very fine 

and well connected with little signs of heterogeneity.  
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8.2.4.2 Discussion of Permeability Results of Sample 210 

Table 8.16 summarises the computed and measured permeability results for sample 

210. Firstly, Figure 8.65 shows that the computed average permeability of mini plug 210 

at 251 mD (300 voxels3) and 239 mD (400 voxels3) are relatively similar to the RCA core 

plug permeability at 287 mD with 12% and 16% differences respectively. The substantial 

similarity between the computed and RCA results suggests that Sample 210 is relatively 

homogeneous at the core plug and mini plug scale.  

Compared to sample 127 and 148, the average core plug and mini plug permeability 

of sample 210 are substantially lower. Core plug 210 permeability at 287 mD sizes is 54% 

lower than core plug 127 (633 mD) and 27% lower than core plug 148 (395 mD) for 300 

voxels3 sub-volume. Meanwhile, the computed permeability at 300 voxels sub-volumes 

of mini plug 210 at 251 mD is 81% lower compared to mini-plug 127 at 1358 mD and 

69% lower compared to mini-plug 148 at 812 mD. This difference can be correlated 

mainly to the smaller median grain diameter of the sandstone in sample 210, which at 36 

mD is at least 2.5 times smaller than the median grain diameter of the sandstone in sample 

127 and 148 at 103 µm and 92 µm respectively. Figure 8.66 shows the impact of median 

grain size differences on the permeability of sample 127, 148, and 210. The figure shows 

that the sandstone in mini-plugs 127 and 148 have significantly larger median grain sizes 

and higher permeability than mini plug 210. This trend shows that grain size is a leading 

factor in the lower permeability of the sandstone in mini plug 210 when compared to 

mini-plugs 127 and 148.  

Despite the presence of 11% carbonate laminates in core plug 210, the thin laminates 

do not seem to cause a significant impact on the permeability of mini plug and core plug 

210. Table 8.16 shows that the computed permeabilities of core plug 210 differ by 12% 
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(300 voxels3) and 16% (400 voxels3) when compared to the RCA measured permeability 

of core plug 210. This relatively small difference suggests that the thin carbonate 

laminates do not affect fluid flow at both scales. Hence permeability is consistent. This 

result also suggests for largely homogeneous sandstone; the RCA results should be a good 

reference. 

The NER permeameter probe diameter at 4mm is relatively similar to side lengths of 

the sub-volumes of mini plug 127 at 1.16 mm (300 voxels3) and 1.55 mm (400 voxels3) 

used by MORPHY to compute permeability as shown in Table 8.17. Due to their similar 

resolution, we used the NER results to validate the computed permeability results of mini 

plug 210.  

Table 8.16: Permeability results from MORPHY calculation, Experimental Core 

Analysis Gas Probe measurements. MORPHY results represent the 8 mm diameter mini-

plug while the Experimental Core Analysis and NER gas probe measurements represent 

the 37mm diameter core plug. 

Method 
MORPHY 
(Mini Plug) 

Experimental Core Analysis 
(Core Plug) 

NER   
(Core 
Plug) 

Details 
300 

voxels3 
400 

voxels3 
Klinkenberg 
Horizontal ( 

 
Air 

Horizontal 
 

Routine 
Core 

Analysis 

NER 
Gas 

probe 

Average 
251.4 
mD 

239.1 
mD 

253.8 mD 254.6 mD 287 mD 391.9 
mD 

Maximum 
536.4 
mD 

493.7 
mD 

262.0 mD 262.0 mD N/A 685.6 
mD 

Minimum 
31.2 
mD 

55.0 
mD 

246 mD 250 mD N/A 117.3 
mD 

Standard 
Deviation 

210.0 
mD 

210.7 
mD 

6.18 mD 5.08 mD N/A 125.0 
mD 
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Table 8.17: Comparison between the two sub-volumes sizes used in MORPHY to 

calculate the permeability in mini plug 210. 

Edge Length in 
voxels 

Resolution in voxel 
per mm 

Side Length in 
mm 

Cubic Volume in 
mm3 

300 0.00387 1.161 1.56 

400 0.00387 1.548 3.71 

    

 

Figure 8.65: Permeability versus Porosity graph of Routine Core (RCA), Special Core 

Analysis (SCAL), and MORPHY (for 300 voxels and 400 voxels sub-volumes). The 

Klinkenberg horizontal permeability and horizontal air permeability are the experimental 
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Special Core Analysis results with a range between 253 mD to 287 mD, while the average 

computed permeabilities range is from 239 mD to 251 mD. 

