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ABSTRACT 

 

Mudrock microfabric is complex and heterogeneous and has a significant effect on 

mudrock porosity and permeability characteristics.  This study proposed the need for a 

simplified representation of microfabric that has widespread application for sedimentary 

mudrocks of all ages.  One of the principal drivers is to develop an understanding of 

mudrocks and mudrock microfabric that is useful in the exploration for and production 

of shale gas and shale oil resources.  Three different mudrock formations from the 

Sarawak and Sabah Basins in Borneo, Malaysia: the Oligo-Miocene Setap Shale and 

Sibuti Formations and the Miocene West Crocker Formation. New sedimentological data 

presented here have established a marine shelf depositional environment for the Sibuti 

Formation, an outer shelf to upper slope environment for the Setap Shale Formation, and 

a deepwater turbidite-dominated environment for the West Crocker Formation. TOC 

values are generally low (0.2-3.5%) and include both woody terrestrial and marine algal 

organic material.  The relative proportion of ductile minerals (clays and micas) and brittle 

minerals (quartz, feldspar, carbonate, pyrite) in the sediment inorganic composition are 

of key importance in the behaviour of the mudrocks during hydraulic stimulation.  A new 

composite microfacies model has been developed that links microstructure, microfabric 

and microporosity.  This is valid for all three study formations and is believed to be more 

widely applicable to mudrocks in general.  Microstructure and microfabric types have a 

pronounced effect on microporosity style, distribution and network.  An important aspect 

of this model is the recognition that dispersed granular material (primary and diagenetic), 

bioturbation traces, and disturbed microstructures all disrupt the original microfabric and 

enhance microporosity.  The integration of a multi-scale, multidisciplinary approach has 

been applied in this study.  Although the individual methods are not new, the application 

of this kind of systematic approach is considered essential for the study of mudrocks and 

unconventional hydrocarbon potential.   
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Chapter 1  Introduction 

 

1.1 Introduction  

This thesis aims to address the nature of mudrock microfabric  and how this affects 

mudrock porosity and permeability characteristics.  Microfabric is strictly defined as 

arrangement and orientation of grains and matrix within the sediment  (Bennett et al., 

1991; Josh et al., 2012; Lash and Blood, 2004).  It recognises the complexity and 

heterogeneity of sediment microfabric, as well as the multiple factors that control its 

character and distribution in different mudrock facies.  It advocates the need for a 

simplified representation of microfabric that has widespread application for sedimentary 

mudrocks of all ages.  One of the principal drivers is to develop an understanding of 

mudrocks and mudrock microfabric that is useful in the exploration for and production 

of shale gas and shale oil resources.  This is currently a very important economic driver 

for Thailand and Southeast Asia, as well as for China, the USA and elsewhere in the 

world. The application of mudrock microfabric to hydrocarbon prospectively further 

requires that the problem is approached from a range of different scales – including basin-

scale geology, outcrop or borehole-scale sedimentology, and detailed laboratory-scale 

observations.  This approach can be complemented by digital rock simulation. 
 

1.1.1 Why mudrocks?  

Mudrocks including siltstone, mudstone, claystone and shale  are the globally dominant 

sediment type, both as the modern cover of the seafloor and lakes, as well as in ancient 

sedimentary successions.  According to Stow (2005), they make up at least 50% of 

sedimentary rocks in the stratigraphic record. Other authors agree that they are widely 

distributed throughout the world and in many cases make up at least 60-70 % of the 

volume of rock in a sedimentary basin (Broichhausen et al., 2005; Mohaghegh, 2017; 

Schieber et al., 2010).  However, they have been massively understudied by comparison 

with their coarser-grained counterparts – sandstones or carbonates, for example (Stow 

2005).  Recent studies, especially over the last two decades, have begun to redress this 

imbalance, particularly with regard to industry interest in both source rocks and shale 

gas/tight gas reservoirs (Lunning et al., 2000; Lunning et al., 2005; Hart et al., 2013; Jonk 

et al., 2009, 2010; Jarvie et al., 2007; Lorant and Jarvie, 2010).  Nevertheless, specialist 

meetings on mudrocks/shales in the past decade, such as the AAPG Hedberg Conference 
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(2009) and the EAGE Shale Workshop (2010), and a series of regional meetings (e.g. 

Argentina Shale Production 2020), have clearly shown that the number of well 

documented mudrock/shale systems worldwide is still inadequate for industry to reliably 

assess types, properties and the heterogeneity of mudrock/shale genetic units.  Yet such 

information is fundamental for providing the building blocks of source-reservoir models, 

assessing source-reservoir architecture, potential of mudrocks resource and the location 

of sweet spots (potential area of source rock). 

 

1.1.2 What parameters to study?  

Sedimentary rock (including mudrock) is composed of compositions of  framework 

grains, matrix, cement and pore space (Lindholm, 1987).  The arrangement of these 

components is commonly referred to as the sedimentary structure, where readily visible 

to the naked eye, and as fabric or microfabric, where it requires investigation by hand 

lens or microscope. Collectively, a study of these various sedimentary attributes provides 

information on transport and depositional processes and mechanisms, provenance of the 

components (e.g. weathering from parent rock, biogenic production or chemical 

precipitation), environments of deposition, and post-depositional history of burial and 

diagenesis  (Bennett et al., 1991; Haaf et al., 2018; Jiang et al., 2012).  In addition, Bustin 

and Bustin (2012) claim that rock fabric is a very significant control on porosity, 

permeability and the transport of gas (or other fluids) through micro- and macro-porosity.  

Clay minerals are capable of adsorbing gas (Clarkson et al., 2012; Hartman et al., 2008) 

and clay fabric is significantly influential on the direction and capability of gas flow 

(Jiang et al., 2016; Curtis, 2002; Wang et al., 2016; Weniger et al., 2010).  Framework 

minerals, also referred to as brittle mineral components, especially including quartz, 

calcite and dolomite, are advantageous for induced fracturing by hydraulic stimulation 

(Gai et al., 2016; Javie et al., 2007).   

The most significant parameters to study in mudrocks in this study, therefore, include: 

(1) texture and structure, (2) composition (framework, matrix, diagenetic), (3) organic 

matter amount, distribution and type, and (4) microfabric (including grain/matrix 

orientation). They are vital keys to impact on porosity, pore characteristics and 

permeability.  
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1.1.3 What economic impact?  

Based on the enormous success of shale gas and shale oil production, as seen 

commercially in the US, Canada and China, for example, the future development of 

unconventional shale oil and gas will undoubtedly contribute significantly to the global 

hydrocarbon resource base (Josh et al. 2012; Li et al., 2016; Zhou et al., 2016).  Successful 

economic production of unconventional hydrocarbons enhances a nation’s energy 

security but requires comprehensive understanding of shale gas reservoirs (Bai et al., 

2013; Clarkson et al., 2012; Josh et al., 2012).  According to these studies, many countries 

try to study and explore shale resources, including shale properties (e.g. porosity and 

permeability), in order to better understand and evaluate shale reservoirs, and hence to 

develop an additional natural gas and oil resource in the long term. 

Shale reservoirs are characterised by low-to-moderate porosity and low-to-ultra-low 

permeability, greatly differing from conventional sandstone and carbonate reservoirs (Al-

Marzouq et al., 2014; Broichhausen et al., 2005).  They also display a wide variety and 

heterogeneity in composition, texture, structure, and microfabric.  Bustin and Bustin 

(2012) claimed that the rock fabric provides a significant control on permeability and 

hence on the capability of gas to diffuse through the micro-pores in a rock matrix.  In 

addition, shale gas reservoirs display a particular heterogeneity of fabrics, permeabilities 

and rock properties as a result of their variable content and distribution of organic matter 

(Javie, 2012; Ross and Bustin, 2009; Slatt, 2013; Sun et al., 2015).  At the larger scale, 

shale gas reservoirs include sets of heterogeneities due to depositional environments, 

stratigraphic attributes, sediment facies and structural features (faults, fractures).  

It is generally agreed, therefore, that the features outlined above directly impact on the 

complex multi-scale pore size, shape and permeability at multiple length scales, and 

hence on gas storage capability and capacity of gas flow in shale gas reservoirs.  The 

difficult is to investigate at appropriate length-scales to capture these variabilities. 

Although much research has been conducted to understand pore characteristics at 

different scales, it remains a challenge to better characterise these properties and their 

inherent heterogeneity.  This thesis aims to contribute to this area of research and hence 

to the application of such geological knowledge to improved resource estimates and a 

reduction in risk and uncertainty.  This application is encapsulated in Figure 1.1.  The 

general economic rationale for the study is shown in Figure 1.2.  

 

 

file:///C:/Users/dell/AppData/Roaming/Microsoft/New%20folder/academic%20paper/For%20print/understanding%20shale%20Gas%20flow%20behavior-%20Sun.pdf
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Figure 1.1  The porosity as one of the significant keys to estimate the technical 

recovery gas shale resource (after Ross, 2001). 
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Figure 1.2  The triangle the concept of the effective shale resource estimation, leading 

to resource assessment. 

 

1.2 Statement of problem 

1.2.1 Aims 

Thesis aim is in order to improve understanding of the entire shale reservoir quality and 

potential by integrating the characteristics observed at the macro and mesoscale into the 

results from laboratory analytical programme at the micro and nanoscale and the digital 

rock modelling, leading to the assessment of shale-gas resource and interpretation of  gas 

storage mechanisms and flow gas behaviours effectively. It is vital to reduce risks and 

uncertainty and hence costs, of geological exploration and production for shale gas 

resources in general  by setting the acceptable value of recovery factor. 

 

1.2.2 Research questions and objectives 

The overall research aims to address that mudrock microfabric is one of most complicated 

factors to be considered and quantified for a better exposition of pore characteristics.  

Factors that affect mudrocks microfabric are: (1) original depositional process, sediment 

facies and environment; (2) the original sediment composition, structural and textural 

attributes; (3) the subsequent history of burial diagenesis; and  (4) tectonic evolution and 

burial history of the sedimentary basin, heat flow characteristics and fluid-flow pathways. 

However, it is the contention of this study to identify the commonality in terms of 

mudrock microfabric in which is irrespective of depositional setting, diagenesis and 

burial history.  Furthermore, it is a contention that mudrock microstructure, texture and 
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microfabric from different depositional settings will have specific effect on pore 

characteristics and their distribution. 

In order to address the aims and validate these contentions, this study has selected a suite 

of three little-studied mudrock systems from Borneo, Southeast Asia (see Section 3 

below) and uses a combination of basin history (based on the literature), field observation 

(macro to mesoscale), laboratory measurements (micro to nanoscale) and digital rock 

simulation.  More specific research objectives and questions that will be addressed 

throughout this thesis include the following. 

(1) To document the different geology, sedimentology and stratigraphy of the three 

mudrock systems selected (basin-scale approach, sedimentary logging and sampling – 

Chapters 3).  Specific questions include: 

- what is the overall tectonic setting and geological history of each formation? 

- what are the principal sedimentary facies and depositional processes represented? 

- how are the different facies organised vertically and laterally? 

            - what are the detailed sedimentary structures present and how were these formed? 

(2) To measure and determine the mudrock composition, including organic content, 

mineral composition and clay types, of the three systems by the facies scale and micro-

scale analysis (laboratory measurements, optical microscopy, CHN analysis, Rock-eval 

pyrolysis and X-Ray diffraction – Chapters 4, 6 and 7).  Specific questions include: 

- what is the nature, type and quantity of organic material present? 

- what is the nature, type and amounts of inorganic material present? 

- how are the different components distributed through the different mudrock 

facies? 

(3) To characterize and determine the textural attributes, microfabric, grain and pore 

characteristics of the three mudrock systems by grain, pore and micro-scale analysis 

(laboratory measurements, SEM-EDS analyses at the micro or/and nanoscale – Chapters 

5.  Specific questions include:  

- what is the variation in texture between the three systems? 

- what is the nature of the microfabric and what affects these types? 

- what are the pore characteristics – size, shape, connectivity? 

- how do the different mudrock properties affect porosity and permeability 

characteristics? 

- can we use this information to build a pore network model? 
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These are with a view to addressing the overarching hypothesis presented above and 

applying this knowledge to the improved evaluation of the quality and quantity of shale-

gas resources, both locally (i.e. in Borneo) and to show its global applicability.  

 

1.3 Field study areas  

1.3.1 Why Borneo?  

The study areas selected are in Sarawak and Sabah, Borneo, Malaysia (Figure 1.3).  These 

were selected for study for several reasons: 

1. The formations are well known in terms of their general geology, stratigraphy and 

tectonic setting, but have had almost no detailed sedimentological study of their mudrock 

facies.  This therefore provided an opportunity to contribute to the regional geology of 

the area and to better understanding of the specific sedimentary facies involved.  

2. They each provided extensive mudrock-rich successions, interbedded with other facies 

(sandstones, limestones), and that had been provisionally interpreted as representative of 

only different marine depositional settings – shallow marine, transitional shallow-deep 

marine, and deep marine.  This therefore provided an opportunity to examine and test 

mudrock characteristics across different environments.  

3. They have not been investigated for their potential for shale-gas or shale-oil resources, 

but are part of a very oil-rich province, both onshore and offshore Borneo. Some parts of 

the formations are probably source rocks for coastal and offshore hydrocarbons.  This 

therefore provided an opportunity to assess the respective basins for their potential 

unconventional resources, based on the rock-typing and methodology developed herein. 

4. Finally, they provided a logistically viable and accessible field area. For the first part 

of the study – Setap and Sibuti Formations in Sabah – we had an established collaboration 

with Dr Rajat Mazumder of Curtin University, Sabah, Malaysia, who provided logistical 

support and supervision.  For the second part of the study – West Crocker Formation in 

Sarawak – we liaised with Dr Urval Patel of our Heriot-Watt University, Malaysian 

campus, who provided field support and supervision.  

 

1.3.2 Brief introduction to field areas 

The study areas include three specific formations of Oligocene to Miocene age, that were 

deposited in different environmental setting in two areas, Sarawak and Sabah, of 

Malaysia in Borneo (Figure 1.4).  In Sarawak and Sabah, generally, there is extensive 
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petroleum production from Neogene rocks, especially sandstone and carbonate 

reservoirs. These occur in the coastal, nearshore and offshore areas of the Sarawak basin 

and Sabah basin, particularly in their western parts (Madon, 1999; Meng, 1999).  

Although there has been continuous production from the carbonate and sandstone 

reservoirs since the 1980s, the shale resource potential of the Setup Shale Formation and 

Sibuti Formation of Sarawak basin and the thin-bedded fine-grained turbidites of the 

West Crocker Formation, Sabah, has not previously been investigated (Hassan et al, 2013; 

Rahman et al., 2014; Tongunwa et al., 2015).  However, increased energy demand and 

the continuous decline of oil and gas production from conventional hydrocarbon 

resources (Gou et al., 2015; Ross and Bustin, 2009), has prompted an urgent need for 

alternative sources to support energy security. 

The three formations studied are as follows:    

1. The Oligocene to early Miocene Setap Shale Formation is a mud-rich succession 

in the Sarawak basin, north-western Sarawak.  The Setap Shale Formation has been 

interpreted by previous authors as a shelf to deep-water succession.  

2. The Early Miocene to Pliocene Sibuti Formation is a mixed mudrock and sand-

rich succession in the Sarawak Basin, north-western Sarawak, Malaysia. The Neogene 

succession includes the Sibuti Shale Formation and the partly coeval Lambir Formation. 

Previous work has inferred a coastal depositional environment transitional to a shallow 

marine environment.   

3. The Oligocene to early Miocene West Crocker Formation is a mixed mudrock 

and sand-rich succession in the North Kota Kinabalu, Tuaran and Paper districts of north-

western Sabah, Malaysia.  The West Crocker Formation has been documented by 

previous studies as a Neogene deepwater turbidite succession. 

Previous work on each of these formations is outlined in more detail in Chapters 3, 

together with my own work as part of this PhD research. 
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Figure 1.3  Regional map of Borneo and Southeast Asia and the studied areas and  a close-up view of the sites in Miri, Sarawak (Red Block) and North-

Western Sabah (Blue block), Borneo, Malaysia.

Sabah city Sarawak city 
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Figure 1.4  Target formation in different settings of shallow setting (Sibuti Formation) (green 

star), shelf to deep marine setting  (Setap Shale Formation) of Sarawak Basin  (red star) in 

Sarawak and deep marine setting (West Crocker Formation) of Rajang-Crocker fold-and-thrust 

belt in Sabah area (blue star).  

 

1.4 Definition 

Some brief definitions of terminology used in this thesis is provided at the outset. 

Mudrock (also known as mudstone) is defined as a fine-grained siliciclastic sedimentary rock 

with over 50% of the grains <63 µm in diameter (Buckman et al., 2018; Lee and Kim, 2016;  

Stow, 2005).  It also generally comprises a significant proportion of clay-sized particles <2 µm 

in diameter.  It has low porosity and ultra-low permeability.  This is the generally accepted 

generic term for the whole class of fine-grained sedimentary rocks, although shale (see below) 

is also used as an alternative synonymous term. Mud is the term used for the unconsolidated 

sediment equivalent. 

Shale is strictly defined as a mudrock with a distinctive fissility (Stow, 2005 and Lee and Kim, 

2016), which typically occurs as a result of deep burial and can be enhanced by organic-carbon 

content.  Some shales have a degree of low-grade metamorphism.  Although many authors now 

use the terms mudrock and shale as synonymous, this thesis follows the strict distinction 

between shale and mudrock (Stow, 2005).  However, some of the sediment studied herein is 
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both mudrock in the generic sense (above) and also shale, in that it possesses a fissility.  Both 

terms are therefore used in this thesis.    

Organic-rich shale or mudrock (also known as black shale) is defined as a shale/mudrock 

with >1% total organic carbon (TOC), made up of different types of organic matter, and hence 

may be able to generate hydrocarbons on reaching maturity (Curiale and Curtis 2016; 

Schlumberger, 2020; Bernard and Horsfield, 2014; Javie et al., 2007; Javie, 2012; Slatt, 2013).  

Organic-rich shales typically comprise: (1) organic matter (OM), (2) clay minerals, (3) other 

mineral components, and (4) nano-porosity. Other authors use higher values of TOC (e.g. >2%) 

to define organic-rich. 

Shale gas is a hydrocarbon gas, especially methane, found naturally occurring in mudrock or 

shale sediment.  It has become an important source of unconventional hydrocarbon.  The gas 

is stored as free gas or as a condensed phase in pores, while part is stored as an adsorbed state 

on pore surfaces within the shale matrix and organic material (Ross and Bustin, 2007; Wang et 

al., 2015).  Both free gas and adsorbed gas are stored in nanopores in shale gas reservoirs, but 

only free gas is stored in nanopores and micropores in tight gas reservoirs, and in micropores 

to macropores in conventional hydrocarbon reservoirs.  

Shale-gas resource estimates are generally fraught with uncertainty as our understanding of 

the storage capacity of different shale types is only gradually improving.  They are also subject 

to a range of technical, economic and commercial uncertainties, all of which affect the 

estimation of potentially recoverable volumes for an individual accumulation.  Geological 

characteristics of shale gas resources are important to be assessed in terms of thickness, organic 

richness, thermal maturity and mineralogy. 

Technically recoverable resources (TRR) refer to the volume of discovered shale gas that is 

extractable from the shale resource using current technology, regardless of oil and natural gas 

prices and production costs.  Estimates of the technically recoverable shale gas may be changed 

based on future technological advances, the precise location of the resource determined, 

industry practice and geologic knowledge (McGlade, 2013).  Technically recoverable 

resources are determined by multiplying the risked in-place oil or natural gas by a recovery 

factor.  The better the understanding of the geological complexity, mineralogy, reservoir 

permeability, porosity, gas saturation, and gas pressure, the more accurate the estimated 

volumes of technically recoverable resources will be. 
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1.5 Thesis organisation 

This thesis is prefaced by an Abstract and Research Highlights section and then organized into 

8 chapters – an introduction, methodology, five results chapters and one discussion chapter. 

The chapter content is as follows: 

Chapter 1 – Introduction.  This chapter provides a brief overview and statement of the 

problems addressed in this thesis.  It provides an overarching hypothesis and a series of specific 

objectives and research questions.  It briefly introduces the study areas and defines some of the 

key terminology used throughout. 

Chapter 2 – Methodology.  This chapter provides information on the overall approach to the 

research and then further details of the principal methods used for each of the distinct areas of 

investigation.  The field sedimentology uses standard procedures and is only briefly described. 

The methods used in the composition-based chapters and the SEM-based chapters are outlined 

in more detail.  It is a data-heavy thesis, so that the methodology needs to be explained 

carefully. Furthermore, the chapter presents the limitation and uncertainties associated with the 

methods  

Chapter 3 – Geological setting and sedimentology of the Setap Shale, Sibuti  and West 

Crocker Formations.  This chapter first documents the geological setting of (1) the Sarawak 

Basin study area and the Setap Shale and Sibuti  formations investigated in detail and (2) the 

West Crocker formation study – this is based on published literature.  It then presents the results 

of the field sedimentological study. 

Chapter 4 – Petrographic analysis. This chapter provide the composition and texture and 

microfabric of three formations. The chapter then presents a composite microstructural model 

that is derived from the three study formations.  This model is used as a template for the SEM 

investigations presented in chapter 5. 

Chapter 5 – SEM-EDS study of the Setap Shale and Sibuti mudrocks and the West 

Crocker mudrocks.   

This chapter presents the results of detailed SEM and EDS analysis of  (1) the Setap and Sibuti 

Formation mudrocks and (2) the West Crocker Formation mudrocks.  In particular, it covers 

microstructures, microfabric, composition, textures and pore characteristics in the context of 

the microstructure mudrock types (as developed in Chapters 4).  It considers the relationships 

between these different parameters and their significance. 
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Chapter 6 – Inorganic sediment composition: An X-ray diffraction study.  This chapter 

presents the results of an XRD study of bulk mineralogy and clay mineralogy for each of the 

three formations studied.  This data is used in the discussion chapter, in part to add to our 

knowledge of the respective formations, their sediment provenance and geological history, and 

in part to assess the content of brittle and ductile minerals.  This factor is significant in the 

production of shale-gas reserves by hydraulic stimulation.  

Chapter 7 – Organic carbon content and source rock potential.  This chapter presents the 

results of total organic carbon (TOC) study and organic geochemistry for mudrock facies of 

the three study formations.  This data is used to determine  the organic richness and kerogen 

types.  These factors are vital to assess  the quality of mudrocks in context of source rock 

potential.  

Chapter 8 – Discussion.  This chapter discusses the progress made by this research towards 

the objectives set down in the Introduction. 

Chapter 9 – Research highlights.  This chapter focus on the nature of mudrock microfabric 

and how this affects the porosity and permeability characteristics. 
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Chapter 2  Methodology 

 

2.1 Introduction 

Mudrocks are well-known to display sets of heterogeneities at several different scales 

including: (1) facies associations of different depositional environments, stratigraphic 

attributes, and depositional architecture at the macroscale;  (2) sediment facies (or 

lithofacies) with varied depositional and post-depositional sedimentary structures, 

sediment texture and composition at the meso scale; (3) organic and inorganic  

compositional variation, microstructures, microtextures and microfabrics; and (4) 

porosity and permeability nature and distribution (Ainsworth et al., 2008; Dewhurst and 

Siggins, 2006; Javadpour et al., 2007;  Javie, 2012; Ross and Bustin, 2009; Ross et al., 

2009; Sari, 2015; Slatt, 2013a; Slatt, 2013b; Siddiqui et al., 2012; Sun et al., 2015).  These 

and numerous other studies have shown that an improvement in the understanding of key 

parameters such as these and their detailed heterogeneity at different scales is essential 

for the assessment of unconventional mudrock reservoirs (shale gas and shale oil) and 

evaluation of their potential.  All of these features are significant for better understanding 

mudrocks as a hydrocarbon resource in terms of their attributes as source rocks, 

unconventional reservoirs and seals.  

Therefore, evaluation of heterogenies of static properties in terms of source rock potential 

(organic richness) and reservoir characteristics (mineral compositions and their 

orientation and porosity and permeability) should be linked to the consequent dynamic 

processes and mechanisms of hydrocarbon storage and flow capability in shale reservoirs 

(Figure 2.1).  This is  vital to estimate the acceptable recovery resource based on porosity 

and rock characteristics (Figure 2.2).   

Three approaches are used in this study.  In the first approach, the selected mudrock 

formations are studied in terms of regional setting, sedimentary features, geometry of 

bedding and basin architecture lamination and sedimentary fabric at the meso scale.  In 

the second approach, the mudrock properties in context of sediment texture, 

microstructure, microfabric and porosity characteristics are investigated.  In the third 

approach, the mudrock composition is studied, both inorganic and organic.  Based on 

these approaches, the methodology for this study is shown schematically in Figure 2.3.   

 

http://ascidatabase.com/author.php?author=Numair%20Ahmed&last=Siddiqui
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Figure 2.1  Concept of this study to evaluate shale source-reservoir assessment. 
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Figure 2.2  Concept of estimate the acceptable recovery resource based on porosity and rock characteristics. 
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Figure 2.3  General parameters to evaluate static and dynamic properties in shale source 

and reservoirs. 

 

The methodological approach taken in this thesis is: (1) to undertake a regional-scale 

study and sampling of the selected field areas; (2) to carry out laboratory analyses to 

characterise all significant parameters (organic and inorganic composition, structure and 

fabric, porosity and permeability); (3) to characterise mudrocks at  a variety of scale 

(Figure 2.4).  The following sections provide a brief overview of the methods that will be 

used in the different parts/chapters of the thesis. 

 

2.2 Regional geology and field sedimentology (Chapters 3)  

2.2.1 General approach 

Field locations were selected on the basis of reconnaissance visits by my supervisor 

(Professor Dorrik Stow) together with Dr Rajat Mazumder for the Sarawak Basin, and Dr 

Urval Patel for the Sabah Basin.  These were augmented by a study of Google satellite 

images in advance of the field visits, and refined in the field by reconnaissance work for 

site selection.  This was particularly necessary as the intense tropical climate can rapidly 

render any particular locality unworkable due to excessive weathering and/or vegetation 

cover.  Field work was carried out with one or two other colleagues at all times, primarily 

for reasons of safety.  Samples were collected and returned to the UK for subsequent 

laboratory analyses. 
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Fieldwork procedures and recording followed the standard methods outlined by many 

previous workers (e.g. Stow, 2005).  Selected vertical sections were logged at 1:10 and 

1:100 scales as representative of the localities and formation as a whole.  The ability to 

trace outcrops laterally was severely limited by lack of exposure.  Sedimentary facies of 

different settings of shallow setting, shelf to deep marine setting and deep marine setting 

in Sarawak and Sabah area were determined in the field based on observable structural, 

textural and compositional attributes. 

Sedimentary logging is vital to classify  whole rock  based on  specific characteristics  

(e.g. bulk lithology, colour, composition and grain characteristics), bedding 

characteristics, sedimentary structure (Primary sedimentary structure and post-

depositional features) and bioturbation and fossil as well as overlying and underlying 

contacts (vertical rock profile).  The systematic investigation of the fine-grained 

sedimentary rock from  different settings – shallow setting (Sibuti Formation), Shelf 

setting (Setap Shale formation) and deep marine setting (West Crocker Formation) from 

outcrops exposed, in terms of thickness, lithology, facies, composition, texture and 

structures was conducted in this study  (1) to identify the range of sedimentary facies, 

facies associations and vertical facies sequences, with particular attention to the mudrock 

facies and characteristics; (2) to consequently interpret the facies and facies 

associations/sequences in terms of transport, depositional and deformation process and 

depositional environmental, and (3) to determine the quality of potential reservoir 

properties, with a focus on the fine-grained facies as an unconventional resource. More 

than 1,000 m of well-exposed section of  Setap and Sibuti Formations from Sarawak 

Basin and the West Crocker Formation from Sabah Basin were logged in detail to 

characterize grain size, texture, structure, and stacking patterns. Sediment facies were 

determined in the field.   

Although field data of geological, sedimentary and sequence stratigraphic approaches in 

macroscale is vital to know regional geological and depositional history and burial 

diagenesis history and tectonic settings,  lamination and geometry, texture, a variation of 

components, fabric and pore characteristics in micrometres to nanoscale should be 

investigate and characterize in detail to considerable and reasonable evaluation in terms 

of flow gas behaviours and mechanisms in nanopore structure of the shale. 
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2.2.2 Sarawak Basin fieldwork 

The Setap and Sibuti Formations are part of a contiguous Oligocene to Miocene 

succession in the Sarawak Basin.  These were examined and sampled in the same field 

programme. The background geology based on previous work, as well as the details of 

the logged sections and the results of this study, are presented in Chapter 3. The 

formations have been interpreted as coastal to shallow marine (Sibuti Formation) and 

shallow to deeper marine (Setap Shale Formation).  

Several extensive outcrops of the Sibuti Formation and Setap Shale Formation are well 

exposed, especially in Miri and Bekenu area, along Peliau beach, the Miri-Bintulu Road 

along Q 642 and route 4302, the Jalan Beluru-Long Teru road (Q21), the Jalan Beluru-

Bekong (Q 285) road and Ranchah-Rachah and Tengah villages in Miri and Bekenu area 

(see Chapter 3).  Four outcrops were selected and logged as representative of (1) the lower 

part of Lambir/Sibuti Formation, (2) the upper part and lower part of Sibuti Formation, 

and (3) transition to the Setap Shale Formation.  A further four outcrops of the Setap 

Shale Formation were also logged.  The total logging covered over 400 m of section. A 

total of 31 samples of sandstone, shale and carbonate were collected from these eight 

localities.  

 

2.2.3 Sabah Basin fieldwork 

This study area focuses on the Oligocene to early Miocene succession of the West 

Crocker Formation in north-western Sabah (Borneo), in the North Kota Kinabalu, Tuaran 

and Paper districts.  The West Crocker is a well-known deepwater turbidite succession, 

of which the coarse-grained and sand-rich facies form oil reservoirs in the offshore part 

of the Sabah Basin.  This study focussed on the more mud-rich parts of the succession, 

although the better-preserved outcrops were generally closely interbedded with the sand-

rich facies.  The background geology based on previous work, as well as the details of the 

logged sections and the results of this study, are presented in Chapter 3.  The formation 

has been interpreted as deep marine.   

Several good outcrops of the West Crocker formation are well-exposed along the 

Penampang-Kinuarut/Papar Old Highway (A2) and at Jalan Fakulti Perubatan.  More than 

600 m of well-exposed section were logged in detail to characterize grain size, texture, 

structure, and stacking patterns. Sediment facies were determined in the field.  A total of 

31 samples were collected from the logged localities.   
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2.3 Optical petrographic analysis (Chapters 4) 

2.3.1 Background  

Optical petrography is standard optical petrographic method, under plane-polarized light, 

crossed-polarized light and reflected light.  It is conducted in this study as part of the 

initial sedimentological investigation the samples collected from the field to determine 

and characterise the facies lithology and microstructure.  It provides information of 

mineral composition, bioclastic composition, mineral distribution and diagenesis, grain 

size and other textural attributes (microfabric), pore characteristics and pore connectivity. 

Of particular importance was the investigation and characterisation of micro sedimentary 

structures, lamination style and geometry at the millimetre to centimetre-scale – 

microscale (the microfabric).  This provided an essential link between field observations 

and facies determination at the meso-scale and SEM observations at the micro to nano-

scale.  It allows a better understanding of heterogeneity of sedimentary features (including 

microfabric, pores, pore morphology and distribution) across all scales of observation. 

   

2.3.2 Method 

For the preparation of polished thin sections, the sections were cut perpendicular to 

bedding and sent to Wagner Petrographic in Utah, USA.  The standard size of polished 

thin sections prepared was 27 x 46 mm, and with a standard thickness of 30 µm.  They 

were prepared with an oil-based method and clear epoxy impregnation, and presented 

with no coverslips.  These sections were used for optical petrography (Chapters 4) and 

for subsequent SEM-EDS analyses (Chapters 5).   

A total of  samples was selected for petrographic analysis, including: (1) 11 samples from 

Oligocene to Early Miocene shallow water to transitional deeper marine systems of the 

Setap and Sibuti Formations (Table 2.1), and (2) 8 samples from thin-bedded turbidites 

of the Miocene West Crocker formation (Table 2.2).   

Although the conventional light microscope method provides  the important information 

on lithological and texture variation at low resolution to obtain a large field of view, the 

resolution of viewing by petrographic microscope is insufficient resolution to view 

minerals in silt and clay size, microfabric and clay minerals and fabric  associated to the 

heterogeneity of the pores in terms of geomorphology and size shape varying in clay-size 

particles. It is difficult to carry out in mudrocks using light microscopy alone. The 

advanced techniques with the sufficient high-resolution technology  are required to reach 

the target for viewing, investigating and classifying the inhomogeneous connectivity, 
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texture and microfabric of particles and pore in nanometre- to micrometre scale 

effectively and efficiently.  

 

2.4 Scanning Electron Microscopy (Chapters 5) 

2.4.1 SEM and EDX method 

SEM analysis was carried out using polished 12 thin-sections of mudrock samples from 

the Sibuti Formation (3 samples), Setap Shale Formation (1 samples) and West Crocker 

formation (8 samples), utilizing a Quanta 650 FEG scanning electron microscope 

(Thermo Fischer Scientific, Waltham, MA, USA).  The microscope was operated in low-

vacuum mode (0.82 Torr), operating at 20 kV, with a working distance of between 7.5 

and 10 mm, and a spot size of 3.5 to 4.5.  Low-vacuum was used as this does not require 

coating of the sample with a conductive media such as gold or carbon, and therefore 

allows optical analysis and Charge Contrast Imaging (CCI).  

Samples were scanned using backscattered electron (BSE) imaging and gaseous 

secondary electron (GSE) imaging. GSE imaging is a form of secondary electron (SE) 

imaging that operates in low-vacuum, using a specialised gaseous secondary electron 

detector (GSED).  BSE imaging provides information on compositional contrast, with 

greyscale corresponding to atomic number.  Darker areas on images are generated by low 

atomic materials, with the darkest areas representing pores, resin or organic material, 

while the brightest areas correspond to heavier atomic materials such as pyrite and 

titanium-oxide.  The GSE images can be used to illustrate simple surface topography (in 

thin-sections this equates to empty pores), while the  SE stage can also use the Charge 

Contrast Imaging (CCI) technique in order to elucidate details such as shell morphology 

and the presence of calcite and quartz cements (Buckman et al., 2017). CCI works by 

imaging the different rates of electron charge dissipation across the non-conductive 

surface of the thin-sections, which is controlled by differences in chemistry (often subtle 

differences), physical discontinuities, or changes in mineral lattice orientations, and is 

particularly useful for geological materials (Watt et al., 2000)  

Individual images were taken from areas of interest, however large-scale high-resolution 

images were also automatically recorded and reconstructed into montages of the slide 

surface, to show some of the variability in microfabric and types of particles present.  

Further information on this technique and a full workflow can be found in Buckman et 

al. (2018).  The montaging technique utilises the FEI program “Maps”, which was 

supplied with the SEM. 
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Energy dispersive X-ray (EDX) analysis, was used in conjunction with SEM analysis, 

utilising an Oxford Instruments X-Max 150 mm detector, with AZtec mapping software. 

EDX analysis allowed the collection of elemental maps from areas of interest on the thin-

sections, to aid in the visual identification of particle types, clays, cements and organic 

materials, and is a common technique often employed in tandem with SEM analysis 

(Buckman et al., 2018).  In addition to maps, spectra for elemental analysis were also 

collected from individual points, with data collected as both atomic % and weight % 

values.  Atomic % can be simply used to calculate mineral compositions, and therefore 

phase identification using stoichiometry.  

The combination between SEM and EDX technique is effective to vital to investigate the 

multi-scale heterogeneous features and properties varying nanometre- to micrometre 

scale  The lower resolution  imaging is, the larger view of shale features in microscale 

within the rock sample is. However, resolution of imaging is limited to provide 

information in detail, varying typically dominated by less than 10 nm. Higher improved 

resolution of imaging will provide precise  and acceptable information of pore 

characteristics associated with components, leading to the better understanding. In 

addition, the SEM method is able to image only the sample surface, not insight into shale. 

Furthermore, it  is limited to build 3-D image of pore characteristics.   

However, the SEM method combined with EDS technique is the effective and acceptable 

technique in general  to visualize and determine the texture and fabric characteristics 

within/around particle by particle with the clearly identified material based on elemental 

composition identification in micrometre scale downscaling to nanometre scale, and it is 

available at Heriot-University. Due to the impact of budget and multiscale of views to 

observe composition and pore heterogeneity, SEM is the proper and acceptable methods 

conducted in this study. 

 

2.4.2 Digital rock physic 

In this part, more attention is focused on data observation, data collection, measurement 

techniques, and experimental techniques to characterize shale pore size and geometry 

input into 3D digital rock analysis to simulate the complex pore network (Table 2.3).  The 

digital rock physic approach is essential in order to provide qualitative and quantitative 

understanding of nanoscale pore shapes and structures and hence permeability within 

shales.  Workflow of digital rock physics consists of four steps: (1) digital imaging (32- 

bit red-green-blue image (RGB image), (2) processing the raw images (converting RGB 
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images to grey scale), (3) image segmentation  (interesting area), and (4) computing 

processes (Andrä et al., 2013; Dvorkinet et al., 2011). 

Digital imaging is a method used to capture and create physical characteristics in 2-D 

image or 3-D model at different resolutions to characterize features such as porosity 

associated with compositions (organic and inorganic materials) in rock as well as rock 

fabrics. Pore imaging is a method to characterize the pore structure features in terms of 

size, shape, distribution, and the interconnected relationship between the pores and throats 

(Li et al., 2016). The imaging process begins at low resolution to obtain shale properties 

with large field of view at microscale.  At this stage, fabrics larger than the image 

resolution are characterized, whereas smaller fabrics are not characterized (Sungkorn et 

al., 2015).  Then, uncharacterized rock fabrics are segmented in clusters and will be 

analysed from additional image with higher resolution to capture specific features in 

smaller field of view.  According to limitation of SEM imaging resolutions of each 

technique, multiple imaging techniques are conducted to build digital rock models that 

represent the whole shale resource in terms of pore structure, pore connectivity and 

permeability.  

Porosity was evaluated based on SEM images processed by the ImageJ software. 

Thresholding, segmentation, measure and particle analysis functions of ImageJ software 

was used as the foundation for porosity prediction in the context of  pore size, pore area, 

pore volume and pore distribution. It is difficult to measure the induced pore with 

distribution of heterogeneous pore size  and real pore distribution in large window by 

software processing (Figure 2.5). It provides the error leading to over-estimation of pore 

volume (Figure 2.6).  In order to reduce risk and uncertainty of overestimate of pore sizes 

and pore volume in different microstructure types of mudrocks, the small window 

(focused area) and selected pores were conducted in this study.  It is at best  only 

qualitative, not quantitative. 

To produce quantitative data, the high-resolution three-dimensional imaging by Focused 

Ion Beam Scanning Electron Microscope (FIB-SEM) is a key to reduce the uncertainties 

related to quantification of pores, and then consequently generate the 3D dimension of 

pore network in nano-scale in representative area (Saraji and Piri,  2015 and Sungkorn et 

al., 2015).  However,  FIB SEM is method to build 3-D network of pore in nanoscale, 

only small field of view can be observed, and it is expensive to analyse the rock sample 

(Bai et al., 2013; Curtis et al., 2012;  Xu et al., 2017 and Zhou et al., 2016). Investigation 

the different field scales of viewing varying from a large field to small field of view by 
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employing large two-dimensional SEM is required to observe the whole shale sample 

from micrometre to nanometre in order to determine rock heterogeneity and pore space 

characterization.  Therefore, two-dimensional imaging techniques by FIB SEM 

techniques associated with two-dimensional imaging techniques by SEM method is 

required to characterize pore and quantify pore size, volume and number of visible pores 

as well as pore connectivity effectively. This result provides  information to evaluate the 

gas storage within pore and flow gas behaviours and mechanisms. The work in different 

imaging techniques is on-going and varied with different limitations (Figure 2.7)
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Table 2.1  Detail of samples for analysis of the Sibuti and Setap Shale Formations. 

Sample 

ID 

Rock 

type 

Rock type Location  Formation Petrographic 

microscopy 

SEM EDS XRD CHNS Organic 

Carbon 
Major 

Minerals 

Clay 

mineral  

AS 1 Mudstone Outcrop 113°49'09.1"E 4°03'45.4"N Sibuti X X X X   - X X 

AS 9 Mudstone 
Outcrop 

Stop 2 
113°48'33.1"E 4°03'24.1"N Sibuti X X X X   - X X 

AS11 Mudstone 
Road cut 

outcrop A 
114°04'56.4"E 3°53'33.4"N Sibuti X X X X   - X X 

AS 13 Mudstone 
Road cut 

outcrop A 
114°04'56.4"E 3°53'33.4"N Sibuti X  -  - X   -   -   - 

AS 15 Mudstone 
Road cut 

outcrop A 
114°04'56.4"E 3°53'33.4"N Sibuti X  -  - X   - X X 

AS22 Mudstone 
Road cut 

outcrop A 
114°04'56.4"E 3°53'33.4"N Setap Shale X  -  - X   - X X 

AS24 Mudstone 
Road cut 

outcrop A 
114°04'56.4"E 3°53'33.4"N Setap Shale X     x   - X X 

AS25 Mudstone 
Road cut 

outcrop A 
114°04'56.4"E 3°53'33.4"N Setap Shale X X X X   - X X 

AS28 Mudstone 
Road cut 

outcrop A 
114°04'56.4"E 3°53'33.4"N Setap Shale X  -  - X   - X X 

AS30 Mudstone 

Outcrop 

Along 

Peliau beach 

113°47'37.0"E 4°04'33.9"N Sibuti X  -  - X  - X X 

AS31 Mudstone 
Road cut 

outcrop C 
114°06'48.7"E 3°50'22.5"N Setap Shale X  -  - X   - X X 

Total 

  
11 4 4 11   10 10 
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Table 2.2  Detail of samples for all analysis of  the West Crocker Formation. 

Sample 

ID 

Rock type Rock type Location 

  

Formation Petrographic 

microscopy 

SEM EDS XRD CHNS Organic 

Carbon 
Major 

Minerals 

Clay 

mineral  

SP1 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  - X  - X X 

SP2 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP3 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP4 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP5 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  - X  - X X 

SP7 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP8 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP9 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker  X X X X X X X 

SP11 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP10 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP 12  Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  - X  - X X 

SP 13 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP 14  Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP 15 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker  X X  - X  - X X 

SP 16  Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP 17 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker    -   -   - X  - X X 

SP 18 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP 19 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  -  -  - X X 

SP20 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker   -  -  - X  - X X 

SP 21 Mudstone Road cut outcrop 116°07'49.4"E 6°03'19.4"N West Crocker  X X X X X X X 
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Table 2.2  Detail of samples for analysis of West Crocker Formation (Continued). 

Sample 

ID 

Rock type Rock type Location  Formation Petrographic 

microscopy 

SEM EDS XRD CHNS Organic 

Carbon 

Major 

Minerals 

Clay 

mineral  

KFC1  Mudstone Outcrop 115°56'14.3"E 5°42'08.9"N  West Crocker  X X  - X  - X X 

KFC2 Mudstone Outcrop 115°56'14.3"E 5°42'08.9"N  West Crocker   -  -  -  -  - X X 

KFC 3 Mudstone Outcrop 115°56'14.3"E 5°42'08.9"N  West Crocker  X X  - X  - X X 

KFC 5 Mudstone Outcrop 115°56'14.3"E 5°42'08.9"N  West Crocker   -  -  -  -  - X X 

SRLKS1  Mudstone Road cut outcrop 116°03'27.8"E 5°51'24.6"N  West Crocker  X X X X X X X 

SRLKS 2  Mudstone Road cut outcrop 116°03'27.8"E 5°51'24.6"N  West Crocker  X X X X  - X X 

SRLKS 3 Mudstone Road cut outcrop 116°03'27.8"E 5°51'24.6"N  West Crocker   -  -  -  -  - X X 

JLP3 Mudstone Road cut outcrop 116°04'47.5"E 5°51'21.6"N  West Crocker  X X X X X X X 

Total  8 8 5 13 4 28 28 
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Figure 2.4  Integrate full field scale study conducted in this study.

Chapter 3  

Chapter 6 

Chapter 7 

Chapter 4 

Chapter 5 
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Figure 2.5  Presenting a wide length of pore size (induced pore and pore) and pore 

distribution  obtained via digital image processing by ImageJ software (right column) 

from SEM backscattered electron (BSE) images (left column)  in large window (A) 

Irregular anisotropic microstructure of bioturbation (red block) and (B) Sub-parallel 

anisotropic microstructure (C) Parallel anisotropic microstructure.  
  

 

(A) 

(B) 

(C) 
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 Number of pores Total Area (µm2) Average pore size (µm) 

Case A 25,471 623,332.2 0.609 

Case B 19,977 1,556,074.564 9.082 

Figure 2.6  Presenting porosity (induced pore and pore) processed by ImageJ 

software in large window (A) Irregular anisotropic microstructure of bioturbation (red 

block) and (B) parallel anisotropic microstructure.  

 

 

Figure 2.7 Experiments used to evaluate pore structure and pore size distributions in 

unconventional gas reservoir (after Clarkson et al., 2012). 
 