 

Figure 8.66: The porosity and permeability distribution of mini plug 127, 148, and 210. 

The results show that the permeability datapoints of mini plug 210 are lower than the 

other mini plugs. The grain size in mini plug 210 is smaller than in the other mini-plugs 

by at least 2.5 times that contributed to the lower permeability of mini plug 210. 

8.2.4.3 Comparison between MORPHY computed permeability and Gas probe 

measured permeability 

The histogram in Figure 8.67 shows the computed permeabilities, and the NER 

measured surface permeabilities. The histogram suggests an excellent match between 

both results. However, the average surface permeability at 392 mD is 56% and 64% 

higher than the computed mini-plug permeability at 251 mD (300 voxels3) and 239 mD 

(400 voxels3) respectively. However, the histogram in Figure 8.67 still shows an excellent 

match and similarity between the two results that share similar permeability ranges and 
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frequency. The excellent match and similarity between the surface permeability computed 

permeability, and RCA measured permeability is attributed to the relatively high level of 

homogeneity in sample 210 at the mini plug and core plug scale compared to the other 

samples examined in this thesis. 

The permeability map of core plug 210 in Figure 8.68 shows some contrast between 

the highly permeable red sandstone regions (above 300 mD) and the low permeability 

green regions (below 100 mD), which represent some of the carbonate laminates. We 

noted that carbonate in sample 210 has permeability below 100 mD, similar to the 

carbonate in sample 127 and 148. Our results for sample 127, 148, and 210 show that the 

DCA method and permeameter measurements are useful for differentiating sandstone 

from carbonate, which has distinct permeability ranges.  

In Figure 8.67, the measured surface permeability datapoints on core plug 210 are 

dominated by data points that are above 400 mD with a total frequency of about 70%, 

resulting in a high averaged surface permeability at 409 mD. On the other hand, in mini 

plug 210, less than 30% of its data points are above 400 mD. This lower value occurs 

because the NER permeameter measured the surface permeability over a larger surface 

area. In contrast, the permeability datasets of mini plug 64 are represented by a smaller 

number of sub-volumes. Therefore, the larger surface area of core plug 210 provides more 

permeameter data points compared to the smaller number sub-volumes in mini plug 210 

used by MORPHY to compute permeability. This difference may have resulted in 

statistical bias between the permeability results of MORPHY and the NER permeameter. 
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Figure 8.67: Histogram of Permeability results from using MORPHY and the NER Gas 

Probe of Sample 210. There is some degree inconsistency between the MORPHY 

computed permeabilities and the NER gas probe measured permeabilities though many 

of the NER gas probe results are on the higher side. The NER gas probe averaged 

permeability is at least 60% higher than the averaged computed permeability. 
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Figure 8.68: Permeability on the surface of the core plug 210 from the NER permeameter. 

The blue/green areas are low permeability mudstone dominated regions that are below 

100 mD while the yellow/green/red areas are permeable sandstone regions that are above 

100 mD.  

8.2.4.4 Conclusion for Sample 210 

Sample 210 exhibits consistent permeability at the core plug and mini plug scales, 

which suggests that core plug 210 is a relatively homogeneous sandstone but with a 

smaller median grain size of 36 µm when compared to the other sandstone core plugs 127 

and 148. Also, XMCT imaging and 3D visualization reveal the presence of thin carbonate 

laminates concentrated in the middle of the core plug. Despite the presence of 

heterogeneity, the sandstone in core plug 210 is well connected and continuous, while the 

carbonate laminates location does not seem to restrict fluid flow. This correlation is 

shown by consistent permeability at the mini plug and core plug scale.  
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The computed permeabilities identified two constituent rocks, sandstone and 

carbonate, in sample 210 with distinct permeability ranges. The carbonate in sample 210 

is similar to sample 127 and 148, with its average permeability below 100 mD compared 

to sandstone, which is above 100 mD. 

The smaller permeability of Sample 210 compared to Sample 127 and 148 are 

correlated to its smaller median grain size at 36 µm compared to 103 µm and 92 µm for 

Sample 127 and 148 respectively. Smaller grains sizes result in lower permeability due 

to the linear relationship between these two parameters (Masch et al., 1966). 

Permeameter measured permeabilities from the surfaces of core plug 210 have higher 

average permeability than computed results due to higher frequency of datapoints above 

400 mD at 70% in the NER dataset compared to less than 30% for the computed results 

dataset. However, the histogram of the two results shows a relatively good correlation in 

terms of permeability range and frequency. However, the more substantial amount of 

surface permeability data points higher than 400 mD causes a higher average surface 

permeability due to statistical bias. To reduce this bias, it may be ideal to compute the 

permeability of a volume of rock samples that have a similar number of sub-volumes as 

the number of data points collected by the permeameter. 
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8.2.5 Sample 245: Muddy Heterolithic 

Sample 245 is a muddy heterolithic rock, which is the same type of rock as sample 64. 

However, this sample is 54 meters below sample 64. Figures 8.69 and 8.70 show that core 

plug 245 is dominated by mudstone with little sandstone layers that we can observe on its 

surface. We estimated that that mudstone makes up more than 50% of the core plug 

volume. The thin sandstone and mudstone layers are also not continuous. They are 

intercalated into one another with creates poor contrast between the sandstone and 

mudstone layers, making it difficult to estimate the sand-to-mud ratio. There is also some 

degree of bioturbation observed within the structure of the beddings that altered the 

structure, connectivity, and distribution of the thin sandstone and mudstone layers within 

the core plug. The average grain size in Sample 245 is 23 µm which is the smallest among 

the five samples. 

 

Figure 8.69: A view of core plug 245 and the core slab that indicates dark-coloured 

mudstone with intercalated with thin streaky layers of light-colored sandstone. 
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8.2.5.1 Segmentation and 3D Visualization of Sample 245 

In Figure 8.71, we segmented core plug 245 into mudstone and sandstone, which 

shows that the disconnected sandstone phase makes up 17.94% of the core plug volume, 

which is comparable to the sandstone content in sample 127 and 148 at between 15 and 

16% respectively. The segmented image and 3D visualization of core plug 245 in Figure 

8.71 reveal that the sandstone phase consists of tiny pockets of thin sandstone layers 

within a tight mudstone matrix. These thin sandstone layers in core plug 245 seem to be 

poorly connected and not continuous. In contrast, we observed that the sandstone layers 

in core plug 64 are well connected and continuous. 

Figure 8.72 shows that the segmented image of mini plug 245 has a computed porosity 

of 15%, which matches the RCA core plug porosity at 15%. We attributed this excellent 

match to the uniform distribution of the sandstone and mudstone in core plug 245.  

 

Figure 8.70: Left: Low-resolution image (37 microns/voxel) and Right: High-Resolution 

image (3.76 microns/voxel) tomograms of Sample 245.  
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Figure 8.71: Top and Middle Images are greyscaled images and segmented images of 

core plug 245. The left bottom left image is a rendered 3D volume of core plug 245, 

showing the sandstone phase tagged in yellow. The segmented mudstone in core plug 245 

occupies 17.9% of its volume. 
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Figure 8.72: Greyscale and segmented images of Mini Plug 245. Image A and C: 

Greyscale images. Image B and D: Segmented Image and C. It is noted that pores in mini 

plug 245 are poorly connected and separated by mudstone grains with almost no porosity. 
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8.2.5.2 Discussion of Permeability Results of Sample 245 

Table 8.18 shows the computed permeabilities for mini plug 245 are 64.7 mD (300 

voxels3) and 13.6 mD (400 voxels3) compared to the RCA core plug permeability 0.9 mD. 

We attributed this considerable divergence to a high level of multi-scale heterogeneity in 

sample 245, as different volume sizes of the same sample exhibit different permeabilities. 

As a result, the RCA measured core plug permeability, which is only 0.9 mD is at least 

15 times lower compared to the computed permeability of mini plug 245 at 13.6 mD (300 

voxels3). Most importantly, the computed and measured permeabilities of sample 245 are 

consistently very low (below 100 mD), which suggests that the permeabilities of sample 

245 are generally very low at all length scales and volume sizes.  

In Figure 8.75, a  majority of the permeability data points from MORPHY and NER 

permeameter results in mini plug 245 are below 10 mD, indicating a primarily 

impermeable mudstone matrix. Also, Figure 8.76 shows the permeability-to-porosity data 

points of mini plug 245 do not match with any of the data points of other mini plugs. Only 

three data points in mini plug 245 correlate with the data points in mini plug 210, 

indicating the sandstone in mini plug 245 is very fine-grained. The average grain size in 

Sample 245 is 23 µm, which is only 7 µm higher than Sample 210. Also, both sample 210 

and 245 are 10 meters apart. Hence the sandstone in both samples should be relatively 

similar as they should have the same sediment source. 