 

(A) (B) 
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Table 2.3  Various image segmentation techniques (after Kaur and Kaur, 2014 and Jena et al., 2018) 

Segmentation techniques Description Objective Advantage Disadvantage 

Thresholding Method 

 

Based on the histogram 

peaks and valleys of images 

to fine threshold values 

To identity the minerals/non- 

components and pore space 

One of the best and easiest 

method to classify components 

(e.g. bioclasts, organic matter, 

minerals and pores) 

Ineffective application on 

images having complex 

intensity clay and pore 

distributions 

Edge Based Method Based on the sharp 

discontinuities’ detection 

To reduce noise and clearly 

contrast between objects  

Work well with the clear edges 

and boundary (e.g. erosive base, 

grain boundary and contact 

boundary) 

Not suitable for different 

minerals/crystal/particle 

points (altered mineral, pyrite 

crystal, ooids of siderite) 

Region Based Method Based on classify images 

into homogeneous regions 

To reduce high-frequency noise 

and clearly define similarity 

minerals and non-minerals as 

well as pores 

Better for noisy image where 

edges are hard to identify (e.g. 

linear-aligned elongated pore 

structural pores) 

Ineffective application with 

images having low resolution 

and complex edges (clay 

particle and nanopore) 

Clustering Method Based on  homogeneous 

clusters classification   

To categorize and determine 

object into specific group based 

on   

Work well with continuous 

boundary (e.g. isolated pore or 

parallel lamination) 

Not suitable for determining 

altered/unclear clay 

microfabric 

Watershed Method Based on topological 

interpretation 

To effectively detect boundary 

in continuity 

Clearer detect boundary with 

continuities (e.g. planar 

lamination, bioclasts 

morphology and structural pores 

of bioclasts) 

Difficulty for learning 
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2.5 X-Ray Diffraction: bulk and clay mineralogy (Chapter 6)  

2.5.1 Background 

Evaluation of potential shale-gas reservoirs requires an accurate estimation of brittleness 

and elasticity in terms of the relative content of quartz and carbonate (brittle minerals) as 

well as clays (ductile minerals).  Such mineralogical variation will also affect the 

sediment microfabric and hence influence porosity characteristics, fluid flow and storage 

capacity.  X-Ray Diffraction (XRD) is one of the principal non-destructive analytical 

techniques used to distinguish and determine mineral compositions (non-clay minerals 

and clay minerals), varying chemical composition, structural diversity of clay minerals, 

and the orientation of clay plates in clay rich rocks, directly related to mineral’s atomic 

or crystal structure rather than minerals’ optical properties or chemical composition.  This 

allows for precise major mineral determination and semi-quantitative estimation of the 

relative abundance of minerals and clay fraction, within an error bar of less than 10% 

(Carroll, 1970; Chippera and Bish, 2001; Chipera and Bish, 2002; Clarkson et al., 2013;  

Guo and Underwood, 2011; Hazra et al., 2016; Jiang et al, 2016; Li et al., 2016; Mathia 

et al., 2016; Moore and Reynolds, 1997; Nadeau et al., 1984; Środoń, 2013; Ward et al., 

1999; Zhou et al, 2018).  The general procedure for XRD analysis involves two different 

strands – for whole-rock mineral identification and for clay mineral identification – and 

three stages.  These stages are outlined below: sample processing, sample analysis and 

data processing (Hardy and Tucker, 1988). 

 

2.5.2 Sample processing 

A total of 11 shale samples were selected from outcrops of Sibuti Formation (6 samples) 

and Setap Shale Formation (5 samples) in Sarawak basin, and 13 mudrock samples from 

the West Crocker Formation, Sabah.  The procedure flow chart of sample preparation and 

treatment for major mineral analysis and clay mineral analysis is illustrated in Figure 2.8.  

The first stage of sample preparation is sample grinding. Grinding is essential to reduce 

particle size or crystallites to be an equivalent size of single crystals or crystallites. This 

is important for both the precision (counting statistics) and accuracy (extinction, 

microabsorption, amorphization) (Środoń, 2001).  Samples were either crushed and 

ground manually by mortar and pestle, or mechanically using a Laboratory Disc Mill. 

The second stage is to sieve the material to yield a uniform powder.  The fine powder 

samples with size less than 10 µm (or 200-mesh or less than 0.075 mm) is able to pass 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/brittleness
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through 0.4 mm sieve as a standard procedure (200 mesh fraction). After that, small 

amounts of powder sample are pressed into a sample holder, making a smooth flat surface, 

then the fine powder is mixed with a binder and pressed into the steel ring to get a 

mechanically stable sample (Figure 2.9). 

The initial stage of XRD analysis to investigate mineralogy is not sufficient to accurately 

distinguish clay minerals, so that a separate procedure of the clay size fraction is required.  

This is routinely taken as a grain size < 2 µm, rather than the standard textural clay grain 

size of < 4 µm.  Clay fraction is prepared as clay film to promote the preferred orientation 

of the platy clay particle. XRD analysis of oriented-aggregate of clay fraction with various 

treatments including: (1) Air-dried treatment (2) Ethylene glycol treatment leaving for 

four hours by vapor pressure method (3) heat treatment to 400 °C at least 30 minutes and 

(4) heat treatment to 500 °C at least 30 minutes are pivotal to isolate the clay component 

(Hardy and Tucker, 1988 and Starkey et al., 1984) (Figure 2.9).   

Disaggregation and dispersion.  The fine powder samples are put in measuring cylinders 

and covered with distilled water, then placed in a larger beaker and immersed into an 

ultrasonic bath.  The process was repeated many times – adding more distilled water to 

dilute, pouring off suspension and adding more water again.  This kind of process can 

provide large clay size suspension volumes.  After this procedure, sand-size fraction will 

be removed; whereas the water and finer particles (mixing silt and clay) as suspension are 

collected together.  

Deflocculation and centrifugation.  Deflocculation is necessary to separate the suspended 

clay into individual particles.  In this study, sodium hexametaphosphate solution was used 

as a deflocculant was applied to solve the flocculation of the clay aggregation.  The 

solution was then placed into a centrifuge in measuring tubes (45 ml) to recover the clays 

and to wash it to remove the excess soluble salt. Silt and clay sizes are separated by 

centrifugation.  There are standard tables of time required depending on speeds and 

temperatures for particle sediment.  There is likely to be some loss of the very finest clays. 

This step provided the clay suspension (<2 µm), which was retained for analysis.   

Clay film preparation.  The clay suspensions (< 2 µm) were used to prepare an orientated 

clay film by pipetting onto a glass slide, and then smearing the clay paste in order to better 

align the clay minerals parallel to the surface.  

Clay treatment method.  The oriented aggregates prepared clay slides with different 

treatment conditions as mentioned above is effective to adequately distinguish between 
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the different clay minerals.  Changing of peak position, shape and intensity of identify the 

precise clay mineral type (Figure 2.8).  

 

2.5.3 Sample analysis  

In this study, diffraction data were collected on two different diffractometers: (1) A 

Bruker D8 Advanced Diffractometer with Sol-X Energy Dispersive detector, operated by 

the School of Geoscience, University of Edinburgh; and (2) a Bruker D8 Advanced 

Powder Diffractometer with a LynxEye linear detector in reflectance mode, operated by 

the School of Engineering and Physical Science, Heriot-Watt University (Table 2.4).  

Using both systems, samples were processed with a source of Ge-monochromatic Cu Ka1 

radiation from a sealed tube operating at 40 kV and 40 mA with a Lynxye linear detector.   

 

2.5.4 Data processing  

At the University of Edinburgh, processing of the data was by EVA software with 

available International Centre for Diffraction Data (ICDD) database for mineral 

identification, and TOPAS 3.0 Rietveld analysis software to quantify the mineral fraction 

in percentages.  This approach provides the mineral compositions and weight fraction of 

mineral as well as clay mineral identification.  The X-ray diffraction patterns of samples 

from both methods were identified by comparison file standard X-ray powder diffraction 

patterns of the most commonly found minerals (International Centre for Diffraction Data, 

Mineral Powder Diffraction File Search Manual 1988).   

The X-Ray Diffractometer generates a set of peaks related to different minerals and to 

different crystallographic faces.  These peaks are compared to the database of standard 

patterns from the values of 2Ɵ angles and calculated d-spacing based on the software 

‘Match! 3’.  The conversion charts of 2Ɵ values to Angstrom units (d-spacing, Å) for Cu 

Kα radiation were those computed by M.J. Smith of Durham University.  The dominant 

diffraction peaks were used for identification of the different minerals present (edited 

From JCPDs, 1974; Nayak and Sign, 2007).  They are shown in Table A2.1 (see 

Appendix).  The  components found, and abbreviations used herein are shown in Table 

A2. 2 (See Appendix ). These provide qualitative analysis (Figure 2.10).  

The relative percentages of illite, smectite, chlorite and kaolinite (clay minerals) were 

determined using empirically estimated weighting factors and measurement of the area 

under the diffraction peak, which is related to the amount of each phase present in the 

sample (Guo and Underwood, 2001).  
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This semi-quantitative analysis was calculated from Equation (1) of Klug & Alexander 

(1974):  

                                    Wi       =         Hi x Ii 

 

Where             Wi   is weight fraction of component i in the sample 

 Ii    is intensity of diffraction pattern of component i 

     Hi   is mineral factor as relative value 

 

The XRD analysis is effective method to illustrate major mineral and clay minerals  It is 

vital to identify rock facies and improve a better understanding of depositional 

environment. Hence, it is crucial to  evaluate the capacity of adsorbed gas storage and 

fracture stimulation strategy on basis of clay types. However, XRD cannot indicate (1) 

compositions related with texture and the relevant feature and weathering process, (2) 

textures including size, shape, and fabric and fabric orientation, (3) Processes and 

mechanisms during diagenesis history, (4) pore characteristics (size, morphology and 

shape) and pore connectivity related to mineral alteration and cementation and (5) 

small quantities of rare minerals and grains will be missed.  XRD cannot be used as a 

stand-alone method, therefore, integrated approach is applied in this study.  In this study, 

the XRD method was associated with the application of petrographic analysis and SEM 

and EDX  as well as CHNH analysis as a supplement to X-ray diffraction study, not a 

substitute.  

1ΣHi Ii 
n 
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Figure 2.8  Procedure flow chart of  sample preparation,  major mineral analysis and clay mineral analysis with various treatments of 

XRD technique.   
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Figure 2.9  Powder sample pressed into a sample holder and making a smooth flat surface of 

fine powder, mixed with a binder and pressed into the steel ring.  

 

 

Figure 2.10  Procedure flow chart of mineral identification and manually semi-quantitative 

analysis
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Table 2.4  Detail of sample and analysis of XRD for mineralogy and clay mineralogy. 

Model of X-Ray 

Diffractometer 

Bruker D8 Advance powder diffractometer 

with a LynxEye linear detector                       

at Heriot-Watt University 

Bruker D8 advance with Sol-X Energy Dispersive detector                                      

at University of Edinburgh 

Inorganic analysis Bulk mineralogy Bulk mineralogy Clay mineralogy 

Type of radiation CuKα radiation 

Sample detail Setap Shale Formation( 6 samples) 

Sibuti Formation (7 samples) 

Setap Shale Formation (3 samples)  

Sibuti Formation (3 samples)  

West Crocker formation (13 samples) 

West Crocker Formation 

( 5 samples) 

Mineral 

characterization  

 Using the database of the Joint Committee for 

the Powder Diffraction Standards (JCPDS, 

1974) 

EVA software with available International Centre for Diffraction Data (ICDD) database 

Mineral 

quantification 

Reference intensity ratio (RIR), Mineral intensity 

factor (MIR) for calculation 

TOPAS 3.0 Rietveld analysis software TOPAS 3.0 Rietveld analysis software and 

flow chart of clay mineral identification of 

Starkey et al, 1984 
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2.6 Organic geochemical analysis (Chapter 7)  

2.6.1 Background 

Organic geochemical analysis is key to determining the amount of adsorbed gas stored in shale, 

whereas thermal maturity of organic matter in different stages is key to assessing hydrocarbon 

generation.  They provide useful information on gas generation potential, pore development 

during different maturity stages, and the influence of organic carbon on the microfabric and 

porosity characteristics.   

The Rock Eval pyrolysis technique is used to identify the maturity and quantity the free 

hydrocarbons, extracted gas, and released CO2 during the breaking down of kerogen through 

thermal cracking.  Measures of Tmax, the vitrinite reflectance, and parameters S1, S2, and S3, 

are made.  Tmax is used to identify the maximum rate of generated hydrocarbons from the 

kerogen cracking, whereas S1 and S2 determine the hydrocarbon capacity of the free gas and 

adsorbed gas, respectively (Ding et al., 2015).  Vitrinite reflectance (Ro) used to determine 

maturity level (Behar et al.,1997; Bernard and Horsfield, 2014; Curiale et al., 2016; Jiang et 

al., 2015; Josh et al., 2012; Javie, 2007; Wang and Carr, 2012).  The Leco carbon analyzer is 

used to identify TOC content, by measuring the combusted carbon over the original weight of 

dry carbon (Clarkson et al., 2013; Ding et al., 2015; Mathi et al., 2016).  

The significant parameters for evaluation of organic material and gas storage capacity include 

(1) total organic carbon (TOC), (2) kerogen type, and (3) thermal maturity. It is also important 

to analyse both organic-rich shales and non-shale lithologies to know gas generation (source 

and reservoir) and gas migration (reservoir).  It is therefore important to carry our organic 

geochemical analysis of all types of rocks, including shale, sandstone and limestone, within the 

unconventional reservoir interval. 

 

2.6.2 Method 

A total of 38 samples were selected for TOC analysis, including: (1) 10 samples from 

Oligocene to Early Miocene shallow water to transitional deeper marine systems of the Setap 

and Sibuti Formations, and (2) 28 samples from thin-bedded turbidites of the Miocene West 

Crocker formation.  Mixed facies, including shale, carbonate rock, sandstone and mudstone 

samples were analysed using a carbon, hydrogen, nitrogen, and sulphur analyser, including a 

Thermo Fisher Flash Smart 2000 Organic Elemental Analyser with a MAS Plus autosampler 

for solid samples, and an AS 1310 liquid autosampler to measure carbon, nitrogen, hydrogen, 
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sulphur and oxygen.  These were provided by the Geochemical Laboratory of the University 

of Edinburgh. 

In this study, the integrated methods are conducted in source rock potential using CHNS and 

TOC analysis and clay analysis using XRD analysis detailed in Chapter 6 as well as organic 

material morphology observation and investigation using light microscopy detailed in Chapter 

4 and SEM imaging detailed in Chapter 5. As the Rock-Eval pyrolysis method and reflected 

light determination of Ro was not conducted in this study, an estimation of thermal maturity 

was made using the indirect method of clay mineral diagenesis.   However, analysis of clay 

mineral transformations is a well-accepted indirect method of representing organic thermal 

indicators (i.e. vitrinite reflectance) and maximum temperatures predicted by this method can 

be closely related to thermal maturity and hydrocarbon generation (Bloch et al., 2002; Burtner 

and Warner, 1986; Foscolos et al., 1976; Jiang, 2013; Ola et al., 2018).  Therefore, an effective 

series of the clay mineral occurrence during the geological history of sedimentary basins was 

used to evaluate kerogen phase in organic-rich shales and maturity stage.  However, the indirect 

method by using a series of clay mineral transformation  show high risk to evaluate organic 

thermal indicators. The direct method of the Rock Eval pyrolysis technique will be  used to 

identify the maturity and quantity the free hydrocarbons in future study. 
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Chapter 3  Geological setting and sedimentology of the Setap Shale and 

Sibuti Formations, Sarawak Basin and the West Crocker Formation, 

Borneo 

 

3.1 Introduction 

The principal aim of this chapter, therefore, is to document the geology, sedimentology 

and stratigraphy of the three mudrock systems selected – the Sibuti,  Setap Shale and 

West Crocker Formations. This is with a view to providing new information on regional 

geology, understanding the depositional context of the mudrock samples selected for 

further analysis, and consideration of these mudrock formations as potential shale gas 

reservoir rocks.   Standard field methods used are described in Chapter 2.  

In Sarawak, Malaysia, there has been significant petroleum production from Neogene 

rocks, especially sandstone and carbonate reservoirs, and particularly in the western 

offshore area of the Sarawak basin, (Madon, 1999).  As there has continuously been 

production from conventional carbonate clastic sandstone reservoirs of the Nyalau 

Formation, Miri Formation, and Lambir Formation, these sedimentary successions are 

relatively well studied.  However, much less attention has been paid to the associated 

mudrock successions, including the Setup Shale Formation and Sibuti Formation of 

Miocene age (Hassan et al., 2013;  Rahman et al., 2014).  These formations are 

significant: (a) as the potential source rocks for conventional hydrocarbon reservoirs; and 

(b) as potential shale-gas reservoirs in their own right.   

The little work that has been done on the Miocene Sibuti and Setap Shale Formations has 

led to different interpretations of the depositional environment.  Hutchison (2005), Khor 

et al. ( 2014) and Nagarajan et al. (2015) suggest that the Sibuti Formation  deposited in  a 

shallow marine environment on the shelf. Shi et al. (2016) and Aziz (2015) suggest that 

the Setap Shale formed in a continental shelf setting, whereas Hassan et al. (2013) and 

Nagarajan et al. (2015) interpreted deposition in a deep-water marine environmental 

setting.  In addition, there are conflicted issues of the sedimentary characteristics and 

stratigraphic status of the Setup Shale and Sibuti Formations (Hutchinson, 2005; 

Nagarajan et al., 2015).  Furthermore, Aziz (2015) noted that shale from Setap Shale 

Formation has low potential to generate hydrocarbon, based on geochemical analysis of 

only two core samples without paying attention to a broader geological study.  There have 
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been no publications to date on the potential of either formation as an unconventional 

shale-gas reservoir.  

The West Crocker Formation is part of the outcropping eastern margin of the NW Sabah 

Basin, which occurs onshore and offshore Borneo, Malaysia. The Sabah Basin is a 

significant petroleum bearing and prospective sedimentary basin, with proven prolific 

petroleum reserves in an Oligocene to Neogene fill. It can be subdivided into the North-

East and North-West Sabah Basin (Figure 3.1).  The NW Sabah Basin developed in 

Middle Oligocene and was filled with sediment supplied from erosion of the late 

Cretaceous to Early Miocene Rajang-Crocker fold-thrust belt in northwest Borneo, as 

well as from earlier Neogene clastic sediment uplifted and exposed in Borneo (Adams, 

1965; Hutchison, 2005; Lambiase, et al., 2008; Madon, 1999; Mohamed et al., 2015; 

Shah, et al., 2018).  Uplift of both East Crocker and West Crocker Formations yielded the 

Rajang-Crocker accretionary complex and ophiolite complex as a result of active 

collisional tectonics from the Cretaceous to Miocene.  

Although the offshore part of the NW Sabah Basin in the South China Sea is an important 

petroleum basin, there has been relatively little detailed sedimentological work to date on 

the onshore equivalent, and none that focusses directly on the fine-grained (mudstone-

rich) part of the succession.  As with the Setap Shale and Sibuti Formations, there have 

been no publications to date on the potential of the West Crocker Formation as an 

unconventional shale-gas reservoir.  

The chapter is organised as follows:  

(a) An introduction to the study area, logging and sample locations. 

(b) A review of the overall tectonic setting and geological history of each formation, based 

on previous work. 

(c) Documentation of the principal sedimentary facies and depositional processes represented. 

(d) Presentation of how the different facies is organised vertically and laterally. 

(e) Detailed characterisation, based on logging and petrographic study of the principal 

microfacies, in terms of sedimentary micro-structures, texture and composition. 

(f) A preliminary interpretation of the field data. 
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3.2 Study area 

 3.2.1 Sarawak Basin 

Based on the regional geological map, the sedimentary rocks of the Oligocene Setap Shale 

Formation and Miocene Sibuti Formation outcrop in the North-Central part of onshore 

Sarawak (Miri zone) (Figure 3.2).  Madon (1999) and Nagarajan et al. (2017) mentioned 

that shallow and deep marine sediment of the Sibuti Formation and Setap Shale 

Formation, respectively, are distributed in the Miri zone.  Based on lithological and fossil 

characteristics, both formations were deposited in a marine setting (Simmons et al., 1999;  

Vermeij and Raven, 2009).   

The extensive outcrops of the Sibuti and Setap Shale Formations in the Miri zone are well 

exposed in the Miri and Bekenu area, along Peliau beach, the Miri-Bintulu Road along Q 

642 and route 4302, the Jalan Beluru-Long Teru road (Q21), the Jalan Beluru-Bekong (Q 

285) road and Ranchah-Rachah and Tengah villages (Table 3.1) (Figure 3.2).  Following 

reconnaissance of these regions, four main exposures were are selected for detailed study, 

as representative of (1) the lower part of overlying Lambir Formation, (2) and (3) the 

upper and lower parts of Sibuti Formation, and (4) the Setap Shale Formation. 

Documentation of the sediment facies and selection of samples for further analysis was 

made from the whole range of exposures examined.
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Figure 3.1  Geographical provinces displayed location of sites in Sabah.  .   
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Figure 3.2  Rock distribution of Oligocene sediment of the Setap Shale Formation  (Yellow) and Early Miocene sediment of the Sibuti 

Formation (Pink) in North-Central part of onshore Sarawak (Miri zone)  (Outcrop A outcrop with width of view 50 m.)     
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Table 3.1  Location of studied outcrops/road cut outcrops. 

 Sample/logging Road District UTM systems Latitude and longitude 

system 

Remark 

(ESRI) 

Stop 1 Sampling 4302 Bekenu 113.819206E 4.062617N 113°49'09.1"E 4°03'45.4"N Shale, Sibuti Fm. 

Stop 2 Sampling 4302 Bekenu 113.809204E 4.056694N 113°48'33.1"E 4°03'24.1"N 
Carbonate, 

Sibuti Fm. 

Stop 3.1 
Sampling 

Logging 
Along Peliau beach Bekenu 113.793611E 4.076072N 113°47'37.0"E 4°04'33.9"N Upper Sibuti Fm. 

Stop 3.3 
Sampling 

Logging 
Along Peliau beach  113.794583E 4.078417N 113°47'40.5"E 4°04'42.3"N Lower Lambir fm. 

Stop 6 Sampling 
Jalan Beluru-Bakong 

(Q285) 
Bekenu 114.042532E 3.972967N 114°02'33.1"E 3°58'22.7"N Shale, Sibuti Fm. 

Outcrop A 

 

Sampling 

Logging 
Q021 Bekenu 114.082333E 3.892611N 114°04'56.4"E 3°53'33.4"N 

Contact boundary Upper 

Setap Fm. and Lower 

Sibuti Fm. 

Outcrop B Observing Q021 Bekenu 114.096334E 3.972281N 114°05'46.8"E 3°58'20.2"N  

Outcrop C Sampling Q021 Bekenu 114.113540E 3.839570N 114°06'48.7"E 3°50'22.5"N Setap Shale Fm. 

Outcrop E 

 
Sampling 

Jalan Beluru-Bakong 

(Q285) 
Bekenu 113.992800E 3.992336N 113°59'34.1"E 3°59'32.4"N Sibuti Fm. 

 

https://en.wikipedia.org/wiki/Geographic_coordinate_system#UTM_and_UPS_systems
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3.2.2 Sabah Basin 

The best outcrops of the Oligocene to early Miocene sediment of the West Crocker 

Formation in the Kota Kinabalu, Tuaran and Papar Districts, of NW Sabah, northern 

Borneo, Malaysia (Figure 3.3) (Table 3.2).  Four key localities were selected for detailed 

logging and sampling, in part to be representative of the whole Formation (the finer to 

coarser-grained facies) and in part to ensure that the finer-grained facies were also 

adequately represented.  More than 600 m of well-exposed section were logged in detail 

to characterize bedding style and stacking patterns, texture, structure, and composition, 

of the turbidite-dominated succession.   

 

 

  

 

 

 

 

 

 

 

 

Figure 3.3  Location of studied outcrops/road cut outcrops of the West Crocker Formation 

along Panampang-Kinuarut/Papar Old Highway (KFC outcrop with width of view 10 m.)   
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Table 3.2  Location of studied outcrops/road cut outcrops. 

  Sample Set  Road District UTM systems Latitude and longitude 

system 

Road cut 

outcrop 

 Logging  

Sampling 

SP Jalan Fakulti Perubatan Kota Kinabalu  

 

116.130638E 6.055398N 116°07'49.4"E 6°03'19.4"N 

Outcrop  Observation  Jalan Kauluan Bukit Giling Tuaran District 116.23944E 6.121000N 116°14'22.0"E 6°07'15.6"N 

Road cut 

outcrop 

Sampling JLP Penampang-

Kinuarut/Papar 

(Km 38 to Papar) 

Penampang 116.079870E 5.855986N 116°04'47.5"E 5°51'21.6"N  

Road cut 

outcrop 

Sampling SRLKS Penampang-Kinarut/papar 

(km 34+500 to Papar) 

Kinarut 

 

116.057725E 5.856828N  

 

116°03'27.8"E 5°51'24.6"N  

 

Outcrop Sampling KFC KFC Papar drive thru Papar  115.937312E 5.702480N 115°56'14.3"E 5°42'08.9"N  

https://en.wikipedia.org/wiki/Geographic_coordinate_system#UTM_and_UPS_systems
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3.3 Geological Setting 

3.3.1 Sarawak Basin 

The tectonic evolution of Sarawak is complex and has involved several region tectonic 

events through the late Mesozoic to present.  The episode of tectonic evolution of Borneo 

from early Cretaceous to Paleocene (~130 to 63 Ma) is basically the result of collision 

between the Luconia microcontinental block and NW Borneo Basement, part of the 

Sundaland continental basement in the south (Huchison, 2005; Madon, 1999).  The 

Cenozoic era from about 45 Ma was a period of significant plate tectonic evolution of the 

South China Sea, involving subduction and drifting of several continental blocks, 

followed by progressive uplift and deformation (Balaguru, 2006; Balaguru and Hall, 

2009; Denis et al. 1990; Hall, 2002; Hutchison, 1988;  Madon, 1999) (Figure 3.4).  It has 

resulted in many episodes of deformation, leading to geological evolution in terms of 

diversity and complex structures and lithology in the region.  These complexities of 

tectonic and geological evolution have led to several different interpretations amongst 

geologists, such as Hutchison (2005) and Madon (1999).   

Based on a Luconia microcontinental block colliding with NW Borneo Basement, 

Sarawak has been subdivided into three tectonostratigraphic zones including: (1) the 

Kuching zone (west zone), (2) the Sibu zone (central and north zone or Rajang Fold Belt), 

and (3) the Miri zone (North zone) (Madon, 1999; Mathew et al., 2016; Tan, 1979).  

Westernmost Sarawak is within the Kuching zone located to the west of the Lupar line ( 

a suture), whereas the central and north Sarawak is located to the east of the Lupar line.  

These zones are represented by progressively more complex sedimentology, stratigraphy 

and structure from west to east (Figure 3.5).  The study area for this thesis lies within the 

onshore Miri zone, but I will first review briefly the Kuching and Sibu zones.  

It is believed that Kuching zone located in the southwestern part of Sarawak is the 

northward extensional part of the west Borneo basement, from Kalimantan into Sarawak. 

The west Borneo basement is composed of Carboniferous-Permian metasediments, 

including mica schists, phyllites, and hornfels of the Kerait and Tuang Formations that 

are the continental core of Borneo.  These are intruded by Cretaceous volcanic and 

plutonic rocks comprising granite, gabbro and diorite (75 -115 Ma from K-Ar dating) 

(Madon, 1999;  William and Harahap, 1987). In addition, the Kuching zone comprises 

Jurassic-Cretaceous shelf deposits and non-marine sediments (molasse) deposited on the 

edge of the west Borneo Basement Complex (Haile, 1974; Hutchison, 2005).  As a result, 

it consists of various sedimentary rocks including shale, sandstone, conglomerates and 
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limestone, interbedded with volcanic rock and intruded by igneous rock of different ages 

from Carboniferous-Permian to Miocene.   

The Sibu zone of the Rajang fold and thrust belt is late Cretaceous to late Eocene in age, 

and dominated by the Rajang Group of deepwater sediment, including the Lupar and 

Belaga Formations.  According to some authors, the Lupar Formation is overlain by the 

Belaga formation (Haile,1969; Madon, 1999).  The Lupar Formation comprises 

siliciclastic turbidites, radiolarian chert, spilite (altered oceanic basalt), and dolerite, 

whereas the Belaga Formation consists of a variety of low-grade metamorphic rocks due 

to the compression, uplift and shearing caused by the Sundaland and Lucina block 

collision (Madon, 1999).  In the late Eocene, deepwater sediment of the Rajang group 

was deformed and uplifted by tectonic, leading to the complex fold and thrust belt in this 

area (Hutchison, 2005; William and Harahap, 1987).  

The Miri zone is the youngest of three tectonostratigraphic zones and is dominated by 

shallow marine to shelf sediments of Oligocene to Pliocene age that overlie on the older 

continental crust with a mostly sharp unconformable contact.  In addition, the Belaga, 

Mulu and Kelalan Formations (Rajang Group) are overlain by Oligocene to Pliocene 

sediment with a sharp contact boundary along the Tatau-Mersing line (a major suture) 

(Figure 3.6).  The relationship between each of the Oligocene Formations  (Setap, Tangap, 

Tabau, Buan) and Miocene Formations (Sibuti,  Liang, Takau) appears to be complex, 

gradational and interfingering on the basis of geological, lithological and sedimentary 

characteristics (Hutchison, 1988; Liechti et al., 1960; Madon, 1999; Nagarajan et al., 

2015). 

The Sibuti Formation has been distinguished from the Setap Shale Formation based on 

its higher fossil content, and predominance of calcareous sandstones and limestones 

(Nagarajan et al., 2015; Peng et al., 2004; Shi et al., 2015; Simmons et al., 1999).  The 

Setap Shale Formation is overlain by the Sibuti Formation with a partly gradational 

contact and the Lambir Formation with a more abrupt transition (Ho, 1978; Liechti et al., 

1960; Nagarajan et al., 2017).   
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Figure 3.4  Schematic picture showing the evolution of  the Sarawak basin (from Madon, 1999). 
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Figure 3.5  Tectonic setting of Sarawak region with complexity of rock distribution.  
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Figure 3.6  Regional stratigraphic column in Sarawak area both offshore (edited from Madon, 1999). 
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3.3.2  Sabah Basin 

The West Crocker Formation is part of the Rajang-Crocker fold-thrust belt extending 

from northern Sabah to southern Sabah, and extending into central Sarawak (the Sibu 

zone).  This is part of a larger accretionary complex comprising deepwater to shallow 

water marine sediments and a suite of ophiolites.  This complex resulted from tectonic 

evolution of the South China Sea region involving seafloor spreading followed by 

collision, subduction and orogenic uplift during the late Cretaceous to late early Miocene 

(Hama et al., 2016; Hattum et al., 2006; Hutchison, 1996; Hutchison et al., 2000; 

Lambiase et al., 2008; Madon, 1999).  The East Crocker Formation has long been 

recognized as a thick succession of turbidites that was deposited in response to collisional 

tectonics in the region from late Cretaceous to early Miocene (Stauffer, 1967; Wilson, 

1964; Tan and Lamy, 1990; Hutchison, 2005), whereas the West Crocker Formation in 

NW Sabah has been interpreted as part of a submarine fan deposited during Oligocene–

early Miocene. Its final uplift and incorporation into the accretionary complex in the late 

Lower Miocene, accompanied final closure of the Rajang sea  (Jackson et al., 2009).    

Based on this earlier work (as above), we recognise a complex evolution of the region 

that can be simplified into two main periods as follows.  

(1) During late Cretaceous to late Eocene, mainly deep-water mudrock-dominated 

sediments of the Sapulut Formation (Rajang Group), the Trusmadi Formation and the 

East Crocker Formation were deposited. Collision and uplift led to the emplacement of 

an imbricated of ophiolite complex within the Rajang fold-thrust belts. A major 

unconformity was developed during the uppermost Eocene (Meng, 1999; Mohamed et 

al., 2015; Lambiase et al., 2018). 

(2) During the late Eocene to early Miocene, ongoing subduction in the South China Sea 

associated with remnant oceanic basin movements, led to uplift of the West Crocker, 

Temburong and Kudat Formations (Hutchison, 1996; Lambiase, et al, 2008; Madon,1999; 

Meng, 1999; Tongul, 1990) (Figure 3.7 and 3.8).  These uplifted and deformed formations 

are overlain by an extensive regional unconformity that marks the transition from uplift 

to rapid subsidence of the Sabah basin in the late early Miocene. 

In summary, the West Crocker Formation has been identified as a thick sandstone-prone 

turbidite succession in the North Kota Kinabalu to Tuaran Area, NW Sabah, whereas the 

correlative Temburong and Kudat Formations are considered as more mudstone-rich.  

The Rajang-Crocker fold-thrust belt comprises a late Eocene through early Miocene 
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succession – the West Crocker Formation (sandstone-rich), and the Temburong and 

Kudat Formations (mudstone-rich).  This overlies the Cretaceous to Eocene deep-water 

turbidites of the East Crocker, Sapulut and Trusmadi Formations, which interdigitate with 

part of the ophiolite complex along a major shear zone that crosses Sarawak (Abdul et 

al., 1999; Cullen, 2010; Hattum et al., 2006; Lambiase, et al., 2008; Hutchison, 1988; 

Madon et al., 1999; Mohamed, 2015; Zainul et al., 1999).    

The geological map and general stratigraphy of the study area is shown in Figure 3.9, 

after Jackson et al. ( 2009), Hutchison et al. (2000), Khan (2019), Meng (1999), Shah et 

al. (2018), Tahir et al. (2010),  Tongkul (2006), and  Tongkul and Chang (2006).

https://sciprofiles.com/profile/360933
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Figure 3.7  Schematic tectonic evolution of the South China evolution (from Madon, 1999).        
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Figure 3.8  Schematic NW-SE sequential cross section across Sabah (from Meng, 

1999).      

 

 

C
retaceo

u
s to

 

P
aleo

cen
e B

asin
 

Dangerous Grounds,  

Reed Bank ? (Southern China) 

Continental Crust 

‘Rajang Sea’ 

Sapulut, East Crocker, Trusmadi 
Volcanic arc, ophiolites   Chert - Spilite 

Carbonate layer 

West Crocker 

Temburong, Kudat,    

Stage III 

Rajang (older Crocker) 

Fold-Thrust Belt and 

imbrication of  

ophiolite complex 

Neogene sediment Kinabalu Neogene sediment Neogene 

sediment 

Neogene sediment 

(Sabah Basin) 

Volcanic 

(Extensional Basin) 
Dent volcanics and 

Vocaniclastics 

Collision Zone 

Spreading axis 

Dent volcanics and 

volcaniclastics 

Rajang and Crocker 

Fold-Thrust Belt,  

‘pop-up’ silvers 

Of ub/b Chaotic 

deposits 

Late 

Miocene - 

Pliocene 

Early 

Miocene  

E
arly

  M
id

d
le M

io
cen

e   B
asin

 

Early – Middle 

Miocene  

Oligocene - 

Early Miocene  

Cretaceous - 

Eocene 

Oceanic crust 

 

Kulapis, 

Labang 



 

58 
 

  

Figure 3.9  Simplified onshore column stratigraphy of west Sabah and North Sabah 

modified from Christopher et al. (2009), Khan (2019), Tahir et al. (2010), Tongkul and 

Chang (2006) indicating the location of the study area (boxed).  

 

3.4 Results 

3.4.1 Reconnaissance  

Field reconnaissance in Sarawak confirmed the broad lithological distinctions between 

different formations in the study area.  The Setap Shale Formation is mud-rich.  The Sibuti 

Formation is of more mixed lithology – part sand-rich, part mud-rich and partly 

calcareous.  It is somewhat better exposed in places but also subject to intense weathering.  

The overlying Lambir Formation also shows mixed facies, but with a greater component 

of calcareous sandstone and limestone.  It is locally exposed and highly weathered (Figure 

3.10).   

Field reconnaissance in Sabah revealed that wide tracts of the study area are heavily 

vegetated, relatively inaccessible and very poorly-exposed.  The scattered outcrops that 

Remark: Meligan (Me) 

East Crocker 
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are exposed indicate that a large proportion of the formation is dominated by mudrock.  

The coarser grained, sandstone-rich parts of the West Crocker Formation are well exposed 

in places, although in various states of weathering.  These sandstone-rich outcrops are 

encased in poorly exposed mudrock.  About 25 localities were identified from Google 

maps, and all of these were visited for reconnaissance purposes.  This quickly confirmed 

observations from previous literature that the whole West Crocker Formation was made 

up of turbidites and associated deepwater facies.  Turbidites ranged from very thin and 

thin-bedded siltstone-mudstone facies, to thick and very thick-bedded sandstones, 

including deepwater massive sandstone facies.   

 

3.4.2 Sedimentary Facies  

The principal facies identified in the Sibuti Formation, Setap Shale Formation and Lower 

part of the Lambir Formation of Sarawak can be characterized below.  The Lambir 

Formation sediments are included here as they are found directly overlying both the Sibuti 

and Setap Shale Formations. However, they are mainly sandstone-rich, and are not 

considered further in the thesis. 

 

3.4.2.1 Sibuti-Setap-Lambir Formations 

These comprise mixed sandstone-mudstone facies with two main facies associations (FA-

S1 and FA-S2), and seven separate facies (F-S1 to F-S7), six of which are siliciclastic and 

one is calcareous sandstone/limestone.  

FA-S1: Sandstone-rich facies association 

F-S1 Medium-grained sandstone: medium to thick-bedded; parallel-lamination and 

cross-bedding, sharp and erosive bases, sharp tops, some beds show normal grading 

towards top; siliciclastic composition, in some places with fragmented bioclastic debris 

(foraminifera, mostly fragmented bivalves and gastropods); typically pale-grey to yellow-

grey coloured, rarely reddish-coloured. 

F-S2 Fine-grained sandstone: very thin to medium-bedded; parallel-lamination, cross-

lamination, some structureless beds; sharp bases and sharp tops typical, normal grading 

(especially at tops of beds) is common in places, rarely with partial Bouma sequences; 

siliciclastic composition, with scattered bioclastic material in parts; typically pale-grey to 

yellow-grey coloured. 

F-S3 Calcareous sandstone/limestone: localised beds that are highly calcareous 

sandstone or sandy limestone, with abundant bioclastic material (mainly fragmented); in 
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some cases fully carbonated cemented limestone beds (Khor et al., 2014; Nagarajan et 

al., 2015). 

 

FA-S2: Mudstone-rich facies association 

F-S4  Siltstone and fine sandy siltstone: very thin to medium-bedded; parallel-lamination 

dominant, some cross-lamination and/or convolute lamination, some structureless beds; 

sharp bases and sharp tops typical, normal grading common with Stow/Bouma turbidite 

sequences in places; siliciclastic composition; typically pale-grey coloured 

(Nagarajan, 2017; Ramasamy et al., 2015). 

F-S5   Silt-laminated mudstone: very thin to thin-bedded mudstone with intercalated 

siltstone laminae; micro-cross lamination, parallel lamination, wispy and discontinuous 

lamination in siltstones, some parts with convolute lamination and disrupted lamination; 

siliciclastic composition dominant, with abundant clay minerals; grey to dark-grey 

colored. 

F-S6  Mudstone: thick monotonous mudstone units (up to metres thick), with no evident 

bedding or silt lamination present; siliciclastic composition dominant, with abundant clay 

minerals; grey to dark-grey coloured. 

F-S7  Chaotic mudstone-sandstone: some sections show thick (several metres) contorted 

and slump-folded sandstone-mudstone beds within a thick mudstone succession; other 

sections have thinner (< 0.5 m) chaotic/folded units within the dominant mudstone facies. 

3.4.2.2 West Crocker Formation 

The principal facies identified in the West Crocker Formation are all clearly interpreted 

as deepwater facies deposited by turbidity current, debris flows and related processes. 

This agrees with the existing literature.  They are therefore described below in terms of 

standard turbidite terminology and the classic Bouma/Stow turbidite divisions, as well 

deepwater massive sandstone and debrite/hybridite terminology (Pickering and Hiscott, 

2016; Stow and Smillie, 2020). Three main facies associations (FA1 to FA3) are 

identified, with 9 distinct facies (F1 to F9).  These are based mainly on bed thickness, 

grain size and sedimentary structures, whereas details of composition and other 

petrographic characteristics are considered in the next chapter. 

 

FA-W1: Thin-bedded and very thin-bedded turbidite facies association 

These represent the mudrock units.  They are classic fine-grained sandstone, siltstone and 

mudstone turbidites. They occur interbedded with thick-bedded sandstone turbidites and 
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deepwater massive sandstone facies, and are probably the dominant facies type of the 

poorly exposed and unexposed West Crocker Formation.  Both facies F1 and F2 are very 

common in the mudstone-rich parts of the succession (Figures 3.11-3.20).  

F-W1 Very thin-bedded turbidites: beds typically < 3 cm thick, or the sandstone/siltstone 

part of graded beds < 3 cm thick; siltstone and very fine sandstone laminae and beds 

intercalated with mudstone; full range of sedimentary structures as found in Stow 

turbidite divisions (T0-8), mostly grouped as base-only (T0-3), mid-only (T4-6), and top-

only (T6-8) turbidites; normal grading and graded laminated units common; sharp and 

erosive bases with micro-scours and loads, sharp or gradational tops; siliciclastic 

composition, in places with abundant finely dispersed carbonaceous debris; typically grey 

to dark-grey coloured.  In some places thicker mudstone units are present with no evident 

bedding or structures.  Bioturbation is rare. 

F-W2 Thin-bedded turbidites: beds typically 3-10 cm thick, more rarely up to about 15 

cm thick; coarse siltstone, very fine and fine sandstone, grading to mudstone in some 

beds; full range of sedimentary structures as found in Bouma turbidite divisions (CDE), 

either occurring together or separately (i.e. parallel laminated sandstone beds of D 

division, cross-laminated sandstones of C division); normal grading is very common; 

sharp and erosive bases with basal scours, flutes, grooves and loads, sharp or gradational 

tops; siliciclastic composition, in places with carbonaceous debris at the tops of beds; 

typically pale grey to grey coloured, in places weathers as yellowish coloured. 

Bioturbation is rare. 

 

FA-W2: Medium-bedded and thick-bedded turbidite facies association 

These are fine to medium-grained sandstone to mudstone graded turbidites.  They occur 

interbedded with thick-bedded sandstone and deepwater massive sandstone facies, and 

with the thin and very thin-bedded turbidites. Both facies F3 and F4 are common.  

F-W3 Medium-bedded turbidites: beds typically 10-30 cm thick; fine and medium-

grained sandstone, grading to mudstone in some beds; full range of sedimentary structures 

as found in the Bouma turbidite divisions (ABCDE), including both partial and complete 

sequences; normal grading is very common; sharp and erosive bases with basal scours, 

flutes, grooves and loads, sharp or gradational tops; siliciclastic composition; typically 

pale grey coloured, in places weathers as yellowish coloured.  Bioturbation is rare. 

F-W4 Thick-bedded turbidites: beds typically 30-100 cm thick, although some beds are 

up to 130 cm (i.e. very thick bedded); fine, medium and coarse-grained sandstone, with 
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granules of very coarse sand near the base and grading to mudstone at the very top of 

some beds; full range of sedimentary structures as found in the classic Bouma turbidite 

divisions (ABCDE), including both partial and complete sequences, with A and B 

divisions most common, and indistinct or subtle parallel lamination and spaced 

lamination common; normal grading is very common, especially subtle coarse-tail 

grading throughout, and more marked distribution grading at the base and tops of beds; 

sharp and erosive bases with basal scours, flutes, grooves and loads, sharp or gradational 

tops; siliciclastic composition, with common shale clasts; typically pale grey coloured, in 

places weathers as yellowish coloured.  Bioturbation is generally absent. 

F-W5 Disorganised turbidites: beds range from medium to thick bedded, typically 10-

100 cm thick; muddy, poorly-sorted sandstone throughout; no clear sedimentary 

structures (neither Bouma nor Stow divisions); normal grading, sharp and erosive bases 

with basal scours, and gradational tops; siliciclastic composition, commonly with 

dispersed carbonaceous debris and shale clasts; typically grey coloured.  Bioturbation is 

rare. 

 

FA-W3: Deepwater Massive Sandstone facies association 

These are thick and very thick-bedded structureless sandstones, associated with other 

gravity flow deposits, including debrites, slumps and hybrid beds.  They form the main 

parts of the better-exposed West Crocker Formation throughout the basin.  It should be 

noted that, in some cases, the completely structureless appearance maybe due to 

weathered surfaces making indistinct primary sedimentary structures difficult to observe.  

Facies 6 is very common, whereas F7, 8 and 9 are relatively uncommon. 

F-W6 Deepwater Massive Sandstones: beds typically > 1 m and up to 10 m thick units, 

maximum logged at 14.5 m thick, although some very thick units appear to have 

amalgamation horizons, separating 1-3 m thick beds; medium and coarse-grained 

sandstone, with granules of very coarse sand/fine pebbles (< 5 mm diameter) near the 

base, grading to mudstone at the very top of some beds; general absence of any primary 

sedimentary structures, but secondary water-escape structures are present in some beds, 

including consolidation laminae, dishes, pipes and disrupted lamination; beds vary from 

no obvious grading, to coarse-tail grading throughout, to normal grading at the tops and/or 

bases of beds; reverse grading evident in the lower 5-20 cm of few beds; shale clasts occur 

in some beds, both isolated and clustered, mostly 1-10 cm in length, with a maximum 
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recorded of 1.5 m; siliciclastic composition, with common shale clasts; typically pale grey 

coloured, or weathering to pale yellowish coloured.  Bioturbation is absent. 

F-W7 Shale-clast conglomerates: beds range from 0.5 to 1.5 m, comprising abundant 

shale clasts within a muddy sandstone matrix; shales clasts either randomly distributed or 

with distinct normal grading in clast size and bed-parallel orientation of long axes. 

F-W8 Sandstone/shale-clast hybrid beds: beds range from 0.5 to 2.5 m, comprising a 

sandstone basal part and a shale-clast-rich upper part, within a muddy sandstone matrix; 

shales clasts appear randomly distributed in clast size but with bed-parallel orientation of 

long axes.  There is typically a disturbed or interfingering contact with overlying 

mudstones. 