The NER permeameter probe has a diameter of 4mm, which is relatively similar to 

side lengths of the sub-volumes of mini plug 127 at 0.85 mm (300 voxels3) and 1.13 mm 

(400 voxels3) used by MORPHY to compute permeability as shown in Table 8.19. Due 

to their similar resolution, we used the NER permeameter results to validate the computed 

permeabilities of mini plug 245. 
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Table 8.18: Permeability results from MORPHY calculation, Experimental Core 

Analysis Gas Probe measurements. MORPHY results represent the 6 mm diameter mini-

plug while the Experimental Core Analysis and NER gas probe measurements represent 

the 37mm diameter core plug. 

Sample 64 
 

MORPHY 
(Mini Plug) 

Experimental Core 
Analysis 

(Core Plug) 

NER (Core 
Plug) 

Details 
300 

voxels3 
400 

voxels3 
Routine Core Analysis Gas probe 

Average 64.7 mD 13.6 mD 0.9 mD 28.4 mD 

Maximum 640.8 mD 332.7 mD N/A 107.0 mD 

Minimum 0.1 mD 1.3 mD N/A 1.9 mD 

Standard 
Deviation 

136.8 mD 53.7 mD N/A 26.7 mD 

 

Table 8.19: Comparison between the two sub-volumes sizes used in MORPHY to 

calculate the permeability in mini plug 245. 

Edge Length in 
voxels 

Resolution in 
voxel per mm 

Side Length in 
mm 

Cubic Volume in 
mm3 

300 0.00282 0.846 0.61 

400 0.00282 1.128 1.44 
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8.2.5.3 Comparison between MORPHY computed permeability and Gas probe 

measured permeability 

The histogram in Figure 8.73 compares the computed permeabilities of mini plug 245, 

to the NER permeameter measured surface permeabilities of core plug 245. The 

histogram shows an excellent match between both datasets. The histogram shows that 

two datasets show that more than 50% of the sub-volumes and the surface permeabilities 

of mini plug and core plug 245, respectively, are below 10 mD. As a result, low 

permeability mudstone dominated the permeability of the mini plug and core plug.  

Figure 8.74 shows the NER permeability map of core plug 245 that illustrates the low 

permeability contrast between the sandstone and mudstone on the surface of the core plug 

245. This low contrast shows that there is a minimal gap between the permeability of the 

sandstone and mudstone in core plug 245. The permeability contrast between the adjacent 

two rock types is the lowers compared to the other core plugs. We attributed this poor 

permeability contrast between the sandstone and mudstone as a result of bioturbation that 

caused mudstone and sandstone to intermix. The intermixing between the sandstone and 

mudstones causes the sandstone to incorporate fine-grain mudstone that caused the 

sandstone to have smaller average grain size and lower permeability than the cleaner 

sandstone in other core plugs. 
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Figure 8.73: Histogram of Permeability results from using MORPHY and the NER Gas 

Probe. There is a reasonable degree of consistency between the two datasets. 
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Figure 8.74: Permeability map of the surfaces of core plug 245 showing permeability 

contrast between sandstone (yellow and red) and the tight mudstone matrix (green and 

blue) 

8.2.5.4 Conclusion for Sample 245 

XMCT imaging and 3D volume visualization of mini plug and core plug 245 indicate 

a heterogeneous rock that is uniformly distributed in core plug 245. Core plug 245 is 

dominated by mudstone with some sparsely disconnected sandstone regions. XMCT 

imaging and 3D visualization show that sandstone makes up 17.9% of the core plug 

volume. However, due to the poor connectivity and continuity of the sandstone in core 

plug 245, its permeability is only 0.9 mD. 

Computed permeabilities of mini plug 245 at the 300 voxels3 and 400 voxels3 are 64.7 

mD and 13.7 mD respectively, which are very low compared to the mini-plugs of from 

<1 mD 1-10 mD 10-20 mD >20 mD 
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the other core plugs. The substantial divergence between two sub-volumes suggests a 

high level of heterogeneity within mini plug 245. The 300 voxels3 sub-volumes most 

likely sampled more sandstone than the 400 voxels3 sub-volumes, which suggests that the 

sandstone in core plug 245 is not uniformly distributed as previously suggested. As a 

result, different length scale and volume sizes have different permeability values. The 

average computed permeabilities of mini plug 245 are at least 15 times larger than the 

RCA measured core plug permeability, which is only 0.9 mD. However, the mini plug 

permeabilities are still too low when benchmarked to the reference reservoir sandstone in 

mini-plugs 64, 127 and 148. As a result, we validated Sample 245 as non-reservoir 

heterolithic rock, which is unlikely to contain any hydrocarbon. 

The NER measured permeabilities shown previously in Figure 8.73 match very well 

with the computed permeabilities. 50% of the permeabilities of both datasets are below 

10 mD. We attribute this low permeability to the impermeable mudstone matrix with 

poorly connected and discontinuous sandstone layers.  

We attributed the poor connectivity and continuity of the sandstone layers in core plug 

245 to a post-deposition disturbance called bioturbation. Bioturbation is caused by the 

movement of living organisms in the sediment, which destroyed the connectivity and 

continuity of the sandstone layers. The destruction of the sandstone layers reduced the 

effective porosity and permeability of the rock (Tonkin et al., 2010)  as fluid cannot flow 

through the poorly connected sandstone phases.  The action of bioturbation also reduces 

the quality of the sandstone by mixing the sandstone, the fine-grained mudstone, and silt, 

which reduces the average grain size, effective porosity, and permeability. Also, 

bioturbated laminated structures in heterolithic beddings in Malaysia where core plug 245 

comes from cause uncertainty in measuring reservoir properties such as permeability 



   

287 

 

accurately across different scale lengths and volume sizes (Ben-Awuah et al., 2015; 

Carney et al., 2008; Heavysege, 2002). 

To sum up, bioturbation destroyed the connectivity of the sandstone layers in poor 

quality heterolithic rocks. It reduced the quality of the sandstone through intermixing with 

mudstone, resulting in bioturbated heterolithic rocks in core plug 245 with poor reservoir 

quality. Also, the tiny average grain sizes in Sample 245 contribute to its very low 

permeability. We can use XMCT imaging to identify non-reservoir rocks in low 

resistivity heterolithic intervals, such as in well X-4. 3D visualization of samples 64 and 

245 differentiates reservoir from non-heterolithic rocks based on the continuity of the 

sandstone layers from the 3D images of sandstone layers in heterolithic rocks. 

8.2.6 Summary and Conclusion 

This section shows that the permeabilities at different scales vary due to the effects of 

multi-scale heterogeneity. Also, we show that median grain size is a leading factor in the 

difference in permeability between samples of similar rock types. Figure 8.75 shows that 

the heterogeneity manifests in the core plug and mini plug of each sample in the form of 

a variety of rocks, minerals and bioturbated structures adjacent to each other.. Core plug 

127 and 148 represent laminated sandstone and sandy heterolithic rock types that consist 

of 15-16% carbonate minerals. The carbonate in core plug 148 is a large thick grain, while 

the carbonate in core plug 127 is thin laminates. The computed permeabilities of the mini 

plug and RCA measured permeability of the core plug of Sample 127 and 148 differ by a 

factor of 1.5 to 1.7, respectively. Despite the different geometries of the carbonates in 

these two samples, the permeability ratio between the core plug and mini plug of both 

samples are remarkably similar. The similar magnitude of reduction suggests that the 

shape and thickness of the carbonates are not a significant factor in the permeability 
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difference between two volume sizes of the two samples. The leading factor that 

contributes to the permeability difference at the core plug and mini plug scale of samples 

127 and 148 is the difference in median grain size. The median grain size of mini plug 

127 is 11 µm larger than mini plug 148 has computed permeabilities that are 52% (300 

voxels3) and 74% (400 voxels3) higher than mini plug 148. 

Also, the results for sample 148 and 127 that represent the same reservoir sandstone 

show that core plug permeability can be affected by overlooked heterogeneity. XMCT 

imaging of core plug 148 shows that carbonate minerals make up 15% of the core plug 

and is the leading factor of its lower measured core plug permeability compared to core 

plug 127. Despite core plug 127’s relative homogeneity, we find a significant difference 

between the computed permeability of mini plug 127 and measured permeability core 

plug 127. This divergence highlights that permeability within core plug 127 may be 

affected by thin carbonate laminates affect fluid flow within the core plug. The 

permeability difference between mini-plugs and core plugs of sample 127 and 148 shows 

the challenges in determining a Representative Elementary Volume (REV) even for 

sandstone due to small scales heterogeneities such as carbonate minerals that affect fluid 

flow. These carbonate minerals also take different shapes that may affect fluid flow 

differently at different volume sizes. XMCT imaging techniques and DCA are useful for 