F-W9 Chaotic/slump-folded units: these chaotic units of disturbed and slump-folded 

bedding range from 0.5 to 11.5 m in thickness, mostly occurring in the mudstone-rich 

facies. 
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Figure 3.10  Photo and Satellite image of studied outcrops of the study area and sampling location (red star) on Sarawak in Miri and Bekenu 

area in NW Borneo of fine sandstone/siltstone-rich Sibuti (A) Outcrop 1 at 113°49'09.1"E 4°03'45.4"N , (B) Outcrop 2 at 113°48'33.1"E 

4°03'24.1"N, (C) Outcrop E at 113°59'34.1"E 3°59'32.4"N, (D) Outcrop 6 at 114°02'33.1"E 3°58'22.7"N  and (F)  Outcrop B at 114°05'46.8"E 

3°58'20.2"N and (E) Outcrop A with contact boundary between Sibuti Formation and Setap Shale Formation at 114°04'56.4"E 3°53'33.4"N.  
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Figure 3.11  Presenting FA-W2 (A) Medium to  very thick beds of  sandstone beds (F4) 

(B) thick beds of fine- to medium-grained sandstone with no distinct structures and no 

grading (F5), and  (C) and (D) moderated to well sorting of fining-upward pattern in fine 

to very fine-grained sandstone with sharp contact and straight contacts on the top of beds 

(F3).  

  

  

Figure 3.12  Presenting the lower part of sandstone with structures in the medium-bedded 

turbidites (FA-W2) presenting (A) Flute marks cluster of flute marks, determined current 

direction (white arrow) (F3), and (B)-(D) Load base sandstone (F3). 
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Figure 3.13  The sandstone/shale-clast hybrid beds (F8) (FA-W3) presenting (A)-(B) 

Isolate floating, and (C)-(F) A variety of sizes of shale or mud rip-up clasts preserved at 

the base of sandy turbidites.  
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Figure 3.14  Unit 3 presenting Fine-grained turbidite presenting climbing-ripple cross-

lamination sandstone (CR), overlying wavy lamination (WL) ungraded mud (UM)  

scoured basal contacts (A) and (C) planar parallel lamination (PP) overlying (B) ripple 

cross-laminated and wavy grading. 

 

Figure 3.15   Unit2 with sand-rich unit presenting convolute lamination (CL) and  small-

scale loads (L) and flames within sequence of  rich very fine-grained sandstone with poor 

mud succession. 
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Figure 3.16  Graded mud/silt unit with lenticular laminae (red arrow) erosive surface (red 

line).  

 

Figure 3.17   Distinct laminaeT4 division of Stow sequence for fine-grained turbidites, 

underlain by massive sandstone repetitive thin laminae. 
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Figure 3.18  Unit 4 presenting (A)–(B) high weathering zone of laminated mud/silt in 

the  rock succession with sharp contact, (C) Planar lamination, and (D) Concentric 

lamination with high weathering.  

 

 
 

Figure 3.19   Unit 5 with massive mud overlying the lamination mud. 
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Figure 3.20  Unit 6 presenting (A) Shale unit from channel-levee supported weathering 

forming by chemical weather, (B) and (F) Chaotic unit with thickness varying from 2-2.5 

m. between massive sand unite, (C) Spheroidal or concentric weathering formed in 

sandstone, (D) Weathering along irregular fracture of red sand bed (width of view 1 m.), 

and (E) Spheroidal  or concentric weathering formed highly decay of mud rock. 
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3.4.3 Logged sections: Setap-Sibuti-Lambir Formations 

Four type sections were selected for detailed study as representative of the different formations 

present: (1) section 1 representing the Lower Lambir Formation, (2) section 2 showing the 

Lower Lambir Formation overlying the upper Sibuti Formation, (3) section 3 showing the 

Lower Sibuti Formation overlying the Setap Shale Formation, and (4) section 4 showing the 

Upper Setap Shale Formation (Table 3.3).  A summary of lithologies is shown in Table 3.4 and 

the logged sections in Figure 3.21, 3.22, 3.23 and 3.24.    

 

Table 3.3  The  selected section and location 

 

Section 1: Lower Lambir Formation 

This section is characteristic of the sand-rich part of the Lambir Formation.  It can be divided 

into three units from top to base, as follows.  

Unit 1 is dominated by medium-grained, thick-bedded sandstone, in part structureless and in 

part planar-laminated and cross-bedded.  There is no bioturbation visible.  The base of beds is 

sharp and locally erosive.  The tops of beds are also sharp.  The sandstone is poorly sorted, 

with abundant carbonaceous debris and some coarser clasts near the basal surface.  

Unit 2 is dominated by fine-grained sandstone, thin to medium beds and very thin mudstone 

interbeds.  It shows a range of sedimentary structures, including symmetric ripple cross-

lamination, planar lamination, convolute lamination and disrupted/chaotic structures with load 

casts and pseudonodules.  The thickness of the unit ranges from 10 to 50 cm. Bioturbation is 

rare. 

Unit 3 is dominated by fine-grained, mainly thin-bedded sandstone, with common mudstone 

interbeds.  There are many distinctive sedimentary structures, including cross-lamination, 

lenticular lamination, wavy lamination and planar lamination.  The thickness of this unit ranges 

from 10 to 90 cm. Many sandstone beds range from 2-5 cm thick (Stow, 2015).  The 

 Completed sections Stratigraphic 

thickness (m) 

Location 

Section 1  Lower Lambir Formation 5 113°47'40.5"E 4°04'42.3"N 

Section 2 Upper Sibuti Formation 9 113°47'37.0"E 4°04'33.9"N 

Section 3 Lower Sibuti Formation 47 114°04'56.4"E 3°53'33.4"N 

Section 4 Upper part of Setap Shale 

Formation 

85 114°04'56.4"E 3°53'33.4"N 

 Total 146   
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interbedded mudstones are structureless to micro-laminated, grey to dark-grey coloured, and 

carbonaceous (Figure 3.25 and 3.26).  

 

Section 2: Upper Sibuti Formation 

This section is characterised by interbedded sandstone-rich and mudstone-rich units. Three 

units are recognized in the 84 m section logged.   

Unit 1 is mudstone-rich with parts with heterolithic silt/sandstone-mudstone packages, and 

parts with more uniform massive mudstones.  The unit thickness varies between 30-40 m.  

Unit 2 comprises very fine-grained sandstone and siltstone interbedded with mudstone varying 

20 - 50 cm. in thickness.  The sandstone beds range from 3-5 cm in thickness, whereas very 

thin beds of mudstone vary from 1-2 cm.  They clearly show micro-cross lamination and 

parallel lamination observed in sandstone bed, whereas planar laminations of wispy lamination 

with muddy troughs are observed in mudstone/siltstone beds.  A part of this unit shows chaotic 

structure, convolute lamination and disrupted lamination, whereas another part shows evidence 

of a highly weathered and alteration zone.  In addition, deformation of lamination is commonly 

evident.   

Unit 3 is dominated by interbedded of siltstone and mudstone, showing mostly parallel and 

continuous lamination; this is underlain by thick bed of laminated sandstone (Figure 3.27). 

 

Section 3: Lower Sibuti Formation 

This section of the Lower Sibuti Formation consists of cm- to m-thick sandstone beds (very-

fine to medium-grained sandstone) interbedded with mudstone (Figure 3.28).  The sandstone 

beds typically have well-developed planar parallel lamination and vary from 1 to 5.5 m in 

thickness.  Some thin sandstone beds appear structureless, whereas others show distinctive 

symmetrical ripple cross-lamination, lenticular lamination and isolated lenses, and wavy 

lamination with low-medium amplitude long-wavelength ripple cross lamination (height less 

than 5 cm). Many of the sandstone beds have a sharp or locally erosive basal contact. The 

mudstone units are generally thick and monotonous, or with very thin intercalated siltstone 

laminae (wispy, wavy and discontinuous).  Some interbedded sandstones within the mud-rich 

unit vary from 30 - 70 cm in thickness.  Trace fossils of various types are found in the 

mudstones, in particular (Figure 3.29). 
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Section 4: Setap Shale Formation 

The Setap Shale formation is a thick mudstone-dominated succession, intercalated with thin 

and very thin beds of sandstone and siltstone laminae.  Mudstone shows medium to dark grey 

in colour (Figure 3.30).  Rare limestone/calcareous mudstone occurs locally. For the most part, 

bedding appears to be parallel and continuous, whereas locally and highly disturbed into an 

apparent slump-folded unit up to 1.8 m in thickness, but disturbing the underlying succession 

through more than 3 m (Figure 3.31).  The mudstone succession above and below appears 

undisturbed.  

At the logged section, the top of the mudstone-rich Setap Shale Formation has an abrupt sharp 

contact with the overlying fine sandstone/siltstone-rich Sibuti Formation (Figure 3.32).  There 

is a clear bedding discordance, which might be interpreted either as a fault contact or as a large 

erosive channel-like contact.  Investigating laterally, as far as possible due to dense vegetation, 

and considering the overall shape of the contact horizon, I would favour an erosive channel 

interpretation. 
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Table 3.4  Lithology and sedimentary structure investigation and classification of Lambir Formation, Setap Formation and Sibuti Formation   

Lithology analysis Lithology Sedimentary structures Diagenesis Biogenic Structures 

Section 1 with sediment facies deposition (outcrop characterization) Lambir Formation 

Unit 1 Dominated medium grain 

sandstone  

Grain morphology: sub angular to low sphericity 

Cross-bedding thick bed to very thick bed of medium-grained 

sandstone with poor sorting 

Massive sandstone 

Erosive surface about 1 cm  and sharp contact                                                                                     

Abundant carbonaceous debris  

Coarser clasts near the basal surface 

 Rare evidence of 

bioturbation 

Unit 2 Fine grained sandstone 

(clay-poor sandstone)                                                     

                                                                     

Generated Chaotic structure and Heterolithic packages 

Flaser lamination 

Isolated clasts and lamination disruption 

Load casts and pseudonodules 

Convolute lamination and symmetrical (wave) ripple cross 

lamination                                                        

Parallel lamination in sandstone     

Medium to thick bed of medium grain sandstone 

Swaley cross-stratification 

 Rare evidence of 

bioturbation 

Unit 3 Fine grain sandstone 

dominated  

 

Sandstone interlayering with mudstone 

Cross-lamination and wavy and lenticular lamination 

Planar lamination (parallel) with rhythmic lamination 

Wispy lamination 

Fining upward sediment from medium grain to fine grained 

sandstone  

Heterolithic packages (rhythmic lamination and laminated fine 

grain sandstone/mudstone 

Fine grain sandstone with planar lamination (parallel) 

Carbonaceous fine-grained mudstone symmetric (wave) ripple 

and parallel lamination     

 

  Clear evidence of 

bioturbation 
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Table 3.4  Lithology and sedimentary structure investigation and classification of Lambir Formation, Setap Formation and Sibuti Formation  

(Continued) 

 
Lithology analysis Lithology Description of Sedimentary Characteristics Diagenesis Biogenic Structures 

Section 2 Sediment Facies deposition (outcrop characterization) Upper Sibuti Formation 

Unit 1 Dominated by mudstone 

 

Massive mudstone  Rare evidence of 

bioturbation 

Unit 2  Very Fine-grained 

sandstone dominated 

lithology 

 

Medium to thick bed of medium grain sandstone  

Parallel lamination in sandstone  

Fining upward sediment from medium grain to fine grained 

sandstone  

Sharp or locally erosive basal contact  

Symmetrical ripple cross-lamination 

 Rare evidence of 

bioturbation  

Unit 3 Silt and mud Heterolithic packages (rhythmic lamination and laminated fine 

grain sandstone/mud) 

Convolute lamination and disrupted/chaotic structures 

Load casts and pseudonodules 

Very fine-silt interlayering mudstone  

Highly weathered and alteration zone 

 Rare evidence of 

bioturbation 

 

Section 3  Sediment Facies deposition (outcrop characterization) of Lower Sibuti Formation 

Unit 1 Dominated by fine grain 

sandstone interlayering 

mudstone 

 

Well-developed planar parallel lamination  

Sharp contact and erosive basal contact 

Wavy and lenticular lamination  and isolated sandstone lenses 

Fining upward sediment  

Laminated fine-grained sandstone dominated lithology 

Symmetrical ripple cross-lamination 

Medium to thick bed of medium grain sandstone 

   

 

Unit 2 Fine grained sandstone Medium beds of sandstone  

No primary internal structures 

  

Unit 3 Siltstone and mudstone 

facies 

Well-develop parallel lamination of silt and mudstone 

 Wispy planar lamination grading to mudstone 

Asymmetrical ripple cross-lamination 

 Evidence of 

bioturbation 
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Table 3.4  Lithology and sedimentary structure investigation and classification of Lambir Formation, Setap Formation and Sibuti Formation 

(Continued) 

Lithology 

analysis 

Lithology Sedimentary structures Diagenesis Biogenic 

Structures 
Section 4  Sediment Facies deposition (outcrop characterization) of Setap Shale Formation 

Unit 1 Dominated clay particle size with 

dark grey colour 

Dominated laminated lamination 

 

Calcite in 

specific area 

Rare evidence of 

bioturbation 

Unit 2 Dominated with very-fine grained 

sandstone 

Asymmetry (current) ripple cross lamination in fine grain 

sandstone  

Thin bed of fine-grained partial Bouma sequence and 

Stow sequence turbidites 

  

Unit 3 Disordered unit of sandstone and 

shale 

Siltstone/mud with well-developed lamination 
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Figure 3.21  Section 1 Lower Lambir Formation with 5 metres in stratigraphic thickness and contact boundary of Sibuti  and 

Lambir formation  of outcop along Peliau beach at 113°47'40.5"E 4°04'42.3"N). (1:  10 cm).    

 

(A) (B) (C) 

wd 
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Figure 3.22  Section 2 Upper Sibuti Formation with 9  metres in stratigraphic thickness  at the contact boundary of Sibuti  and 

Lambir formation of outcop along Peliau beach at 113°47'40.5"E 4°04'42.3"N (scale 1: 10 cm).  

 AS 30 
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Figure 3.23   Section 3 Sections of Lower Sibuti Formation with 47 metres in stratigraphic thickness at 114°04'56.4"E  

3°53'33.4"N (scale 1: 100 cm).   

 

 

Massive sand 1 

Massive sand 3 

Massive sand 4 
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Figure 3.24  Section 4 of  Upper Setap Shale Formation with the 85 m-thick sedimentary log of  road cut outcrop A (scale 1: 

100 cm.)  at 114°04'56.4"E  3°53'33.4"N  and contact boundary of  the Setap Shale Formation (A) to (D) and Sibuti Formation 

(E).  

(A) (B) (C) (D

) 
(E) 

 Sampling  
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Figure 3.25  Showing (A) Outcrop of Lower Lambir Formation at 113°47'40.5"E 

4°04'42.3"N, (B) Unit 2 with rare convolute lamination of carbonaceous sandstone 

in sandstone (chaotic structure) (width of view 60 cm.), (C) Unit 2 with a flaser-

bedded sandstone facies (width of view 50 cm.), (D) unit 2 with swaley cross-

stratification and Lamination of carbonaceous sandstone (parasequence) and 

truncation lamination, (E) Unit 3 with wavy-bedded facies showing mud layer 

(erosive surface) and oscillatory sandstone ripple (width of view 60 cm.), (F) Unit 

3 with bioturbation (width of view 30 cm.), (G)  Unit 3 with carbonaceous debris 5-

10 cm, and (H) Ripple cross lamination (Flow was left to right) (width of view 20 

cm.).  

Flow direction 

(A) (B) 

(C) 

(D) 

(E) (F) 

(G) (H) 
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Figure 3.26 Showing outcrop of Lower Lambir Formation at 113°47'40.5"E 

4°04'42.3"N (A) Unit 2 with convolute lamination topping on medium grained 

sandstone, (B) Unit 3 with carbonaceous fragment (width of view 15 cm.), (C) Unit 3 

with truncation, and (D) Unit 2 with dropstone to disturb lamination. 

 

  

(A) (B) 

(C) 

(D) 
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Figure 3.27  Unit 3 of Upper Sibuti Formation at 113°47'37.0"E 4°04'33.9"N 

presenting (A) Contact boundary between sandstone and shale, (B) Succession of sand-

shale alternation, overlaid by dark grey shale, (C) Fault effect, (D) with chaotic 

sediment structure of carbonaceous lamination in fine grain sandstone, and  (E) High 

weathering zone. 

 

  

(A) (B) 

(C) 

(D) (E) 
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Figure 3.28  Outcrop A at 114°04'56.4"E 3°53'33.4"N (A) to (B) Unit 3 presenting 

typical section of lower Sibuti Formation with thin bed of mudstone interbedded thin 

to medium bed of laminated siltstone (B) (width of view 1 m.), and (C)  Unit 1 with 

sharp contact boundary with different type of rock.  

 

 

 

 

Lower Sibuti Formation 

Upper Setap Formation 

Stratigraphic-up 

(A) 

(B) (C) 
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Figure 3.29  Lower part of Sibuti Formation at 114°04'56.4"E 3°53'33.4"N (A) Unit 1 

with lamination in mud (width of view 3 m.), (B) Unit 1 with fining upward of mud 

grading to the top part, (C) Unit 1 with erosive surface and planar lamination, (D) 

Lenticular bedding with systematic ripple, (E) Unit 3 with parallel laminated fine-

grained sandstone, and (F) Unit 3 with bioturbation. 

 

(A) (B) 

(C) (D) 

(E) (F) 
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Figure 3.30  Upper part of the Setap Shale Formation at 114°04'56.4"E 3°53'33.4"N (A) 

Unit 2 with slump unite in Setap Shale succession (width of view 15 m.), and  (B), (C) 

and (D) Unit 3 with thin beds of fine-grained sandstone in shale dominated part of the 

Setap Shale Formation. 

 

Figure 3.31  Unit 2 of upper part of the Setap Shale Formation at 114°04'56.4"E 

3°53'33.4"N showing (A) Unit Slump unit comprising sandstone on turbidity slope, (B) 

Slump unit comprising sandstone on turbidity slope in Setap Shale succession, and (C) 

Part of the slump-deformed unit in the Setap mudstones.

 

   

 

  

Shale dominated part 

s 
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(B) (C) (D) 

(A) 
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Figure 3.32  Sharp contact of lower Sibuti Formation and upper Setap Shale Formation at 114°04'56.4"E 3°53'33.4"N (A) (width of view 10 m.),  

and (B) (width of view 30 m.).  
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3.4.4 Logged sections: West Crocker Formation 

The sections selected for logging included: 

• Sepanagga Port, bypass road cut sections. North side – 240 m logged, south side – 148 m 

logged, both at 1:75 m scale. Six detailed sections (2-10 m thick) of mudstone-dominated 

parts logged at 1:10 m scale. Samples – SP. 

• Jalan Lama Penanpang, highway at 38 km road cut section. North side – 75 m logged at 

1:75 m scale.  Four detailed sections (2-10 m thick) of mudstone-dominated parts logged 

at 1:10 m scale.  Samples – JLP. 

• KFC, former quarry section. 132 m logged at 1:75 m scale. Three detailed sections (5-10 

m thick) of mudstone-dominated parts logged at 1:10 m scale. Samples – KFC. 

• Shooting Range, Jalan Lama Penanpang highway at 42 km road cut section. South side – 

100 m logged at 1:75 m scale. Three detailed sections (3-8 m thick) of this mudstone-

dominated section were logged at 1:10 m scale.  Samples – SRLKS. 

The first three of these sections are all very similar in terms of facies types and distribution 

(Figures 3.33 and 3.34).  They are dominated by thick to very thick sandstones, massive 

sandstones, turbidites, and minor shale clast conglomerates/hybrid beds.  These sandstone-rich 

units range from 5-40 m in thickness, and are interbedded with 2-7 m thick mudstone-rich units 

– of mostly thin-bedded and very thin-bedded turbidites. The Shooting Range section is 

mudstone-dominated throughout, with thin-bedded and very thin-bedded turbidites only, and 

with a thick chaotic slump unit towards the top.  No clear systematic vertical sequences of bed 

thicknesses (i.e. thinning-up or thickening-up) are evident in any of the logged sections. 

One example of logged section – the 240 m thick Sepanagga road cut section (6.055398N, 

116.130380E) is shown in Figures 3.35 and 3.36.  This section is typical for many of the 

sandstone-dominated parts of the West Crocker Formation.  It has, on average, 20-25% 

mudstone-rich units (facies association 1, below) and 75-80% sandstone-dominated units.
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Figure 3.33  The West Crocker Formation with sand-rich succession  and sampling location (red star) in different areas along NW of Sabah (A) 

Outcrop  KFC at 115°56'14.3"E 5°42'08.9"N (B) Road cut outcrop SP at 116°07'49.4"E 6°03'19.4"N  (C) Road cut outcrop SRLK at 

116°03'27.8"E 5°51'24.6"N  and (D) Road cut outcrop JLP at 116°04'47.5"E 5°51'21.6"N.   

   

 
 
 
 
 
 
 
 
 
 

 

. 

 

JLP 

SP 

SRLKS 

KFC 

Stratigraphic-up 

SP 

KFC 

(A) (B) 

(C) 

(D) 

SRLK 
JLP 



 

90 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.34  The West Crocker Formation of road cut outcrop SP at 116°07'49.4"E 6°03'19.4"N  Kota Kinabalu.
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Figure 3.35  The 240 m-thick sedimentary log of  road cut outcrop SP of The West Crocker Formation at (0 -100 m. in thickness) at 

116°07'49.4"E 6°03'19.4"N  Kota Kinabalu.   
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Figure 3.36  The 240 m-thick sedimentary log of road cut outcrop SP of the West Crocker Formation (100–240 m. in Thickness) at 116°07'49.4"E  

6°03'19.4"N  Kota Kinabalu.  
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3.5  Preliminary interpretation 

3.5.1 Depositional environment 

Sibuti and Setap Shale Formations 

The depositional environments of the Setap Shale Formation and Sibuti Formation is 

based on literature review and.  The main evidence from field observations of the 

lithology, sedimentology, stratigraphy, biota and ichnofacies can be summarised as 

follows: 

• There are marine fossils dispersed throughout both formations. These include 

planktonic and benthic foraminifera (although no detialed micropaleontology has 

been carried out), and more localised, mostly fragmented bivalves and gastropods. 

Dispersed fine terrestrial carbonaceous debris occurs in places.  This suggests the 

environment was marine, but not dominated by biogenic material. 

• The general lithology is fine-grained siliciclastic, with a uniform suite of 

sandstone, siltstone and mudstone facies, mostly thin and very thin-bedded.  There 

are rare, thin calcareous sandstones, calcareous mudstones and limestones 

intercalated, particularly near the top of the Sibuti Formation.  The lower part of 

the Sibuti Formation and most of the Setap Shale Formation is mudstone-

dominated.  This suggests a relatively low energy environment throughout, with 

greater input of sands upwards. 

• Sedimentary structures are mostly low-energy, both formations deposited by 

interaction of currents and possible hemipelagic deposition for the mudstones 

where no structures are present.  There is evidence of fine-grained partial Bouma 

sequence and Stow sequence turbidites in parts of both formations, but these are 

not ubiquitous.  There are rare large and smaller slump structures present in the 

Setap Shale Formation.  One sandstone slump block is bioclastic-rich, and may 

have been derived from a more shallow marine environment.  These features 

suggest a probable outer shelf to slope setting. 

• The sandstones and coarse siltstones can be classified as both texturally and 

compositionally submature.  Coupled with the known geological setting and 

tectonic history, this suggests relatively rapid input of siliciclastic sediment from 

a young exposed hinterland.  It is commensurate with dispersal across a narrow 

shelf to a slope setting. 

• The overlying Lambir Formation is more sand-rich, more calcareous with 

bioclasts, and richer in carbonaceous woody debris than the underlying Sibuti 
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Formation.  There is evidence of symmetrical (wave) ripple lamination.  These 

features suggest a more shallow marine, shelfal environment for the overlying 

succession. 

Based on this evidence, the Setap Shale Formation was most likely formed in a deep 

marine, probable slope setting, whereas the Sibuti Formation represents a probable 

shallowing. It may have been deposited in an upper slope to shelf setting (Table 3.5).  The 

upper part of Sibuti Formation passing into the Lambir Formation was formed in 

shallower marine shelfal setting.  

 

West Crocker Formation 

In general terms, based on field and petrographic evidence from this study, the 

depositional environment of the West Crocker Formation represents a marine, deepwater 

and turbidite-dominated system.  This agrees with previous work in the region (Hutchison 

et al., 2000; Hutchison et al., 2005; Madon, 1999; Madon et al., 2013; Nagarajan et al., 

2015).  Some more specific inferences can be made as follows.  

• Sediment facies. These range from very thin-bedded siltstone/mudstone turbidites, 

through medium and thick-bedded classic turbidites, to very thick-bedded deepwater 

massive sandstones.  These are associated with other deepwater facies – debrites, slumps 

and hybrid beds, but with no clear evidence of hemipelagite or pelagite interbeds. This 

suggests large-scale and rapid sediment input to a major downslope depositional system, 

such as a submarine fan or, perhaps, faulted slope-apron (Madon et al., 2013 and 

Nagarajan et al., 2015). 

• Facies distribution. There is no clear evidence for systematic trends in bed 

thickness or grain-size variation of facies through the logged sections.  Vertical sequences 

are present as block-like sandstone bodies interspersed with mudstone-rich turbidites. 

Most of the well exposed outcrops are sandstone-rich (70-80% sandstone), 700 m in 

overall thickness, and comprise very thick-bedded turbidites. These are encased in a 

probable mudstone-dominated succession that is mainly unexposed and covered in 

vegetation.  The sandstone-rich units most likely represent channel-fill bodies across a 

slope or fan, although no clear channel architecture was observed in this study (Hutchison 

et al., 2005; Madon et al., 2013; Nagarajan et al., 2015). 

• Sedimentary structures. Standard turbidite structures are very common 

throughout, including both Bouma and Stow structural sequences.  Many of the very 

thick-bedded deepwater massive sandstones show normal grading throughout and so 
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represent deposition from very large-scale turbidity currents.  There are extensive erosive 

features, fields of flute marks, loaded bases, water-escape structures, isolated and 

clustered shale clasts, and hybrid beds with shale-clast tops.  All these features suggest 

rapid sedimentation by a variety of downslope gravity processes.  

• Ichnofacies. There is a paucity of bioturbation and burrowing, but some mudstone 

units contain Chondrites and Trichichnus trace fossils.  Both of these traces are 

compatible with a deep-sea environment (Bromley et al, 1984,  Dzierski, et al.,2015 and 

McBride and Picard, 1991).  The general lack of bioturbation suggests rapid 

sedimentation throughout.  

 

3.5.2 Quality of shale resource system 

The Sibuti and Setap Shale Formation 

If we were to consider the Sibuti and Setap Shale Formations as a potential 

unconventional resource for shale-gas or shale-oil, then there are several important 

elements to consider, including: facies characteristics, heterogeneity and distribution, 

granular mineral and clay mineral composition, organic matter content and distribution, 

and natural fracture style.  The field study documented in this chapter have provided 

information on some of these elements, as follows. 

• Both formations comprise fine-grained and siliciclastic facies – mudstones, 

siltstones and sandstones – that are apparently extensive over a wide area. Bed thicknesses 

vary from < 1 cm to > 4 m.  The sandstone-mudstone content of the Sibuti Formation is 

estimated at 70-90% sandstone (or coarse siltstone) and > 80% mudstone for the Setap 

Shale Formation. 

• These characteristics would result in significant brittleness of the Sibuti, which is 

important for effective hydraulic fracturing, whereas the mudstone-rich lithofacies of 

Setap Shale Formation demonstrates a much lower brittleness factor and much higher 

mudstone ratio, which is important for free gas and adsorption due to clay-mineral 

properties for gas adsorption.  It may have low potential in terms of hydrocarbon reservoir 

due to non-effective fracture stimulation within clay-rich sediments.  Further work is 

needed on the composition, microstructure and microfabric.    

 

The West Crocker Formation  

The West Crocker Formation is part of an important petroleum system offshore. The very 

extensive mudrock facies observed onshore make this a potential unconventional resource 

for shale-gas or shale-oil, although this has not previously been considered (in the 
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published literature).  Considering the fine-grained sediments that are the particular focus 

of this study, then there are several important elements to consider, including: facies 

characteristics, heterogeneity and distribution, granular mineral and clay mineral 

composition, organic matter content and distribution, and natural fracture style.  The field 

study documented in this chapter have provided information on some of these elements, 

as follows. 

• The West Crocker Formation comprises a thick and extensive succession of fine-

grained and siliciclastic facies – mudstones, siltstones and sandstones.  These are mostly 

poorly exposed over most of the area, but probably account for >80% of the succession 

compared with 20-25% within the more sandstone-rich units.  Samples of the fine-grained 

facies were studied from both the interbedded parts of the sand-prone bodies and from 

the more purely mud-prone part of the Formation.  

• Natural fractures with the complex and heterogeneous patterns are extensive 

throughout the West Crocker Formation, and these may help improve the effective 

fracture stimulation within otherwise clay-rich sediments. Further work is needed on the 

composition, microstructure and microfabric.
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Table 3.5  Summary of different depositional environments associated with stratigraphic characteristics and facies.   

Section 1 with sediment facies deposition (outcrop characterization) Lambir Formation 

Depositional setting Sediment Facies Description of Sedimentary Characteristics  Interpretation 

 Coastal setting 

 

 

                                                                           

 

Shoreface deposit 

(small storm 

deposit) 

influenced by tide 

and wave 

 

Dominated by chaotic and convolute lamination and symmetric (wave) 

ripple lamination                                                      

Abundant carbonaceous debris and some coal fragments by terrestrial 

input 

Dominated sandstone and poor mudstone                                                     

Heterolithic packages 

- Flaser ( thin lenses of mud embedded in sandstone) 

- Rhythmic lamination 

- Dropstone and lamination disruption 

Symmetrical (wave) ripple cross-lamination 

Small storm deposit 

tide-dominated 

environment, but wave 

influent  

 

 Dominated Tide 

influenced by 

channel  

Medium to thick bed of medium grain sandstone with parallel lamination  

Dominated by fine-grained sandstone interlayering with carbonaceous 

mudstone.  

Carbonaceous fragment supplied by terrestrial input 

Fining upward sediment from medium grain to fine grained sandstone  

Heterolithic packages (rhythmic lamination and laminated fine grain 

sandstone/mudstone) 

A part of bed with climbing ripples cross lamination 

Lamination (fine 

structure) happened in 

quiet water by 

creates cyclic changes in 

sediment supply created 

by tide   

 

 Dominated 

channel 

influenced by tide 

and wave ripple 

Dominated medium to thick  bed of coarse grain sandstone with climbing 

ripples cross lamination 

Medium bed of fine grain sandstone showing symmetric ripple and 

parallel lamination                                                                                                        

Erosive surface about 1 cm                                                                                      

Fluvial-dominated 

deposit, but tidal 

 

 

https://en.wikipedia.org/wiki/Tide
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Table 3.6  Sediment facies deposition (continued) 

 

Section 2 with sediment Facies deposition (outcrop characterization) upper Sibuti Formation 

 Sediment facies Description of Sedimentary Characteristics  Interpretation 

Shallow marine setting Dominated Tide  Dominated very fine-fine grain sandstone interlayering 

carbonaceous fine-grained mudstone  

Parallel lamination in sandstone  

Carbonaceous fragment supplied by terrestrial input 

Fining upward sediment from medium grain to fine grained 

sandstone  

Heterolithic packages (rhythmic lamination and laminated fine 

grain sandstone/mud) 

Symmetrical cross lamination 

Lamination (fine structure) 

happened in quiet water by 

creates cyclic changes in 

sediment supply created by tide  

wave and channel  

 

Section 3 with sediment facies deposition (outcrop characterization) of Lower Sibuti Formation 

Shelf marine setting Dominated by 

quite low energy  

Siltstone and mudstone facies  

Mudstone dominated 

Dominated by fine grain sandstone/siltstone interlayering mudstone 

Well-developed parallel lamination  

Thin calcareous sandstones with fragment of bivalves and 

gastropods 

Fining upward sediment from medium grain to fine grained 

sandstone  

Evidence of trace fossils in mudstone-rich part 

Symmetrical cross lamination 

Lamination (fine structure) 

happened in quiet water 

 

Shelf-marine setting 

Section 4 Sediment Facies deposition (outcrop characterization): Upper Setap Shale 

Deep marine 

 setting 

Deep sea/shelf 

deposit  

Dominated mudstone  with well-developed planar lamination 

Rare fragment of bivalves and gastropods and calcite cementation 

Fine-grained partial Bouma sequence and Stow sequence turbidites 

Asymmetrical (current) ripple in very-fine grain sandstone 

Slump unit of sandstone and shale 

Evidence of trace fossils in mudstone-rich part 

Lamination (fine structure) is 

happened in quiet water (low 

energy) 

 

Outer shelf to slope setting 

https://en.wikipedia.org/wiki/Tide
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Chapter 4  Petrographic analysis 

 

4.1 Introduction 

The principal aim of this chapter to document the petrography and microfacies of the 

three formations: Setap Shale Formation, Sibuti Formation and West Crocker Formation.  

Having established the broad geological context and documented the main sediment 

facies present, it is vital to understand detailed mudrock properties at the micrometre scale 

of the three  mudrock systems selected for study. It will consider also how these sediments 

have affected by mechanical and chemical change through the basin history. This is with 

a view to providing new information on microfabric at the micrometre. The larger-scale 

sedimentology and basin geology are outlined in Chapter 3.  

Petrographic study by optical microscopy included the sedimentary texture, 

microstructure, composition and microfabric of these mudrock facies. Samples were 

selected for thin-section preparation from the principal mudrock facies – i.e. facies 

associations FA-S2 and FA-W1 (Chapter 3). The focus for this petrographic study is on 

the fine-grained sandstone, siltstone and mudstone facies, for comparison with those of 

the Sibuti and Setap Shale  and West Crocker Formations (Chapter 3), and for 

consideration of these finer-grained sediments in terms of the unconventional reservoir 

properties.  

The chapter is organised as follows: 

(a) Petrographic study of the Sibuti and Setap Shale Formations. 

(b) Petrographic study of the West Crocker Formation.  

(c) Development of a preliminary microfacies model. 

(d) A preliminary interpretation of petrographic data. 

 

4.2 Results 

4.2.1 Petrographic study: Sibuti and Setap Shale Formations 

Texture  

Grain size as revealed under the petrographic microscope confirms the field observations. 

Mean size ranges from fine to very fine-grained sand (63-125 microns) for the fine 

sandstone facies, medium to coarse silt-size (16-63 microns) for the siltstone facies, and 

medium/fine silt to clay size (< 32 microns) for the mudstones.  The exact grain-size for 

the mudstones is not resolvable by petrographic microscopy.  Sorting for the siltstones 
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and fine sandstones and some siltstones ranges from moderately poor to moderately good, 

whereas the finer siltstones and mudstones show poor and very poor sorting.  The 

resolvable sand and silt  size grains by petrographic microscopy are generally subangular 

to subrounded, with some more angular grains.  Grain sphericity is generally equigranular 

for the quartz silt and sand-sized grains, equigranular to tabular for the feldspars, and 

platy or disc-like for the micas. Bioclasts have varied organic-controlled shapes.  Porosity 

is low to very low (<1-5%) in siltstone facies; pores are mostly isolated and so 

permeability is likely to be very low. 

 

Microstructure  

A wide range of primary sedimentary microstructures are recognised in the siltstones, 

sandstones and siltstone and mudstone. Post-depositional microstructures including 

burrows, bioturbation, and other sediment disturbances are present in both siltstones and 

mudstones (Table 4.1).  The following observations can be made: 

(1) Parallel lamination is well-developed and common throughout (Figures 4.1 and 

4.2).  This occurs both as internal planar parallel lamination (within a bed), and as and 

alternation of siltstone/sandstone and mudstone laminae (interlaminated facies). 

(2) Sub-parallel lamination includes lenticular laminae, isolated sandstone/siltstone 

lenses, wavy and wispy lamination, and low-amplitude long-wavelength ripple 

lamination (Figure 4.3). 

(3) A structureless (or massive) characteristic is common for some siltstone/sandstone 

beds and for parts of the mudstones, in the Setap Shale Formation in particular (Figure 

4.4).  

(4) Disrupted lamination occurs as a result of soft-sedimentary disturbance (e.g. 

convolute lamination, erosive scours and loads) or bioturbational disturbance (Figure 

4.5). 

A separate study of trace fossil types was not undertaken, other than to note that a variety 

of different forms can be recognised including Planolites, Chondrites, and Zoophycos, 

especially in the Setap Shale mudstones, and Cruziana and Skolithos in the Sibuti 

Formation.  Many other non-specific traces are also present, including tubular, circular, 

straight and curvilinear traces, all of which result in an irregular disruption of sedimentary 

microstructures and fabric (Figure 4.6).
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Table 4.1  Sedimentary characteristics based on texture and structure using petrographic 

study related to field study.  

 Thin section Sample 

(2 x 4 cm) 

Microstructure Structure/Texture 

Rich 

sandstone 

and poor 

mud 

 

 Massive 

 

 

Sandstone with no 

primary structure 

developed 

Sandstone 

and 

moderate 

mud 
 

 

Disrupted 

lamination 

Convolute lamination  

Load structure 

 

 Sub-parallel 

lamination 

Wavy lamination 

Planar lamination 

 

 

 Disrupted 

lamination  

 

Calcareous 

sandstone 

 

 Disrupted 

lamination 

Lamination disruption 

due to large amount of 

fossil composition 

Calcite cementation 

Mud clasts/rock 

fragment 

Mud-rich 

unit 

 
 

Sub-Parallel 

lamination to 

parallel 

lamination 

 

Cross-lamination 

Planar lamination 

Parallel lamination 

 

 

 Sub-parallel 

lamination- 

disrupted 

lamination 

Isolated sand lenses in 

mud 

Cross lamination 

Burrow trace fossil 

 

 

 Isotropic 

microstructure 

(Homogenized 

texture) 

Mud with no internal 

primary structure 
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Figure 4.1  Showing sample AS 31 of the Setap Shale Formation at 114°06'48.7"E 

3°50'22.5"N (A) Whole sample of  fine-grained sediment with Sub-parallel anisotropic 

structures to parallel lamination, (B) and (D) A part of parallel lamination under cross-

polar light (left column) and under reflected light (right column), and (D) and (E) A part 

of wavy lamination under cross-polar light (left column) and under reflected light (right 

column). 

Figure 4.2 Sample AS 22 showing (A) whole sample of shale with sub-parallel 

anisotropic microstructures, (B) Isolated silt lens lenticluar, and (C) Wavy lamination.   

 
 

  

Coarser- grained sediment 

Finer-grained sediment 

Finer-grained sediment Fine-grained sediment 

Coarser- grained sediment 

Finer-grained sediment 

Coarser- grained sediment 

Fine-grained sediment 

(A) 

(B) (C) 

(D) (E) 

(A) 

(B) (C) 
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Figure 4.3  Sample AS 13 of  the Sibuti Formation at 114°04'56.4"E 3°53'33.4"N of  

showing massive siltstone with no primary structure as non-orientated isotropic grain 

microstructure.  

 

 

 
 

  
  

  
 

Figure 4.4  Sample AS25 of Setap Shale Formation showing of  (A) to (D) Development 

of planar lamination and parallel lamination under cross-polar light (Left column) and under 

reflected light (white colour) (Right column) causing to fine-grained sediment (brown 

patch) and coarser-grained sediment (light band/patch). 

 

Finer-grained sediment 

Coarser- grained sediment 

(A) 

(B) (C) 

(D) (E) 
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Figure 4.5  Showing Sample AS 9 of the Sibuti Formation at 113°48'33.1"E  4°03'24.1"N (A) 

Whole sample of rock with irregular lamination as irregular anisotropic structure due to (B) 

and (C) Loading structure of mud sinking in fossiliferous texture, (D) and (E) Fossiliferous 

texture with large amount of bioclasts associated with mud supported,  and (F) and (G)  

Quartz-grained supported with calcite  cementation under cross-polar light (Left column) 

and under reflected light (Right column).  

 

 

  
   

  
 

Figure 4.6  Showing  Sample AS28 of Setap Shale Formation at 114°04'56.4"E 

3°53'33.4"N (A) - (D) with burrow trace fossils with different morphology associated 

with pyrite as irregular lamination/disruption. 

(A) (B) 

(C) (D) 

(A) (B) 

(D) 

(F) 

(C) 

(E) 

(G) 
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Compositions 

Sibuti Formation 

The Sibuti Formation sandstones and sandy siltstones are grain-supported with matrix 

content mostly < 10%.  The dominant grain composition includes quartz 80-95 %, 

feldspars 1-4%, micas <1-5 %, rock fragments <1-4%, and bioclasts 0-5% (Figures 4.7, 

4.8, 4.9 and 4.10).  The matrix comprises clay minerals and other non-resolvable fine 

particulates.  The sandstones are mostly classified as quartz-litharenites; some are sub-

litharenites and others are calcareous sandstones (Figure 4.11).  Cementation is mostly 

weak compactional cementation, with minor calcite evident in some samples and minor 

quartz overgrowth cementation.  Calcite cementation of more bioclast-rich sediments 

yields calcareous sandstones.  

Quartz grains are mostly single and unstrained.  Feldspars include both K-feldspars and 

plagioclase feldspars presented in all samples.  Feldspar staining was not carried out so 

that the proportion of K-feldspars will have been underestimated.  Micas include biotite, 

muscovite and, in a few samples, sericite.  Rock fragments include probable siltstones, 

shales and some igneous/metamorphic clasts.  Bioclasts are generally absent to rare, 

mostly whole or fragmented foraminifera, with some fragmented bivalves and gastropods 

(Figure 4.8, 4.9 and 4.10).  Carbonaceous debris as part of the biogenic component is 

variously present in low amounts (< 3 %).  Its black colour and the distinctive elongate 

to blocky shape of some grains suggest marine to terrigenous plant material. There is 

more calcareous cement generally present in the Sibuti formation, and less in the Setap 

Shale Formation (Figure 4.12). 

 

Setap Shale Formation 

Grain composition of the Setap Shale Formation sandstones and silty sandstones is 

closely comparable with those of the Sibuti Formation (above) – mainly quartz-arenites). 

Some of the sandstones, however, have more matrix material (clays and other clay-sized 

particulates), whereas others are clearly matrix-supported, with 20-30% matrix.  

However, within the disordered slump unit in the Setap Shale Formation, the large 

isolated and folded sandstone block is a calcareous sandstone with abundant foraminifera 

(Figure 4.13).  

The few mudstones and silty mudstone samples examined with petrographic microscopy 

show mainly non-resolvable very fine material, assumed to comprise clay minerals and 
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other clay-sized particulates.  Silt-size quartz, mica, feldspar and bioclasts are also evident 

in minor amounts (Figure 4.14). 

 

  
  

  
 

Figure 4.7  Showing (A) and (B) little of very-fine grained quartz size in clay (brown 

patch) of Setap Shale Formation with mud-supported texture and the presence of 

lithological banding, and (C) and (D) very fine-grained quartz size associate 0.7- 1 mm 

of bioclasts of Sibuti Formation.  

 

  
  

  
  

Figure 4.8  Showing (A) and (B) Grain sizes of quartz varying from <60-63 µm with 

mainly angular to sub round in Setap Shale Formation and (C) and (D) Grain size of 

quartz varying from <62-90 µm with subangular to angular shape of Sibuti Formation. 

 

(A) (B) 

(C) (D) 

(A) (B) 

(C) (D) 
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Figure 4.9  Showing bioclasts varying < 0.3 – 1 mm dominantly found in the Sibuti 

Formation (A) and (B) Bioclast without cementation in cavity, and (C) and (D) Bioclast 

filling with calcite cement.  

 

 

 
 

  
 

 

 

  

Figure 4.10  Showing organic material with long shapes associated with pyrite under 

cross-polar light (Left column) and under reflected light (white colour) (Right column).   

  

(A) (B) 

(C) (D) 

(A) 

(B) 

(C) 
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Formation Sample no Quartz Feldspar Lithic  

Sibuti 

Fomation 

 

AS1 86.82 6.43 6.75 

AS9 63.29 5.70 31.01 

AS11 94.96 4.45 0.59 

AS13 88.82 4.93 6.25 

AS 15 94.76 4.84 0.40 

AS28 90.03 5.79 4.18 

AS30 87.79 5.73 6.49 

Setap Shale 

Formation 

AS22 92.47 7.53 0.00 

AS24 90.91 8.26 0.83 

AS 25 95.38 4.34 0.29 

AS 31 92.12 7.05 0.83 
 

 

Figure 4.11  Ternary diagrams of quartz-feldspar-lithic (QFL) detrital modal analysis 

of Sibuti and Setap Formation.  

 

  

Quartz 

Feldspar Lithic fragment 
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AS1 

 Setap  Shale sediment 

 Sibuti  sediment 

AS28 AS11 
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Figure 4.12  Sample AS 9 showing (A) and (B) Calcite acting as crucial cementation 

in Sibuti Formation. 

. 

  
Figure 4.13  Sample AS 24 showing (A) and (B) Composition quartz and foraminifera 

and texture in slump unit found from the Setap Shale Formation.  

 

  
  

  
Figure 4.14  Showing (A)-(D) the resolution limitation of obseration using light 

microscope to observe caly minerals and minerals  with their orientation  as well as 

their alteration. 

(A) (B) 

(A) (B) 

(C) (D) 

(A) 

(B) 
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Microfabric 

Microfabric refers to arrangement and orientation of grains and matrix within the 

sediment.  The Sibuti and Setap Shale facies examined for this study show grain-

supported fabrics for the sandstones and siltstones, and matrix-supported fabrics for the 

mudstones.  Transitional and interbedded facies show a complete gradation between these 

two end members, whereas some of the more calcareous facies have a dominantly 

cement-supported fabric.  The orientation of grains can be determined from petrographic 

study for the sandstones and coarse siltstones, but cannot be resolved for the mudstones. 