computing permeability samples smaller than a standard core plug that allows for multi-

scale REV analysis of sandstone and other rock types.  
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Figure 8.75: Permeability vs. Porosity graph for the five core plugs followed by images 

of the core plugs and mini plugs indicating the different levels of heterogeneity that affect 

the measured (RCA) and computed permeabilities(DCA). 
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Meanwhile, sample 210, a relatively homogeneous sandy heterolithic rock, has a 

significantly lower permeability compared to sample 127 and 148 due to its smaller 

average grain size of 36 µm compared to Sample 148 (92 µm) and 127 (103 µm.). Despite 

the presence of thin carbonate laminates, the computed and measured permeabilities of 

mini plug and core plug 210 are similar. The similar permeability at the two-volume sizes 

shows that core plug 210 is mostly homogeneous. 3D visualization suggests that the 

concentration of the thin laminates in the middle of the core plug does not restrict fluid 

flow, which can bypass or flow between the thin carbonate laminates. This finding also 

suggests that the location of carbonate minerals within a volume of rock is a factor in their 

impact on fluid flow.  

Our results show that the low RCA measured and computed permeabilities of sample 

210 compared to sample 127 and 148 are directly correlated to its smaller average grain 

sizes. The result for sample 210 also shows that for largely homogeneous sandstone core 

plug samples, the experimentally measure core plug permeability may be accurate, and 

DCA results may not be necessary. In contrast, core plugs 127, 148, 64, and 245 consists 

of different rock types and minerals. For heterogeneous rocks, we recommend XMCT 

imaging and DCA analysis to characterize the permeabilities of the different rock types 

that make up the heterogeneous core plug. 

In sample 64, the thin sandstone layers in the muddy heterolithic rock have computed 

porosity and permeability similar to the sandstone in sample 127 and 148. This similarity 

validates the presence of thin reservoir sandstone layers in some heterolithic rocks. These 

permeable sandstone layers represent additional hydrocarbon reserves potential in 

heterolithic deposits that cannot be resolved and measured by well logs. In contrast, 3D 

visualization of core plug 245 indicates that thin sandstone layers that are poorly 



   

291 

 

connected and not continuous result in a lower permeability at a wide range of scales. To 

sum up, we can use XMCT imaging and 3D Visualization to resolve and characterize the 

connectivity and continuity of the thin sandstone layers in low net to gross heterolithic 

rocks. Our methods can improve the identification of reservoir heterolithic pay that 

represents additional hydrocarbon reserves in thin-bed and LRLC reservoirs. Well X-4 in 

Malaysia demonstrates that a low net to gross well dominated by low resistivity 

heterolithic rocks can be a productive gas well despite interpreted high water saturation 

from well logs. Our results show that the connectivity and continuity if sandstone layers 

are a leading factor to improved hydrocarbon reserves and production forecasts in 

heterolithic rocks (Massart et al., 2016) that make up thin-bed and LRLC reservoirs. 

Lastly, our results show that bioturbation reworked the sandstone layers in sample 245 

into disconnected and discontinuous sandstone layers and causes the sandstone and 

mudstone to intermix. As a result of these changes, bioturbated sample 245  has a lower 

median grain size, porosity, and permeability that characteristically non-reservoir. We 

have shown that XMCT imaging and 3D visualization is useful for identifying bioturbated 

heterolithic rocks that do not need DCA analysis for further analysis. 

The computed permeabilities and porosity in Figure 8.76 shows that the constituent 

rock types in the five core plugs, which are reservoir sandstone, fine-grained sandstone, 

carbonate, and mudstone, generally have distinct porosity and permeability trends or 

gradients. We noted that the permeability-to-porosity trends of the reservoir sandstone in 

sample 64, 127, and 148 are very similar. The sandstone in sample 210 has a lower 

permeability value than the reservoir sandstone in sample 64, 127, and 148 due to its 

smaller grain sizes. Meanwhile, the carbonate in sample 127, 148, and 210 are 

consistently below 100 mD. These carbonate minerals are the leading cause of the lower 



   

292 

 

measured core plug permeability in core plugs 127 and 148. Lastly, impermeable 

mudstones that are below 10 mD are present in core plugs 64 and 245.  

We show that our DCA results are a useful reference for the permeability of constituent 

rock types in heterolithic rocks that consist of different rock types. Also, DCA provides 

computed reservoir properties such as permeability of small volume sizes at the 

millimetre-to-centimetre scale. Reservoir properties at these scales are vital in 

characterizing heterolithic rocks that consist of thin beds that have a thickness in the 

millimetre-to0centimetre scale. As a result, these computed small-scale reservoir 

properties are more accurate than core plug data that cannot measure properties of 

samples that are smaller than a standard core plug. As a result, experimental core plug 

permeability datasets have a broad range of values due to the spatial distribution of the 

constituent rock that causes permeability variations at different length scales (Ringrose et 

al., 2014).  

Also, we can integrate reservoir properties at the millimetre-to-centimetre scale from 

DCA into a multiscale workflow for modelling heterogeneous reservoirs. This multiscale 

approach integrates fine-scale properties into coarse simulation grids while preserving 

key rock properties at all scales (Hurley et al., 2012). Multi-scale and fine-scale reservoir 

models can improve the predictions of hydrocarbon reserves and production in complex 

and heterogeneous reservoirs such as thin-bed and LRLC reservoirs (Elfenbein et al., 

2005).  
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Figure 8.76: Permeability vs. Porosity graph for the five mini plugs. The heterogeneity 

and median grain size of contributed to varying mini-plug permeability.  
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CHAPTER 9 : DISCUSSION AND CONCLUSION 

This thesis highlights the potential of heterolithic deposits in a thin-bed LRLC 

reservoir in Malaysia as a commercially viable hydrocarbon reserve. Sedimentology 

studies show that heterolithic deposits are abundant in shallow marine environments and 

potentially represent a large volume of net sand pay that could contain additional 

hydrocarbon reserves. We used 3D volume visualization of core plugs’ XMCT images to 

resolve the connectivity and continuity of thin sandstone layers that are a leading factor 

to permeability potential in heterolithic rocks. Also, we used XMCT imaging and DCA 

to compute the permeability of constituent rocks that make up the core plugs examined 

in this thesis that are more accurate than core plug data. 

In Chapter 6, we show that heterolithic deposits in a Malaysian thin bed LRLC 

reservoir show promising potential as a source of hydrocarbon due to its sizeable 

volumetric abundance. The heterolithic deposits studied in this thesis are interpreted as a 

part of progradational tidal bar deposits with reasonable areal extent and connectivity, 

suggesting potential large volumes of heterolithic deposits. Characterizing the net sand 

pay and effective flow properties of heterolithic deposits could uncover a substantial 

amount of hydrocarbon reserves. However, the stacking patterns of the tidal bars may 

cause the heterolithic deposits to be poorly connected, causing production problems such 

as requiring secondary recovery programs such as production from multiple intervals or 

drilling additional wells. 

In Chapter 7, mineralogical analysis on a laminated sandstone and a sandy heterolithic 

sample show an insignificant amount of clay that can cause low resistivity. These results 

verify that a thin bed structure is the leading cause of the low resistivity pay in the 

Malaysian thin bed LRLC reservoir.  
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In Chapter 8, XMCT Imaging and DCA to characterized the porosity, permeability 

and geometry thin sandstone layers in heterolithic rocks. Our results confirm the presence 

of permeable reservoir sandstone in heterolithic rocks. These thin sandstone layers in low 

net to gross heterolithic rocks are essential to improved hydrocarbon reserves and 

production hydrocarbon in thin-bed and LRLC reservoirs where well logs and core 

analysis indicating high water saturation and low permeability (Kantaatmadja et al., 2014). 

These thin sandstone layers represent potentially overlooked hydrocarbon reserves in 

thin-bed LRLC reservoirs. Also, our results that geometrical parameters such as shape, 

thickness, continuity, and locations of thin sandstone beddings and carbonate laminates 

could have varying impacts on effective permeabilities at a larger scale. For example, the 

effective permeability of heterolithic core plugs is low due to the poor fluid 

transmissibility of the thin sandstone layers, while carbonate laminates in laminated 

sandstone act as baffles that reduce permeability. However, smaller samples from the 

sandstone dominated regions with little heterogeneity show large effective permeabilities, 

suggesting permeability variation at different length scales for heterogeneous rocks and 

some sandstones. These results highlight the multi-scale effects of small-scale 

heterogeneities on effective flow properties that are overlooked in most reservoir models, 

resulting in a weak correlation between estimated reserves and actual reserves (Elfenbein 

et al., 2005). This thesis provides opportunities to investigate the effects of small-scale 

heterogeneities and their impact on a larger scale. However, these finds would be more 

meaningful if the small-scale properties can be upscaled and integrated into a fine-scale 

reservoir model to determine their impact on effective properties and reserve estimates at 

a larger scale. 