However, some preliminary observations of microfabric related to grain orientation can 

be made for all facies types as follows. 

(1) Isotropic microfabric.  A completely isotropic microfabric is one with no systematic 

grain orientation.  This is evident in the massive or structureless siltstones and sandstones, 

and also where the sediment is dominated by equigranular quartz grains.  The 

massive/structureless mudstone microfabric is non-resolvable. 

(2) Anisotropic microfabric.  Most facies show some ordered orientation of grains with 

systematic grain orientation, which is especially evident for the elongate and platy grains 

(Bryant et al., 1991; Ferrell and Carpenter 1991).  This microfabric follows the 

microstructures to yield parallel, sub-parallel and cross-laminated anisotropic 

microfabrics.  Where siltstone and mudstone laminae are interbedded, it is possible that 

the mudstone microfabric is also anisotropic.  

(3) Disrupted microfabric. Where the microstructures are of a more irregular nature, such 

as for convolute lamination, erosive and load-structures, and as draped lamination around 

larger bioclasts, diagenetic mineral growth (or dissolution), rock fragments and shale 

microclasts, then the microfabric is also irregular.  This also occurs as the result of 

bioturbation and burrowing.  Any original anisotropic microfabric has become disrupted.  

(4) Destroyed microfabric.  Complete destruction of original microfabrics can occur as a 

result of very pervasive bioturbation or by complete cementation and grain replacement. 

Neither of these microfabric types are common in the Sibuti or Setap Shale facies. 

These different microfabric types linking between sedimentary microstructures, and 

sediment disturbance due to compositions and cement materials are summarised in Table 

4.2 and illustrated in Figures 4.15, 4.16, 4.17 and 4.18.  Microfabric style for all facies, 

including mudstones, is studied in more detail with SEM analysis, and the results reported 

in Chapter 5.
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Table 4.2  The effect of structure and compositions (granular material and cement) on the fabric and their reorientation. 

General information Sedimentary Structure Composition Diagenesis Micro Fabric 

Primary structure Secondary structure   Primary fabric Secondary fabric 

(disturbed) 

Structure 

  

Original 

depositional 

Massive    Isotropic microfabric    

Wavy lenticular lamination   Enhance granular 

material in clay-

size particle 

 Sub-parallel 

anisotropic microfabric 

 

Isolated silt/sand lenses   

Climbing-ripple cross 

lamination 

   Cross-parallel 

anisotropic microfabric 

 

Planar lamination    Planar-parallel 

anisotropic microfabric 

 

Post-

depositional  

 Basal lenticular 

lamination (erosive 

and load base) 

   Disrupted microfabric 

 Convolute laminae    Disrupted microfabric  

 Burrow trace fossil    Disrupted microfabric 

Composition Original 

depositional 

  Bioclasts   Disrupted microfabric 

  Mud clasts   

  Rock fragment   

Post-

depositional 

   Pyrite, siderite 

(Granular material) 

 

   Calcareous cement  Destroyed microfabric 
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Figure 4.15  Coarser grained fabric and finer-grained fabric in well- developed parallel 

lamination. 

 

  

 

  
 

Figure 4.16  Fabric disturbed by burrow resulting in different coarser grained fabric 

and finer grained fabric in sediment.  

 

 

Coarser-grained fabric sediment 

Finer-grained fabric sediment 

(A) 

(B) 

(A) 

(B) 
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Figure 4.17   Sample AS9 presenting irregular fabric in sediment resulting on 

disruption of fabric and their orientation (A) and (B) Bioclast, and (C) and (D) Rock 

fragment/clay clasts.  

  

  
  

  
 

Figure 4.18  Sample AS9 presenting calcite cement and clay matrix  to destroy the 

frabric . 

 

 

  
  

  

(A) 

(B) 

(A) 

(B) 
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4.2.2 Petrographic study: West Crocker Formation  

Texture  

Grain size as revealed under the petrographic microscope confirms the field observations. 

Mean size ranges from fine to very fine-grained sand (63-125 microns) for the fine 

sandstone facies, medium to coarse silt-size (16-63 microns) for the siltstone facies, and 

medium/fine silt to clay size (< 32 microns) for the mudstones.  The exact grain-size for 

the mudstones is not resolvable by petrographic microscopy.  Sorting for the siltstones 

and fine sandstones and some siltstones ranges from moderately poor to moderately good, 

whereas the finer siltstones and mudstones show poor and very poor sorting.  The 

resolvable sand and silt  size grains by petrographic microscopy are generally subangular 

to subrounded, with some more angular grains.  Grain sphericity is generally equigranular 

for the quartz silt and sand-sized grains, equigranular to tabular for the feldspars, and 

platy or disc-like for the micas. Bioclasts have varied organic-controlled shapes.  Porosity 

is low to very low (<1-5%) in siltstone facies; pores are mostly isolated and so 

permeability is likely to be very low. 

 

Microstructure 

A wide range of primary sedimentary microstructures are recognised in the fine-grained 

thin-bedded and very thin-bedded turbidite facies (interlaminated mudstones and 

siltstones) of Facies Association FA-W1.  Post-depositional microstructures including 

burrows, bioturbation, and other sediment disturbances are also present but less common.  

The following observations can be made (Table 4.3 and Table 4.4), with direct reference 

to standard divisions (T0-8) of Stow sequence turbidites.  

(1) Basal lenticular laminae with fading ripples (T0 division) are very common 

throughout (F1) (Figure 4.19).  The bases are sharp, erosive and commonly with micro-

scours and loads.  The tops vary along the bed from sharp to gradational with 

interlaminate mudstone.  The basal laminae are sometimes seen capped by a mudstone 

layer with irregular and convolute silt laminae (T1 division).  

(2) Slightly lenticular/wavy laminae with low-amplitude long-wavelength ripples (T2 

division) are recognised in some sections (Figure 4.19).  These are very subtle features, 

having a ripple amplitude of < 5 mm and wavelength of 30-70 mm, and so only visible in 

well preserved sections. 

(3) Regular parallel laminae and indistinct parallel laminae (T3, T4 divisions) are one of 

the most common microstructures observed throughout.  These may pass upwards into a 
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more mudstone-rich division with discontinuous wispy silt laminae (T5 division) (Figure 

4.20). 

(4) The upper mudstone divisions are recognised in parts of the succession – graded mud 

with silt lenses (T6 division), ungraded mud (T7 division), and micro-bioturbated mud 

(T8 division)  

(5) The micro-bioturbated mudstone (T8 division) is seen in thin section to have clear 

Chondrites and Trichichnus trace fossils, with size ranging 0.25-0.5 mm in diameter and 

0.5-1 mm in length (Figure 4.21 4.22 and 4.23).  Trace fossils are also commonly 

preserved on bed surfaces, with non-specific circular, straight and curvilinear forms.  

Composition 

The samples examined from the West Crocker Formation for this study are all from fine-

grained facies so that it is difficult to provide detailed information on the fine silt and clay 

size material with optical microscopy.  This part is studied further with XRD, EDX and 

SEM techniques and reported in subsequent chapters.  The coarse siltstones and fine 

sandstones are more easily resolvable, both of which are texturally and compositionally 

immature.  They can be classified as quartz litharenites and sub-litharenites, and probably 

quartz feldspar litharenites – although without feldspar staining it is difficult to accurately 

assess feldspar content.  The principal mineral components include quartz (dominant), 

feldspars (both alkali feldspars and plagioclase) and micas (both muscovite and biotite) 

(Figure 4. 24).  There are also common lithic clasts and, in many samples, shale clasts 

(Figure 4.25 and 4.26).  Carbonaceous (lignitic) fragments are present in some samples 

(Figure 4.27), but other biogenic material was not observed.  Fine-grained clay-rich 

material is common in most samples, either as a matrix to the granular material and/or as 

interlaminated mudstone laminae.  

Secondary diagenetic products include quartz veins, minor calcite (or other calcareous 

material), and pyrite (especially associated with carbonaceous matter) (Figure 4.28). 

Primary quartz grains commonly  show ragged edges, suggesting some diagenetic 

dissolution of quartz (Figure 4.29 ).  Iron oxide weathering products are pervasive in some 

samples, and very evident in outcrop.  
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Table 4.3   Sedimentary facies classification  based on primary sedimentary and post-

depositional microstructures association of  Facies Association 1 in centimetre scale using 

petrographic study related to field study. 

Field scale Petrographic Thin section Sample 

( 2 x 4 cm)  

Structure Stow division 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

Chondrite 

 

Microbioturbated 

mud (T8) 

 

Chondrite Microbioturbated 

mud (T8) 

 

Chondrite Microbioturbated 

mud (T8) 

No primary 

internal 

structure 

Massive (T4) 

 

Trichichnus Microbioturbated 

mud (T8) 

 

Trichichnus Microbioturbated 

mud (T8) 

Well- 

developed 

lamination 

 

Planar lamination 

(T7) 

 

Well-

developed 

lamination 

Planar lamination 

(T7) 

 Mud/silt 

laminae 

 Graded mud/silt 

lenses (T6) 

Chondrite Microbioturbated 

mud (T8) 

Wispy 

lamination 

wispy lamination 

(T5) 

Wave and 

lenticular 

lamination 

Wavy and 

lenticular 

lamination (T2) 

Loads and 

flames  

Basal lenticular 

lamination (T0) 

 

Chondrite Microbioturbated 

mud (T8) 

No primary 

internal 

structure 

Massive (T4)  

Silt-sand 

lenses 

Convolute 

lamination (T1) 

Wave and 

lenticular 

lamination 

Wavy and 

lenticular 

lamination (T2) 

 

Quartz vein 

and 

deformation 

Convolute 

lamination (T1) 

 

Wispy laminae 

Silt-sand lenses 

Wavy and lenticular  

Convolute  

Chondrite 

Wavy and lenticular  

Trichichnus 

Parallel  

Lenticular laminae 

T2 

T0 

T1 

T3 

Wavy and lenticular 

Wispy laminae 

Wavy and lenticular 

Load and Frame Load and Frame 

T0 
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 Table 4.4  Classification fine- grained turbidites (STOW sequence) based on structure and composition observed in thin section. 

Lithology Diagenesis Structure Clay richness Shape/continuity  

  Basal lenticular lamination 

(Erosive base, load base, 

flame and load base) 

  F1 (Stow T0 

division) 

Clay size  Shale lamination Rich clay layers F3 (Stow T6 

division) 

Silt grains in clayey matrix 

 

 Wispy silt lamination Rich clay discontinuity F3 (Stow T6 

division) 

Sand grains in clayey matrix 

 

 Wavy lamination 

 

Poor clay irregular 

lamination, to 

layers 

F2 (Stow T2-T4 

division) 

Sand size   Climbing – Ripple cross 

lamination 

Poor clay  F2 (Stow T2-T4 

division 

Silt grains in clayey matrix  Sand lens Poor clay Lenses   F2 (Stow T2-T4 

division) 

Clay size in coarser grained matrix: 

clay and silt 

Pyrite Chondrite 

(Burrow trace fossil) 

Rich clay Cross stratification F4 facie 

(Stow T7  and 

T8 division) 
Granular material of pyrite  in finer- 

grained matrix clay and  silt 

 Trichichnus associated with 

pyrite 

Rich clay Cross stratification 

Granular material of quartz  in 

coarser- grained matrix: clay and  silt 

Poly 

crystalline 

Quartz veining  Poor and rich clay Cross- and parallel 

stratification 

All facies 

Finer- clay particle  in clay-silt matrix  Mud clasts  in clayey matrix - Nodular shape  

Organic matter/woody fragment Pyrite Material in clay matric - Long/tabular shape F0- F4 
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Figure 4.19  Investigate structures/texture of sample JLP3 by microscope petrography 

under cross -polarized light of Facies Association 1. (SL) Graded mud and silt lenses with 

high content of carbonaceous material  in thin interbedded sandstone and shale.  

  

L 

F 

T0 

T0 

T0 

T0 

T5 
T6 

T2 
T6 

Wavy-lenticular laminae 

L Wispy laminae 

T2 

Wispy laminae 

T4 

(A) 

(B) (C) 
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Figure 4.20  Presenting sample JLP3 (A) Pseudonodules of sand in mud and lenticular 

lamination with discontinuous with no cross lamination, and (B)-(C) Nodular lenticular 

lamination with continuous-discontinuous with no cross lamination.  

  

T6 

T1 

T6 

T4 

T0 

T0 

(A) 

(B) (C) 
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Figure 4.21  Presenting sample SP21 (A) whole sample of planar lamination between 

clay (brown patch) and silt  (B) to (C) (Left column) and crossed- polarized light (Right 

column), and (D) to (G) Burrow trace fossil associated with diagenetic pyrite the optical 

microscope in normal light (black colour) (Left column) and  under reflected light (White 

colour) (Right column).   

 

 
  

  
  

  
  

  

Mud unit 
Mud unit 

Sand laminae 

Silt and Mud unit with lenticular laminae 

Shale  

(A) 

(B) (C) 

(D) (E) 

(F) (G) 
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Figure 4.22  Sample SRLKS1 presenting the post-depositional structure of Chondrite 

trace fossils in mudstone disturbed to fabric.  

 

 

  
 

Figure 4.23 Sample SRLKS2 presenting the post-depositional burrow trac fossil structure 

of Chondrite in mudstone. 

 

 

 
 

  

(A) 

(B) (C) 
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Figure 4. 24  Showing the resolution limitation of observation using light microscope to 

observe caly minerals and minerals  with their orientation as well as their alteration. 

 

  
  

Figure 4.25  Sample KFC3 presenting mud clasts with finer-grained fabric  paralleling 

to the siltstone lamination in clay background.  

 

Mud clasts 

Finer-grained fabric 

Mud clasts 

coarser-grained fabric 

coarser-grained fabric 

(A) (B) 

(C) (D) 

(A) (B) 
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Figure 4.26  Sample JLP 3 showing mud clasts with finer-grained fabric commonly found 

in samples.  

 

  

Figure 4.27  Sample JLP 3 showing (A) Lenticular lamination of shale/ woody fragment 

cross-stratification as climbing ripple topped by the sandstone, and (B) Woody 

fragment/shale parallel to the stratification topped by the sandstone. 

(A) (B) 

(A) 

(B) (C) 
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Figure 4.28  Sample JLP 3 showing coarser-grained fabric of silt/sandstone sediment 

filling a downward extending crack and filling with iron cementation? (Black colour).  

  
 

  

Figure 4.29  Thin section photomicrographs of sample SP9  showing different characters 

and microstructures of polycrystalline of quartz  associated with iron cementation? (Black 

colour) (A) High microcrack in quartz grains, (B) Elongated quartz, (C) Polycrystalline 

quartz grain with elongation  from recrystallization by interfingering boundaries and more 

polygonised texture, and (C)-(D) Grain boundary with distortation.  

 

Microfabric 

The microfabric style of the West Crocker Formation facies examined for this study 

shows mainly grain-supported fabrics for the sandstones and siltstones, and matrix-

supported fabrics for the mudstones.  However, many of the finer-grained 

sandstones/siltstones are transitional to matrix support.  As for the Setap Shale and Sibuti 

facies (see section 4.2.1 and 4.2.2), the orientation of grains can be determined from 

petrographic study for the sandstones and coarse siltstones only, but cannot be resolved 

for the mudstones. This aspect is developed with SEM study in Chapter 4.  Preliminary 

(A) (B) 

(A) (B) 

(C) (D) 
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observations of microfabric confirm the principal microfabric types documented in 

section 4.2.1, as follows. 

(1) Isotropic microfabric  

This is quite rarely observed in the West Crocker facies examined – being present in some 

structureless siltstones and sandstones, and is probably present in massive mudstone 

layers, but is not clearly resolvable. 

(2) Anisotropic microfabric 

This is the dominant microfabric observed in the samples studied.  There is an ordered 

orientation of elongate and platy grains.  This microfabric follows the microstructures to 

yield parallel, sub-parallel and cross-laminated anisotropic microfabrics.  Where siltstone 

and mudstone laminae are interbedded, it is possible that the mudstone microfabric is also 

anisotropic.  

(3) Disrupted microfabric 

An irregular or disrupted microfabric occurs in association with different microstructures, 

such as convolute lamination (T1 division), erosive and load-structures from the basal 

lamina (T0 division).  It is also seen around shale clasts and bioturbation structures.  

(4) Destroyed microfabric   

Complete destruction of original microfabrics, as found in the Sibuti Formation, is not 

observed in the West Crocker Formation samples studied.  

The different microfabric types are illustrated in Figures 4.30, 4.31, 4.32, 4.33 and 4.34.  

Based on such key finding of overall context and the sedimentary structure/textures 

characteristics of whole bed, it is defined as fine-grained turbidites of STOW sequence. 

They can be classified turbidite facies into 4 Facies.  Furthermore, the following 

observations can be made, and the link between microstructure and microfabric is 

summarised in Table 4.4. 

(1) Sub-parallel (wispy, wavy, lenticular) and irregular lamination are a significant 

control on development of a sub-parallel anisotropic fabric (Figure 4.27).  Continuous 

well-developed planar lamination creates a more distinctly parallel anisotropic fabric.  

The development of these parallel and sub-parallel anisotropic microfabric types is most 

common, but various factors can serve to disrupt the fabric, as follows. 

(2) The presence of isolated coarser-grained lenses or granular materials leads to a more 

irregular or disrupted microfabric (Figure 4.30).    
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(3) Diagenetic effects including compaction, authigenic mineral formation and 

cementation also serve to disrupt any primary microfabric. 

(4) Bioturbation of the sediment and the presence of distinct trace fossils further leads to 

microfabric disruption (Figure 4.32), both within and outside any burrows.   

(5) The presence of elongate material, such as carbonaceous matter and shale clasts can 

disrupt the microfabric locally, but preserve some degree of parallel to sub-parallel 

microfabric (Figure 4.26).  However, larger mica plates do not significantly affect the 

microfabric. 

 (6) Tectonic activity and hydrothermal intrusion of quartz veins locally disrupt and even 

destroy the microfabric (Figure 4.29). 

  

Figure 4.30  Showing different laminae controlling the coarser-finer grained fabric and 

their orientation (A) Coarser-grain fabric in isolated sand lenses (lenticular), and (B) 

The silt layer sub-parallel to stratification.  

  
  

  

Figure 4.31  Showing development of granular materials of quartz with silt/sand size and 

pyrite  in mud under cross-polar light (Left column) and under reflected light (White 

colour) (Right column) (A)-(B) coarse grand of sand loading into soft sediment of mud, 

and  (C)-(D) coarser grain of  sit/sand size and pyrite developed along the fracture.  

Finer –grained fabric 

Coarser –grained fabric 

Finer –grained fabric 

Coarser –grained fabric 

Finer –grained fabric 

Coarser –grained fabric 

Sand laminae 

(A) (B) 
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Figure 4.32  Various morphologies and intensities burrow trace fossils of Chondrite 

trace fossils developed  during the post-deposition in mudstone disturbing to fabric.  

 

  

Figure 4.33    Mud clasts with different shape and composition size within(A) Mud clasts 

showing the long shape of organic matter and mineral in mud unit, paralleling to foliation  

(B)  mud clasts in silt-mud unit with lenticular laminae, quite perpendicular to matrix.  

  

   

   

Coarser-grained fabric 

Finer-grained fabric 

Finer-grained fabric 

(A) (B) 

(D) (E) 

(C) 

(F) 

(A) (B) 
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Figure 4.34  All images of sample SP9 were taken under transmitted light cross-polarized 

light (Left column) and reflected light (Right column) showing (A), (B), and (C) 

deformed bedding under crossed-polarized and mineral grain character with no clear 

grain boundary, fingering quartz boundary  of poly-crystalline quartz granule intergrowth 

with random distribution. 

  

(A) 

(B) 

(C) 
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4.2.4 Microstructure classification 

Combining field observations with petrographic study, developed a microstructure type 

for the fine-grained sediments of the Sibuti and Setap Shale and West Crocker Formations 

that includes elements of both the microstructures and microfabrics as outlined above.  

This is shown in Figure 3.35.  The four principal microstructure types are:  

(1) Parallel anisotropic microstructure  

This includes parallel lamination.  Individual laminae range from continuous over metres 

to tens of metres (observed in field study) to discontinuous lamination (mm to cm) 

(observed from handspacimen and petrographic studies).  The sediments mainly have a 

parallel anisotropic microfabric.  

(2) Sub-parallel anisotropic microstructure  

This includes micro-cross-lamination. These features are all primary sedimentary 

structures.  The sediments mainly have a sub-parallel anisotropic microfabric. 

(3) Irregular anisotropic microstructure  

This includes irregularities caused by primary current erosion, loads and pseudonodules, 

and disturbances of lamination due to bioturbation, biogenic remains, rock fragments and 

shale clasts.  These are all the results of secondary sedimentary processes yielding 

disrupted microstructures.  They are characterised by disrupted microfabrics. 

(4) Isotropic microstructure 

This includes structureless (or massive) laminae and beds (sandstone, siltstone and 

mudstone) that display no primary sedimentary structures and no preferred microfabric.  

They may result from primary deposition, or from pervasive disruption by secondary 

processes, such as intense bioturbation or cementation.  
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Figure 4.35  Microstructure classification of Sibuti and Setap Shale Formations. 
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4.3 Preliminary interpretation 

Preliminary observations from petrographic study documented in this chapter have 

provided information on some of these elements, as follows. 

4.3.1 Setap Shale and Sibuti Formation 

• There are marine fossils dispersed throughout both formations. These include 

planktonic and benthic foraminifera (although no detialed micropaleontology has been 

carried out), and more localised, mostly fragmented bivalves and gastropods. Dispersed 

fine terrestrial carbonaceous debris occurs in places.  This suggests the environment was 

marine, but not dominated by biogenic material. 

• The general lithology is fine-grained siliciclastic, with a uniform suite of 

sandstone, siltstone and mudstone facies. 

• The sandstone-mudstone content of the Sibuti Formation is estimated at 70-90% 

sandstone (or coarse siltstone) and > 80% mudstone for the Setap Shale Formation.  

• The nature of the sandstone and coarse siltstone inter-lamination and inter-

bedding with mudstone is a significant property.  The more well-developed the lamination 

is, the less the granular material occurs in the mudstone-rich part, whereas the granular 

and coarse-grained material are well developed in sandstone part.  This lamination and 

inter-bedding are the key factors to enhance the anisotropic microstructure and 

microfabric properties. 

• There is evidence of fine-grained partial Stow sequence turbidites in parts of both 

formations, but these are not ubiquitous. 

• The mudstone facies are dominated by platy clay minerals and clay to fine-silt-

sized material.  The diversity of lamination (isolated lenses, wavy and lenticular 

lamination) as well as disrupted microstructures are significant patterns that break-up the 

microfabric style, resulting fabric re-orientation at the micro-scale.   

• The granular materials of quartz developed in siltstone-partings (isolated lenses 

or wavy lamination), isolated or clustered bioclasts, and secondary minerals (such as 

pyrite) are also effective at disrupting the planar anisotropic microstructure in laminated 

fabric at the micro-scale 

•   Bioturbation, burrowing activity and calcareous cementation are also shown to 

be an important disruptor of anisotropic microfabric.  Cementation and burial compaction 

further destroy primary porosity in all types of rock.  
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4.3.2 West Crocker Formation 

• The mudstone facies are dominated by platy clay minerals and clay to fine-silt-

sized material.  

• The turbidites are texturally and compositionally immature, and contain common 

shale clasts and carbonaceous (lignitic) material.  The provenance most likely comprises 

granitic and metamorphic rocks and previously uplifted sediments.  

• The diversity of lamination (isolated lenses, wavy and lenticular lamination) as 

well as disrupted microstructures are significant patterns that break-up the microfabric 

style, resulting fabric re-orientation at the micro-scale.  In addition, granular materials of 

quartz developed in siltstone-partings (isolated lenses or wavy lamination), isolated or 

clustered bioclasts, and secondary minerals (such as pyrite) are also effective at disrupting 

the planar anisotropic microstructure in laminated fabric at the micro-scale.  Bioturbation, 

burrowing activity and calcareous cementation are also shown to be an important 

disruptor of anisotropic microfabric.  Cementation and burial compaction further destroy 

primary porosity in all types of rock.  

• Standard turbidite structures of Stow structural sequences are very common 

throughout.  There are extensive loaded bases, water-escape structures, isolated and 

clustered shale clasts at the micrometre scale.    

• There is a paucity of bioturbation and burrowing, but some mudstone units contain 

Chondrites and Trichichnus trace fossils.  Both of these traces are compatible with a deep-

sea environment (Bromley et al, 1984,  Dzierski, et al.,2015 and McBride and Picard, 

1991).  The general lack of bioturbation suggests rapid sedimentation throughout.  

Based on this evidence, the West Crocker Formation was most likely formed in a deep 

marine. 

 

Based on petrographic characteristics, they suggest a significant brittleness of the sand-

prone West Crocker Formation, which is important for effective hydraulic fracturing.  

However, the mudstone-rich parts of the succession have a much lower brittleness factor 

and much higher mudstone ratio, which is important for free gas and adsorption. In 

addition, the microstructure properties indicate a generally strong parallel to sub-parallel 

anisotropic microstructure and microfabric.  Disrupted and isotropic microfabrics are less 

common than in the Setap Shale and Sibuti Formations. However, some microfabric 

disruption is seen to occur as a result of granular material, bioturbation and shale clasts, 

whereas the lenticular and wavy lamination style simply results in a sub-parallel 

anisotropic microfabric. 
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Chapter 5  SEM-EDX study of the Setap Shale and Sibuti  and West 

Crocker mudrocks 
 

5.1 Introduction 

The principal aim of this chapter is to document and understand detailed mudrock 

properties at the micrometre-to-nanometre scale for the deepwater depositional system of 

the West Crocker sediments.  In particular, it focuses on the composition, texture, 

microstructure, microfabric and microporosity of  the three mudrock systems selected for 

study – the Sibuti,  Setap Shale and  West Crocker facies.  It will consider also how these 

sediments have been affected by mechanical and chemical changes through the basin 

burial history, and how to evaluate the mudrocks for their source and unconventional 

reservoir quality.  

This chapter examines the nature and composition of individual grains, rock fragments, 

organic matter, biogenic components (shell or skeletons), fine silt and clay matrix, and 

the cement and other authigenic phases.  It then seeks to document the various properties 

of porosity, including pore size, shape and morphology, and pore distribution and pore 

network system.  It is essential to understand the relationships between composition, 

textures, fabric and pore characteristics in order to estimate the potential of any mudrock 

resource for gas or oil in terms of quantity and quality of the resource and its effective 

and efficient production.     

It has been clearly demonstrated by these and other studies that the key features that 

control the heterogeneity of porosity (pore size, morphology, and shape) include:  discrete 

grains and particles (coarse silt/sand size), the clay and fine silt matrix, the cement and 

diagenetic history.  The pore size, morphology and shape play a significant role on 

reservoir quality in terms of the storage capacity, while the characteristics of pore 

distribution in terms of isolated porosity and effective porosity are significant for 

understanding the capacity of gas flow potential (Jiang, 2012; Loucks et al., 2011).  

Improved understanding of pores and pore distribution and network can lead to: (1) a 

better the ability to manage and improve production (Chalmers et al., 2012); (2) a better 

estimation and prediction of effective hydrocarbon generation  with different ratios 

between adsorbed gas and free gas (Rahman et al., 2018); (3) a better prediction of the 

production rate and performance (Ma et al., 2016;  O’Brien et al., 2016; Ross and Bustin, 
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2008 and 2009); and (4) improved capacity of gas recoverability (Goral et al., 2016; 

Nadeau, 2018).  

Although porosity is key to understanding in terms of gas storage and flow mechanism 

based on clearly determined rock characteristics, the processes and mechanisms involved 

in the original sedimentation and post-depositional diagenesis should be clearly 

determined and understood.  Furthermore, pore size distribution and pore surface area of 

the organic and inorganic composition of the matrix affect gas storage and adsorption in 

the pore network, and the surfaces of organic and clay  material (Chalmers et al., 2012). 

The principal methodology – using SEM and EDX techniques – is described in Chapter 2. 

The chapter is organised as follows:  

(a)  SEM characterisation of microfabrics for each of the basic microstructure types 

developed in Chapter 4 

(b)  Composition of mudrocks determined by EDX analysis: mineral grains, rock 

fragments, biogenic particles, organic material and authigenic phases (cement and 

alteration of matrix)  

(c)  Combined SEM-EDX observation of principal features and composition for the Sibuti 

and Setap Shale Formations (documented separately) 

(d)  Composition and fabric 

(e)  Micro-fractures and micro-cracks 

(f)  Porosity and microfabric, including an evaluation of pore shape and morphology,  

pore size, pore distribution and pore volume 

(g)  Preliminary discussion. 

(h)  Brief discussion and interpretation 

 

5.2 Results 

5.2.1 Microfabric and microstructure 

Based on detailed field observation and optical microscopy (Chapter 3 and 4), the 

mudrocks of the Sibuti, Setap Shale Formations and West Crocker mudrock  have been 

divided into four broad microstructural types: (1) parallel anisotropic microstructure, (2) 

sub-parallel anisotropic microstructure; (3) irregular anisotropic microstructure; and (4) 

isotropic microstructure (see sections 3.4.2) .  These four types are shown again below 

(Figure 5.1). 
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The polished thin sections for each of these types, from the Sibuti, Setap Shale and West 

Crocker Formations, have been examined further by SEM-EDX techniques in order to 

characterise the nature and style of their microfabric.  The results are outlined below. 

 

Figure 5.1 The four representative microstructure types of microfacies studies from 

thirteen samples as determined from field observation and optical microscopy. 

Sibuti and Setap Shale Formations 

The results in order to characterise the nature and style of microfabric for each of four 

types, from the Sibuti and Setap Shale Formations, are outlined below. 

(1) Sub-parallel anisotropic microstructure 

This microstructure type is characterised by lenticular lamination, micro-cross 

lamination, wispy and wavy lamination. Individual beds or samples typically show two 

divisions: (1) the dominant mud-rich laminae of  clays and fine silt, and (2) discontinuous 

laminae of coarse-silt to very-fine sand.  Under SEM study, there is a mud-rich 

microfabric with well-developed alignment of platy clay minerals, fossil fragments, and 

organic material, and a silt/sand microfabric with a more random orientation.  Both parts 

generally show clear sub-parallel alignment of fossil fragments, varying in size from 13  

to  840 µm.  They appear to have  a mixed composition  (mineral grains, organic matter, 

bioclasts) in different sizes from < 2  to 840 µm, and poorly sorted texture (Figure 5.2).  

Grain shapes vary from very angular to  sub-rounded (Figure 5.3).   

(2) Irregular anisotropic microstructure 

This microstructure type is characterised by irregular lamination, which may be due to 

convolute lamination, irregularities caused by erosive and/or load-cast bases, disruption 
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caused by extensive burrowing, and disruption caused by large isolated clasts or fossil 

fragments found in Sibuti and Setap Shale Formations.  Under SEM examination, there 

is a mud-rich microfabric with poor-developed alignment of platy clay minerals and 

organic material, and a silt/sand microfabric with a random orientation with no system. 

Only in the Sibuti Formation (high biogenic component and calcareous cement), for 

example, there are two distinct microstructure types evident of microfabric: (1) very fine-

muddy calcareous siltstone/sandstone with calcareous clay matrix and micritic cement; 

and (2) biogenic-rich sediment with isolated fossil fragments, including bivalves and 

probable ostracods, with sparry calcite cement (Figure 5.4).  There is a mixed composition 

(mineral grains, organic matter, bioclasts, rock fragments) in different sizes  from < 2  to 

790 µm, and poorly sorted texture.   Quartz grain shapes vary from very angular to sub-

rounded, and the fossil fragments are dominated by foraminifera and a range of broken 

bivalves and other unidentified bioclasts.  

(3) Isotropic microstructure 

This microstructure type, most typical of the Setap Shale Formation, has a structureless 

(or massive) appearance, dominated by clay-silt size material, with no primary 

sedimentary structures and only rare and/or small-scale bioturbation evident.  There is a 

mix of larger silt-sized granular material (quartz,  feldspar, fossil fragments, pyrite) in a 

mud matrix.  The grains vary from <2 to 57 µm in diameter with angular to sub rounded 

shape and the sediment is poorly sorted.  SEM observation shows a random microfabric, 

with no preferred orientation apparent (Figure 5.5 and 5.6). 

(4) Parallel anisotropic microstructure 

This microstructure type is common in both the Setap Shale and Sibuti Formations. Planar 

parallel lamination is well-developed, showing either thin continuous alternating laminae 

of silt and mud or a more discontinuous lamination. In the case of the Setap Shale sample 

illustrated here the mud lamina is about 0.02 – 0.03 cm in thickness and  the silt lamina  

about 0.07 - 0.09 cm in thickness (Figure 5.7).  The mud microfabric shows a high degree 

of clay particle alignment with preferred orientation parallel to bedding – i.e. strong fabric 

anisotropy. The silt microfabric shows a more random to sub-random orientation of the 

dominant quartz grains within a mud matrix, with the clays showing both preferred 

orientation and a more dispersed fabric (Figure 5.8).  The finer grains vary from <4 -27 

µm in the mud laminae, whereas the coarser grains vary up to 90 µm in diameter in the 

silt laminae, with grain shape varying from angular to sub-rounded estimated by 

comparing with the comparator charts.   

(A) (B) 

(C) 

(D) (E) 
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Figure 5.2  Presenting (A) Overview rock and large size of bioclast association with 

bioclast and organic matter orientation in the same direction as well as direction of 

channel flow observation on SEM image,  and (B)-(E) Texture and fossil fragment under 

light microscope under cross-polar light.  

 

 
 

 
 

  

Figure 5.3  SEM images of the sub-parallel anisotropic microstructure (A) Overview at 

low magnification, (B) Part of matrix-supported siltstone (orange square), (C) Part of 

siltstone which is more grain-supported (Blue square), and  (D) and (E) Binarized SEM 

images to show the contact boundary (Red line) between mud-rich fabric and silt-sand 

fabric parts. 
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Figure 5.4  Presenting  SEM images (Left column) with overview texture of rock  and 

under cross-polar light (Right column) of the irregular anisotropic microstructure of the 

Sibuti Formation (AS9 sample) (A) Pieces of  separated  SEM images in different sections 

of  mud-rich and  fossiliferous textures sections of calcareous mudrocks related to textures 

with the relative low magnification to high magnification high-resolution, (B) 

Fossiliferous texture, (C) Loading structure, and (D) Rock fragment.  
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Figure 5.5  SEM image presenting the silty mudstone with isotropic microstructure (A) 

Large view of sample at relatively low magnification, (B)-(C) The silt-grained size in clay 

background, and (D)-(E) Mixing of clay to silt. 

  

  

Figure 5.6  (A)-(D)  Presenting  poor sorting of different sizes and types of minerals and 

bioclasts based on SEM images (Left column) and binarized processing by ImageJ (Right 

column)  and grain shapes varying from angular to sub-rounded.  
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Figure 5.7  Parallel lamination with well-developed anisotropic microstructure (A) SEM 

images, and  (B)-(E) Texture and grain in different magnification on the  cross- polar light 

(Left column)  and reflected light (Right column). 
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Figure 5.8  Presenting parallel anisotropic structure with well-developed lamination and 

orientation of elongated grains of quartz and organic matter ( A) Large view of sample at 

relatively low magnification, (B)-(C) A part of finer-grained sedimentary fabric dominted 

by laminated clay at relatively high degree of compaction paralleling to laminar structure, 

and organic rich laminae, and (D)-(E) A part of distribution of  mix of various grain sizes 

with sub-angular to sub-round shape of grain. 
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West Crocker Formation 

Four microfacies types are recognized in the West Crocker mudrock. These are the same 

broad microfacies types as for the Setap Shale and Sibuti Formations, although the macro-

facies and depositional systems are different (Table 5.1). 

Table 5.1  Signatures of microfacies with microstructures range from millimetre to 

centimetre scale observed on polished thin section: depositional process, biochemical 

mechanism, burial diagenesis-cementation and tectonic history. 

Microstructure type Sedimentary 

structure 

Deformed and 

altered zone 

Remark 

Sub-parallel anisotropic 

microstructure 

Wavy and 

lenticular 

lamination 

 Deposition process 

Cross lamination  

Irregular anisotropic 

microstructure 

Chondrites  Bioturbation 

Trichichnus  

Load and Flame  Soft sediment 

deformation 

 Microfracture  Tectonic condition 

 Fracture and 

deformation  

associated with 

quartz vein  

 

Tectonic and 

hydrothermal process 

 Hydrothermal condition 

Isotropic microstructure No primary 

sedimentary 

structure 

 Depositional process 

Parallel microstructure Wispy lamination  
 

Planar Laminae  Strongly burial 

compaction 

 

(1) Sub-parallel anisotropic microstructure 

This microstructure type is found in fine-grained turbidite mudrocks and characterised by 

(1) low-amplitude cross lamination, (2) fading-ripple cross lamination, and (3) wispy, 

wavy and lenticular lamination.  These may be discontinuous (2-15 mm width) to more 

continuous siltstone laminae within mudstone, and with little very fine silt to fine sand in 

texture (Figures 5.9, 5.10 and 5.11).  A very-fine sand lamina is shown in Figure 5.12.  

The more siltstone and sandstone laminated mudstones typically show scattered granular 

material throughout and an irregular granular fabric, whereas the finer-grained mudstones 

are dominated by clay fabric with a more preferred fabric.  They clearly show sharp 

contacts between finer-grained and coarser-grained fabrics.   

(2) Irregular anisotropic microstructure 

The irregular anisotropic microstructure type is characterised by (1) micro-load and flame 

structures due to soft sediment deformation, (2) Trichichnus and Chondrites trace fossil 
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structures, as well as general bioturbation, due to biological processes, (3)  convolute and 

contorted lamination, and (4) deformed lamination and/or altered textures due to tectonic, 

diagenetic or hydrothermal activity (Figure 5.13).  Finer-grained microfacies show 

orientation of clay minerals with random microfabric. Whilst, coarser-grained (silty) 

facies have more granular material and a still more disrupted or random microfabric 

(Figure 5.14).  They show a sharp contact boundary between coarser-grained fabric of silt 

and very finer-grained fabric of clay minerals. 

Trace fossils and bioturbation creates distinctive irregularities. Chondrites and 

Trichichnus trace fossils occur as oval, circular and irregularly-shaped burrows with 

variable orientation (vertical, inclined or horizontal) and cross-cut primary depositional 

sedimentary structures.  They are generally darker than the host mudstone. Within these 

bioturbation structures, a variety of preferred to random microfabrics is evident.  

Chondrites show a system of branching tunnels, commonly filled with fine clays, high 

organic matter and pyrite (Figure 5.15).  Trichichnus are mostly vertical to inclined 

tubular traces, and also commonly associated with pyrite (Figure 5.16).  

Irregularities are also observed due to diagenetic alteration and (tectonic) deformation.   

Iron oxides and iron sulphides typically discolour the original sediment, and may act as a 

cementing agent (Figure 5.17).  These observations are consistent with results observed 

using light microscopic mentioned in Chapter 4. 

(3) Isotropic microstructure 

This microfacies type is characterized by a homogeneous texture and no obvious primary 

or secondary sedimentary structures.  There is a mix of silt-sized granular materials 

(quartz,  feldspar, mica, pyrite ) and organic matter in a mud matrix.  Some beds are finer 

grained, dominated by fine silt and clay-sized material, whereas others are coarser-

grained silty mudstones with more dispersed granular material.  The sediment is generally 

poorly sorted. SEM observation shows a random microfabric, with no preferred 

orientation apparent (Figure 5.18). 

(4) Parallel anisotropic microstructure 

This microfacies is finely laminated with alternating laminae of siltstone and mudstone.  

Planar parallel lamination is well developed, and commonly evenly distributed, with 

mudstone laminae approximately 0.02 – 0.03 cm in thickness and siltstone lamina about 

0.07 - 0.09 cm in thickness.  Clay particles, plate-like particles (mica and carbonaceous 

fragments) and elongated organic matter typically show a well-developed preferred 

orientation parallel to bedding, resulting in a well-developed anisotropic fabric (Figure 
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5.19).  In some siltstone laminae, there may be very low-angle long wavelength cross-

lamination (the Stow T2 division) evident. Both more continuous and more discontinuous 

laminae are present.  The contacts between siltstone and mudstone laminae range from 

very sharp and distinct, sometimes with an irregular boundary, to more gradational in 

nature.  In addition, there may be scattered silt-size grains (dominantly quartz and 

feldspar) within a mud matrix.  In most cases, there is a well-defined planar anisotropic 

microfabric. 

 

 

 

 

  

 

Figure 5.9  Presenting wispy lamination with low angle cross lamination in mud-silt unit 

presenting in detail of coarser-grained fabric of silt (Red arrow) in finer-grained fabric of 

mudstone in millimetre scale in multiple scales and details (A) A large view observed in 

thin section unde optical petrography, (B)-(C) A small view observed under optical 

petrography, and (D)-(F) A microscale view of SEM images illustrating  fabric and 

orientation.  
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Figure 5.10  Presenting wavy and lenticular lamination  in detail of coarser-grained fabric 

of silt with light yellowish colour (Red arrow) in finer-grained fabric of mudstone in 

centimetre scale  to microscale with multiple scales and details (A) A large view observed 

in field scale, (B) A small view observed under  optical petrography, (C) A microscale 

view of SEM images, and (D) and (E) Grain size distribution and orientation of particles. 
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Figure 5.11 Sequence boundary Lenticular lamination and wavy lamination presenting  

coarser-grained fabric of silt in different morphology in finer-grained fabric of mudstone 

in centimetre scale  to microscale of KFC sample in different scales. (A) Big view in field 

scale, (B) Fine-scale observed in optical petrography, and (C)-(G) Grain distribution with 

random orientation observed in microscale. 
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Figure 5.12  Presenting (A) A lense of silt-grained size, (B) Contact boundary between 

fine- and coarser-grained fabric of lense, (C) Finer-grained fabric of sediment, and (D) 

Coarser grained fabric within lense. 

 

 

 

 

 

Figure 5.13  Irregular lamination presenting in different forms (A) and (B) Trace 

fossils, (C) Load and flame sedimentary structure, and (D) Zone of alteration and 

deformation.  
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Figure 5.14  Load and flame sediment structure as irregular  anisotropic microstructure 

presenting coarser-grain fabric of silt sinking in finer-grain fabric of mudstone in 

centimetre scale to microscale (A) Clay part (dark colour) and silt part (light brown 

colour) in  field scale, (B) Clay part (dark brown) and silt part (white grey) observed under 

optical petrography, and (C)-(E) The grain size and orientation of finer- grains and coarser 

grains in SEM images. 
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Figure 5.15 Irregular anisotropic microstructure in the West Crocker Formation 

presenting (A) Large area high-resolution montage, with Chondrites in mud unit with a 

system of branching tunnels, (B)-(C) Finer-grained size filling than host claystone with 

sharp contact of  the trace fossil, and (D)-(E) Mottling fabric developed in the burrow 

trace fossil.   
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Figure 5.16  Presenting (A) Trichichnus associated pyrite (White colour) in overview,  

(B) and (C) The  destroyed feature and structure inside trace fossil and sharp contact 

boundary between pyrite framboids forming inside trace fossil and sedimentary rock, and 

(D) Different stages of iron sulphide mineral forming of non-crystal, euhedral crystals 

and framboidal pyrite. 
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Figure 5.17  Presenting (A)-(C) High deformed and altered zone with polycrystal of 

quartz grain with suture boundary and iron-sulphide oxides (Black colour) acting as 

cement along deformed boundary observed under light microscopic, and (D)-(H) 

Polycrystalline of quartz grains developed in quartz vein and  high iron oxide-iron 

sulphide (white colour) acting as cement.  
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Figure 5.18  Presenting massive rock with no internal primary structure observed in 

different scales.  (A) Distinct massive mudstone and contact boundary observed in  field 

view, (B) No microstructure developed under light microscopic observation,  and (C)-(G)  

A mixture of  granular material and clay  arranged with random orientation. 
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Figure 5.19  Presenting planar parallel lamination in multiple scales and detail: (A) 

Laminated shale in field scale,  (B) Fine scale texture under light microscopic observation, 

(C) Boundary between finer and coarser grained fabric, and  (D)-(E) Finer grained fabric 

with well-developed parallel orientation. 
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5.2.2 Composition identification using EDX analysis 

Particles, matrix and cements within the Setap Shale and Sibuti Formations were all 

characterized by energy dispersive X-ray (EDX) analysis.  The components are described 

in the following categories: (1) mineral grains, (2) rock fragments, (3) bioclasts, (4) 

organic material, (5) matrix minerals, and (6) cement and other authigenic phases. 

Composition/minerals formula of mineral are shown in Table A5.1 (See Appendix). 

 

Sibuti and Setap Shale Formation 

Cementation and authigenic minerals 

Element composition maps reveal calcite and/or siderite in many samples, especially in 

the more calcareous sediments,  and they reveal iron oxide cement in some samples.  They 

form a weak to strong cement, altering the sediment fabric and partially or completely 

destroying porosity (Figures 5.20, 5.21 and 5.22).  Some siderite occurs as grains, with 

well-developed rhombohedral crystals arranged in radial and concentric structures, with 

single or multiple layers coating around a quartz nucleus (Figures 5.20, 5.22 and 5.23).  

In other cases, there is no nucleus and a void space may be present.  A series of siderite 

crystals with variable elemental composition of Ca, Mg, Mn, Zn and Fe are found within 

sample in different areas (Table 5.2) and calcite cementation in other areas (Figure 5.22  

) (Table 5.3).  In another case, iron oxide cement occurs as grains, with well-developed 

radial and concentric structure.  These various authigenic phases co-occur between 

biotite-rich layers, where they disrupt the fabric and promote great porosity locally 

(Figure 5.26 and 5.27).   