  XMCT Imaging and Digital Core Analysis resolved thin sandstone beddings in 

heterolithic that exhibit similar permeabilities as reservoir sandstone. NER permeability 
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gas probe also resolved high permeability sandstone layers on the surface of a heterolithic 

rock sample, validating the computed results. Mineralogical analyses of the reservoir 

sandstones show a low amount of clay and conductive minerals content that can cause 

low resistivity. Besides, 3D Visualization of a heterolithic sample reveals laterally 

connected thin sandstone beds between mudstone layers. However, these thin sand layers 

are very thin with complex geometries that may create tortuous paths to fluid flow, 

reducing the effective permeability at a larger scale. Characterization of another 

heterolithic sample with very low computed and measured permeabilities indicates that 

poorly connected sandstones with very thin geometries resulted in very low effective 

permeabilities. To sum up, we show that very thin sandstone beddings in heterolithic 

rocks have permeabilities similar to reservoir sandstone. However, their potential as 

productive net sand pay depends on their geometry parameters such as thickness, shape, 

and connectivity. 

9.1 Future Work 

This thesis demonstrates that XMCT Image Analysis, Digital Core Analysis, and 3D 

Visualization can describe the flow properties and geometries of thin sandstone layers in 

heterolithic rocks that present opportunities to uncover hydrocarbon reserves in 

heterogeneous reservoirs. Also, characterizing the geometry parameters of carbonate 

laminates and their impact on the permeabilities in laminated sandstone could improve 

the characterization of effective permeabilities in heterogeneous reservoirs. However, we 

can integrate and upscale the properties of these small-scale heterogeneities into larger-

scale models to investigate their impact on effective flow properties and hydrocarbon 

reserves forecasts in low resistivity heterolithic deposits. 
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In Figure 9.1, we show that reservoir properties at millimetre-to-centimetre scales can 

be upscaled and integrated into a multi-scale workflow for reservoir simulation (Hurley 

et al., 2012). A multi-scale workflow integrates properties at the pore-scale (micron-to-

millimetre), borehole-scale (millimetre-to-meter), inter-well scale (10’s to 100s of meters) 

and reservoir scale (kilometres). Also, the multi-scale model incorporates sedimentary 

structures observed at the pore scale (mud drapes and laminates) up to the reservoir scale 

(faults and stratigraphic traps). These features affect fluid flow and are essential for 

improved effective reservoir properties and hydrocarbon reserves forecasts. 

Results from this thesis are a starting point for characterizing permeability of 

millimetre-to-centimetre scale sandstone properties in heterolithic rocks. Hence the next 

ideal step would be to upscale the flow properties of the thin sandstone layers to the 

borehole and inter-well scale using a multiscale workflow to investigate their impact on 

effective flow properties subsequently on the next adjacent scale.  

Another potential future work that spins off from this thesis is the characterization of 

the varying geometry of carbonate layers in laminated sandstone in thin-bed LRLC 

reservoirs and their impact on effective permeabilities at a different scale. This work 

would be concurrent with efforts to characterize the impact of mud drapes in cross-bedded 

sandstone on effective flow properties in heterolithic sandstone (Massart et al., 2016; 

Massart et al., 2016). 
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Figure 9.1: Upscaling workflow diagram in heterogeneous rocks. A grid block used in a 

reservoir simulator is 250 x 250 x 1m in size (right). Borehole-scale numerical cores 

represent rock volumes on the cubic-meter scale (centre). Core plugs, X-Ray Micro-CT 

scans, and confocal scans represent even smaller volumes (left). The question is, how 

representative are these small volumes when compared to coarse grid blocks or full fields? 

(Hurley et al., 2012) 

Also, there are currently efforts to develop larger and more powerful X-Ray Micro-

CT scanners that can image larger samples such as one-inch core plugs and entire core 

with a diameter of 30 to 40 mm at high resolution. This progress could potentially provide 

computed petrophysical properties of whole core plugs that could then be compared to 

experimental data. This is important as currently, we compared computed results of small 

samples (sub-plugs and mini plugs with 5 to 10 mm diameters) to the experimental results 

of standard one-inch core plugs, which may not be appropriate due to significant 
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difference between the two-volume sizes. Also, this new capability could potentially 

allow us to image a larger heterolithic core plug and core sample and directly compute 

effective permeability at centimetre-to-meter scale. 
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