Evidence for diagenetic clay minerals includes: (a) well-developed crystals of kaolinite 

(booklet texture) (Figure 5.22), illite (fibrous texture) (Figure 5.22), and chlorite (platy 

texture) (Figure 5.24 and 5.25); (b) partial transformation to clay minerals from original 

feldspars, micas and ferromagnesian minerals (Figure 5.22, 5.38 and 5.39).  These are all 

typical of authigenic and diagenetic clay minerals within fine-grained sediments (Ulmer-

Scholle et al., 2014).  These authigenic clays do not form a strong cement but do play a 

significant role as pore-lining, pore-bridging and pore-filling along grains and between 

pores. They affect the complexity of microfabric, the pore size, morphology, and pore-

size distribution as well as pore network system (Figure 5.24 and 5.25).  
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Figure 5.20  Element analysis in minerals identified  on the basis of Scanning Electron Microscope (SEM) and Energy-dispersive X-ray (EDX) 

spectroscopy of  Tertiary calcareous siltstone (AS9)  of the Sibuti Shale Formation  with the same view presenting different  minerals of authigenic 

minerals (rutile, clay, calcite and siderite) and detrital minerals (quartz with different diagenetic development, rock fragment and quartz with clay) 

in the completely cemented calcite and then dissolution and precipriation to form repeated phases of siderite growth with well devellped concentric 

layers. 
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Figure 5.21  Elements in  minerals identified  the sample AS9 of Tertiary sample of  the Sibuti Formation  (AS9 Site 8) with the same view area 

view  of different  minerals of authigenic cement minerals (titanium oxide, calcite, pyrite, siderite and Na-K rich clay) and detrital grains (rock 

fragment, quartz and Na-feldspar) in the completely cemented calcite and then dissolution and precipriation to form repeated phases of siderite 

growth with well devellped concentric layers. 
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O Si Al Fe Mg Ca K Mn Ti 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 48.6 67.6 14.9 11.8 5.3 4.4 20.7 8.3 6.5 6.0 2.5 1.4 0.6 0.3 0.5 0.2 0.3 0.1 

Area 2 43.5 62.5 21.2 17.3 7.3 6.2 20.6 8.5 3.4 3.2 1.9 1.1 1.6 0.9 - - 0.5 0.2 

Area 3 50.3 65.4 28.4 21.0 11.5 8.9 4.9 1.8 1.4 1.2 0.5 0.3 2.5 1.3 - - 0.4 0.2 

Area 4 49.3 66.7 21 16.2 7.5 6.0 15.4 6.0 4.4 3.9 1.5 0.8 0.7 0.4 - - - - 

Area 5 52.1 67.5 26 19.2 9.5 7.3 7.2 2.7 2 1.7 0.6 0.3 2.2 1.2 - - 0.5 0.2 

Area 6 49.8 67.5 18.4 14.2 6.7 5.3 16.6 6.5 5.5 4.9 1.8 1 1.2 0.7 - - - - 
 

Figure 5.22  The elements of  mineral growth as mineral map and element compositions in table form  of the sample AS1 of Tertiary sample of  

the Sibuti Formation  presenting different minerals of siderite (Area 1, Area 4 and Area 6), illite with needle-like forms ( Area3, Area 5 and Area 

2) and booklet texture of kaolinite.  
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Figure 5.23  Elements in  minerals identified  based on Scanning Electron Microscope (SEM) and  Energy-dispersive X-ray (EDX) spectroscopy 

of  Tertiary sample of  the Sibuti Formation (AS 9) with the same view area view  presenting different  minerals of authigenic minerals (siderite 

series such as siderite-magnesite, siderite-rhodochrosite and calcite cement) and detrital grains (quartz and microquartz).  
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Table 5.2  Minerals identified from by using elemental map of Figure 5.22. 

Table 5.3  Minerals identified by using elemental map and table form of Figure 5.23. 

 

          

Composition Element 

rich 

Area Primary 

Mineral 

Chemical 

formula 

Secondary Minerals 

 

Chemical formula Remark  

Primary Secondary 

Cement 

 

Fe, Mg and 

Mn 

1, 2, 4 

and 6 

  Siderite FeCO3   A series of  siderite 

forming  with concentric 

layers  

  Siderite-magnesite MgCO3  

  Siderite-rhodochrosite MnCO3  

K, Al, Fe 

and Mg 

 3 and 5   Illite (K,H3O)(Al,Mg,Fe) 

2(Si,Al)4O10[(OH)2,(H2

O)] 

 Needle-like texture 

Composition Element rich Primary 

Mineral 

Chemical 

formula 

Secondary Minerals Chemical formula Remark  

Primary Secondary 

Grain  Si and O Quartz SiO2   Acting as core 

of grain 

 

Cement Fe, Mg and Mn   Siderite FeCO3  Forming  with concentric 

layers   Siderite-magnesite MgCO3  

  Siderite-rhodochrosite MnCO3  

K, Al, Fe and Mg    Illite (K,H3O)(Al,Mg,Fe) 

2(Si,Al)4O10[(OH)2,(H2

O)] 

  

Ca   Calcite CaCO3   

https://en.wikipedia.org/wiki/Magnesite
https://en.wikipedia.org/wiki/Rhodochrosite
https://en.wikipedia.org/wiki/Magnesite
https://en.wikipedia.org/wiki/Rhodochrosite
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Figure 5.24  Elements identified  in  minerals and bioclast based on Scanning Electron Microscope (SEM) and  Energy-dispersive X-ray (EDX) 

spectroscopy of Tertiary sample of the Setap Formation (AS25) presenting different  minerals of authigenic minerals (chlorite, rutite, Fe-K rich 

clay and kaolinite) and detrital grains (quartz, bioclast, biotite and  Na-feldspar).
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Figure 5.25  The element identified in minerals distributed as mineral map and elemental composition in table form of Tertiary sample of the Sibuti 

Formation (AS1)  presenting smectite (Areas 1, 2 and 3), chlorite (Area 4) and illite (Area 5) along a quartz grain boundary. 

 

 

 

 

    

    

 O Si Al Fe Mg Ca K Mn Ti 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 48.2 65.5 21.9 16.9 8.1 6.5 16.2 6.3 4.7 4.2 0.5 0.3 0.4 0.2 - - - - 

Area 2 46.1 63.9 18.7 14.8 11.6 9.5 18.4 7.3 4.4 4.0 0.3 0.2 0.5 0.3 - - - - 

Area 3 46.3 62.8 25.8 19.9 10.6 8.5 11.3 4.4 3.2 2.9 0.6 0.3 1.2 0.7 - - 1 0.5 

Area 4 48.3 64.8 25.5 19.5 9.8 7.8 13 5.0 3.4 3.0 - - - - - - - - 

Area 5 49.5 66.8 24.9 19.1 9.7 7.8 15.1 5.8 - - - - 0.9 0.5 - - - - 
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Figure 5.26  The mineral identified as mineral map and element compositions in table  form of Tertiary sample of the Setap Shale Formation (AS25) 

presenting minerals of biotite (Area1 and 5),  iron oxides (Areas 2, 3 and 7) and illite (Area 6). 

 

 

   

   

 
O Si Al Fe Mg Ca K Mn Ti S Zn Cu 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Wt.

% 

At. 

% 

Area 1 47.5 68.6 18.5 15.2 9.6 8.2 16.2 6.7 7.2 0.7 0.4 0.2 0.5 0.3 0.2 0.1 - - - - - - - - 

Area 2 46.4 69.9 14.8 12.7 5.6 5.0 24.4 10.5 6.7 0.7 1 0.6 0.3 0.2 0.8 0.4 - - - - - - - - 

Area 3 46.9 68.3 17.5 14.5 7.1 6.1 21.9 9.1 3.7 0.4 1 0.6 0.9 0.5 0.7 0.3 0.4 0.2 - - - - - - 

Area 4 44.4 67.3 15.9 13.7 6.1 5.5 22.5 9.8 4.7 0.5 1.1 0.7 0.5 0.3 0.7 0.3 - - 1.2 0.9 3 1.1 - - 

Area 5 46.9 67.7 19.3 15.9 9.7 8.3 16.3 6.8 6.6 0.6 0.3 0.2 0.4 0.2 - - - - 0.3 0.2 - - 0.2 0.1 

Area 6 42.4 63.8 21 18.0 8.3 7.4 24.1 10.4 4.1 0.4 - - - - - - - - - - - - - - 

Area 7 46.7 69.8 14.5 12.3 6.1 5.4 24.6 10.5 5.7 0.6 1.2 0.7 0.4 0.2 0.6 0.3 0.2 0.1 - - - - - - 
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Figure 5.27 Elements in  minerals identified based on Scanning Electron Microscope (SEM) and  Energy-dispersive X-ray (EDX) spectroscopy 

of  Tertiary sample of  the Setap Shale Formation (AS25) with the same view area view  presenting different minerals of authigenic minerals 

(rutile, siderite, pyrite, Fe-Mg rich clay, K-Fe rich clay and calcite cement) and detrital grains (biotite, quartz, rock fragment, organic matter and 

Na-feldspar). 
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Original sediment 

Mineral grains 

The principal framework mineral grains identified in all samples are quartz, feldspar (K-

feldspar greater than Na-feldspar) and mica (muscovite > biotite) (Figures 5.28, 5.29 and 

5.30).  

Rock fragments 

Rock fragments are found in all samples of the Sibuti and Setap Shale Formations.  They 

are generally silt to very fine sand-size particles, made up of a variety of micrograins of 

primary minerals (e.g. quartz, K-feldspar, Na-feldspar, zircon, staurolite, rutile) and 

secondary minerals (e.g. clay minerals) and altered material.  The results, for example,  

are shown in Figure 5.29  and 5.30.  Some include authigenic clay minerals (smectite, 

illite-smectite, illite and chlorite), indicative of alteration and low to medium-grade 

metamorphism.  Calcite and siderite are also present in some rock fragments, either as 

primary or secondary minerals.  Staurolite is identified on the EDX elemental maps by a 

mix of aluminum-iron-silica-oxygen element and mineral assemblages (e.g. zircon, 

titanium) in rock fragment.  It  is an index mineral of intermediate to high grade 

metamorphic rocks (Haldar, and Tišljar, 2014; Hoschek, 1969; Gilkes; Suddhiprakarn, 

1979).  Elongated grains (biotite) within some rock fragments show preferably orientated 

appearance as foliation texture (Figure 5.31 and 5.32).  Element image maps suggest that 

some rock fragments are mafic in origin (e.g. meta-basalt), whereas others are felsic in 

origin.  In addition, some rock fragments are calcareous mudstone or silty limestone 

(Figure 5.33, 5.34, 5.35 and 5.36), whereas others are quartz-rich mudstones (Figure 5.29 

and 5.31). 

Bioclasts 

Calcareous bioclasts (e.g. foraminifera, shell) are identified on the EDX elemental maps 

by high calcite (Ca), as well as by structural features of the grains (Figures 5.37 and 5.38).  

Many of the fossil fragments are completely cemented by calcite, especially in the more 

calcareous sediments, whereas clay, pyrite, quartz etc. occur in the body chambers in 

some cases.  

Matrix 

This is dominated by a variety of clay minerals, including smectite, illite, kaolinite and 

chlorite (Chapter 6), as well as very fine-grained quartz and feldspars (Na-feldspar 

dominant).  Much of the clay fraction appears to be detrital in origin.   Pyrite and the 

siderite (spherical grains) are also common in the matrix, but most likely authigenic.  
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O Si Al Ca Fe Mg Na K Ti 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 46.6 62.1 30.7 23.3 9.8 7.7 - - 1.1 0.4 - - - - 11.9 6.5 - - 

Area 2 50.4 64.7 41.9 30.6 4.1 3.1 - - 2.2 0.8 - - - - 1.5 0.8 - - 

Area 3 48.7 62.7 30.1 22.1 9.4 7.2 - - 0.9 0.3 - - 4.6 4.3 6.4 3.4 - - 

Area 4 51.1 66.0 28.7 21.1 11.9 9.1 0.6 0.3 3.7 1.4 - - - - 3.5 1.9 0.5 0.2 

Area 5 46.5 62.0 27.4 20.8 13.4 10.6 - - 5.5 2.1 1.9 1.7 - - 4.9 2.7 0.5 0.2 

Area 6 46.3 62.1 30.5 23.3 9 7.2 - - 1.5 0.6 - - - - 12.6 6.9 - - 
 

Figure 5.28  The element identified in minerals distributed of  minerals as mineral map and elemental composition in table form of siliceous 

shale of the Sibuti Formation presenting K-feldspar  (Area 1 and 6), quartz (Area 2), Na-feldspar (Area3), smectite (Area 4), and chlorite (Area 

5).
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Figure 5.29  Elements in  minerals identified based on energy-dispersive X-ray spectroscopy (EDX) of Tertiary sample of the Sibuti Formation 

with the same view area view  presenting different  minerals of authigenic minerals (chlorite, illite, kaolinite, siderite and calcite cement) and 

detrital minerals (rock fragment, quartz and Na-feldspar). 
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O Si Al Fe Mg In Ca K Ba Mn Zr Na Ti 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

Area 1 46.3 63.6 19.7 15.4 10.7 8.7 15.5 6.1 6.4 5.8 1.1 0.2 0.3 0.2 - - - - - - - - - - - - 

Area 2 49.8 64.9 29.1 21.6 12.3 9.5 4.1 1.5 - - - - - - 4.6 2.5 - - - - - - - - - - 

Area 3 43.9 61.0 20.6 16.3 11.4 9.4 16.2 6.5 6.9 6.3 - - - - 1 0.6 - - - - - - - - - - 

Area 4 51.2 65.8 41 30.0 3.2 2.4 4.6 1.7 - - - - - - - - - - - - - - - - - - 

Area 5 46.5 65.2 16.7 13.3 5.6 4.6 21.3 8.6 7.5 6.9 - - 2.5 1.4 - - - - - - - - - - - - 

Area 6 47.1 63.7 22.2 17.1 10.4 8.3 14 5.4 5.7 5.1 - - - - 0.7 0.4 - - - - - - - - - - 

Area 7 53.6 72.1 9.9 7.6 2.6 2.1 1.4 0.5 1.9 1.7 - - 28.7 15.4 0.4 0.2 0.7 0.1 0.4 0.2 0.5 0.1 - - - - 

Area 8 47.7 60.8 33.8 24.5 10.3 7.8 1.4 0.5 - - - - - - - - - - - - - - 6.8 6.3 - - 

Area 9 52.6 65.6 46.4 33.0 1 0.7 - - - - - - - - - - - - - - - - - - 1.6 0.7 

Area 10 55.3 78.4 17.5 14.1 6.3 5.3 1.9 0.8 - - - - 1.2 0.7 1.3 0.8 - - - - - - - - - - 

Figure 5.30  The element of minerals identified in mineral distributed in rock sample as mineral map and element composition in table form of 

muddy siltstone of the Sibuti Formation presenting different  minerals of smectite (Area1),  siderite ( Area 5 and 10), illite (Area 3 and 6), calcite 

(Area 7) and detrital minerals of K-feldspar (Area 2 and 8), staurolite (Area 4) and quartz (Area 9). 
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Figure 5.31  The element of  particle identified in mineral distributed in rock fragment as mineral map and element composition in table  form of 

muddy siltstone of the Sibuti Formation (AS1) presenting different  minerals with foliation of illite (Area 1, 2, 4, 5, 6 and 7), staurolite (Area 3 

and 5) and zircon (Area 8). 

 

 

O Si Al Fe Mg Ca K Zr Ti 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 49 65.7 22.1 16.9 10.2 8.1 13.5 5.2 3.7 3.3 - - 1.5 0.8 - - - - 

Area 2 47.5 64.5 21.1 16.3 11.9 9.6 14.5 5.6 3.5 3.1 0.4 0.2 1 0.6 - - - - 

Area 3 51.1 65.1 42.6 30.9 4.5 3.4 1.8 0.7 - - - - - - - - - - 

Area 4 46 62.6 24.3 18.8 11.8 9.5 13 5.1 3.6 3.2 - - 1.3 0.7 - - - - 

Area 5 49.3 64.0 37.3 27.6 8.1 6.2 3.6 1.3 - - - - 1.7 0.9 - - - - 

Area 6 52.9 69.6 21.2 15.9 9.9 7.7 7.1 2.7 - - 0.6 0.3 2.2 1.2 - - 6 2.6 

Area 7 48.5 63.6 27 20.2 15.4 12.0 3.6 1.4 - - - - 4.5 2.4 - - 1 0.4 

Area 8 50.1 67.4 24.8 19.0 12.7 10.1 3.7 1.4 - - - - - - 8.7 2.1 - - 
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Figure 5.32  Elements in  minerals identified  based on Scanning Electron Microscope (SEM) and  Energy-dispersive X-ray (EDX)  spectroscopy 

of  Tertiary sample of the Sibuti Formation  (AS1) with the same view area view  presenting different  minerals of authigenic mineral (chlorite or 

illite, illite, siderite, Fe-Mg-K clay and calcite cement) and detrital minerals.  
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Figure 5.33  Elements identified  mudrock of the Setap Shale Formation (AS 25) presenting rock fragment of calcareous mudrock and different  

minerals of authigenic minerals (siderite, Fe-Mg rich clay) and detrital grains (quartz), rock fragment (calcreous rock fragment composing of 

Na-feldspar and K-feldspar).   
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Figure 5.34  The element identified in mineral distributed in calcareous rock fragment as mineral map and elemental composition in table form of 

siliceous mudrock of the Setap Formation (AS25) presenting fragment of  K-feldspar (Area1, Area 2 and Area 5) and Na- feldspar (Area 3 and 

Area 4). 

 

 

O Si Al Ca Fe Mg Na K S Cr 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 49.2 65.9 22.5 17.2 6.9 5.5 11.5 6.1 1.9 0.7 - - - - 6.2 3.4 1.7 1.1 - - 

Area 2 48.2 64.3 26.5 20.1 8.3 6.6 7.6 4.0 - - - - - - 8.7 4.7 - - 0.6 0.2 

Area 3 52.1 65.7 27.5 19.7 7.7 5.8 6.3 3.2 - - - - 5.8 5.3 0.7 0.4 - - - - 

Area 4 50.6 64.9 25.6 18.7 7.1 5.4 9.9 5.1 0.7 0.3 - - 6.1 5.7  0.0 - - - - 

Area 5 50.2 66.3 24.6 18.5 6.7 5.2 10.6 5.6 0.8 0.3 - - - - 7.5 4.1 - - - - 
 

RF 
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Figure 5.35  Elements identified  in  minerals and ca-rich mudrock fragment based on Scanning Electron Microscope (SEM) and Energy-dispersive 

X-ray (EDX) spectroscopy of Tertiary sample (AS 11) presenting different  minerals of authigenic minerals (calcite cement, siderite, Fe-K rich 

clay and K- rich clay) and detrital grains (quartz, organic matter and Na-feldspar). 

 

 

 

 

   

   

   

Figure 26 AS 11  Site  20 No Fe elements in  mineral are identified  based on Scanning Electron Microscope 

(SEM) and Energy-dispersive X-ray spectroscopy (EDS) of  Tertiary sample of Setap shale Formation  with the 

exact same view area under microscope even though their element are different  (A) Mineral composition 

identificational based on Scanning Electron Image (B)graph (C Ca (D) Mg (E) Si (F) S (G) Fe (H) Mn 

(Check S comparing pyrite and sidersite, AlCaC?? ) 
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Figure 5.36  The element identified in minerals distributed within Ca-rich mudstone fragment  (Area 1 and 2) and minerals  as mineral map and 

elemental composition in table  form  and calcite (Area 3) Ca-feldspar (Area 5),  Na-feldspar (Area 4 and Area 5) and K-feldspar  (Area 10) and 

quartz (Area 8 and 9).
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At. 
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At. 
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Wt. 

% 

At. 

% 

Wt. 

% 

At. 

% 

         Area 1 48.9 60.9 6.2 4.4 2.5 1.8 28.7 14.3 2 0.7 0.8 0.7               0.7 0.3   10.2 16.9 

Area 2 56.5 72.5 25.1 18.3 0 0.0 16.7 8.5 1.7 0.6                       

Area 3 57.4 74.4 17.6 13.0 0 0.0 22.9 11.8 2 0.7                       

Area 4 49.3 63.1 30 21.8 10.1 7.7 1.2 0.6 0.9 0.3   6.7 6.2 1.9 0.3               

Area 5 45.2 59.3 31.7 23.7 10.9 8.5 1.3 0.7 2.1 0.8   6.4 6.1    1.1 0.2   1.4 0.8       

Area 6 51.8 67.3 26.3 19.4 10.3 7.9 4 2.1 4 1.5              2.3 1.2   1.3 0.6   

Area 7 51.4 66.3 28.3 20.8 11.7 8.9 2.2 1.1 3.8 1.4              2.6 1.4       

Area 8 52 66.6 42 30.6 2.3 1.7 0.6 0.3 1.3 0.5      1.5 0.2    0.3 0         

Area 9 51.8 66.3 42.5 31.0 2.2 1.7 0.7 0.4 1.2 0.4      1.7 0.2              

Area 10 53.5 67.7 37.3 26.9 4.5 3.4 0.9 0.5 2.2 0.8              1.5 0.8       

RF 

RF 
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Figure 5.37  Elements in  minerals identified  based on EDX of Tertiary sample of  the Sibuti Formation with the same view area view  presenting 

different  minerals of authigenic mineral (chlorite/illite, Fe-clay, and siderite) and detrital minerals (quartz, bioclast, Na-feldspar and organic 

matter). 
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Figure 5.38  Elements in  minerals identified  EDX of  Tertiary sample of  the Sibuti Formation (AS1) with the same view area view  presenting 

different minerals of authigenic mineral (chlorite, illite) and detrital minerals(rock fragment, quartz, bioclast and Na-feldspar).  
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Figure 5.39  Elements in  minerals identified  based on Scanning Electron Microscope (SEM) and  Energy-dispersive X-ray (EDX) spectroscopy 

of  Tertiary sample of the Setap Formation  (AS25) with the same view area view  presenting different  minerals of authigenic minerals ( titanium 

oxide, siderite and Fe-rich clay and K-rich clay) and detrital grains.
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West Crocker Formation 

Cementation and authigenic minerals 

The EDX elemental imaging map and elemental table show that iron oxides (FeO2) and  

iron sulphides (FeS2) acting as a common cement in many of the mudrock samples.  Iron 

oxides and iron sulfides are generally found between grains, along grain boundaries and 

filling in the pores between grains (Figure 5.40 and 5.41 and Table 5.4).  These iron 

minerals mostly do not form a strong cement along grain boundaries (Figure 5.42 and 

5.43  and Table 5.5).  The iron minerals fill and replace matrix in the pores between grains 

(Figure 5.44, 5.45 and 5.46).  Furthermore, iron minerals occur at different stages of 

pyritization as pyrite crystals and cement.  Iron sulfide minerals are formed as cubic 

crystals and non-crystals, as cement material of marcasite, coating around pyrite 

framboids in Trichichnus (Figure 5.47), and also formed along biotite cleavage (Figure 

5.48).  While, some iron minerals do form a strong cement, they all play a significant role 

to destroy fabric and porosity (pore size and pore distribution) (Figure 5.49).  In addition, 

the element map and table reveal authigenic clay with a mixture of iron, potassium and 

aluminium (iron oxide-alkali alteration) with no clear boundaries between particles.  

However, the authigenic clays do not form a strong cement as pore lining and pore filling 

material (Figure 5.50).  These results suggest that muscovite alteration may have led to 

new clay mineral authigenesis, possibly as a result of hydrothermal circulation (Schwartz, 

1958).  These results agree well with XRD results showing halloysite occurrence (Chapter 

6, section 6.2.2), which is a typical hydrothermal alteration product (Duzgoren-Aydin, 

2002, Lázaro, 2015; Crawford et al., 2008). 
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Figure 5.40   The elemental map and table form in mineral (SP9) identified in metamorphic zone presenting iron oxides- alkaline alteration facies,  

organic matter (Area 12) as well as pores (Area  13, 14 and 15). 

 

 

O Si Al S Fe Na K C Br 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 52.4 66.3 34.5 24.9 8.9 6.7 - - - - - - 4.2 2.2 - - - - 

Area 2 43.1 60.3 31.7 25.3 9.1 7.5 - - 13.5 5.4 - - 2.6 1.5 - - - - 

Area 3 46.5 62.7 31.3 24 11.3 9 - - 10.9 4.2 - - - - - - - - 

Area 4 54.0 67.1 34.5 24.4 11.5 8.5 - - - - - - - - - - - - 

Area 5 50.3  63.0 32.8 23.4 10.8 8 - - - - 6.1 5.6 - - - - - - 

Area 6 50.8 64.5 49.2 35.5 - - - - - - - - - - - - - - 

Area 7 55.4 68.6 44.6 31.4 - - - - - - - - - - - - - - 

Area 8 47.2 68.5 8.4 6.9 3.6 3.1 11.8 8.6 24.7 10.3 - - 4.4 2.6 - - - - 

Area 9 50.3 70.5 10 8.0 3.1 2.6 11.0 7.7 20.7 8.3 - - 5.0 2.9 - - - - 

Area 10 45.0 66.3 10.9 9.1 4.6 4 9.1 6.7 24.7 10.4 - - 5.7 3.4 - - - - 

Area 11 56.0 81.6 - - - - - - 44.0 18.4 - - - - - - - - 

Area 12 30.3 25.7 6.8 3.3 - - - - - - - - - - 62.9 71.1 - - 

Area 13 25.7 21.3 5.1 2.4 - - - - - - - - - - 69.2 76.3 - - 

Area 14 32.1 26.9 4.1 2.0 - - - - - - - - - - 63.8 71.2 - - 

Area 15 32.6 27.7 5.9 2.9 - - - - - - - - - - 61.4 69.5 - - 

Area 16 46.6 64.9 31.7 25.1 - - - - - - 5.4 5.5 - - - - 16.3 4.5 

Area 17 48.4 62.5 31.5 23.1 12.6 9.6 - - - - 4.1 3.8 - - - - 3.5 0.9 

Area 18 43.7 58.2 31 23.5 10.2 8.1 - - 7.5 2.9 7.6 7.4 - - - - - - 

Area 19 47.0 59.9 34.8 25.3 11.9 9.0 - - - - 6.3 5.8 - - - - - - 
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Figure 5.41  The elements of mineral (SP 9) identified as mineral/material along contact  metamorphic boundary presenting iron oxide-alkali 

alteration facies system (Na-feldspar and muscovite alteration) as well as high sulphide resulting to hydrothermal fluids (Corriveau et al., 2016) 
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Table 5.4  Mineral identification using elemental table form and  map  of Figure 5.40 and 5.41 due to alteration area 

Composition Element rich Area Primary 

Minerals/material 

Chemical 

formula 

Secondary Minerals Chemical 

formula 

Remark  

Primary Secondary 

Mineral grain Si and O  

 

6 and 7 Quartz SiO2     

Al and Na 5 Na-Feldspar NaAlSi3O8    Alkali feldspar group 

Al and K 10 K-Feldspar KAlSi3O8    Alkali feldspar group 

Organic 

matter 

C 12     Black colour  

 Al, Fe, K 2, 3, 8, 9, 10, 

and 11 

  Iron oxide-alkali 

alternation facie 

  K-feldspar/ 

muscovite/biotite 

alteration 

Matrix 

 

Al ,Fe, Na 16 , 17, 18 

and 19 

  Iron oxide-alkali 

alteration facies 

  Na-feldspar alteration  

K, Al 1   Muscovite 

alteration/halloysite? 

KAlSi3O8   

Al 4   Kaolinite Al2O7SiO2   

Cement  Fe and S    Iron sulphides FeS2  Cementation to replace 

matrix Fe and O    Iron oxides FeO2  

Pore C 13, 14, 15     Black color 
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Figure 5.42   The element  table in composition (SP9) identified of alteration zone presenting pores (Area 1, 2, 3, 4 and 5),  iron oxides and iron 

sulphide as cement (Area 6, 8, 9, 10,11 and 12),   quartz (Area 13 and 14) and iron oxide-alkali alteration (Area 15, 16, 17, 18 and 19).  

 

O Si Al S Fe Mg Na K Ti C Br 

Wt. 

% 

At. 

% 

Wt. 

% 

At. 
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Wt.
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At. 
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Wt. 
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At. 
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Wt. 
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Wt.
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% 

Wt. 
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At. 

% 

Wt.

% 

At. 

% 

Wt. 

% 

At.

% 

Wt.

% 

At.

% 

Wt. 

% 

At.

% 

Area 1 26.4 23.9 5.0 2.6 1.5 0.8 1.8 0.8 7.5 1.9 - - - - - - - - 57.8 69.9 - - 

Area 2 19.3 17.8 6.2 3.3 2.0 1.1 1.5 0.7 9.5 2.5 0.8 0.5 - - 0.7 0.3 - - 59.9 73.8 - - 

Area 3 22.2 20.2 6.5 3.4 2.5 1.3 - - 7.6 2 - - - - - - 1.0 0.3 60.1 72.8 - - 

Area 4 23.3 21.3 7.8 4.1 - - - - 9.7 2.5 - - - - - - - - 59.2 72.1 - - 

Area 5 23.9 22.5 8.1 4.3 - - - - 5.1 1.4 - - - - - - - - 56.4 70.6 6.4 1.2 

Area 6 41.3 66.7 10.8 9.9 - - 5.5 4.4 30.6 14.2 - - - - 2.7 1.8 - - - - 9.1 2.9 

Area 7 33.9 46.8 7.1 5.6 - - - - 40.0 15.8 - - - - 2.4 1.4 - - 16.5 30.4 - - 

Area 8 44.4 65.4 14.8 12.4 7.3 6.4 4.1 3 27.7 11.7 - - - - 1.8 1.1 - - - - - - 

Area 9 44.0 65.9 15.6 13.3 4.6 4.1 3.2 2.4 30.6 13.1 - - - - 2.0 1.2 - - - - - - 

Area 10 47.9 69.1 8.7 7.1 3.0 2.6 11.3 8.2 23.9 9.9 - - - - 5.3 3.1 - - - - - - 

Area 11 49.0 70 7.7 6.3 4.4 3.7 10.2 7.3 23.5 9.6 - - - - 5.3 3.1 - - - - - - 

Area 12 47.7 69.3 8.4 7 2.9 2.5 10.4 7.6 25.5 10.6 - - - - 5.1 3.0 - - - - - - 

Area 13 51.1 65.8 41.4 30.3 2.3 1.8 - - 3.7 1.4 - - - - 1.5 0.8 - - - - - - 

Area 14 50.3 65.3 43.4 32.1 - - - - 5.0 1.9 - - - - 1.3 0.7 - - - - - - 

Area 15 44.8 60.4 27.0 20.7 9.6 7.7 - - 9.7 3.7 - - 6.2 6.1 2.6 1.4 - - - - - - 

Area 16 45.4 65.7 23.2 19.1 - - - - 5.2 2.2 - - 7.2 7.6 - - - - - - 19 5.5 

Area 17 45.5 61.6 24.8 19.1 14.4 11.6 - - 7.6 2.9 1.6 1.4 - - 6.0 3.3 - - - - - - 

Area 18 45.4 63.1 25.1 19.9 11.4 9.4 - - 15.2 6.1 - - - - 2.8 1.6 - - - - - - 

Area 19 44.7 62.2 26.6 21.1 11.1 9.2 - - 14.2 5.7 - - - - 3.4 1.9 - - - - - - 
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Table 5.5  Mineral identification in metamorphic zone using the elemental table form and elemental map of Figure 5.42. 

 

 

 

 

 

 

 

Composition Element rich Area Primary 

Minerals/material 

Chemical 

formula 

Secondary Minerals Chemical 

formula 

Remark  

Mineral grain Si and O 13 and 14 Quartz SiO2    

Matrix 

 

Al ,Fe and Na 15,16,17,18 

and 19 

  Iron oxide-alkali 

alteration facies 

 By-product of 

hydrothermal 

alternation? Fe and O 7   Iron grain  

Cement  Fe, O and S  8, 6, 9, 10, 11, 

and 12 

  Iron sulphides and 

Iron oxides 

FeS2  - FeO2 

Pore C 1,2,3, 4 and 5     Black color 
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Figure 5.43  The elemental map in composition (SP9) identified in metamorphic zone presenting  quartz, Na-feldspar alteration, mica by product 

of hydrothermal alteration, pyrite,  iron grain with iron oxide and iron sulphide cementation (white colour)  filling in pore and along grains boundary 

as well as pores development (black colour) of iron oxide-alkali alteration facies in metamorphic zone. 
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O Si Al Fe Na Mg K 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 42.2 66.4 16.7 15.0 - - 41.2 18.6 - - - - - - 

Area 2 41.7 64.9 20.7 18.3 - - 37.6 16.8 - - - - - - 

Area 3 46.6 59.1 29.6 21.4 14.1 10.6 - - 9.7 8.9 - - - - 

Area 4 54.5 67.6 34.4 24.3 11.1 8.2 - - - - - - - - 

Area 5 54.0 67.3 46.0 32.7 - - - - - - - - - - 

Area 6 49.8 64.1 30.1 22.1 14.1 10.8 - - - - - - 5.9 3.1 

Figure 5.44  The elemental map and table form in composition (SRLKS 2) identified presenting iron-rich fragment, detrital mineral grains (quartz 

and Na-feldspar) and authigenic minerals ( alkaline alteration, iron oxides as cement material). 
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O Si Al Fe 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 41.7 64.3 16.1 14.1 6.4 5.8 35.7 15.8 

Area 2 38.8 60.9 18.7 16.7 6.9 6.4 35.6 16.0 

Area 3 52.8 66.3 47.2 33.7 - - - - 

Area 4 64.1 75.8 35.9 24.2 - - - - 

Figure 5.45  The elemental map and table form in composition (SRLKS2) identified presenting iron-rich rock fragment (Area1 and 2)  and 

quartz grains (Area 3 and 4 ). 
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O Si Al Fe S 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 51.7 74.6 13.4 11.0 - - 34.9 14.4 - - 

Area 2 49.7 73.0 13.9 11.6 - - 36.4 15.3 - - 

Area 3 40.0 64.7 16.5 15.2 - - 43.5 20.2 - - 

Area 4 - - 14.9 20.8 - - 48.1 33.8 37 45.4 

Area 5 - - 11.4 15.3 - - 39.1 26.4 49.5 58.3 

Area 6 51.2 64.7 40.3 29.0 8.5 6.4 - - - - 

Area 7 47.8 65.2 26.9 20.9 9.8 7.9 15.5 6.1 - - 

 

Figure 5.46  The elemental map and table form in  composition (SRLKS2) identified presenting iron oxide filling in pore and replacing  (Area 1, 

2 and 3) and iron sulphides (Area 4 and 5), iron oxide-oxide and alkali mineral (Area 6), and iron oxide cementation (Area 7) 
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Figure 5.47  The elemental map and table form in composition (SP21) found in Trichichnus identified different  phases of iron sulphides  

precipitation with clear crystals and no crystal form presenting the element map and table form presenting framboidal pyrite (Area 1 and 2), 

Marcasite  (Area 3, 4, 5,6) (Area 7) and titanium oxides as well as pore (black colour).  

 

 

 

 

  

 

   

 

 

O Si Al Fe Ti Mg K S 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 18.8 35.3 7.2 7.7 2.9 3.2 31.9 17.2 - - - - 1.4 1.1 37.8 35.5 

Area 2 17.8 33.9 7.3 7.9 3.2 3.6 32.9 18.0 - - - - 0.9 0.7 37.7 35.9 

Area 3 17.8 33.7 7.2 7.8 3.6 4.0 31.7 17.2 - - - - 1.0 0.8 38.6 36.5 

Area 4 20.4 37.5 6.9 7.2 3.1 3.4 30.6 16.1 - - 0.8 1.0 1.1 0.8 37.0 34.0 

Area 5 27.1 45.7 12.0 11.5 5.6 5.6 25.2 12.2 - - - - 1.9 1.3 28.2 23.8 

Area 6 26.3 44.8 11.7 11.4 5.6 5.7 26.0 12.7 - - - - 2.1 1.5 28.2 24.0 

Area 7 42.3 62.7 13.6 11.5 6.8 6.0 6.5 2.8 23.6 11.7 1.3 1.3 1.9 1.2 4.1 3.0 
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O Si Al Fe K S 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 44.8 63.8 19.3 15.7 13.5 11.4 22.3 9.1 - - - - 

Area 2 44.8 64.0 18.5 15 8.5 7.2 20.8 8.5 - - 7.4 5.3 

Area 3 39.1 58.4 16.8 14.3 9.9 8.8 22.2 9.5 - - 12.0 9.0 

Area 4 36.0 55.3 16.6 14.5 5.8 5.3 21.5 9.5 - - 20.1 15.4 

Area 5 - - 24.8 31.7 - - 33.5 21.6 - - 41.6 46.7 

Area 6 40.5 60.7 15.9 13.6 7.7 6.8 25.3 10.9 - - 10.6 7.9 

Area 7 52.0 65.9 37.1 26.8 6.9 5.2 - - 4.0 2.1 - - 

Figure 5.48  The elemental map and table form in composition (SRLKS2) identified presenting  diagenetic iron minerals (Area 4, 5and 6)(white 

colour), biotite grain (Area 1, 2 and 3) and K-feldspar (Area 7). 
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Figure 5.49   The elemental map and table form in compositions (SP9) identified in metamorphic zone presenting iron oxide-alkali alteration 

facies  with iron oxide and iron sulphide cementation (white colour) (Area 1, 2 and 9) as well as pores development (black colour) (Area 6 and 7) 

 

 

O Si Al S Fe K C Br Ti Na 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% At.% Wt.% At.%  

Area 1 45.6 67.6 7.3 6.2 3.3 2.9 11.4 8.5 26.3 11.2 6.0 3.6 - - - -   
 

 

Area 2 45.6 67.3 8.7 7.3 3.4 3.0 11.1 8.2 25.7 10.9 5.5 3.3 - - - -     

Area 3 48.0 55.7 32.3 21.3 2.0 1.4 0.8 0.5 4.1 1.4 - - 12.8 19.8 - -     

Area 4 44.1 50.8 28.9 18.9 - - - - 3.5 1.2 1 0.5 18.0 27.6 4.6 1.1 Ti Na 

Area 5 49.2 64.3 40.8 30.4 2.6 2 1.2 0.8 5.2 1.9 1.1 0.6 - - - - Wt.% At.% Wt.% At.% 

Area 6 31.5 32.4 9.1 5.3 1.5 0.9 3.4 1.7 12.6 3.7 1.4 0.6 40.4 55.3 - - - - - - 

Area 7 28.9 26.2 7.5 3.9 1.5 0.8 1.1 0.5 3.7 1.0 0.8 0.3 55.5 67.1 - - 0.9 0.3 - - 

Area 8 47.8 64.3 23.3 17.8 12.6 10 2.6 1.7 8.5 3.3 5.1 2.8 - - - - - - - - 

Area 9 42.3 65.2 13.0 11.4 4.0 3.7 4.8 3.7 34.3 15.1 1.5 0.9 - - - - - - - - 

Area 10 45.6 62.5 21.7 16.9 8.4 6.8 3.2 2.2 14.3 5.6 1.9 1.1 - - - - - - 4.8 4.8 

Area 11 46.9 64.9 21.7 17.1 10.9 8.9 2.4 1.7 16.3 6.5 1.7 1 - - - - - - - - 

Area 12 45.1 65.8 17.0 14.1 6.9 6.0 2.8 2 27.0 11.3 1.3 0.8 - - - - - - - - 
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O Si Al Fe K S C Ti  

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.%  

Area 1 46.3 67.2 12.3 10.2 4.7 4 24.4 10.2 3.9 2.3 8.4 6.1 - - -  

Area 2 44.7 66.3 10.8 9.1 4.2 3.7 26.9 11.4 4.3 2.6 9.2 6.8 - - -  

Area 3 45.8 65.1 17.0 13.8 7.4 6.2 18.3 7.5 5.1 3.0 6.3 4.5 - - - - 

Area 4 29.2 28.6 10.2 5.7 3.1 1.8 9.7 2.7 - - 1.5 0.7 46.3 60.5 - - 

Area 5 28.2 27.7 12.9 7.2 4.8 2.8 5.1 1.4 2.3 0.9 1.7 0.8 45.1 59.1 - - 

Area 6 52.8 67.8 24.4 17.8 13.4 10.2 5.1 1.9 4.4 2.3 - - - - - - 

Area 7 45.9 62.9 27.0 21.1 10.8 8.8 11.6 4.6 4.7 2.6 - - - - - - 

Area 8 50.5 64.9 38.8 28.4 6.2 4.7 3.0 1.1 1.6 0.8 - - - - - - 

Area 9 46.6 63.2 19.8 15.3 8.5 6.8 14.9 5.8 - - - - 3.1 5.6 7.1 3.2  

Figure 5.50   The elemental map and table form in  composition (SP9) identified the iron oxide-alkali alteration facie in metamorphic zone  

presenting iron oxide-iron sulphide (Area 1, 2 and 3), pore  filled by clay and pyrite (Area 4 and 5), muscovite and K-feldspar alteration and iron 

mineral assemblages (Area 6, 7,8 and 9).    
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Original sediment  

Mineral grains 

The principal framework mineral grains identified in all sample are made of quartz, 

feldspar (especially Na-feldspar and K- feldspar) and mica (especially muscovite).  The 

results also agree with the XRD results in Chapter 6.  The elemental image map and  

elemental table suggest Na-feldspar is present in low to high states of dissolution (leading 

to increased porosity) in all samples, whereas K-feldspars are more stable and have been 

less affected during diagenesis and weathering.  The results are shown in Figures 5.51, 

5.52, 5.53 and 5.54.   

Organic matter 

Organic matter is variously present in the samples analyzed and organic matter has a 

broad range of shape and sizes (Figures 5.55 and 5.56).  The probable marine organic 

matter shows an amorphous character with irregular to elongate shapes, varying in size 

from 20 - 300 µm in length and 2 - 3 µm in width, and are distributed along the grain 

boundaries parallel to the lamination.  The probable terrestrial organic matter typically 

shows some internal structure and has variable shapes (irregular, tabular and elongate 

shapes) ranging in size from 2-40 µm in length and 2 - 10 µm in width (Figures 5.57 and 

5.58).  The terrestrial organic matter is generally found in greater abundance than marine 

organic matter.  Elemental image maps and table show terrestrial organic matter with 

well-formed tabular shapes that are black in BSE images, with high carbon values.  In 

addition, it is  typically found associated with pyrite (present in framboid and euhedral 

forms).  

Rock fragments 

Rock fragments as silt size particles (25 - 40 µm) are found in some samples.  Element 

image maps and table indicate that they are made up of a variety of micrograins of primary 

minerals (e.g. quartz, feldspar and clay minerals) (Figure 5.59 and 5.60).  

Matrix 

The matrix  is dominated by fine-grained (< 20 µm) clay minerals as well as very fine-

grained quartz and feldspars (Na-feldspar dominant).  The elemental imaging map and 

table show  high content of a mixture of potassium-aluminium-iron in the matrix.  The  

results do not readily discriminate between the variety of clay minerals, including 

smectite, illite, kaolinite and chlorite, as observed by XRD analysis (see chapter 6).  Much 

of the clay fraction appears to be detrital in origin, although some crystals, such as well-
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formed kaolinite booklets, are clearly diagenetic (Figures 5.51, 5.52, 5.56,  5.57 and 5.59). 

Pyrite is common in the matrix of many samples.  Pyrite occurs as euhedral crystals, 

framboids and poly-framboidal aggregates, typically tightly packed, and is generally 

found associated with organic matter (Figure 5.55, 5.56,  5.57, 5.58) , between clay flakes 

(Figure 5.48), between biotite cleavages  and in trace fossils, especially Trichichnus 

(Figure 5.47).   In addition, marcasite (FeS2), also occurs as euhedral crystals especially 

in Trichichnus.  

Pores 

Based on EDX elemental map and table, pores are identified by their dark grey level in 

BSE images, and show high carbon and low oxygen content.  Recorded C and O  values 

reflect the composition of the thin-section resin that infills pores (Figure 5.61 ).  Many  

Na-feldspar grains have intra-granular pores that have different shape characteristics due 

to secondary dissolution or sample preparation (Figures 5.53, 5.54 and 5.59).  Using EDX 

analysis, therefore, it is not always possible to differentiate resin within pores and organic 

material (Figures 5.51, 5.52, 5.55 and 5.56). The understanding of (1) pore morphology 

of pores of a secondary nature  (e.g. pore of dissolved Na-feldspar) with angular to sub 

angular shape, (2) terrestrial organic matter morphology (generally tabular shape), and 

(3) pyrite association is useful to differentiate between pores and organic matter (Table 

5.6).
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O Si Al Br Fe Ti Mg K Cl C 

Wt.

% 

At.

% 

Wt.

% 

At.

% 

Wt.

% 

At.

% 

Wt.

% 

At.

% 

Wt.

% 

At.

% 

Wt.

% 

At.

% 

Wt.

% 

At.

% 

Wt.

% 

At.

% 

Wt.

% 

At.

% 

Wt.

% 

At.

% 

Area 1 47.1 62.2 32.4 24.3 10.0 7.8 - - - - - - - - 10.5 5.7 - - - - 

Area 2 48.2 63.1 31.1 23.2 10.7 8.3 - - - - - - - - 10.0 5.4 - - - - 

Area 3 52.1 65.8 43.6 31.3 2.9 2.2 - - - - - - - - 1.4 0.7 - - - - 

Area 4 49.8 65.4 43.6 32.6 - - 5.5 1.4 - - - - - - 1.1 0.6 - - - - 

Area 5 32.6 29.8 10.5 5.5 4.0 2.2 - - - - - - - - 1.5 0.6 1.0 0.4 50.4 61.5 

Area 6 47.2 62.3 27.5 20.7 15.4 12.0 - - 2.4 0.9 - - - - 7.6 4.1 - - - - 

Area 7 51.6 65.4 40.6 29.3 5.6 4.2 - - - - - - - - 2.2 1.1 - - - - 

Area 8 51.4 72.3 14.9 11.9 - - - - - - 33.7 15.8 - -   - - - - 

Area 9 52.7 66.3 43.1 30.9 2.8 2.1 - - - - - - - - 1.4 0.7 - - - - 

Area 10 38.2 38.8 17.5 10.1 7.9 4.8 - - - - - - - - 3.2 1.3 - - 33.3 45.1 

Area 11 48.9 63.4 28.5 21.1 14.1 10.8 - - 1.4 0.5 - - 1.2 1.0 5.9 3.1 - - - - 

Area 12 26.5 24.7 13.1 6.9 - - 6.4 1.2 - - - - - -   - - 54.1 67.2 

Area 13 33.5 31.0 11.7 6.2 5.5 3.0 - - - - - - - - 1.3 0.5 - - 48.0 59.3 

Area 14 48.5 62.9 29.0 21.4 15.0 11.5 - - - - - - 0.9 0.8 6.5 3.4 - - - - 

Area  15 51.2 64.9 44.4 32.1 3.0 2.3 - - - - - - - - 1.5 0.8 - - - - 

Figure 5.51  Elemental table form in composition (JLP3) identified based on SEM-EDX study presenting K-feldspar (Area 1 and 2) ,titanium 

oxide (Area 8), iron oxide-alkali alteration (Area 6 and 11), K-feldspar alteration acting as cementation (Area 7 and 14) , quartz (Area 3, 4, 9 and 

15)  and pores (Area 5, 10, 12 and 13). 
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Figure 5.52  Elemental map in composition (JLP3) identified based on SEM-EDX study presenting different  minerals of detrital grains (quartz 

and K-feldapar), authigenic minerals (rutile, illite or iron-oxides and alkalline alteration) and  pores. 
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Figure 5.53  The element map and table form  in  composition (SRLKS1) identified presenting  detrital quartz grain (Area 4 and 5),  detrital Na-

feldspar grain (Areas 1) and reworked Na-feldspar (Area 2 and 3), iron oxides and alkaline alteration  (Area 6) and iron oxide cementation (Area 

7 and 8). 

 

 

 

  

 

  

 

O Si Al Fe Na K 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 48.5 61.3 33.3 23.9 11.8 8.8 - - 6.5 6.0 - - 

Area 2 47.9 60.5 34.0 24.5 9.5 7.1 - - 8.6 7.9 - - 

Area 3 44.0 56.7 34.3 25.2 13.2 10.1 - - 8.5 8.0 - - 

Area 4 51.5 65.1 43.9 31.6 4.5 3.4 - - - - - - 

Area 5 55.0 68.2 45.0 31.8 - - - - - - - - 

Area 6 54.0 67.6 28.2 20.1 14.0 10.4 - - - - 3.8 1.9 

Area 7 39.6 62.7 22.0 19.8 - - 38.4 17.4 - - - - 

Area 8 56.1 74.1 25.0 18.8 - - 18.9 7.2 - - - - 
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Figure 5.54  The elemental maps and table form in mineral (SRLKS1) identified presenting quartz (Area 6), Na-feldspar with high dissolution 

(Area 1, 2 and 3), biotite (Area 5) and iron oxides-alkaline alteration (Area 4), as well as pore (Area 7, 8 and 9). 

 

 

   

 

 

 

 

 

 O Si Al Fe Na Mg K C 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 45.8 51.7 26.9 17.3 7.7 5.1 - - 5.2 4.3 - - - - 14.4 21.7 

Area 2 43.0 56.6 38.3 28.7 10.3 8 2.3 0.9 6.1 5.8 - - - - - - 

Area 3 44.3 48.1 24.1 14.9 7.4 4.8 - - 4.3 3.4 - - - - 19.9 28.8 

Area 4 50.0 64.5 31.4 23.1 13.1 10 2.7 1.0 - - - - 2.7 1.4 - - 

Area 5 48.0 63.2 25.6 19.2 14.6 11.4 8.1 3.1 - - 3.7 3.2 - - - - 

Area 6 51.6 65.5 43.3 31.3 2.9 2.2 1.2 0.4 - - - - 1.0 0.5 - - 

Area 7 30.2 29.1 15.5 8.5 5.6 3.2 1.8 0.5 - - - - 1.7 0.7 45.3 58.1 

Area 8 36.1 33.8 12.2 6.5 6.8 3.8 - - - - - - - - 44.9 56.0 

Area 9 34.1 31.7 12.6 6.7 5.1 2.8 - - - - - - 1.2 0.5 47.0 58.3 
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O Si Al Br Fe Ti K S C 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 30.7 19.9 7.9 30.6 5.1 2.0 - - - - - - 2.0 0.5 - - 54.2 47.0 

Area 2 28.4 17.5 7.0 29.6 - - - - - - - - - - - - 64.6 52.9 

Area 3 40.2 38.4 36.9 49.8 16.6 9.4 - - - - - - 6.3 2.5 - - - - 

Area 4 25.1 15.6 4.4 30.9 - - 5.7 0.7 - - - - 1.3 0.3 - - 63.4 52.5 

Area 5 19.7 13.2 6.0 21.9 3.2 1.3 - - - - - - - - - - 71.2 63.7 

Area 6 29.4 18.8 7.0 30.2 4.8 1.8 - - - - - - - - 2.0 0.6 56.7 48.4 

Area 7 - - 8.7 57.4 5.8 3.8 - - 36.9 11.8 - - - - 48.7 27.1 - - 

Area 8 37.6 23.6 6.3 32.3 - - - - - - - - - - 5.6 1.8 50.5 42.3 

Area 9 48.7 43.7 32.7 47.3 13.2 7.0 - - - - - - 5.4 2.0 - - - - 

Area 10 51.6 50.4 25.5 37.3 17.2 10.0 - - - - - - 5.7 2.3 - - - - 

Area 11 42.4 41.9 20.6 48.3 - - 18.1 3.6 - - 18.9 6.2 - - - - - - 

Area 12 45 52.0 9.7 30.6 6.9 4.7 - - 38.4 12.7 - - - - - - - - 

Area 13 22.0 25.8 7.6 39.4 4.2 2.9 - - 28.0 9.4 - - - - 38.2 22.4 - - 

Area 14 30.4 21.3 14.6 34.0 8.8 3.7 - - - - - - 3.4 1.0 - - 42.8 40.0 
 

Figure 5.55  The elemental table form in composition (JLP3) identified  presenting organic matter (Area 1, 2, 3, 4, 6 and 8),  pyrite ( Area 7, 12 

and 13),  and  titanium oxide (Area 11), K-feldspar alteration  (Area 9 and 10), and pore ( Area 5 and 14). 
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Figure 5.56  The elemental map in composition (JLP3) identified  presenting marine organic matter with long shape (black colour) associated 

with clusters of pyrite (white colour) and pore with irregualr form (black colour).  
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O Si Al S Fe Mg K Ti C Cl 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 48.4 63.0 26.0 19.3 16.3 12.6 - - 1.4 0.5 1.2 1.0 6.7 3.6 - - - - - - 

Area 2 47.7 62.7 24.2 18.1 17.9 13.9 1.4 0.9 2.1 0.8 - - 6.7 3.6 - - - - - - 

Area 3 29.2 25.6 6.3 3.1 4.1 2.1 0.7 0.3 - - - - 1.1 0.4 - - 58.6 68.4 - - 

Area 4 33.8 32.1 11.5 6.2 6.8 3.8 0.9 0.4 - - - - 2.1 0.8 - - 44.8 56.7 - - 

Area 5 47.7 62.0 29.8 22.0 16.9 13.0 - - - - - - 5.6 3.0 - - - - - - 

Area 6 41.2 41.9 14.3 8.3 10 6.0 - - - - - - 3.0 1.2 - - 31.4 42.6   

Area 7 27.0 24.8 9.3 4.9 5.7 3.1 0.5 0.2 1.1 0.3 - - 2.1 0.8 - - 53.6 65.6 0.7 0.3 

Area 8 27.7 25.6 10.7 5.6 6.9 3.8 - - - - - - 2.8 1.1 - - 52 64.0 - - 

Area 9 33.2 31.0 11.2 6.0 6.3 3.5 - - - - - - 2.1 0.8 - - 47.2 58.8 - - 

Area 10 21.3 37.9 10.4 10.5 6.8 7.2 32.8 29.2 26.1 13.3 - - 2.7 2.0 - - - - - - 

Area 11 30.9 49.1 14.3 12.9 9.5 9.0 22.7 18.0 19.5 8.9 - - 3.1 2.0 - - - - - - 

Area 12 50.4 64.2 42.8 31.1 4.3 3.2 0.8 0.5 - - - - 1.8 0.9 - - - - - - 

Area 13 50.4 64.5 40.4 29.4 5.5 4.2 0.8 0.5 0.9 0.3 - - 2.1 1.1 - - - - - - 

Area 14 49.9 64.0 36.4 26.6 8.7 6.6 1.0 0.6 - - - - 4 2.1 - - - - - - 

Area 15 48.0 62.6 26.4 19.6 16.9 13.1 - - 1.2 0.4 0.9 0.8 6.6 3.5 - - - - - - 

Area 16 53.1 68.6 19.6 14.4 14.2 10.9 - - - - - - 4.7 2.5 8.4 3.6 - - - - 
 

Figure 5.57  The elemental table form in composition (JLP3) identified presenting mica (Area 1 and 2), terrestrial organic matter (Area 3,4, 6,7, 8 

and 9), K-feldspar alteration (Area 5, 14 and15), pyrite (Area 10 and 11), quartz (Area 12 and 13), and titanium oxides (Area 16). 
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Figure 5.58  The elemental map in composition (JLP3) identified presenting terrestrial organic matter with tabular shape, detrital mineral grains 

(quartz, biotite) and authigenic minerals (pyrite and titanium oxides) as well as pore. 
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Figure 5.59  The elemental map and table form in composition (SRLKS1)  identified presenting  iron-rich rock fragment (Area 1), iron rich minerals 

(Area2 ), Na-feldspar (Area 3 and 4), K-feldspar alteration (Area 5 and 6), chlorite filling with resin (Area 7), quartz (Area 8), and dissovled pores 

(Area 9, 10, 11 and 12).  

 

 

O Si Al Fe Na Mg K C 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 46.9 63.1 21.2 16.2 12.4 9.9 13.0 5.0 - - 6.5 5.8 - - - - 

Area 2 47.3 65.4 21.2 16.7 12.7 10.4 18.8 7.5 - - - - - - - - 

Area 3 46.7 59.6 34.8 25.3 12.2 9.2 - - 6.3 5.8 - - - - - - 

Area 4 49.7 62.3 30.9 22.1 12.3 9.1 - - 7.1 6.5 - - - - - - 

Area 5 49.1 63.1 39.8 29.1 8.4 6.4 - - - - - - 2.6 1.4 - - 

Area 6 51.5 65.6 28.8 20.9 14.4 10.9 - - - - - - 5.2 2.7 - - 

Area 7 40.1 42.7 14.8 9.0 8.3 5.2 6.7 2.0 - - 2.3 1.6 - - 27.8 39.5 

Area 8 48.4 62.2 47.9 35.1 3.6 2.7 - - - - - - - -   

Area 9 35.5 34.7 17.0 9.5 6.5 3.8 - - 2.4 1.7 - - - - 38.6 50.3 

Area 10 28.0 26.5 16.5 8.9 4.9 2.7 - - 3.6 2.5 - - - - 47.1 59.4 

Area 11 36.5 34.1 18.4 9.8 - - - - - - - - - - 45.0 56.1 

Area 12 36.3 34.1 15.0 8.0 4.6 2.6 - - - - - - - - 44.2 55.3 
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Figure 5.60  The elemental map in composition (SRLKS1) identified presenting rock fragment, detrital mineral grains (quartz and Na-feldspar with 

high alteration), diagenetic chlorite and pores. 
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O Si Al Fe C Cl 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

Area 1 32.4 27.6 4.8 2.3 - - - - 61.2 69.5 1.5 0.6 

Area 2 22.2 18.6 4.7 2.2 1.9 0.9 - - 69.6 77.6 1.7 0.6 

Area 3 52.8 66.3 47.2 33.7 - - - - - - - - 

Area 4 54.3 67.1 46.7 32.9 - - - - - - - - 

Area 5 44.1 62.8 20.2 16.4 14.4 12.1 21.4 8.7 - - - - 

 

Figure 5.61  The elements of mineral identified (SRLKS1) resin and quartz as mineral map and element compositions in table form presenting resin 

filling free space related to high carbon (Area 1 and 2), quartz (Area 3 and 4) and Fe-rich clay (Area 5). 
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Table 5.6  Comparison the element identified between resin pore and organic matter as mineral map and elemental composition in table form.  

Resin analysis 
Organic Matter 

Pore and pore morphology 
Woody fragment Marine organic Matter 

 

 

 

 

 

Unit:  Atomic %  

Component Area Elements Morphology Remark 

O Si Al Fe K S C Cl 

Resin 1 27.6 2.3 - - - - 69.5 0.6  Resin test /pore test at 

edge of sample 2 18.6 2.2 0.9 - - - 69.6 0.6 

Organic 

matter 

3 24.8 4.9 3.1 0.3 0.8 0.2 65.6 0.3 Tabular Woody fragment  

4 25.6 3.1 2.1 - 0.4 0.3 68.4 - 

5 32.1 6.2 3.8 - 0.8 0.4 56.7 - 

6 19.9 30.6 2 - 0.5 -      47 - Long shape Marine fragment 

7 17.5  29.6 - - - - 52.9 -  

8 23.6 32.3 - - - 1.8 42.3 -  Associated with pyrite 

Pore 9 21.3 34 3.7 - 1 - 40 - Grain shape 

 random 

orientation 

Filled with mineral 

10 19.7 6.0 3.2 - - - 71.2 - Na-feldspar dissolution 

11 29.8 5.5 2.2 - 0.6 - 61.5 0.4 

12 24.7 6.9 - - - - 67.2 - 

13 31 6.2 3 - 0.5 - 59.3 - 

Area 2 
Area 1 Area 3 

Area 4 

Area 5 Area 6 

Area 7 

Area 9 Area 8 

Area 11 

Area 12 

Area 13 

Area 10 
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5.2.3 Combined SEM-EDX analysis 

The combination of SEM imaging and energy dispersive X-ray (EDX) analysis Scanning 

electron microscopy analysis was conducted to characterize, identify and determine the 

nanometre- and micrometre-scale features to determine texture, morphology of the grain shape 

and grain distribution within mudrocks.  

 

Composition and fabric 

Sibuti Formation  

The Sibuti Formation comprises mudstone, calcareous siltstone and calcareous sandstone 

lithologies.  The dominant components include quartz, feldspar, mica, rock fragments, organic 

matter and skeletal material, set in a clay-rich matrix with carbonate cementation.  The quartz 

grains are mainly single crystals with size varying from 10-65 µm (Figure 5.62 ). They are 

typically subangular to sub-round in shape (Figure 5.63).  Partially altered K-feldspar and mica 

are common, whereas Na-feldspar presents high levels of dissolution (Figure 5.63).  Some 

quartz dominated rock fragments are up to 114 µm in length (Figure 5.64).  Where calcite 

cementation is intense, the matrix fabric and porosity are completely destroyed (Figure 5.65).  

Authigenic siderite and pyrite are common, occurring within the matrix and within reworked 

mudstone clasts.  Siderite occurs with well-developed rhombohedral crystals arranged in radial 

and concentric structures, with single or multiple layers centred around a quartz nucleus (Figure 

5.66).  Some polycrystalline quartz grains are up to 144 µm in diameter.  These are most likely 

micro-rock fragments of meta-sediment.  Both igneous and metamorphic rock fragments are 

interpreted from their composition (micrograins of quartz, feldspar and mica as well as altered 

minerals) and internal textures (microfabrics with random orientation or foliation texture).  

Rock fragments with different size and shape vary from 40-80 µm in length and show common 

biotite alteration. Some are micro-mudstone clasts (Figure 5.68).   

Organic matter is variously present in the samples analyzed and it is mostly found associated 

with pyrite (present in framboid and euhedral forms).  Organic matter with  a broad mixture of 

shape and size are found in the samples (Figure 5.69).  The elongate shapes of probable marine 

organic matter vary in size from 20 - 300 µm in length and 2 - 3 µm in thickness, and are 

distributed parallel to the lamination, whereas the irregular shapes of probable terrestrial 

organic matter vary in size from 2 - 100 µm long  and 3 - 100 µm width (typically more equant 

in shape), and  are found in random orientations (Figure 5.70). 
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Bioclasts occur rarely as complete specimens and more commonly as fragments.  They include 

foraminifera, molluscs, brachiopods, indeterminate shell fragments, bryozoans and sponge 

spicules, varying  from 30 - 890 µm in size, especially in the clayey siltstone and sandstone 

(Figure 5.71).  Some foraminifera (20 - 107 µm) are partly filled by pyrite, clays or calcite.  In 

the calcareous sandstone, there are a wide variety of bioclasts, especially foraminifera, with 

size varying from 250- 450 µm in width and 400 - 760 µm  in length.  In some cases, these are 

infilled by calcite cement. 

The matrix, comprises clay minerals, very fine quartz and feldspar and clay, as well as 

authigenic pyrite, siderite and calcite.  It is typically not possible to distinguish between detrital 

clay and authigenic clay minerals, but both are distributed as pore-filling and pore bridging  

(Figure 5.72 and Table 5.7).  Some clay minerals  are distributed as pore-lining along the quartz 

grain boundary, while clay mineral occur as structural clay.  Pyrite (euhedral and framboidal, 

0.5 - 6 µm in diameter) is mostly associated with bioclasts and organic matter, whereas some 

are distributed between laminae.  Authigenic pyrite and siderite, as well as large detrital grains, 

have an important role in disrupting the clay microfabric (Figure 5.73).   

 

  

Figure 5.62 Sample AS1 of the Sibuti Formation presenting muddy siltstone consisting of 

various compositions of framework grains, matrix and cement with the  (A) single crystal  of 

quartz grains with a wide range of size (silt-sized to very fine sand-size)  matrix-supported (B)  

Siltstone with large amount of clay supported  consisting of quartz grain, feldspar and clay vary 

from clay to silt size. 
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Figure 5.63  Backscattered electron image showing (A) Deformed-  and broken-biotite 

structure,  (B) Quartz development (associated with clay), and (C)-(D) Muscovite-kaolinite 

intergrowth from K-feldspar alteration: kaolinite with a booklet texture of a fanned-out edge 

(grey colour) and muscovite with tabular form (white colour) from kaolinization process and  

then layer structure deformed.  

Figure 5.64  Sample AS9 of the Sibuti Formation presenting floating of quartz grain within 

calcite cementation of concentric Backscatter Detectors (CBS) (left column) and CCI mode 

(right column) (A) and (B) Single  quartz grains at relatively low magnification without texture 

observed, and (B) and (D) Quartz dominated rock fragment comprising multiple grains 

(probably a quartz cemented siltstone clast) with well-developed pores between grains 

(intraparticle porosity). 
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Figure 5.65  Presenting sample AS9 of the Sibuti Formation (A) and (B) Presenting fossil 

fragment with chambers completely infilled by calcite  in part of fossiliferous texture. 

 

  

  

Figure 5.66  Presenting sample AS9 of the Sibuti Formation (A) - (D) Presenting rock 

fragment, bioclasts and siderite and calcite cement, followed by calcite cement  and 

dissolution to build secondary porosity. 
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 Figure 5.67  Rock fragments (A) –(B) Igneous rock with random orientation of fabric  and 

(C)-(D) Schist rock fragment with phyllite foliation. 

 

  
  

  

Figure 5.68  (A) - (D) presenting  different mineral compositions made up rock fragment 

grains at relatively high magnification under Concentric Backscatter Detectors (CBS) (Left 

column) and under large Field Detectors  LFD (Right column). 
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Figure 5.69 (A) and (B) presenting rock fragments made up of micrograins (reworked 

mudstone clasts). 

 

  

  

Figure 5.70  Single and isolated organic matter with different shape (A) Terrigenous organic 

matter with irregular shape, associated with  pyrite and (B)-(D) Elongated organic matter of 

marine origin. 
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 -  

  

  

Figure 5.71  (A) - (F)  presenting bioclasts of foraminifera with body chamber filled with 

organic matter, pyrite, clay, or with empty pores. 
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Figure 5.72  Presenting  matrix A) Microquartz  and clay, (B) Kaolinite with book-like texture 

and illite with needle-like texture with free form, (C) Siderite cement, (D) Siderite forming 

between biotite layers  and pyrite forming in free space in bioclast, and (E) -F) Siderite forming, 

clay and microquartz. 

 

  

Figure 5.73  Presenting (A) Authigenic Fe-rich clay replacing mica sheets / cleavage, and (B) 

Kaolinite intergrowth from K-feldspar alteration with booklet texture by feldspar alteration.  
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Table 5.7  Clay Classification using morphology. 

Morphology Kaolinite Illite Chlorite 

booklet Fiber/needle Honeycomb 

SEM under 

CCI mode 

      

SEM with 

high 

resolution 

  

   

Ill 

Chl 



 

214 
 

Setap Shale Formation 

The Setap Shale Formation is more mudstone-rich and less carbonate-rich than the Sibuti 

Formation.  The mudstones typically show well-developed parallel anisotropic structure 

with the well-developed lamination.  Matrix grain size varies from <2 – 15 µm, whereas 

coarser grains and laminae typically range up to 62 µm in grain size.  The grains of mica 

and clay-size mineral particles are aligned parallel to bedding, while some elongated 

grains of quartz also show parallel alignment to lamination.  In non-oriented isotropic 

sediment sample, with no primary internal structure, grain size varies from <2 to 30 µm 

in diameter.  The composition is typically of quartz, Na-feldspar, K-feldspar, biotite, rock 

fragments, organic matter as well as lesser amounts of bioclasts with small size.  Quartz 

grains are generally found as single grains, and more rarely as polycrystalline grains 

(Figure 5.74). Alteration of K-feldspar, Na-feldspar and muscovite/biotite to form 

authigenic clays is evident (Figure 5.75).  The results were directly compared with the 

previously reported findings on  well-developed clay along cleavage/layers of mica and 

feldspar (Gilkes and Suddhiprakarn, 1979; Morad, 1990;  Tan et al., 2016).   In addition, 

carbonate replacement occurs locally. Quartz  grain sizes range from  <4  to 96 µm. Rock 

fragments (40-100 µm) are common. Internal structure suggests both igneous and 

metamorphic rock types – including basalt, phyllite and schist (Figure 5.76).  They show 

alteration of ferromagnesian minerals to illite. 

A variety of organic matter with different shapes and sizes is typically dispersed 

throughout the sediment samples. Marine organic matter, with an elongate shape (20 - 

250 µm long and 2-3 µm wide), is mostly well aligned with bedding, whereas irregularly 

shaped woody fragments (probable terrestrial material, 2-80 µm long and 5-90 µm wide) 

show a more random orientation (Figure 5.77).  There are relatively fewer bioclasts than 

in the Sibuti Formation, but of similar types, including foraminifera, molluscs, 

brachiopods, and indeterminate shell fragments (20-70 µm in size).  Some are infilled by  

authigenic calcite, whereas others are infilled  by clay and quartz (Figure 5.78). 

Clay-size particles are dominant in the Setap Shale Formation. Clay minerals (smectite, 

illite, chlorite and kaolinite) are both detrital and authigenic in origin. Very fine-grained 

quartz (<1 – 5 µm) and feldspar are also a common part of the matrix. Clay minerals are 

distributed in pore spaces (1) pore-lining (2) pore-bridging and (3) pore-filling (Figure 

5.79), as well as in well-defined lamination. Pyrite and siderite are common (Figure 5.80).  

Pyrite occurs as euhedral crystals, framboids and polyframboid aggregates, generally 

found associated with organic matter, and in irregular layers between  laminae. The size 
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of pyrite crystal with euhedral shape varies from 0.5 - 3 µm in diameter, and the size of 

pyrite framboid vary from 2-8 µm in diameter.  Siderite has well-developed rhombohedral 

crystals arranged in radial and concentric structures. 

Both calcite and quartz cement are present in the Setap Shale sediments and serve to 

reduce porosity and disrupt the fabric (Figure 7.81 and 5.82).   

 

  

Figure 5.74  Quartz grains development with different type (A) Single quartz with clay 

inside  and without clay inside under scanning electron microscope images, and (B) Poly 

crystalline quartz  and single crystals of quartz with higher magnification. 

 

  

  

Figure 5.75 (A)-(D) Presenting high alteration of biotite, muscovite and K-feldspar  to 

form clay mineral. 
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Figure 5.76  Rock fragment made up by fine-grain size (A)-(B) Arrangement of  long 

shape minerals with random orientation (igneous rock),  (C)-(D) Fabric of minerals 

preferred orientation as phyllite foliation (schist), and (E)-(F) Calcareous mudrock rock 

fragment. 

  

  

Figure 5.77  Organic matter (black colour ) with different morphology presenting (A)-

(B) Woody fragment with the irregular shape from terrestrial source, and (C)-(D) Marine 

organic matter with thinner elongated shape. Also note the associated occurrence of pyrite 

(bright) with organic matter. 
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Figure 5.78 Presenting bioclasts with different type (A)-(B) Calcite cementation within 

the body chambers, and (C)-(D) Filing by clay and other minerals in body chamber. 

 

Figure 5.79  (A)-(D) Presenting clay acting as matrix and cement around grains. 
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 Figure 5.80  (A)-(D)  Presenting pyrite and siderite generally found in sample.  

Figure 5.81 (A)-(B) Calcareous rock fragment composing of feldspar fragment  (white 

areas), and (C)-D)  Clay distribution along biotite cleavage (grey areas)  as pore-lining 

acting as cement.  
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Figure 5.82  (A)-(D) presenting SEM imaging under large Field Detectors  LFD  the 

potential of  calcite cement destroying fabric and pores. 

 

In Setap Shale and Sibuti Formations, the nature and distribution of clay minerals affects 

the microfabric structures and reflects the four microstructure types identified. Dispersed 

authigenic clay as pore filling, pore lining and pore bridging is typical of the isotropic and 

disrupted microstructure. Well-aligned detrital (and authigenic) clay is typical of the 

parallel and sub-parallel anisotropic microstructure. Furthermore, the presence of detrital 

and diagenetic granular material (mineral grains, rock fragments, bioclasts and authigenic 

grains) leads to a more random microfabric in the disrupted, isotropic or sub-parallel 

anisotropic microstructure types (Figure 5.83). Pyrite growth and the wrapping of clay 

flakes around the pyrite disrupt the clay microfabric and create a larger interparticle pore 

size compared with nanopores between clay platelets and intergranular pores within 

carbonate, bioclasts and other grains. Authigenic siderite has the same effect (Figure 

5.84). They are key to build cross-anisotropic clay microfabric (the discontinuous clay 

microfabric) as a resulting to clay microstructure evolution (Figure 5.85).  
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Figure 5.83  (A)-(F) Presenting the influence of granular material on disturbing fabric 

and enhancing  the fabric anisotropy within clay minerals. 

  

  

Figure 5.84  Clay distribution (A)  Dispersed clay filling in the pore, (B) Clay forming 

between cleavage of mica acting as cement, (C) Dispersed clay as pore lining a part of 

grain boundary, and (D) Disturbed clay due to pyrite and siderite growth between clay 

flakes.  
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Figure 5.85  Under SEM image with BSE (left) and  higher magnification of CCI mode  

(right),  they presenting the effect of granular material as reworked mudstone clasts  on 

enhancing anisotropic clay microfabric (A)-(B) Reworked thin siderite coating detrital 

quartz into mudstone, (C)-(D) Reworked mudstone clast and micrograins, (E)-(F) 

Granular materials precipritation between biotite cleavage, and (G)-(H) Pyrite 

pricitation due to biochemical mechanism between clay flakes as reworked clasts.  
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West Crocker Formation 

The mudrock samples are dominated by clay and silt-size particles in the West Crocker 

Formation.  Mudrocks (silty shale, silty mudstone, carbonaceous mudrocks) are made up 

of dominant clay minerals, very fine and some granular ‘brittle’ minerals (e.g. quartz, 

feldspar, mica), organic matter, rock fragments (e.g. mud clasts) as well as pores (Figure 

5.86 ). The quartz grains (sub-angular to sub-rounded shape) vary from 4 - 40 µm. Na-

feldspar varying in sizes and shapes (angular to sub angular) due to dissolution and 

alteration (Figure 5.87).  The biotite with tabular shape is also quite common (Figure 

5.88). 

There are a number of components  such as bioclasts, rock fragments, mud clasts within 

the mudrocks that are seen to significantly affect clay mineral orientation to enhance  

anisotropic microfabric. 

Rock fragments form silt-size grains (15-40 um) of sub-angular to angular shape.  Rock 

fragments are composed of quartz, feldspar and altered minerals, arranged with random 

orientation (Figure 5.89 and 5.90).  Rock fragments are well separated and dispersed.  

Typically, organic matter is associated with pyrite, forming single crystal and framboidal 

pyrite, are generally found throughout the mudrock samples (Figure 5.91). Some organic 

matter has no pyrite associated (Figure 5.92).  Organic matter has different shapes (tabular 

shape, long shape, irregular shape) and sizes.  Marine organic matter, with an elongate 

shape (20 - 220 µm long and 2-3 µm width), is mostly well aligned with bedding, whereas 

irregularly and rectangularly shaped woody fragments (terrestrial material, 2 - 40 µm long 

and 3 - 10 µm wide) are dominant with random orientation.  

Clay minerals (smectite, chlorite, illite and kaolinite) both detrital and authigenic in origin 

are dominant in the matrix with no very clear shape (Figure 5.93).  

Pyrite and marcasite crystals and framboids are common, both dispersed in the sediment 

and in burrow trace fossils, especially in Trichichnus as well as Chondrites (Figure 5.95). 

The size of pyrite crystals with euhedral shape varies from 0.5 - 3 µm in diameter, and 

the size of pyrite framboids vary from 3-14 µm in diameter (Figure 5.98).  Marcasite is 

found as distinctive crystals, 2-4 µm in diameter.  Siderite grains, 2-4 µm in diameter, are 

common in some samples.  In addition, rutile is noted as a rare accessory mineral 

throughout.  

Pore spaces and organic matter are shown in  Figure 5.96 and Figure 5.97.      
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Mudrocks dominated by clay minerals and micas, especially where these are 

interlaminated with siltstone laminae in the parallel anisotropic microstructure type, tend 

to have a well-defined planar anisotropic microfabric. 

This microfabric is disrupted by several different components: 

1. Na-feldspar grains and their dissolution. 

2. Framboidal pyrite growth due to biochemical processes (Figure 5.98).   

3. Bioturbational mottling and trace fossils, especially Chondrites and Trichichnus 

(Figure 5.95 and 5.99) (Table 5.8).   

4. Authigenic calcite (rare) and siderite.  

5. Iron oxide and iron sulphide as individual grains or as a cement material. Where 

acting as a cement, they also occlude porosity. 

6. Authigenic clay minerals both disrupt the fabric and fill pore spaces.  

The effect of granular material on disrupting the anisotropic clay fabric (becoming more 

isotropic) observed in the West Crocker mudrocks is consistent with the observations 

made for the Sibuti and Setap mudrocks. 

  



 

224 
 

 

 

  

 

 

  

  

Figure 5.86  (A)-(F) Digital processing presenting compositions of mudrocks sample 

(quartz, feldspar, pore, organic matter, biotite and rock fragment, <2-50 µm. SEM 

imaging observation (Left column) and digital processing (Right column).  

 

 

Figure 5.87  (A)-(B) Presenting shape of  Na-feldspar dissolution/artefact due to sample 

preparation to classify pore and organic material.  
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Figure 5.88  Presenting (A)-(D) biotite with tabular shape generally found in samples.  

 

 
 

Figure 5.89  Mud clast with high alteration to form clay mineral in rock sample. 
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Figure 5.90  Presenting (A) Rock fragment with high iron  (white), and (B)-(D) Mud 

clasts with silt size made up from variety of minerals with  high weathering to generate 

clay.  
 

 

  

  

  

 

 

Figure 5.91 (A)-(D) Long shape of marine organic matters typically associated with 

pyrite.  
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Figure 5.92  Some organic matter (A)-(B) Long shape marine organic matter with no 

pyrite association (C) Terrestrial organic matter with no pyrite association, and (D) 

Terrestrial organic matter with disseminated pyrite. 

 

 

 

  

  
 

Figure 5.93  (A)-(E) Detrital clay and diagenetic clay  with no clear particle. 
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Figure 5.94  Presenting (A)-(D) scattered euhedral pyrite (crystal and framboidal pyrite 

and siderite (surrounding  detrital grains) (white colour) in sediment. 

 

  
 

 

 

Figure 5.95 Presenting (A)-(D) Trichichnus associated with pyrite crystals and 

framboidal pyrite with tight packing. 
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Figure 5.96 (A)-(D) Artefactual pore/dissolved pore along Na-feldspar grain with 

subangular to sub-round shape due to samples preparation/chemical alteration clearly 

determined and classified to enhance anisotropic clay fabric with SEM images (left 

column) and black colour using digital image processing (right column).  

 

 

Figure 5.97  The black colour of  pore and organic matter characteristics (JLP3).  

Terrestrial organic matter with tabular shape associated with  framboidal aggregates  of 

tight packing of pyrite crystal and with no pyrite association and marine organic matter 

with long shape. Pores with different shapes due to the dissolved feldspar grain. 
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Figure 5.98  Presenting (A) and (B) development of anisotropic clay mineral due to pyrite 

intergrowth  (white colour) between clay layers of the detrital clay, resulting to form dome 

structure of microfabric.  

 

 

 

  

 
 

  

 

 

Figure 5.99  Presenting fabric inside Chondrites  and Trichichnus, presenting more and 

less organic matter and pyrite (A) Filamentous fabric, (B) Mottled fabric, (C) Fine-

grained fabric, and (D) Grain fabric. 
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Table 5.8  Signatures of clay and shale microfabric associated with microstructure: Bioorganic process 

 Microstructure  

developed 

Occurrence Determined mechanisms Depositional 

Environment 

Fabric within sedimentary 

structure 

Trichichnus  

 (Clay-rich unit) 

 

Cross-

lamination/parallel  of 

fine-grained fabrics in 

coarser-grained fabric 

Bio-mechanical 

mechanisms 

(Burrow trace fossil as the 

effects of living 

organisms) 

Turbidity claystone in 

abyssal marine  

 

Mottling fabric  

 

 

Trichichnus and  

pyrite association 

(Clay-rich  unit)  

 

 Bio-chemical mechanisms 

 

The oxic-to-anoxic 

interface condition 

(redox zone) in Abyssal 

zone 

Grain fabric 

(Altering the  existing 

sedimentary fabric) 

 

    

Dome structure of 

clay microfabric 

(In sediment)  

 

General  

in sediment 

Bio-chemical mechanisms 

(Pyrite growth as the 

chemical products of 

bacteria) 

Anoxic environment Build up dome structure of 

clay  

(Anisotropic clay 

microfabric) 
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Micro-fractures and micro-cracks  

Sibuti  and Setap Shale Formations  

It was found that micro-fractures and micro-cracks are observed in general in all samples. 

In particular, the micro-fractures are well-developed along the contact boundary between 

clay matrix and calcite cementation, and along other distinct planes caused by 

compositional variation.  Micro-cracks  are observed within and across mineral grains 

and bioclasts. In addition, micro-channels are found in some samples.  These features 

may be significant for promoting pore connectivity and therefore greater rock 

permeability  (Figure 5.100). 

 

Figure 5.100  Microfractures (natural or induced fractures) developed in (A)-(B) Along 

the distinct clay plane and area with high granular material developed, (C) Across the 

sediment,  and (D) Across the mineral grains. 

 

West Crocker Formation 

It was found that micro-fractures and micro-cracks are observed in general in all samples 

including natural and induced micro-fractures (Figure 5.101). However, it should be 

noted that, in some cases, they may have been generated by sample preparation rather 

than as in-situ features. It is vital to know that the micro-fractures are well-developed 

across the sediment (especially granular material associations) and along the distinct clay 

plane.  Micro-cracks  are observed within and across mineral grains (quartz). These 

features may be significant for promoting permeability in mudrocks.   

 

 

  

 

 

Figure 82  Microstructures and microcracks (A) microcrack in quartz grain (B)-(C)  Mirofacture  (D) 
microfracture along boundary between mud and calcite cement as weak zone 

(A) 

(B) 
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5.2.4 Porosity characteristics 

Backscattered (BSE) scanning electron microscopy (SEM) images showing porosity were 

analysed in the three formations: Sibuti and Setap Shale Formations and West Crocker 

Formation.  The results are outlined below. 

 

Sibuti and Setap Shale Formations 

Thresholding, segmentation, measure and particle analysis functions of ImageJ software 

is here used as the foundation for porosity prediction in the context of pore structure and 

morphology, and pore distribution.  In addition, they show the variation of pore volume 

in different microstructure types of the microfacies model (Table 5.9).   

The sub-parallel anisotropic microstructure type (wavy-lenticular lamination) shows pore 

volumes ranging from 4.9-5.3 % (Figure 5.102).  The degree of pore volume is variable, 

depending on heterogeneous pore size  (0.151-0.434 µm) (Figure 5.103 and 5.104).  The 

irregular anisotropic microstructure type shows pore volumes in distinctively wide 

ranges, varying from 3-22 %  (Figure 5.105 and  5.106).  The degree of pore volume is  

very variable in the irregular and disrupted lamination, due to biogenic clasts, authigenic 

grains and rock fragments which disturb the original fabric.  The degree of pore volume 

is variable, depending on heterogeneous pore size (0.12 – 0.57 µm) of various 

 

 

 

 

Figure 5.101  Microfractures  (A) Within and along calcite cement due to tectonic activity  

or compaction, and (B) Along boundary between mud-rich unit and calcite cemented unit 

due to burial compaction. 

(A) (B) 

(C) (D) 
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compositions (minerals, bioclasts, rock fragment and organic matters) (Figure 5.107, 

5.108 and 5.109).   Intergranular pores and anisotropic structure of pores are well 

distributed in both the perpendicular and horizontal direction due to the large amount of 

granular material.  The isotropic microstructure type with homogenized texture has a 

mainly random clay microfabric, presenting pore volumes of 4.11-5.33 % (Figure 5.110).  

It shows a moderately good microporosity but poor pore connectivity either vertically or 

horizontally.  The pore sizes range from 0.087-0.731 µm (Figure 5.111 and 5.112).   The 

parallel anisotropic microstructure type is clay-rich, more affected by pressure 

compaction and has a well-oriented bedding-parallel microfabric.  The pore volume 

ranges from 2-4.2 %, due to the original sediment  (Figure 5.113), the original sediment 

and organic matter associations (Figure 5.114), and the part-cementation by calcite 

destroying microfabric and porosity (Figure 5.115).  Interparticle porosity between 

aligned clay minerals ranges from 0.118 – 0.305 µm  in diameter (Figure 5.116  and 

5.117).  The linear-aligned elongated  pore distributed along planar bed and elongated 

grains are well developed (Figure 5.118). 

The sub-parallel anisotropic and irregular anisotropic microstructure types have higher 

pore volume than the parallel anisotropic microstructure type. They show heterogeneous  

pore sizes in all type of clay-rich rock due to higher proportion of granular-shaped 

particles (quartz, rock fragment, and biogenic remains), and are less affected by 

compaction (parallel anisotropic microstructure)  and develop a more random to semi-

random microfabric (isotropic microstructure)  (Figure 5.105, 5.106, 5.107, and 5.108).  

Where the proportion of granular materials is less, such as in the parallel anisotropic types 

enhance anisotropic clay fabric, there is an increase in horizontal porosity but with a small 

size of interparticle pores (Figure 5.113 and 5.114).  The heterogeneous pore size could 

be explained by the bioclast distribution, rock fragment and scattering of silt (shape-

anisotropic grains) (Figure 5.105, 5.106, 5.117 and 5.118). It is clear that granular 

material is a significant feature that leads to increased pore volume and  microporosity, 

and enhances the pore network in all microstructure types.  In addition, the scattered 

anisotropic grains are key to disturb the microfabric, and create a more random 

distribution of larger pores. 

The principal porosity types are: (1) intergranular or inter-particle porosity in the spaces 

between grains (rock fragments, bioclasts and minerals), between clay minerals and 

micrograins; (2) intragranular or intra-particle porosity within grains, due to dissolution, 
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alteration and micro-cracking; (3) body chamber intra-particle porosity within bioclasts; 

and (4) microfracture (Table 5.10).   

The different microstructure types clearly show a strong influence on microfabric and 

different features of porosity, pore type and pore distribution based on structure and 

compositional controls.  One of the most important findings with respect to porosity is 

the effect of granular materials of all types (mineral grains, diagenetic minerals, rock 

fragments, bioclasts) to disturb the clay fabric and to enhance inter-particle micro-

porosity and alter anisotropic structure of pores in the mudrock (both isolated pores and 

connected pores).  In some cases, intra-particle porosity is developed within the granular 

materials.  The intra-particle pores vary from 0.02 - 0.57 µm (Figure 5.109 and 5.119).  

Dissolution of feldspar has a strong effect on increasing porosity within anisotropic 

layers.  

In addition, intra-particle porosity in bioclasts is well developed (Figure 5.108). These 

heterogeneous pore sizes vary from 0.2 to 170 µm in diameter (Figure 5.120).  Bioclast 

intra-particle porosity occurs in three types: (1) dissolution of bioclasts during diagenesis 

without calcite cementation (pore sizes from 0.2 to 170 µm); (2) remnant porosity within 

bioclasts after calcite cementation; and (3) remnant porosity within bioclasts after partial 

filling by pyrite, clay minerals, microquartz and small fragment of bioclasts. Types (1) 

and (3) provide better porosity than type (2), and a better potential for building a network 

of anisotropic pore structure (Figure 5.121).  

Diagenetic clay minerals have a significant effect on pores and pore characteristics. 

Kaolinite growth formed along cleavage of K-feldspar and muscovite distributed as pore-

lining or along clay laminae form a weak cement that destroys porosity, whereas clay 

distributed as pore-filling and pore-bridging reduces intergranular porosity (Figure 

5.122). Inter-particle porosity within laminated mudrock is believed to be dominated by 

nano-porosity (Chen and Shen, 2018; Wu et al., 2016 and Xu et al., 2017), whereas inter-

particle porosity in granular mudrocks appears to create larger and more randomly 

oriented pores (Börzsönyi and  Stannarius, 2013).  However, it is difficult to fully assess 

both inter-particle and intra-particle porosity by using ImageJ processing in this study due 

to low-resolution SEM images.  

By SEM images observation, in general,  calcite cementation destroys both intergranular and 

intragranular porosity, and may leave behind some isolated pores, although some secondary 

porosity appears to have developed after carbonate cement dissolution (Figure 5.123).  

https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ARalf%20Stannarius
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Table 5.9  The results of porosity percentage for microfacies model in different 

microstructure types and composition. 
 Unit : Percent 

Microfacies types Ranging Case 1 Case 2 Case 3 Case 4 

Sub-parallel anisotropic microstructure 4.9-5.34 5.02 5.306 5.342 4.902 

Irregular anisotropic microstructure 

(disturbed microfabric) 

     

    Sediment associate with biogenic 

remain 

11.16- 22.74 11.161 13.714 19.824 22.744 

** 

    Rock fragment 3.37 -5.95 5.948 4.692* 3.373  

Isotropic microstructure 4.11-5.33 4.109 4.566 5.305 5.330 

Parallel anisotropic microstructure      

   No-organic Matter  (original) 2.99-3.74 2.987 3.118 3.561 3.741 

   Organic Matter included 3.82-4.199 4.198 4.187 3.822 4.074 

    Calcite cement  (a part of sediment) 2.008-3.48 2.008 2.566 3.476* 2.295 

Remark * include organic matter  ** Only biogenic remain 
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Table 5.10  Pore type classification. 

Interparticle pore Intraparticle/grain pores Microfracture 

Between grains  Beween clay particles Beween pyrite crystals Dissolved pores Disolved/ altered pore 

  
   

 

  
 

 

    

 

Remark: The black colour representing for pores  

 

RF 

Dissolved pores in calcite 

Pores in rock fragment 

Body chamber 

Chl 
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Figure 5.102 Sub-parallel anisotropic microstructure pore distribution obtained via 

digital image processing (Right column) from SEM backscattered electron (BSE) images 

(Left column) in heterogeneous pores with a dual form’s distribution (anisotropic pores 

and linear-aligned elongated pore) and pore volume  (A) 5.020 %, (B) 5.186%, (C) 5.34%,  

and (D) 4.902% porosity.   
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.148 0.434 

2 0.037 0.217 

3 0.018 0.151 

4 0.076 0.311 

5 0.119 0.389 

6 0.039 0.223 

7 0.019 0.156 

8 0.036 0.214 

9 0.019 0.156 

10 0.037 0.217 

Average 0.055 0.247 

Min 0.018 0.151 

SD 0.043 0.094 

Max 0.148 0.434 

 

  

  

 

Figure 5.103  Presenting  the selected pore (focusing on primary pore) of  sub-parallel 

anisotropic microstructure with  pore size varying from 0.151 - 0.434 µm in diameter.  
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Figure 5.104 Irregular anisotropic microstructure  associated with biogenic remains  

(anisotropic pores,  linear-aligned elongated pore, structure pore and chamber) pore 

distribution and pore volume, obtained via digital image processing  (Right column) from 

SEM BSE images (Left column). (A)  11.161%, (B) 13.714%, (C) 19.824 %, and (D) 

22.744% porosity. Note (A) to (C) associated with large chambered foraminifera, (D) 

with distinctive nummulite – illustrating a different form of micro-porosity. 

 
 

  

  
  

 
 

  

  

(A

) 

(B) 

(C) 

(D) 



 
 

241 
 

  
  

  
  

  
 

Figure 5.105  Presenting  pore distribution in grains (rock fragment) with  heterogeneous 

pores with a dual forms’ distribution (non-linear anisotropic pores and linear-aligned 

elongated pore) and pore volume (A) 5.948 %  porosity with organic material  (B) 4.692 % 

porosity, and  (C) 4.222 % porosity. 
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.011 0.118 

2 0.011 0.118 

3 0.011 0.118 

4 0.011 0.118 

5 0.011 0.118 

6 0.011 0.118 

7 0.011 0.118 

8 0.011 0.118 

9 0.021 0.164 

10 0.011 0.118 

Average 0.012 0.123 

Min 0.011 0.118 

SD 0.003 0.014 

Max 0.021 0.164 

 

  

 

 

 

Figure 5.106  Planar laminated microstructure selected pore ( original pore) in with small 

pore size varying from 0.118 - 0.164 µm. 
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.115 0.383 

2 0.115 0.383 

3 0.21 0.517 

4 0.21 0.517 

5 0.096 0.350 

6 0.21 0.517 

7 0.191 0.493 

8 0.134 0.413 

9 0.115 0.383 

10 0.229 0.540 

Average 0.163 0.450 

Min 0.096 0.350 

SD 0.049 0.070 

Max 0.229 0.540 

 

  

 

 
 

 

 

Figure 5.107  The porosity of bioclastic structures as structure pore varying from 0.350 

- 0.540  µm in diameter. 
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.218 0.527 

2 0.2 0.505 

3 0.254 0.569 

4 0.073 0.305 

5 0.182 0.481 

6 0.254 0.569 

7 0.073 0.305 

8 0.182 0.481 

9 0.145 0.430 

10 0.236 0.548 

Average 0.182 0.472 

Min 0.073 0.305 

SD 0.063 0.093 

Max 0.254 0.569 

 

  

 

 

 

Figure 5.108  Rock fragment porosity (intra particle pores and intraparticle) varying 

from  0.035 - 0.569 µm in diameter.  
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Figure 5.109 Isotropic microstructure pore distribution obtained via digital image 

processing (Right column) from SEM backscattered electron (BSE) images (Left column) 

in heterogeneous pores with a dual form’s distribution (anisotropic pores and linear-

aligned elongated pore) and pore volume  (A) 4.109 %, (B) 4.566 %, (C) 5.305%,  and 

(D) 5.330% porosity.  Note (C) to (D) associated with large chambered foraminifera and 

artefact. 
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.42 0.731 

2 0.267 0.583 

3 0.191 0.493 

4 0.344 0.662 

5 0.076 0.311 

6 0.153 0.441 

7 0.229 0.540 

8 0.115 0.383 

9 0.076 0.311 

10 0.153 0.441 

Average 0.202 0.490 

Min 0.076 0.311 

SD 0.108 0.134 

Max 0.420 0.731 

 

  

  

 

 

Figure 5.110  Presenting selected pore (original pore) in sub-parallel anisotropic 

microstructure with  pore size varying from 0.311 - 0.731 µm.  
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.057 0.269 

2 0.017 0.147 

3 0.017 0.147 

4 0.085 0.329 

5 0.051 0.255 

6 0.028 0.189 

7 0.096 0.350 

8 0.028 0.189 

9 0.073 0.305 

10 0.051 0.255 

Average 0.050 0.243 

Min 0.017 0.147 

SD 0.027 0.069 

Max 0.096 0.350 

 

  

 

 

 

Figure 5.111  Effect of scattered granular material on the  heterogeneity of anisotropic pore 

with variable size (0.14 > 0.350 µm in diameter)  in isotropic anisotropic microstructure.  
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.013 0.129 

2 0.013 0.129 

3 0.013 0.129 

4 0.013 0.129 

5 0.013 0.129 

6 0.019 0.156 

7 0.013 0.129 

8 0.013 0.129 

9 0.006 0.087 

10 0.013 0.129 

Average 0.013 0.127 

Min 0.006 0.087 

SD 0.003 0.016 

Max 0.019 0.156 

 
 

 

 

   

  

 

 

 

Figure 5.112  Isotropic anisotropic microstructure, illustrating selected pore (original pore) 

showing small pore size variation from 0.087 - 0.156 µm. 
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Figure 5.113 Parallel anisotropic microstructure  pore distribution,  with a dual form’s 

distribution (non-linear anisotropic pores and linear-aligned elongated pore)  and pore 

volume (A) 2.987%, (B)  3.1187%, (C) 3.561% with artefactual effect, and (D) 3.741% 

with artefactual effect.
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Figure 5.114  Parallel anisotropic microstructure pore distribution,  with  heterogeneous 

pores with dual forms of distribution (non-linear anisotropic pores and linear-aligned 

elongated pore and pore volume with organic matter(A) 4.198 %, (B) 4.187%, (C) 

3.822%, and (D) 4.074%  porosity.  

 

  

  

  

   

(A) 

(B) 

(C) 

(D) 

OM 

 

anisotropic  structure of pore 

Anisotropic  structure of  pore 

OM 



 
 

251 
 

Figure 5.115  Role of  calcite cement on porosity  (A) 2.008%, (B) 2.566 % , (C) 3.476 

% with artefact and organic matter, and (D) 2.295 % porosity. 
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.011 0.118 

2 0.018 0.151 

3 0.011 0.118 

4 0.018 0.151 

5 0.018 0.151 

6 0.018 0.151 

7 0.011 0.118 

8 0.011 0.118 

9 0.018 0.151 

10 0.018 0.151 

Average 0.02 0.138 

Min 0.01 0.118 

SD 0.00 0.016 

Max 0.02 0.151 

 

  

 

 

 

Figure 5.116  Presenting selected pore (original pore) in planar lamination with small 

pore size varying from 0.118 - 0.151 µm. 

 

 

 

 

 

Elongated organic matter 

Pore  Size Distribution 

(µm) 

Pore Area Distribution  

Diameter (µm) Area  (µm2) 

 C
o

u
n

te
d

 n
u

m
b

er
  

C
o

u
n

te
d

 N
u

m
b

er
  



 

253 
 

 

 

 

Label Area  (µm 2) 
Diameter 

(µm) 

1 0.036 0.214 

2 0.018 0.151 

3 0.073 0.305 

4 0.036 0.214 

5 0.018 0.151 

6 0.018 0.151 

7 0.073 0.305 

8 0.036 0.214 

9 0.018 0.151 

10 0.036 0.214 

Average 0.036 0.207 

Min 0.018 0.151 

SD 0.020 0.056 

Max 0.073 0.305 

 

  

 

 

 

Figure 5.117  Presenting role of shape anisotropic grains in parallel anisotropic 

microstructure with heterogeneity of pore with variable size (0.151-0.305 µm).  
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Figure 5.118  (A)-(D) presenting the pore imaging  related to the scattered granular 

materials in planar lamination obtained via digital image processing (left column)  from 

SEM imaging observation (right column) presenting in heterogeneous pores with a dual 

forms distribution of pores structure and morphology and anisotropic structure of pores  

and linear-aligned elongated pore along elongated materials). 
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Label Area  (µm 2) Diameter (µm) 

1 0.22 0.529 

2 0.165 0.458 

3 0.165 0.458 

4 0.238 0.550 

5 0.11 0.374 

6 0.055 0.265 

7 0.092 0.342 

8 0.092 0.342 

9 0.073 0.305 

10 0.256 0.571 

Average 0.147 0.420 

Min 0.055 0.265 

SD 0.069 0.103 

Max 0.256 0.571 

 

  

 

 

 

Figure 5.119  Rock fragment heterogeneous pores (intra particle pores), varying from 

0.265 - 0.571 µm in diameter.  
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Label Area  (µm 2) Diameter (µm) 

1 0.091 0.340 

2 0.71 0.951 

3 0.528 0.820 

4 1.475 1.370 

5 4.953 2.511 

6 0.237 0.549 

7 2.185 1.668 

8 0.419 0.730 

9 1.566 1.412 

10 5.171 2.566 

Average 1.734 1.292 

Min 0.091 0.340 

SD 1.779 0.734 

Max 5.171 2.566 

 

  

 

  

 

 

Figure 5.120  Effect of heterogeneous pore developed in remnant of bioclasts  (A) 

structure pore, varying from 0.3 – 0.9 µm in diameter, and  (B) the occurrence of body 

chambers with different size varying form 2.5 – 113 µm in diameter. 
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Figure 5.121  Heterogenous pores due to bioclasts development obtained via digital 

image processing (Left column) from SEM images (Right column) (A)  Remnant porosity 

with no filling, (B) and (C) Remnant porosity within bioclasts after partial filling by  

pyrite, clay minerals and microquartz and small fragment of bioclasts in body chamber, 

and (D) Remnant porosity of bioclast structure and pore chamber after calcite 

cementation.  Porosity values are A) 11.517%, B) 8.333%, C) 6.190%, and D) 2.908% 

porosity. 
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Figure 5.122  Effect of clay mineral  distribution on porosity volume (A) 4.563 % 

associated with organic matter, (B) 4.876%, (C) 2.546%, and (D) 3.292% porosity.  
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Figure 5.123  Presenting calcite cementation destroys original fabric and porosity or 

increase porosity volume  in different stage of calcite diagenesis obtained via digital 

image processing (right column) from SEM images (left column).  

 

West Crocker Formation 

The recorded variation of pore volume in different microstructures is recorded in Table 

5.11.   

The sub-parallel anisotropic microstructure type (e.g. wispy lamination, wavy-lenticular 

lamination, micro-cross-lamination) show pore volumes ranging from 2.4 -5.7 %  (Figure 

5.124).  There is a very heterogeneous distribution of pore size  measured by software 

processing (Figure 5.125).  This is due, in part, to the presence of scattered granular 

material that disturbs microfabric, enhances varied and irregular pores and develops 

larger pores.  

The irregular anisotropic microstructures (e.g. bioturbation, loads and flames, convolute 

lamination) have pore volumes ranging from 3.9-5.7 % (Figure 5.126).  They illustrate 

different pore  shape, especially between different textures associated with burrows and 

bioturbation.  Within the burrow mottling fabric, the pore size is also varied (Figure 

5.127).  

The non-oriented isotropic microstructure with homogenized texture has a mixture of 

linear and non-linear pores with random orientation due to a mainly random clay 

microfabric and scattered granular material.  It shows pore volumes ranging from 2.8 -

(A) 

(B) 
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5.7 %  (Figure 5.128).  Heterogeneous pore sizes are common, and are both original and 

secondary in nature, ranging from 0.22 -0.38 µm in size (Figure 5.129, 5.130 and 5.131). 

The parallel anisotropic microstructure with well-developed planar lamination shows 

pore volumes ranging from 1.8-2.8 µm in size (Figure 5.132).  The linear-aligned 

elongated structure are well-developed due to pore distribution along the elongated grains 

(e.g. organic matter, biotite, clay).   Selected pore sizes of the parallel anisotropic 

microstructure obtained via digital imaging processing  and excel calculation show pore 

sizes ranging from 0.32  to 0.5 µm  in diameter (Figure 5.133).  

In this study, pore artefacts due to surface weathering as well as the preparation process 

tend to present as larger pores, ranging 0.3-0.9 µm (Figure 5.134).  In addition, induced 

fracture porosity is common.  These pore artefacts increase the apparent heterogeneity of 

pore sizes and lead to an over-estimation of pore size in mudrock samples. 

 

Table 5.11  The results of porosity percentage in different microstructure types. 

Unit : Percent 

Microfacies types Ranging Case 1 Case 2 Case 3 Case 4 

Sub-parallel anisotropic microstructure 2.4- 5.7 4.689 5.715 5.846 2.392 

Irregular anisotropic microstructure 3.9 - 5.7 5.113 5.686 3.878 5.216 

Isotropic microstructure. 2.8 - 5.7 5.719 3.145 3.13 2.838 

Parallel anisotropic microstructure 1.9 - 2.8 1.9 2.757 2.098 2.357 
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Figure 5.124  Pore volume of mudrocks with sub-parallel microstructure obtained via 

digital imaging process (right column)  from  SEM images (left column) classified into 

four cases (A) Case 1  porosity 4.689% in contact boundary area, (B) Case 2  5.715 % 

porosity in the contact boundary area, (C)  Case 3 5.846 % porosity in coarser-grained 

sediment , and (D) Case 4 2.392% porosity in finer-grained sediment. 
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.260 0.575 

2 0.260 0.575 

3 0.325 0.643 

4 0.195 0.498 

5 0.195 0.498 

6 0.389 0.704 

7 0.195 0.498 

8 0.130 0.407 

9 0.260 0.575 

10 0.260 0.575 

Average 0.247 0.555 

Min 0.130 0.407 

SD 0.070 0.079 

Max 0.389 0.704 

 

  

  

 

Figure 5.125  Presenting selected pore (original pore) in sub-parallel anisotropic 

microstructure (wispy lamination with blue line) and pore size varying from 0.4 - 0.7 µm. 
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Figure 5.126  Pore volume of mudrocks with irregular anisotropic microstructure 

obtained via digital imaging process (right column)  from  SEM images (left column) 

classified into four cases (A) case 1  5.113% porosity with contact boundary of mottling 

texture and original sediment, (B) Case 2  5.686 % porosity with contact boundary of 

mottling texture and host sediment, (C) Case 3  3.878 % porosity associated with pyrite, 

and (D) Case 4  5.216% porosity in Trichichnus. 
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Label Area  (µm 2) Diameter (µm) 

1 0.269 0.585 

2 0.384 0.699 

3 0.192 0.494 

4 0.269 0.585 

5 0.269 0.585 

6 0.308 0.626 

7 0.154 0.443 

8 0.115 0.383 

9 0.038 0.220 

10 0.231 0.542 

Average 0.223 0.516 

Min 0.038 0.220 

SD 0.095 0.131 

Max 0.384 0.699 

 

  

 

 

 

Figure 5.127  Presenting the selected pore measurements within the mottling texture  

within Chondrites with pore size varying from 0.22 - 0.699.  
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Figure 5.128  Pore volume of mudrocks with isotropic microstructure obtained via digital 

imaging process (right column) from SEM images (left column) classified into four cases 

(A) case 2.597 %, (B) case2  3.145 %, (C)  Case 3  3.130 % , (D) Case 4  2.838 % porosity. 
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Label Area  (µm 2) Diameter (µm) 

1 0.115 0.383 

2 0.076 0.311 

3 0.038 0.220 

4 0.115 0.383 

5 0.038 0.220 

6 0.038 0.220 

7 0.076 0.311 

8 0.076 0.311 

9 0.038 0.220 

10 0.076 0.311 

Average 0.069 0.289 

Min 0.038 0.220 

SD 0.029 0.062 

Max 0.115 0.383 

 

  

  

 

Figure 5.129  Presenting  the selected pore observed in isotropic microstructure with a 

mixture of composition arranged in random orientation with pore size varying 0.22 - 0.38 

in diameter. 
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Label Area  (µm 2) Diameter (µm) 

1 0.076 0.311 

2 0.038 0.220 

3 0.076 0.311 

4 0.038 0.220 

5 0.038 0.220 

6 0.038 0.220 

7 0.038 0.220 

8 0.038 0.220 

9 0.038 0.220 

10 0.038 0.220 

Average 0.046 0.238 

Min 0.038 0.220 

SD 0.015 0.036 

Max 0.076 0.311 

 

  

 

 

 

Figure 5.130  Presenting the selected pore observed in isotropic microstructure with pore 

size varying from 0.24-0.311 µm in diameter. 
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Label Area  (µm 2) Diameter (µm) 

1 0.077 0.313 

2 0.077 0.313 

3 0.038 0.220 

4 0.077 0.313 

5 0.077 0.313 

6 0.077 0.313 

7 0.038 0.220 

8 0.038 0.220 

9 0.173 0.469 

10 0.256 0.571 

Average 0.093 0.327 

Min 0.038 0.220 

SD 0.066 0.107 

Max 0.256 0.571 

 

  

 

 

Figure 5.131  Presenting the selected pore area and diameter focusing on original pore  

observed in isotropic microstructure varying from 0.220 - 0.571 µm in diameter. 
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Figure 5.132  Pore volume of   mudrocks with parallel anisotropic microstructure obtained via 

digital imaging process (right column)  from  SEM images (left column) classified into four 

cases (A) case 1 1.9 % porosity, (B) case 2  2.757 % porosity,(C) Case 3  2.098 % porosity, 

and (D) Case 4  2.357% porosity. 
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.076 0.311 

2 0.038 0.220 

3 0.076 0.311 

4 0.038 0.220 

5 0.038 0.220 

6 0.038 0.220 

7 0.038 0.220 

8 0.038 0.220 

9 0.078 0.315 

10 0.038 0.220 

Average 0.050 0.248 

Min 0.038 0.220 

SD 0.018 0.042 

Max 0.078 0.315 

 

  

 

 

 

Figure 5.133  Presenting the selected pore area and diameter focusing on original pore  

observed in parallel anisotropic microstructure. 
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Label Area  (µm 2) 
Diameter 

(µm) 

1 0.461 0.766 

2 0.654 0.913 

3 0.692 0.939 

4 0.577 0.857 

5 0.538 0.828 

6 0.308 0.626 

7 0.269 0.585 

8 0.077 0.313 

9 0.115 0.383 

10 0.192 0.494 

Average 0.388 0.670 

Min 0.077 0.313 

SD 0.214 0.212 

Max 0.692 0.939 

 

  

 

 

 

Figure 5.134  Presenting  the effect of induced pore (from sample shrinkage or weathering) 

commonly found in all microstructure types on heterogeneous pores. 
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5.3 Preliminary discussion 

Several key conclusions can be drawn out for further discussion from this detailed SEM-

EDX analysis of the three mudrock systems in this study – the shelf-to-slope succession 

of the Oligocene to early Miocene Setap Shale Formation, the shallow marine shelf 

succession of the early Miocene Sibuti Formation, and the deepwater turbidite succession 

of the Oligocene to early Miocene West Crocker Formation mudrock. It should be noted 

that this represents a deepwater turbidite system, as opposed to the shelf-to-slope 

succession of the Setap Shale Formation and the shallow marine shelf succession of the 

Sibuti Formation. These include: 

5.3.1 Sibuti and Setap Shale Formations 

(1)  Mudrocks with well-developed anisotropic microstructure types, with good parallel 

lamination and preferred orientation of clay fabric, elongated mica grains and organic 

matter, and only minor silt/sand-sized granular material, show a well-developed one-

directional pore distribution of linear-aligned elongated pores, which is further enhanced 

by burial compaction.  

(2) Mudrocks with sub-parallel anisotropic, irregular anisotropic and isotropic 

microstructure types, formed during deposition and by post-depositional processes, with 

scattered granular materials within the matrix, show a more varied to random orientation 

of clay minerals and a nonlinear-alignment of pores. This leads to an enhanced vertical  

and horizontal network of pores and, hence, permeability.  The scattered granular material 

association generates a dual pore structure system.  These observations are in general 

agreement with the results reported by Heath et al. (2011) and Milliken and Curtis (2016).  

The outcome of this study and published data lead to the conclusion that microstructures 

are closely related to pore connectivity and pore structure and geometry.  

(3) Pores can be classified into two major types within the studied formations – inter-

granular pores and intra-granular pores. Inter-granular pores are developed between  

grains (quartz, feldspar), pyrite crystals and clay minerals, whereas intra-granular pores 

generally occur within grains/bioclast as dissolution pores, or as primary morphological 

features (such as chambers and canals).  They show a variety of pore morphologies (e.g. 

linear-aligned elongated pore, non-linear pore).  Calcite cementation and other authigenic 

phases (pyrite, siderite, Fe-oxides) in the calcareous mudstones, the dissolution of Na-

feldspar, and authigenic mineral (such as kaolinite) in all mudrock systems further serve 

to create a heterogeneity of pore sizes and types, and to occlude porosity in some cases. 
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The results from this study are in general agreement with published works (Einsele, 2000; 

Loucks et al., 2011; Parnell, 1987; Xiao et al. 2018; Xue et al., 2016).  

(4)  This study has clearly shown that the presence of granular material, including rock 

fragments, bioclast, and detrital quartz grains and diagenetic granular materials (siderite 

calcite, rare quartz, and pyrite), is key to enhancing the dispersed clay fabric and non-

linear anisotropic pores, in both the horizontal and vertical directions. This develops work 

presented by previous authors (Ali et al., 2016; Börzsönyi and  Stannarius, 2013;  Crain 

(2015); Davie, et al. 1991). The relationship between microstructure, microfabric, 

granular materials and microporosity is controlled by physicochemical, bio-organic and 

burial diagenesis mechanisms, as well as by  tectonic setting and hydrothermal fluids.   

 

5.3.2 West Crocker Formation 

(1) In addition to the role of original microstructure type, mudrock microfabric is strongly 

affected by bioturbation, burrows, diagenetic mineralisation, and dispersed granular 

material. Parallel and sub-parallel anisotropic microstructure, together with a fine grain 

size, promote planar parallel to sub-parallel microfabric. Irregular and isotropic 

microstructure types, with scattered granular material and bioturbation/burrowing, 

promote a disrupted to isotropic microfabric.  

(2) Pore size, type and heterogeneity is closely aligned with the microstructure types and 

with  disruption due to granular materials. In the parallel anisotropic microstructure type   

and clay-rich grain size, the pores are well-aligned and elongated parallel to bedding. In 

the irregular anisotropic microstructure type, with dispersed granular material, the 

distribution of pores is more random and  pore size is more heterogeneous.  The impact 

of heterogeneous sedimentary structures associated with granular material in mudrock 

reservoirs is a significant key to increase porosity and permeability – having a potential 

vital effect on gas flow (Bednarz and Mcllroy 2012; Börzsönyi and  Stannarius, 

2013; Davie, et al. 1991; Lemiski et al. (2011).   

(3) In the context of bioturbation, Chondrites and Trichichnus structures associated with 

pyrite in the West Crocker Formation mudrock are compatible with deposition in the 

abyssal zone as a turbiditic deep-water succession.  Trichichnus and an associated 

abundance of pyrite is an indicator of a marine environment and commonly associated 

with low-oxygen conditions, especially in the shallow subsurface (Kędzierski et al., 2015; 

McBride and Picard, 1991; Schippers and Jørgensen, 2002), while Chondrites often 

associated with pyrite and having a distinctive regularly branched burrow system is 

https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ARalf%20Stannarius
https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ARalf%20Stannarius
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typical of the oxic-anoxic interface condition (Bromley and Ekdale, 1984; Schippers and 

Jørgensen, 2002). This depositional setting result of the West Crocker Formation agrees 

well with the  result reported by Hutchison et al. (2000), Lambiase et al. (2008), Milsom 

et al. (2001) and Tongkul (1991).  The results from this study and published data support 

the conclusion. Furthermore, the effect of granular material associated with burrows 

disrupts clay fabric, enhances pore size, increases the brittleness of the mudrock and 

hence improves the effect of fracture stimulation to increase hydrocarbon reservoir 

quality.  The results strongly agree with those reported by Bednarz and Mcllroy (2012) 

and Lemiski et al. (2011). 

(4) In the context of pore volume in mudrocks, clay-rich rocks show heterogeneous 

porosity distribution and the variable degree of pore volume ranging from 1.9 - 5.7%.  

Porosity studies have also been carried out by Sorkhabi and Tongkul (2000),  Obradors-

Prats et al. (2007), and Tian et al. (2013) (Table 5.12). Sorkhabi and Tongkul (2000) 

report that the porosity of tight reservoir of the West Crocker  Formation (mudrock) 

(sampling from outcrop) is less than 5%, while Tian et al. (2013) indicate that the pore 

volume of shale in the Crocker fold-and-thrust belt ranges from 2.6-4.7%. These compare 

well with results from. In comparison with the Setap Shale and Sibuti Formations, the 

porosity values for the West Crocker Formation are generally lower (Table 5.13).   

(5) In the context of the SEM-EDX technique, the difficulty in differentiating between 

organic matter and pore space (filled with resin), and the difficulty in distinguishing 

between primary and secondary or artificial porosity should be noted.  
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Table 5.12  Comparing porosity in Fold-and-Thrust Belt area  of Northwest Borneo and Sichuan Basin, China. 

 

 

  

 
Fold-and-Trust Belt Area 

Area NW Borneo Sichuan Basin, China 

Formation West Crocker Formation Fold- and-Thrust Belt Longmaxi Formation 

Age Eocene and Oligocene Crocker Cretaceous to Early Miocene Lower Silurian 

Reservoir type 
Sandstone 

(Onshore Sabah) 

Tight gas reservoir 

(Onshore Sabah) 

Tight gas reservoir 

(Offshore Sabah) 
Shale 

Reported by 
Sorkhabi and Tongkul 

(2002) 

Sorkhabi and Tongkul 

(2002) 

Obradors-Prats et al.  

 (2007) 

Tian et al. 

(2013) 

Method 

- - Uniaxial Strain Models 

Modelling and prediction 

low pressure N2 adsorption 

analysis and field emission 

scanning electron microscopy 

observations 

Sampling Outcrop Outcrop -- Core sample 

Porosity 8-15%. less than 5% 7.5%  at 2.5 km depth 2.60% to 4.74% 
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Table 5.13  The results of porosity percentage in different microstructure types.  

Unit : Percent 
 

 Microfacies types Ranging Case 1 Case 2 Case 3 Case 4 

Setap and Sibuti 

Formation 
Sub-parallel anisotropic microstructure 4.9-5.34 5.02 5.306 5.342 4.902 

Irregular anisotropic microstructure      

   Sediment associate with biogenic remain 11.16- 22.74 11.161 13.714 19.824 22.744 ** 

   Rock fragment association 3.37 -5.95 5.948 4.692* 3.373  

Isotropic microstructure 4.11-5.33 4.109 4.566 5.305 5.330 

Parallel anisotropic microstructure      

    No-organic Matter  (original) 2.99-3.74 2.987 3.118 3.561 3.741 

     Organic Matter included 3.82-4.199 4.198 4.187 3.822 4.074 

    Calcite cement  (a part of sediment) 2.008-3.48 2.008 2.566 3.476* 2.295 

West Crocker 

Formation 
Sub-parallel anisotropic microstructure 2.4- 5.7 4.689 5.715 5.846 2.392 

Irregular anisotropic microstructure 3.9 - 5.7 5.113 5.686 3.878 5.216 

Isotropic microstructure. 2.8 - 5.7 5.719 3.145 3.13 2.838 

Parallel anisotropic microstructure 1.9 - 2.8 1.9 2.757 2.098 2.357 
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Chapter 6  Inorganic sediment composition: An X-ray diffraction 

study 

 

6.1 Introduction 

The principal aims of this chapter, therefore, are: (a) to provide details of the bulk and 

clay mineralogy, and (b) to document the variation in mineral contents for consideration 

in shale reservoirs, especially the brittle minerals (quartz, feldspar and carbonate) versus 

the ductile clay minerals of the three mudrock systems.   

This chapter provides details about both bulk composition and clay mineralogy of the 

three mudrock systems under study – the Sibuti and Setap Formations of the Sarawak 

Basin and the West Crocker Formation of the Sabah Basin.  Mineralogy and clay 

mineralogy are crucial when evaluating reservoir quality. One main aspect of evaluating 

a source-reservoir system is to identify brittle and non-brittle minerals and, hence, their 

likely response to hydraulic simulation during any future production phase.  It is well-

known that brittleness of a rock can be inferred from the content of ‘brittle’ minerals 

(quartz, feldspar and carbonate) (Gao et al., 2019; Jarvie et al., 2007).  Meanwhile, the 

elastic properties are usually indicated by the clay content, determining the plastic 

properties of the rock (Energy Information Administration, 2013; Rickman et al., 2008; 

Wang et al., 2015; Yang et al., 2014).  For example, the quartz-rich Barnet shale in Fort 

Worth Basin, USA, shows brittle characteristics, providing a multiple fracture system 

during hydraulic stimulation, whereas the clay-rich Cretaceous shale of  the Uinta and 

Piceance Basin is plastic in character,  presenting  the single-planar fracture pattern 

(Energy Information Administration, 2013).  It is important to identify the clay mineral 

types in order to provide an effective fracturing simulation design.  

In  addition, clay minerals play a significant role in methane adsorption in mudrocks with 

high concentration of organic matter.  The potentiality of gas adsorption capacity of clay 

minerals is related to the presence of montmorillonite, kaolinite, illite and chlorite, 

whereas potential free gas storage related to pore surface is dependent on the abundance 

of the minerals (in descending order): montmorillonite, illite, chlorite and kaolinite 

(Cheng and Huang, 2004; Gu et al, 2017; Hartwig  and Jin and Firoozabadi, 2014;  Lui et 

al.,2013;  Schulz, 2010; Montgomery, et al. 2005; Ramos, 2004; Ross and Bustin, 2007; 

Wang et al., 2013).  Understanding the nature of the clay minerals present is essential in 

https://www.sciencedirect.com/science/article/pii/S1875510016301196#bib34
https://link.springer.com/article/10.1007/s00603-014-0617-6#CR13
https://www.sciencedirect.com/science/article/pii/S1875510016301196#bib65
https://www.sciencedirect.com/science/article/pii/S088329271200251X#bb0055
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evaluating the different capacities of methane adsorption, leading to good prediction of 

the gas storage  and flow mechanisms in source-reservoir mudrock.  

Details of the rock textures, microstructures, microfabric and diagenesis and impact on 

porosity are presented of three mudrock systems in Chapter 3 and 4.  Chapter 2 provides 

details about the XRD technique and workflow methodology. 

The current chapter is organised as follows:  

(a) Mineralogy characterization of whole rock samples from three mudrock systems by 

XRD analysis. 

(b) Clay mineral characterization of the West Crocker Formation by XRD with different 

stages of treatment 

(c) Comparison of the bulk and clay mineralogy, based on the dataset of one X-ray 

diffractor model among the Setap Shale, Sibuti and West Crocker Formations  

(d) Discussion and interpretation 

 

6.2 Results 

6.2.1 Bulk mineralogical characterisation  

Setap Shale and Sibuti Formation   

The main minerals identified in the Setap Shale and Sibuti mudrocks based on the XRD 

diffractogram patterns are quartz, feldspar, mica and calcite, with minor contents of pyrite 

and siderite (Figure 6.1 and 6.2).  Estimation of the total proportions of mineral groups 

are as follows: the quartz, feldspar and pyrite group 64-71%, the carbonate mineral group 

1-7.5 %, and the clay mineral group 25-31%.   

The minerals identified are quartz, feldspars (albite and orthoclase), muscovite, 

carbonates (mainly calcite) and clay minerals (illite, chlorite, kaolinite and 

montmorillonite) with minor contents of gypsum and pyrite.  Minor quantities (< 5%) of 

microcline, anorthite, dolomite, siderite, are listed in the sample reports.  However, many 

of these minerals exist in too small amounts to form visible peaks on the XRD plot.  In 

general, the brittle minerals vary from 54-76 %, while clay minerals range from 8-43%.  

One sample of the Sibuti Formation shows around 31% of carbonates.  

The estimated mineralogical compositions of  the Setap Shale and Sibuti sediments  of 

the two datasets from two X-Ray Diffractometers are summarized  in Table 6.1.  The 

results and ternary diagrams presenting the relative contents of three compositional 
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variations (1) the quartz, feldspar and pyrite group, (2) the carbonate group, and (3) the 

clay minerals and mica group are shown in Figure 6.3.  Generally, the two formations 

show an overlapping range of components, although the Sibuti samples show some 

evidence of a wider variation in composition, compared to the Setap samples, with one 

sample much higher in carbonate minerals and one sample higher in clay minerals.  

Similar mineral distributions are obtained from analysis run at the University of  

Edinburgh and Heriot-Watt, although the individual values may vary due to differences 

in the instrumental setting and analytical resolutions.  The analyses carried out at the 

University of Edinburgh provided high-resolution patterns that allowed better resolution 

and identification of the clay minerals. 

 

West Crocker Formation 

All samples from the West Crocker Formation were analysed at The University of 

Edinburgh. The main minerals identified are quartz, feldspar, muscovite, clay minerals 

and calcite, with minor pyrite, siderite and gypsum (Figure 6.4, 6.5, 6.6 and 6.7).  

Detailed XRD data of the minerals are shown in Appendix B.  The dominant composition  

of all samples from the West Crocker Formation are clay minerals, whereas relatively 

fewer samples are enriched in quartz.  The approximate proportions of components are: 

clay minerals and muscovite (33 - 82%), quartz (6 - 46%) , feldspars (5-21%), and 

carbonate (1-5%) (Table 6.2).  The results and the ternary diagram presenting the fractions 

of quartz, feldspar, pyrite, carbonates and total clay minerals and muscovite of the samples  

are  presented in Figure 6.8.  The clay minerals of the West Crocker Formation are 

dominated by illite (12-37%), chlorite (5-10%), kaolinite (4-9%), muscovite (11-28%) 

with no record of montmorillonite. Na-feldspars range from 0-10%, and K-feldspar from 

3-8%.  Mineral phases that exist in quantities below 5% may be not visible on the XRD 

pattern plots and do not show clear peaks.  However, they appeared in the quantification 

report from the software. These include anorthite, dolomite, and siderite. 
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Figure 6.1  The  XRD pattern  of the Sibuti ( AS 13, 15 18 and 30) and Setap Shale (AS  22, 28, and 31) sediments, samples were analysed 

at the Heriot-Watt University. 
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Figure 6.2  XRD peaks identified from the Setap and Sibuti sediments, analyzed at the University of Edinburgh: (A) AS1, (B) AS9, (C) AS 

11,  (D) AS25, (E) AS28,  and (F) AS31. Abbreviations used are listed in Table 6.1.        
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Table 6.1  Estimated mineral contents of shale and sandstone samples from Setap Shale and Sibuti Formations. Samples were analysed at 

Heriot-Watt University and University of Edinburgh. ND = not detected. 

Formati

on 
No. 

Quartz Feldspar Calcite Dolomite Siderite Gypsum Pyrite 
Montmoril

lonite 
Illite Kaolinite Chlorite Muscovite Comments 

Qtz Ab and Or Cal Dol Sd Gp Py Mnt Ill Kln Chl Mus  

Setap 

Shale  

 

 

 

 

AS22 58.9 9.73 1.23 ND ND ND 1 ND 12.25 7 4.12 5.77 Heriot-Watt 

University 

 
AS32 56.55 9.22 7.5 ND ND ND 1.37 ND 9.12 8.28 3.73 4.24 

AS25 62.5 11.62 4.17 ND ND 0.66 0.24 ND 7.51 3.11 3.97 6.18 

University of 

Edinburgh 

 

AS28 54.6 9.34 0.19 0.07 ND 0.47 0.15 ND 13.03 5.99 5.76 10.41 

AS31 64 11.76 3.99 0.03 ND 0.61 0.18 ND 7.53 3.19 2.3 6.45 

Sibuti  

AS1 66.6 9.58 0.25 ND ND 0.28 0.2 ND 8.08 3.46 4.03 7.51 

AS9 51.7 9.06 24.1 ND 5.12 1.73 0.3 0.66 2.18 0.72 1.44 2.98 

AS11 42.4 11.56 1.72 ND 0.43 0.46 0.13 ND 17 7.43 7.59 11.32 

AS13 57.91 9.78 1.11 ND ND ND 0.12 ND 13.89 8.2 5.08 3.9 

Heriot-Watt 

University 

AS15 60.32 8.84 1.61 ND ND ND 0.35 ND 13.41 5.58 4.85 5.04 

AS18 62.9 8.88 2.33 ND ND ND ND ND 12.43 5.36 5.06 3.03 

AS30 56.32 8.31 4.66 ND ND ND ND ND 11.26 7.76 4.41 7.28 
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Figure 6.3  Ternary plot mineral group showing the mineralogical composition of quartz, feldspar and pyrite group, clay group (clay and 

mica) Carbonate group of the Setap Shale and Sibuti Formations.  

 

Formation Sample 

No 

Quartz+ Feldspar 

+ Pyrite 

Carbonate 

group 

Clay + Mica Ternary plot mineral composition classified into three groups  

Setap Shale 

Formation 

AS22 69.63 1.23 29.14  

 

 

AS25 74.36 4.83 20.77 

AS28 64.09 0.73 35.19 

AS31 75.944 4.63 19.47 

AS32 67.14 7.50 25.37 

Sibuti 

Formation 

AS1 76.38 0.53 23.08 

AS9 61.06 30.95 7.98 

AS11 54.09 2.61 43.34 

AS13 67.81 1.11 31.07 

AS15 69.51 1.61 28.88 

AS18 71.78 2.33 25.88 

AS30 64.63 4.66 30.71 

Quartz+Feldspar+Pyrite 

Carbonate Clay and Mica 

AS13 
AS15 AS22 

AS25 

AS28 

AS 31 

AS32 

AS1 

AS9 

AS11 

AS18 

 Sibuti Formation 

 Setap Shale Formation 

AS 30 
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Figure 6.4  X-Ray diffraction pattern of clay minerals with the 2Ɵ (In degree)-CuKα radiation of clay fraction sample – the West Crocker 

Formation (A) SP21, (B) JLP 3, (C) KFC 1, and (D) KFC3.  
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Figure 6.5  The XRD peaks of West Crocker Formation, analysed at the University of Edinburgh (A) SRLK1, (B) SRLK2, (C) SP1, and 

(D) SP9.   
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Figure 6.6  The XRD peaks of West Crocker Formation, analysed at the University of Edinburgh (A) SP 5, (B) SP 12, (C) SP15, and (D) 

SP17.   
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Figure 6.7  The XRD peaks of  SP20 of  the West Crocker Formation, analysed at the University of Edinburgh.   
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Table 6.2  The content of major minerals (%) of samples of The West Crocker Formation. 

Mineral SP1 SP5 SP9 SP12 SP15 SP17 SP20 SP21 KFC1 KFC3 SRLKS1 SRLKS2 JLP3 

Quartz 21.8 31.1 43.3 42.7 18.4 30.6 32.1 28.6 16.3 21.5 46.3 38.6 6.2 

Feldspar 18.92 17.14 21.21 19.24 9.46 12.37 9.7 12.09 7.43 10.32 5.52 8.29 6.77 

Albite    (Na-feldspar) 8.85 7.69 9.89 13.2 3.46 7.24 4.72 1.92 0 3.38 2.02 4.4 0 

Orthoclase   ( K-feldspar) 6.17 5.07 5.06 3.46 6 4.09 4.98 8.13 7.43 6.94 3.49 2.7 7.13 

 Anorthite  (Ca-feldspar) 3.9 4.38 6.26 2.58 0 1.04 0 2.04 0 0 0.01 1.19 0 

Carbonate 2.45 1.55 2.35 1.98 3.31 3.32 1.99 1.31 2.92 1.85 1.41 3.14 4.58 

 Calcite 0.71 0.35 0.57 0.46 1.16 0.88 1.6 0.41 0.83 0.83 0.44 0 1.14 

Dolomite 0.66 0.34 0 0.58 0.24 0.67 0 0 0.72 0.23 0.23 0.33 0.47 

Gypsum 1.07 0.72 1.78 0.94 1.91 1.77 0.39 0.9 1.37 0.79 0.74 0.57 2.97 

Siderite 0.01 0.14 0 0 0 0 0 0 0 0 0 2.24 0 

Clay + muscovite 56.36 49.65 32.78 35.97 68.36 53.05 56.02 55.87 72.71 65.62 46.4 49.61 82.03 

 illite 23.6 20.7 11.8 15 29.6 22.3 25 18.1 30.8 28.5 17.5 20.1 36.7 

chlorite 6.52 7.49 6.16 5.3 10.3 7.29 8.8 9.6 9.2 9.3 8.42 8.57 8.7 

Kaolinite 6.94 6.46 3.62 4.62 7.76 7.16 4.72 6.57 9.01 8.72 8.06 6.47 8.73 

Muscovite 19.3 15 11.2 11.05 20.7 16.3 17.5 21.6 23.7 19.1 12.42 14.2 27.9 

Other pyrite 0.46 0.53 0.32 0.17 0.52 0.57 0.21 2.14 0.60 0.58 0.38 0.33 0.41 
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Sample 

No. 

Quartz + Feldspar+ 

Pyrite 

Carbonate 

(Calcite +Dolomite+ Gypsum 

+Siderite) 

Clay minerals + 

Mica 

SP1 41.18 2.45 56.36 

SP5 48.78 1.55 49.65 

SP8 41.76 2.47 55.71 

SP9 64.83 2.35 32.78 

SP12 62.11 1.98 35.97 

SP15 28.38 3.31 68.36 

SP17 43.54 3.32 53.05 

SP20 42.01 1.99 56.02 

SP21 42.83 1.31 55.87 

KFC1 24.33 2.92 72.71 

KFC3 32.40 1.85 65.62 

SPLKS1 52.20 1.41 46.4 

SPLKS2 47.22 3.14 49.61 

JLP3 13.38 4.58 82.03 
 

Figure 6.8  Ternary plot mineral group showing the mineralogical composition of quartz, 

feldspar and pyrite group, clay group (clay and mica) carbonate group of the West 

Crocker Formation.   

SP9 

SP12 

 West Crocker Formation 
 Clay-rich rock 
 Quartzofeldspathic-rich rock 

SRLKS2 3 

Clay Mineral and Mica Carbonate  (Calcite +Dolomite+ Gypsum +Siderite)  

Quartz + Feldspar + Pyrite 

SP5 

SP15 

SP20 
SP21 

SRLKS1  

JLP3 

SP1 

SP17 

KFC 1 

KFC 3 
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6.2.2 Clay mineralogy of the West Crocker Formation 

Five samples from the West Crocker Formation were investigated using four treatments 

to optimise the clay mineral characterisation.  This approach allows a better identification 

of the clay mineralogy in a range of 2Ɵ angle between 1-15, using the flow chart of clay 

identification by Starkey et al. (1984).  The different conditions of sample analysis are 

(1) air-dried treatment, (2) ethylene glycol treatment for four hours by vapor pressure 

method, (3) heat treatment to 400 °C for at least 30 minutes, and (4) heat treatment to 550 

°C for at least 30 minutes.   

At the air-dried condition, the results clearly show three distinctive peaks for clay 

minerals as follows: (1) vermiculite (6.22 2Ɵ, 14.2 Å) and/or interstratified chlorite-

montmorillonite (6.31 2Ɵ, 14 Å ) as the first peak, (2) muscovite (8.87 2Ɵ, 9.97 Å) and 

illite (8.84 2Ɵ, 10 Å ) as the second peak, and (3) chlorite (12.52 2Ɵ, 7.07 Å) as the third 

peak.  

After 550 °C of heat treatment, the diffraction peak results show: (1) high-spacing (broad 

space) and no clear diffraction peaks in the area of the first peak, (2) low-spacing, sharp 

and single diffraction peak and high-intensity of the second peak, and (3) no peak left in 

the position of the third peak.  Finally, the clay minerals are likely to be  halloysite, 

smectite-chlorite, and dioctahedral illite.  The results of the various treatment methods 

are shown in Figure 6.9, 6.10, 6.11,  and 6.12 and Table  6.3  and 6.4. 

Based on peak characteristics, furthermore, single clay minerals show the single peak and 

low spacing, while mixed-layer clay show the small peaks and broad spacing (Figure 

6.13).  The boarder value of d-spacing present a challenge to determine randomly 

interstratified structure clay minerals.  

The XRD results of the separated clay fraction with  air-dried and 550 °C condition are 

summarized in Table 6.8.  
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Figure 6.9  X-ray pattern of clay minerals (Sample SP9) with various treatments air dried 

(red line) showing interstratified chlorite and montmorillonite of  6.31 2Ɵ  (hlk 002=14 

Å) and  muscovite of 8.87 (hlk 100 = 9.97 Å) , Ethylene-glycolated (blue line), heated at 

400 °C (green line) and 550 °C  (black line) showing dioctahedral illite?.  

 

 

 

 

 

Figure 6.10  X-ray pattern of clay minerals (Sample SP21)  with various treatments  air 

dried (red line) showing interstratified chlorite and montmorillonite of  6.31 2Ɵ  (hlk 

002=14 Å), muscovite of 8.87 (hlk 100 = 9.97 Å), and chlorite of 12.52 (hlk 002 = 7.07 

Å),   Ethylene-glycolated (black line), heated at 400 °C  (green line) and  550 °C  (pink 

line) showing  peaks  of smectite-chlorite, single peak of dioctahedral illite, and destroyed 

peak  (halloysite?).  

 

SP21 

8.87 (003, 9.97 Å) 

Dioctahedral Illite 

6.31 (002, 14Å) 
8.87 (003, 9.97 

Å) 

12.52 (002, 7.07 Å) 

Dioctahedral illite 

Smectite-Chlorite 

Halloysite? 

Muscovite 
Interstratified chlorite 

and montmorillonite 

 

6.31 (002, 14 Å) 

Muscovite 
Interstratified chlorite 

and montmorillonite 

 

Chlorite 

2Theta (CuKα radiation) 

2Theta (CuKα radiation) 

2Theta (CuKα radiation) 

2Theta (CuKα radiation) 
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Figure 6.11  X-ray pattern of clay minerals (Sample JLP3)  with various treatments  air 

dried (red line) showing distinctive peak of illite of 8.84 (hlk 002 = 10 Å),   Ethylene-

glycolated (black  line), heated at 400 °C  (green line) and 550 °C  (pink line)presenting 

strong single peak of the dioctahedral illite.  

 

 

 

Figure 6.12  X-ray pattern of clay minerals (Sample SRLKS1)  with various treatments  

of air dried (red line) showing vermiculite at 6.22 2 (hlk 002=14.2 Å), illite of 8.84 (hlk 

002 = 10 Å), and chlorite of 12.52 (hlk 002= 7.07 Å), Ethylene-glycolated (black line), 

heated at 400 °C (blue line) and 550 °C (green line) showing peaks of smectite-chlorite, 

single peak of dioctahedral illite, and destroyed peak  (halloysite?).  

  

8.84 (002, 10 Å) 

Dioctahedral illite 

6.22 (002, 14.2 

Å) 

8.84 (002, 10 Å) 12.52 (002, 7.07 Å) 

Dioctahedral illite 

Smectite-Chlorite 

Halloysite? 

Illite 

Illite Chlorite Vermiculite 

2Theta (CuKα radiation) 

2Theta (CuKα radiation) 

2Theta (CuKα radiation) 

2Theta (CuKα radiation) 
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Figure 6.13  Showing the different XRD peaks with oriented clays  (Sample KFC1) in 

air dried condition  of mix-layered clay of interstratified chlorite and montmorillonite of 

6.31 (hlk 002  = 14 Å) with big range of spacing (red area) and  single clay minerals of 

illite of 8.84 (hlk 002 =10 Å) (Green area) and chlorite of 12.25 (hlk 002 = 7.07Å) (blue 

area) with distinctive peak  and low spacing

Interstratified chlorite and montmorillonite 

with the broaden spacing 

(Mixed –layer clay) 
Chlorite with the low spacing 

(Single clay) 

Illite the low spacing 

(Single clay) 
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Table 6.3  X-ray identification of the clay minerals (<2 µm) in an oriented mount of a clay fractions with different treatment condition, 

compared peak pattern with flow sheet for clay mineral identification (Starkeys et al., 1984). 

Sample 

 

Air dried Ethylene glycol 

solvated 

Heated to 400°C Heated to 550 °C 

Clay mineral type 2Ɵ d(Å) Peak feature 
Clay minerals 

type 

SP9 Chlorite- 

montmorillonite 

6.31 14 Expanding spacing Destroyed Destroyed    

Muscovite 8.87 9.97  Slightly shift  or  

unsystematically shape  

Slightly sharpening No change Dioctahedral illite 

SP21 Chlorite- 

montmorillonite 

6.31 14 Shift to larger spacing   Shift to smaller 

spacing 

Increase in intensity Smectite-Chlorite 

Muscovite 8.87 9.97 Unsystematic shape Slight sharpening No change with strong 

single peak 

Dioctahedral illite 

Chlorite 12.5 7.07  Sharpening Collapses of  peak Destroyed Halloysite? 

JLP3 Muscovite 8.87 9.97 Slight shift either way No change with 

strong single peak 

No change with strong 

single peak 

Dioctahedral illite 

SRLKS 1 Vermiculite 6.22 14.2 Shift to larger spacing Shift to smaller 

spacing 

Increase in intensity Smectite-Chlorite 

illite 8.84 10 Slightly shift   Slight sharpening No change with strong 

single peak 

Dioctahedral illite 

Chlorite 12.52 7.07 Sharpen and shift 

either way 

Collapses of  peak Destroyed Halloysite? 

KFC1 Vermiculite 6.22 14.2 Shift to larger spacing Shift to smaller 

spacing 

increase in intensity Smectite-Chlorite 

illite 8.84 10 Slightly shift   No change No change with strong 

single peak 

Dioctahedral illite 

Chlorite 12.52 7.07 Sharpen and shift 

either way 

Collapses of  peak Destroyed Halloysite? 
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Sample detail Air Dried 550 °C 

The 1st peak The 2nd peak The 3rd peak The 1st peak The 2nd peak The 3rd peak 

SP 9 XRD peak 6.31 2Ɵ  (002, 14 Å) 8.87 2Ɵ  (003, 

9.97Å) 

No peak Destroyed 8.80 2Ɵ  (10 Å) 

 

No peak 

Mineral  Interstratified 

chlorite- 

montmorillonite 

Muscovite - ? 

 

Dioctahedral illite 

 

- 

SP21 XRD peak 6.31 2Ɵ  (002, 14 Å) 8.87 2Ɵ  (003, 

9.97Å) 

12.52 2Ɵ (002,7.07 

Å) 

6.34 2Ɵ (13.9 

Å) 

8.80 2Ɵ (10 Å) Destroyed 

Mineral  Interstratified 

chlorite- 

montmorillonite 

Muscovite Chlorite Smectite-

chlorite 

Dioctahedral illite Halloysite 

JLP3 XRD peak No peak 8.87 2Ɵ  (003, 

9.97Å) 

No peak No peak 8.80 2Ɵ (10 Å) No peak 

Mineral  - Muscovite -  Dioctahedral illite  

SRLKS 1 XRD peak 6.22 2Ɵ (002, 14.2 

Å) 

8.84 2Ɵ  (002, 

10Å) 

12.52 2Ɵ  (002,7.07 

Å) 

6.31 2Ɵ  (14 Å) 8.80 2Ɵ (10 Å) Destroyed 

Mineral  Vermiculite Illite Chlorite Smectite-

chlorite 

Dioctahedral illite Halloysite 

KFC1 XRD peak 6.22 2Ɵ  (002, 14.2 

Å) 

8.84 2Ɵ (002, 10Å) 12.52 2Ɵ  (002,7.07 

Å) 

6.31 2Ɵ (14 Å) 8.80 2Ɵ (10 Å) Destroyed 

Mineral  Vermiculite Illite Chlorite Smectite-

chlorite 

Dioctahedral illite Halloysite 

Table 6.4  Clay mineral identification of separated clay fraction comparing air dried treatment and heat treatment at 550°C treatment. 
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Table 6.5  Clay components based on whole sample with randomly oriented powder and clay fraction with oriented clay after various 

treatments (aired dried, ethylene glycol solvated, heated to 400 and 550 °C).

Sample type  SP9 SP21 JLP3 SRLKS 1 KFC1 

Randomly 

oriented 

powder 

Clay minerals 

components 

(Whole sample) 

 

Illite (54.68%) 

Chlorite (28.54%) 

Kaolinite (16.77%) 

Illite (52.82%) 

Chlorite (28.01%) 

Kaolinite (19.17%) 

Illite (67.8%) 

Chlorite (16.07%) 

Kaolinite (16.13%) 

Illite (51.5 %) 

Chlorite (24.78%) 

Kaolinite 

(23.72%) 

Illite (62.84%) 

Chlorite (18.77%) 

Kaolinite 

(18.74%) 

Oriented clays 

with clay films 

Clay minerals  

(a separated clay 

fraction  with air 

dried) 

 

Interstratified chlorite 

and montmorillonite 

Muscovite 

Interstratified 

chlorite and 

montmorillonite 

Muscovite 

Chlorite 

Muscovites Vermiculite 

Illite 

Chlorite 

Vermiculite 

Illite 

Chlorite 

Component clay 

minerals  

(Final mineral 

results) 

 

Dioctahedral Illite 

 

 

Smectite-chlorite 

Dioctahedral Illite 

Kaolinite 

Dioctahedral illite Smectite-chlorite 

Dioctahedral illite 

Halloysite? 

 

Smectite-chlorite 

Dioctahedral illite 

Halloysite? 
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6.2.3 Mineralogy comparison of all formations 

The dataset of minerals of Setap Shale, Sibuti and West Crocker Formations obtained 

from the University of Edinburgh are summarized and compared in this section and 

shown in Table 6.6 and 6.7.  The Setap and Sibuti Formations are both more carbonate 

rich and less clay rich than the West Crocker Formation.  The Sibuti Formation shows a 

wider range of carbonate mineral content (0.5 - 31%) compared to Setap Formation (0.7 

- 5%) and West Crocker Formation (1 - 5 %).   

The relative proportions of the three categories of minerals – the quartz-feldspar-pyrite 

group, the carbonate group, and the clay minerals and mica group – are detailed in Table 

6.8 and illustrated in Figure 6.14. Although, the estimation of the mineral percentages is 

only semi-quantitative, the relative ratios of the mineral groups are considered to be more 

accurate and compares well with observations from the field study, optical petrography 

and SEM-EDX.  The Sibuti and Setap Formations show a similar high proportion of the 

brittle minerals (quartz + feldspars + carbonates + pyrite), with 57 – 92% and 65 – 81%,  

respectively. The West Crocker samples contain lower contents of the brittle mineral 

group 18 – 67%.  On the other hand, the content of the clay (ductile) minerals is higher 

in West Crocker samples (33 - 82%) compared to the Sibuti (8 - 43%) and Setap (20 - 

35%) samples.  

Illite is dominant among the clay minerals with contents of 2 - 17 % in the Sibuti 

Formation, 7.5 - 13% in the Setap Shale Formation and 12 - 37 % in the West Crocker 

Formation. Kaolinite is present in amounts up to 9% in all samples with somewhat less 

content in Setap Shale samples.  Montmorillonite is almost absent from the samples and 

is recorded only in minor amount (0.66 %) in one calcareous siltstone from the Sibuti 

Formation.  The results of three clay minerals (illite, chlorite and kaolinite) classified are 

summarized in Table 6.9.  A ternary plot illustrates the relative contents of the three 

compositional clay variations in Figure 6.15.
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Table 6.6  The dataset of minerals of Setap Shale, Sibuti and West Crocker Formations obtained from the University of Edinburgh 

determined by X-ray diffraction technique.   

 

 

Mineral The Sibuti Formation The Setap Formation The West Crocker Formation 

AS1 AS 9 AS 11 AS 25 AS 28 AS31 SP1 SP5 SP9 SP12 SP15 SP17 SP20 SP21 KFC1 KFC3 SRLKS

1 

SRLKS

2 

JLP3 

Quartz 66.6 51.7 42.4 62.5 54.6 64 21.8 31.1 43.3 42.7 18.4 30.6 32.1 28.6 16.3 21.5 46.3 38.6 6.2 

Feldspar 9.58 9.06 11.56 11.62 9.34 11.76 18.92 17.14 21.21 19.24 9.46 12.37 9.7 12.09 7.43 10.32 5.52 8.29 6.77 

Albite 3.55 0.95 5.19 8.33 5.8 8.36 8.85 7.69 9.89 13.2 3.46 7.24 4.72 1.92 0 3.38 2.02 4.4 0 

orthoclase 5.08 4.84 2.82 1.69 1.46 1.25 6.17 5.07 5.06 3.46 6 4.09 4.98 8.13 7.43 6.94 3.49 2.7 7.13 

Anorthite 0.95 3.27 3.55 1.6 2.08 2.12 3.9 4.38 6.26 2.58 0 1.04 0 2.04 0 0 0.01 1.19 0 

Carbonate 0.53 30.95 2.61 4.83 0.73 4.63 2.45 1.55 2.35 1.98 3.31 3.32 1.99 1.31 2.92 1.85 1.41 3.14 4.58 

Calcite 0.25 24.1 1.72 4.17 0.19 3.99 0.71 0.35 0.57 0.46 1.16 0.88 1.6 0.41 0.83 0.83 0.44 0 1.14 

Dolomite 0 0 0 0 0.07 0.03 0.66 0.34 0 0.58 0.24 0.67 0 0 0.72 0.23 0.23 0.33 0.47 

Gypsum 0.28 1.73 0.46 0.66 0.47 0.61 1.07 0.72 1.78 0.94 1.91 1.77 0.39 0.9 1.37 0.79 0.74 0.57 2.97 

Siderite 0 5.12 0.43 0 0 0 0.01 0.14 0 0 0 0 0 0 0 0 0 2.24 0 

Clay + Mus 23.08 7.98 43.34 20.77 35.19 19.47 56.36 49.65 32.78 35.97 68.36 53.05 56.02 55.87 72.71 65.62 46.4 49.61 82.03 

illite 8.08 2.18 17 7.51 13.03 7.53 23.6 20.7 11.8 15 29.6 22.3 25 18.1 30.8 28.5 17.5 20.1 36.7 

chlorite 4.03 1.44 7.59 3.97 5.76 2.3 6.52 7.49 6.16 5.3 10.3 7.29 8.8 9.6 9.2 9.3 8.42 8.57 8.7 

Kaolinite 3.46 0.72 7.43 3.11 5.99 3.19 6.94 6.46 3.62 4.62 7.76 7.16 4.72 6.57 9.01 8.72 8.06 6.47 8.73 

Montmorillonite 0 0.66 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Muscovite 7.51 2.98 11.32 6.18 10.41 6.45 19.3 15 11.2 11.05 20.7 16.3 17.5 21.6 23.7 19.1 12.42 14.2 27.9 

Other (pyrite) 0.2 0.3 0.13 0.24 0.15 0.18 0.46 0.53 0.32 0.17 0.52 0.57 0.21 2.14 0.60 0.58 0.38 0.33 0.41 

Qtz + Felds+ Py 76.38 61.06 54.09 74.36 64.09 75.94 41.18 48.77 64.83 62.11 28.38 43.54 42.01 42.83 24.33 32.4 52.2 47.22 13.38 

Brittle mineral  76.91 92.01 56.7 79.19 64.82 80.57 43.63 50.32 67.18 64.09 31.69 46.86 44 44.14 27.25 34.25 53.61 50.36 17.96 

Ductile minerals 
23.08 7.98 43.34 20.77 35.19 19.47 56.36 49.65 32.78 35.97 68.36 53.05 56.02 55.87 72.71 65.62 46.4 49.61 82.03 

Remark  Brittle minerals (Quartz + Feldspar + Pyrite + Carbonate) ; Ductile mineral (Clay mineral + Muscovite) 
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Table 6.7  A summary of major minerals and clay mineral of the West Crocker, Setap Shale and Sibuti Formations from dataset of the 

University of Edinburgh.  

 

Formation data The Sibuti formation The Setap  Shale 

Formation 

The West Crocker formation 

Late Miocene Middle Miocene Early Oligocene –Late early Miocene 

Quartz-Feldspar- Pyrite 

group (%) 

54 -76 64 -76 13.4 -64.8 

Quartz(%) 42.4-66.6 54.6 -64 6.2- 46.3 

Feldspar (% ) 9.06-11.56 9.3 -11.76 5.5-21.2 

Pyrite (%) 0.13-0.3 0.15-0.24 0.33-2.14 

Carbonate Group (%) 0.5- 30.95 0.7 -4. 8 1.31-4.58% 

Calcite (%) 0.25 -24.1 0.19 – 4.17 0.35-1.16 

Dolomite (%) 0 0-0.07 0-0.72 

Gypsum (%) 0.28-1.73 0.47-0.66 0.39-1.91 

Siderite (%) 0- 5.12 0-0.07 0.21-2.24 

Clay and Muscovite Group 

(%) 

7.98-43.34 19.47 – 35.19 32.78-82.03 

Brittle minerals 56.7 – 92.01 64.82-80.57 17.96-67.18 

Whole rock 

(Randomly oriented powder) 

Illite >50% of whole clay 

Kaolinite 

Chlorite    

Montmorillonite (one 

sample) 

 Illite >50% of whole Cay 

Kaolinite  

Chlorite    

 

Illite >50% of clay 

Kaolinite   

Chlorite    

 

Separated Clay fraction 

(Oriented clay) 

  - -  Smectite- Chlorite 

Dioctahedral illite 

Halloysite? 
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Table 6.8  The mineral to categorized into three minerals group of  the quartz, feldspar and pyrite, 

carbonate,  clay minerals and muscovite, of the Setap Shale, Sibuti and West Crocker Formations.  

Formation Sample No.  Quartz-Feldspar -

Pyrite Group 

Carbonate Group                                                   

(Calcite +Dolomite+ 

Gypsum +Siderite) 

Clay and 

muscovite group 

Sibuti 

Formation 
AS1 76.38 0.53 23.08 

AS9 61.06 30.95 7.98 

AS11 54.09 2.61 43.34 

Setap Shale 

Formation 
AS25 74.359 4.83 20.77 

AS28 64.091 0.73 35.19 

AS31 75.944 4.63 19.47 

West 

Crocker 

formation 

SP1 41.18 2.45 56.36 

SP5 48.78 1.55 49.65 

SP8 41.76 2.47 55.71 

SP9 64.83 2.35 32.78 

SP12 62.109 1.98 35.97 

SP15 28.38 3.31 68.36 

SP17 43.54 3.32 53.05 

SP20 42.01 1.99 56.02 

SP21 42.83 1.31 55.87 

KFC1 24.33 2.92 72.71 

KFC3 32.4 1.85 65.62 

SPLKS1 52.2 1.41 46.4 

SPLKS2 47.22 3.14 49.61 

JLP3 13.38 4.58 82.03 

 

Figure 6.14  Ternary plot mineral group showing the mineralogical composition of brittle 

minerals (quartz and feldspar and pyrite), clay group (clay and mica) Carbonate group 

(calcite, anorthite, gypsum and siderite). 

 

 

 
  v 
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Clay Mineral and Mica Carbonate  (Calcite +Dolomite+ Gypsum +Siderite)  
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1 
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 Clay-rich rock 
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Table 6.9  Clay mineral classified into illite, chlorite and kaolinite of the Setap Shale, 

Sibuti and West Crocker Formation (percentage of  the clay mineral). 

 

 

Figure 6.15  Ternary plot of variable clay minerals  of illite, chlorite and kaolinite of rock 

samples of three mudrock systems with majority illite of the Sibuti, Setap Shale and West 

Crocker Formation.  

Formation Sample No. Illite Chlorite Kaolinite 

Sibuti 

Formation 
AS1 51.89 25.88 22.22 

AS11 53.09 23.70 23.20 

Setap 

Formation 
AS25 51.47 27.21 21.32 

AS28 52.58 23.24 24.17 

AS31 57.83 17.67 24.50 

West Crocker 

Formation 
SP1 63.68 17.59 18.73 

SP5 59.74 21.62 18.64 

SP8 61.81 18.01 20.18 

SP9 54.68 28.54 16.77 

SP12 60.19 21.27 18.54 

SP15 62.11 21.61 16.28 

SP17 60.68 19.84 19.48 

SP20 64.90 22.85 12.25 

SP21 52.82 28.01 19.17 

KFC1 62.84 18.77 18.38 

KFC3 61.26 19.99 18.74 

SRLKS1 51.50 24.78 23.72 

SRLKS2 56.76 24.20 19.03 

JLP3 67.80 16.07 16.13 
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6.3 Discussion 

There are certain analytical challenges to identifying minerals by XRD.  These include 

(1) unidentified small intensity and unclear peaks, (2) limitation of the phase variety with 

the database used, and (3) although, consistency in sample preparation was attempted, the 

effect of sample preparation on the mineral orientation could not be excluded. These put 

a limitation on quantifying the mineral contents of the rocks in this study.  

The high content of the carbonates in Sibuti Formation and relatively less in the Setap 

Shale Formation in the Sarawak Basin, may have resulted from the Miocene carbonate 

buildups of Central Lucania in the Sarawak Basin offshore area (Janjuhah et al., 2017; 

Madon, 1999; Madon and Hassan, 1999; Zampetti et al., 2003).  

In addition, although Ca-feldspar (anorthite) is found in the Setap-Sibuti and West 

Crocker sediments (see Chapter 4 and 5), they are not clearly shown in XRD patterns, as 

they may present in minor quantities (< 5%).  However, they can be observed under the 

microscope and in the SEM-EDX analyses.  The presence of alkali feldspars (sodium 

and potassium aluminosilicate) in the studied sediments may indicate a nearby igneous 

source or ash fall inputs.  This is consistent with the findings of the published works (Hall 

and Nichols, 2002; Madon et al., 2013, Metcalfe, 2013; Shah et al., 2018).  The fine-

grained sediments of the West Crocker Formation and sediment of Sibuti and Setap Shale 

Formations are possibly sourced from the adjacent mountain belt of Rajang Subduction-

Accretion Complexes, Crocker fold-thrust belt or Scwaner Mountain (Cretaceous granites 

and metamorphic rocks), transported and deposited in the foreland basins (Hall and 

Nichols, 2002; Madon et al., 2013; Shah et al., 2013).  

Based on oriented clay analysis of the West Crocker mudrocks, interstratified smectite to 

chlorite, illite, vermiculite and chlorite are recognised in samples at air-dried condition, 

and some diagenetic halloysite, dioctahedral illite, and chlorite and smectite are also 

found. This diagenetic clay-mineral formation most likely took place in response to deep 

burial diagenesis maturity stage of the Crocker Fold-and-Thrust Belt, with a burial 

temperature ranging between 80 to > 210 °C (Hurst, 1985; Merriman, 2006;  Hoffman 

and Hower, 1979;  Ukner-Scholle et al., 2014) (Figure 6.16).  In addition, the halloysite 

found in the West Crocker Formation, probably indicates an influence of hydrothermal 

fluids permeating the buried sediments (Duzgoren-Aydin, 2002, Lázaro, 2015; Crawford 

et al., 2008).  Chlorite can be converted to halloysite due to iron supplied by hydrothermal 

alteration (Carnicelli  et al., 1997; Cho and Mermut, 1992).  Based on the regional 

geothermal gradient of 25–30 °C/km, the depth of burial is likely to be from 2 - >7 km. 
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However, sediment deposition near a tectonic plate boundary may impact on smectite 

transformation to chlorite or/and chlorite altered to halloysite at lesser burial depths (Cai-

neng et al., 2008; Lui et al., 2013; Lui et al., 2018; Lui et al., 2019; Zhu et al., 2005).  It 

should be noted, however, that only five samples are really insufficient to do more than 

speculate. Further analyses with more samples are needed.   

The Setap Shale and Sibuti Formations are quartz-rich facies, with a clay content of about 

7 - 43%, whereas the thin-bedded turbidites of the West Crocker Formation are more 

clay-rich facies, with clay contents about 33-84%.  The Sibuti and Setap Shale Formations 

are generally high in brittle minerals (quartz, feldspar and pyrite) and are more favourable 

for artificial fracturing, compared to the clay-rich rocks of thin bedded turbidite 

succession. This conclusion is consistent with the well-documented effect of high content 

of brittle minerals and clays on the effectiveness of hydraulic-fracture stimulation in shale 

exploration and development in other areas (e.g. China, US) (Hattori et al., 2016; Jarvie 

et al., 2007; Rickman et al.; 2008; Wang et al. 2015).  Furthermore, the presence of 

specific clay minerals, e.g. illite and chlorite, is a key to the capacity of a sediment to 

adsorb methane. Various clay minerals show different surface areas and hence different 

gas adsorption capacities: smectite surface area is 752 m2/gm, illite 113 m2/gm, chlorite 

42 m2/gm and kaolinite 23 m2/gm (Asquith, 1989; Almon, 1979; Zhiang et al., 2017; Gu, 

2017; Speight, 2013).  Based on these studies, the presence of high contents of illite would 

increase the surface area, hence the gas capacity stored in the clay-rich fraction. 

Based on an interpretation of illite and chlorite diagenesis found in the West Crocker, 

Setap and Sibuti Formations, we can interpret that these basins are likely to be mature for 

oil and gas generation (Figure 6.17).  This evaluation utilized comparison with published 

works (Hoffan and Hower, 1979; Hurst, 1984 and Hurst, 1985; Merriman, 2006; Ulmer-

Scholle et al., 2014).

https://www.sciencedirect.com/science/article/pii/S1875510016301196#bib34
https://www.sciencedirect.com/science/article/pii/S1875510016301196#bib34
https://link.springer.com/article/10.1007/s00603-014-0617-6#CR13
https://www.sciencedirect.com/science/article/pii/S1875510016301196#bib65
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Figure 6.16  Comparing  the results of mineral composition classified in three compositional variations of fraction of  the quartz feldspar and pyrite 

group, carbonate group, and clay and mica of the Setap Shale Formation and Sibuti Formation analysed at Heriot-Watt University (red box)  and 

University of Edinburgh (blue box) as instrument sensitive analysis. 
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Figure 6.17  (A)Ternary plot of the main clay minerals of the studied rocks (left), and (B). the clay mineralogy as a proxy to the burial history of 

sediments (form Ulmer-Scholle et al., 2014).

 

 
 

 Sample No. illite Chlorite Kaolinite 

Sibuti Formation AS1 51.89 25.88 22.22 

AS11 53.09 23.70 23.20 

Setap Formation AS25 51.47 27.21 21.32 

AS28 52.58 23.24 24.17 

AS31 57.83 17.67 24.50 
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Chapter 7  Organic matter composition and source rock potential 

 

7.1 Introduction 

The principal aim of this chapter is to assess the total organic content (TOC), organic 

matter characteristics and organic elemental analyses for the mudrock facies of the three 

study formations.  An attempt is also made to understand organic maturity based on clay 

mineral diagenesis.   

Total organic carbon (TOC) content is a key parameter to evaluate the potential of source 

rocks in terms of their organic richness, whereas kerogen type and the degree of organic 

matter transformation under thermal stress is important for evaluation of their capability 

for hydrocarbon generation and accumulation.  All aspects are important to consider for 

evaluating potential shale-gas and shale-oil formations (Abedi et al., 2016; Lui, et al., 

2019; Rullkötter and Michaelis, 1990; Jarvie et al., 2007; Vandenbroucke and Largeau, 

2007).  Quantitative analysis of elements of carbon, hydrogen, nitrogen and sulphur as 

well as specific types and of organic matter are important indicators of the quality of the 

organic matter (Perdue and Koprivnjak, 2007).  Elemental ratios of organic matter can be 

used to give a preliminary distinction between marine and terrigenous sources, for 

example based on the total organic carbon/total nitrogen [C/N] ratio.   

A total of 38 samples, taken from all three formations in the study areas, were selected to 

measure carbon, nitrogen, hydrogen, sulphur and oxygen, provided by the Geochemical 

Laboratory of the University of Edinburgh University (Table 7.1).    Results from Rock-

Eval pyrolysis and Vitrinite reflectance Ro-analysis were not available for this study 

(although an attempt was made to gather these data before Covid-19 lockdown).  An 

attempt was made, therefore, to determine thermal maturity of the organic matter by using 

the indirect method of clay mineral diagenesis.  A series of clay mineral transformation 

is the well-accepted indirect method representing organic thermal indicators, thermal 

maturity and hydrocarbon generation (Bloch et al., 2002; Burtner and Warner, 1986; 

Foscolos et al., 1976; Jiang, 2013; Ola et al., 2018).  Full details of the methods are 

provided in Chapter 2. 

Organic matter morphology observation and investigation using light microscopy and 

SEM imaging is documented in Chapter 4 and 5. The clay mineral data from XRD 

analysis is presented in Chapter 6.  
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The chapter is organised as follows:  

(a) A brief introduction. 

(b) Documentation of the organic carbon results. 

(c) A preliminary interpretation and discussion. 

 

Table 7.1  Sample detail for CHNS composition and TOC analysis of the three 

formations. 

 

 Sibuti Formation 

 

Setap 

Formation 

 

The West Crocker 

Formation 

 

Formation 

information 

Age Early Miocene Oligocene Oligocene to Early Miocene 

Basin Sarawak Basin Rajang-Croker Fold-and-

Thrust Belt 

Depositional 

setting 

Outer shelf 

transitional to 

upper slope 

Deep marine 

(probable 

slope) setting 

Deep marine dominated by 

turbidite sequence 

Tectonic 

evolution 

Shallow burial, uplift, gentle 

folding and minor faulting 

Deeper burial, collision and 

uplift to form the Rajang 

Fold-Thrust belt 

Sediment facies  Mudstone facies within shelf to 

slope succession 

Mudstone facies within 

turbidite succession 

Number of samples 5 5 28 

 

7.2 Results 

Based on light microscope and SEM observation as well as the CHNS, TOC analysis and 

minerals analysis, important findings of source rock potential and clay associations are as 

follows.  A summary of important findings is given in Table 7.2. 

 

7.2.1 Organic matter characteristics 

SEM imaging shows a range of different organic matter types, with different 

morphologies, in many but not all samples (Figure 7.1).  In some cases, they are closely 

associated with authigenic pyrite.  The irregular and amorphous organic matter with no 

vascular structure is quite widely dispersed through the sediment and interpreted as 

reflecting a marine planktonic (algal) (Loucks et al., 2009; Perdue and Koprivnjak, 2007).  

The more distinct, elongate fragments of varied sizes, some with a clear vascular 

structure, generally occur in clusters and are interpreted as of mainly terrestrial source 

(plant and wood material).   
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Figure 7.1  Organic materials (black colour) and pyrite associations (white colour) (A) 

Mixing of terrestrial and marine organic matter, (B) and (C) Long shape of algae with 

structureless body, and (D) and (E) The vascular/woody plants. 

  

(A) 

(B) (C) 

(D) (E) 

Land plants 

Marine algae 
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Table 7.2  The key findings from SEM imaging observation and CHNS and TOC analysis as well as clay fraction analysis. 

 Sibuti Formation Setap Formation West Crocker Formation 

Organic materials characteristics Cellulose in algae and algal body with long shape 

woody fragment with tabular and irregular shapes/morphologies 

Pyrite association 

 TOC 

(wt.%) 

TOC in shale 0.37 - 0.61 0.2 - 0.66 0.2 - 3.5 

TOC in Carbonate 0.32 - - 

Carbon (wt.%) Low to High carbon (0.6 -4.63%) Low to medium carbon (0.4-1.69) Low to high carbon (0.2-5.35) 

Nitrogen (wt.%) 0.02 - 0.09 0.03 - 0.09 0.04 – 0.12 

Hydrogen (wt.%) 0.2 - 0.6 0.28 - 0.75 0.6 – 0.82 

Sulphur (wt.%) 0.04 - 0.21 0.03 – 0.54 0.02 – 1.56 

H/C 0.32 - 0.61 0.17 - 1.83 0.15 - 3.23 

C/N 6.67 - 231.50 5.86 - 75.67 1.55 - 44.58 

Carbonated components High carbonate components 

(Bioclasts and calcite cement) 

Low Low 

Clay mineral 

composition 

 Mineral analysis 

(Whole samples) 

Kaolinite, illite, chlorite Kaolinite, illite, chlorite Kaolinite, illite, chlorite 

Clay fraction analysis  

(Whole sample) 

- - Interstratified chlorite and 

montmorillonite 

muscovite, chlorite, vermiculite 

Clay fraction at 550 °C 

(Tmax)  

- - Smectite-chlorite, dioctahedral illite, 

halloysite 
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7.2.2 Total organic carbon  

The TOC analyses of 38 samples reveal a mostly low TOC content  (0- 1%) (36 samples), 

with rare samples in excess of this value (>1%)  (2 samples).  The Setap Shale and Sibuti 

sediments have TOC values (by weight) within a range of 0.2-0.66% (mean 0.46%) and 

0.32-0.72 % (mean 0.45%) respectively. Whereas, the West Crocker fine-grained 

turbidites sediment have TOC ranging from 0.15 - 3.54 % (mean 0.62%).  A summary of 

TOC information is given in Table 7.3 and shown graphically in Figure 7.2. 

Table 7.3  CHNS composition and total organic carbon analysis of shale and kerogen 

samples. 
 Sample 

Detail 

N 

(wt.%) 

C 

(wt.%) 

H 

(wt.%) 

S 

(wt.%) 

TOC 

(wt.%) 

H/C C/N 

The Setap 

Formation  

AS22 0.07 0.41 0.75 0.52 0.44 1.829 5.857 

AS24 0.03 1.69 0.28 0.54 0.2 0.166 56.333 

AS25 0.05 1.08 0.4 0.06 0.48 0.370 21.600 

AS28 0.09 0.68 0.59 0.03 0.66 0.868 7.556 

AS31 0.03 2.27 0.25 0.15 0.52 0.110 75.667 

The Sibuti 

Formation  

AS1 0.03 0.64 0.46 0.18 0.61 0.719 25.600 

AS9 0.02 4.63 0.2 0.26 0.32 0.043 231.500 

AS11 0.09 0.6 0.63 0.04 0.42 1.050 6.667 

AS15 0.08 1.1 0.54 0.21 0.37 0.491 13.750 

AS30 0.09 0.83 0.62 0.13 0.52 0.747 9.222 

The West 

Crocker 

Formation  

SP1 0.04 0.42 0.75 0.66 0.45 1.786 10.769 

SP2 0.06 0.09 0.72 0.06 0.15 8.000 1.552 

SP3 0.07 0.17 0.66 0.04 0.26 3.882 2.615 

SP4 0.08 0.19 0.61 0.02 0.25 3.211 2.375 

SP5 0.04 0.27 0.59 0.21 0.34 2.185 7.714 

SP7 0.07 0.25 0.6 0 0.27 2.400 3.571 

SP8 0.08 1.6 0.77 1.24 1.55 0.481 20. 

SP9 0.12 5.35 0.82 1.4 3.54 0.153 44.583 

SP10 0.09 0.65 0.74 0.23 0.78 1.138 7.222 

SP11 0.05 0.48 0.69 0.24 0.58 1.438 10.435 

SP12 0.05 0.98 0.62 0.86 0.86 0.633 19.600 

SP13 0.06 0.73 0.67 0.75 0.75 0.918 12.167 

SP14 0.05 0.62 0.6 0.99 0.64 0.968 12.400 

SP15 0.08 0.65 0.79 0.78 0.73 1.215 8.125 

SP16 0.04 0.46 0.74 1.5 0.56 1.609 11.500 

SP17 0.04 0.57 0.7 1.55 0.58 1.228 14.615 

SP18 0.07 0.48 0.66 0.75 0.52 1.375 6.857 

SP19 0.07 0.46 0.72 1.05 0.47 1.565 6.571 

SP20 0.04 0.54 0.76 1.56 0.67 1.407 13.171 

SP21 0.07 0.61 0.73 1.44 0.65 1.197 8.714 

SRLKS1 0.06 0.55 0.69 0.11 0.55 1.255 9.167 

SRLKS2 0.09 0.85 0.69 0.11 0.51 0.812 9.444 

SRLKS3 0.09 0.44 0.69 0.12 0.39 1.568 4.889 

KFC1 0.07 0.21 0.71 0.04 0.16 3.381 3.000 

KFC2 0.06 0.2 0.72 0.03 0.24 3.600 3.636 

KFC3 0.04 0.28 0.67 0.15 0.35 2.393 6.667 

KFC5 0.04 0.19 0.68 0.08 0.27 3.579 4.524 

JLP3 0.08 0.48 0.82 0.27 0.49 1.708 6.000 
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Figure 7.2  Total organic carbon (wt.%) varying from 0.15 to 3.54% of the Setap Shale 

Formation, the Sibuti Formation and the West Crocker Formation.  
 

7.2.3 CHNS elements  

Elemental analysis of organic compounds (kerogen material) of the Setap Shale, Sibuti 

and West Crocker Formations indicates variable levels of C, H, N and S values as well as 

C/N and H/C ratios.  A summary of CHNS elements of all mudstone samples is given in 

Table 5.3 and shown graphically in Figures 7.3 to 7.6.  The Setap Shale kerogens have 

carbon (0.4-1.69%), hydrogen (0.2 - 0.75%), nitrogen (0.03 - 0.09%) and sulphur (0.03 - 

0.54%) values, whereas the Sibuti kerogens have slightly higher carbon values (0.6 - 

4.63%), but similar hydrogen (0.2 - 0.6%), nitrogen (0.02 - 0.09%) and sulphur (0.04 - 

0.21%).  The fine-grained sediment of the West Crocker thin bedded-turbidites show 

values of carbon (0.2-5.35%), hydrogen (0.6 – 0.82%), nitrogen (0.04 – 0.12%) and 

sulphur (0.02 – 1.56 %).  Hydrogen values are relatively low, with H/C ratios of 0.17 - 

1.83, 0.32 - 0.61 and 0.15 - 3.23 for the Setap, Sibuti and West Crocker Formations, 

respectively.  Whereas the C/N ratios are more widely variable, from 5-76, 6-231, and 1-

44 for the Setap, Sibuti and West Crocker Formations, respectively.  The H/C values are 

quite highly variable in the Setap Shale and West Crocker Formation, but less variable in 

the Sibuti Formation, whereas the C/N values are highly variable in the Sibuti Formation, 

but moderately variable in the Setap Shale and West Crocker Formations.  Some samples 

of the West Crocker show an organic sulphur content greater than 1%, whereas all 

samples of the Setap Shale and Sibuti Formations and many samples of the West Crocker 

Formation show organic sulphur contents less than 1%. 
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Figure 7.3  Carbon (wt.%) with variations due to different organic material source 

supplied of the Setap Shale Formation, the Sibuti Formation and the West Crocker 

Formation.  

 

Figure 7.4  Nitrogen (wt. %) with variations due to different organic material source 

supplied of the Setap Shale Formation, the Sibuti Formation and the West Crocker 

Formation.  

 

Figure 7.5  Hydrogen (wt.%) with variations due to different organic material source 

supplied of the Setap Shale Formation, Sibuti Formation and the West Crocker 

Formation.  
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Figure 7.6  C/N ratios of the Setap Shale Formation, Sibuti Formation and West 

Crocker Formation.  

 

7.2.4 Clay minerals  

The presence of diagenetic clay minerals in addition to the background detrital clays is 

used to evaluate thermal maturity, as organic matter maturity data was not available. As 

documented in detail in Chapter 6, clay minerals of the Setap Shale, Sibuti and West 

Crocker Formation are dominated by detrital kaolinite, illite, and chlorite (See section 

6.2.2). Some diagenetic illite and chlorite are also present, as well as halloysite in some 

samples. Based on SEM  and EDX analysis, some of the chlorite, illite and kaolinite 

minerals demonstrate a well-developed crystalline form, indicative of diagenetic 

formation, represented by honeycomb, needle-like and booklet morphologies, 

respectively (Figure 7.7).   
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Figure 7.7  Diagenetic clay minerals filling in pores with random orientation(A) and 

(B) Kaolinite with booklet morphology, (C) Illite with needle shape, and (D) Chlorite 

with honey-comb morphology.  

 

7.3 Interpretation and discussion 

7.3.1 Interpretation 

Based on the nature and amount of organic matter present, the organic matter 

morphology, and the semi-quantitative data of carbon, nitrogen, sulfur and hydrogen 

composition and range of C/N ratios, integrated with observations on the sediment facies 

(Table 7.4), the following observations and interpretations can be made.   

(1) Based on total organic carbon content in weight percent, Law (1999) proposed a 

standard classification  of organic richness quality as potential for hydrocarbon source 

rocks (Table 7.5). The organic richness of the Sibuti Formation and Setap Shale 

Formation classify as poor to fair, whereas the organic richness of thin bedded turbidites 

of the West Crocker Formation is poor to very good (some samples only).  In addition, 

the high concentration of organic matter in some of the thin-bedded turbidites of the West 

Crocker formation indicates significant supply of terrestrial organic matter. 

 (2) Based on organic morphology observation, both land-derived organic materials 

(tree/vascular plants) and marine-organic materials (cellulose algal matter) are found in 

all formations. The C/N ratio can be used as a proxy for marine vs terrestrial organic 

matter, although there is some debate about the validity of this measure (Jasper and 

  

  

(A) (B) 

(C) (D) 

https://www.sciencedirect.com/science/article/pii/S0016236113004675#t0005
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Gagosian, 1990; Perdue and Koprivnjak, 2007; Moore, 2018). A high C/N ratio, with 

values greater than 20, is taken as a good indicator of vascular plants from terrestrial 

sources, whereas a C/N ratio of less than 10 is taken as indicative of marine sources (Gray 

and Biddlestone, 1973; Jasper and Gagosian, 1990; Ishiwatari and Uzaki, 1987; Ohkouchi 

et al., 2003; Perdue and Koprivnjak, 2007; Prahl et al., 1994; Premuzic et al., 1982; 

Meyers, 1994; Moore, 2018). The data from this study show both the Sibuti and Setap 

Shale sediments have 60% of the samples with high C/N ratios (i.e. > 20) and 40% with 

low values (< 10). The West Crocker fine-grained sediments show rather more with 

marine-indicative ratios (about 60% with values < 10), and only 7% with values much 

higher than 20. The remaining 33% have a C/N ratio between 10-20, which makes their 

interpretation more ambiguous. What is evident is that all three formations have a 

thoroughly mixed contribution of terrestrial-derived organic matter and marine-derived 

organic matter, which is compatible with significant supply of terrestrial organic matter 

into a marine setting. Rock-Eval analysis would most likely characterise Type I, Type II 

and Type III kerogens and the potential for generation of both oil and gas.   

(3) High organic matter together with high sulphur concentration are commonly 

associated with authigenic pyrite formation in a reducing environment.  Whereas samples 

with low TOC and low sulphur indicative of a high degree of post-depositional oxidation, 

result in low pyrite concentration (Figure 7.8) (Shawar et al., 2018; Zhu et al., 2013).   

Organic sulphur contents of some samples of the West Crocker Formation are high, 

greater than 1% (Waldo et al., 1990), and pyrite is common.  This might be due to sulphur 

left over from the generation of hydrocarbons during burial diagenesis, or to the 

decomposition of previously generated oil or bitumen (Arkesteyn, 1980; Baskin and 

Peters, 1992; Berner, 1985;Waldo et al., 1990).  

(4) Based on investigation of the H/C ratio of  the Setap Shale, Sibuti and West Crocker 

Formation varying from 0.11-1.83, 0.04-1.05 and 0.15-3.88,  respectively, as well as the 

amount of hydrogen compared with H/C standard value to classify kerogen type, it can 

be inferred that the kerogen types of all formations are variable, including Type I, II and 

III.  A summary of guideline to evaluate kerogen type is given in Table 7.6 and shown 

graphically in Figure 7.9. They are possible to generate oil and gas.  However, it is not 

possible to draw any strong conclusions from this because H/C ratio alone cannot be used 

to probe the preservation of kerogen type due to organic impact from tectonic and 

hydrothermal vein.  Therefore, it should be supported by an additional information of the 

hydrogen and oxygen index, and the O/C ratio. 
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(5) In the absence of direct organic carbon measurements (Figure 7.10), it is possible to 

interpret thermal maturity based on the concept of a series of clay mineral transformations 

during burial diagenesis linked to temperature (Hoffan and Hower, 1979; Hurst, 1984, 

1985; Merriman, 2006; Ulmer-Scholle et al., 2014).  Kaolinite formation is typically 

taken as occurring between 20 - 80 °C, whereas chlorite and illite are formed at higher 

temperatures, from 80 to >210°C.  Smectite begins to alter through interstratified 

smectite-illite and smectite-chlorite minerals at quite low temperatures (> 50°C).  In this 

study, there is evidence for the formation of some diagenetic kaolinite, minor diagenetic 

illite, and possibly some diagenetic chlorite.  Smectite, however, is mostly absent (except 

for one sample), but interstratified chlorite-smectite is present. However, most of the clay 

minerals are most likely of detrital origin, arranged in same direction, and the authigenic 

forms represent a relatively minor proportion of the clay fraction.  We might therefore 

interpret that the burial temperatures reached more than about 210 °C.  This temperature 

estimate would agree with the relative lack of quartz cementation observed in SEM study 

(Chapters 5), as diagenetic quartz cementation is generally taken as beginning from 

around 70-80 °C.    

(6) The halloysite found in some samples (SP21, SRLKS1 and KFC1 of the West Crocker 

Formation)  is indicative of hydrothermal influence on clay mineral transformations.  This 

further complicates the interpretation of burial history based on clay-mineral 

transformations, as the active tectonic setting and associated hydrothermal factors are 

likely to have affected clay mineral diagenesis.  

 

7.3.2 Discussion 

Using only an indirect method for inferring burial temperatures based on concept of a 

series of clay diagenesis relating to geothermal gradient, it may not be appropriate to 

extrapolate the results obtained in this study to effectively evaluate the quality of source 

rock potential in terms of thermal maturity, kerogen type and capability to generate oil 

and gas.  Further analyses would be expected to result in an improved understanding 

organic thermal history.  These include: (1) vitrinite reflectance, (2) Tmax, (3) Hydrogen 

Index and Oxygen Index, and (4) the quantity the free hydrocarbons, extracted gas, and 

released CO2 during breakdown of kerogens during pyrolysis (thermal cracking) yielding 

S1, S2, and S3 values, respectively.  This requires using the Rock Eval pyrolysis 

technique.  The S1 and S2 determine the hydrocarbon capacity of the free gas and 

adsorbed gas, respectively, whereas Tmax is parameter used to identify the maximum rate 

of the generated hydrocarbons from the kerogen cracking.  In addition, Hydrogen and 
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Oxygen index is key to identify the kerogen type and providing a larger view of the 

terrestrially derived carbon sources by reducing the risk from interpretation of results 

from the CHNS. Since these analyses were not possible in this study, future work to 

improve on these is suggested.
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Table 7.4  Generation potential of petroleum source rock and thermal maturity of organic matter. 

Formation data 

Sibuti formation Setap Formation West Crocker Formation 

Early Oligocene –Late early 

Miocene 

Middle Miocene Late Miocene 

Palynology Algae and woody Algae and woody Algae and woody 

Source material Terrestrial and marine Terrestrial and marine Terrestrial and marine 

Kerogen type Type I, Type II and Type III 

Organic richness in shale Poor to Fair Poor to Fair Poor to very good 

in carbonate Fair - - 

Clay type Kaolinite, illite and chlorite Kaolinite, illite and chlorite Kaolinite, illite and chlorite 

Clay Transformation (°C) 40 - >210 40 - >210 40 - >210 (~550) 

Thermal Maturity, Ro (%) 0.5 - >2 0.5 - >2 0.5- >2 

Hydrocarbon generation potential Oil and gas window Oil and gas window to dry gas 

Basin depth (km) 2->7 2->7 2->7 

Basin Maturity Early maturity to Late stage of Gas Window to over mature 

Process Diagenesis to late stage of Catagenesis 

Remark Tectonic and hydrothermal condition 
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Table 7.5  Standard to evaluate organic matter richness of source rock (edited from Law,1999). 

Quality of organic source rock 
TOC in Weight percent (Wt.% TOC) 

Shales Carbonates 

poor 0.0-0.5 0.0-0.2 

Fair 0.5-1.0 0.2-0.5 

Good 1.0-2.0 0.5-1.0 

Very good 2.0-5.0 1.0-2.0 

Excellent >5.0 >2.1 

 

Table 7.6  Types of kerogen classified based chemical propertied and depositional setting 

(edited from Grain, 2015) 

Depositional 

Environment 

Kerogen 

type 

Origin H/C  Hydrogen 

potential 

Hydrocarbon 

Potential 

Marine 

I Algal bodies 1.4-1.9 Rich Oil 

II Herbaceous (Spores and 

pollen, leaf of cuticle) 

~1.2 Moderate Mixing oil and 

gas 

Terrestrial III Fibrous and woody 

plant fragments 

1.3-1.5 Poor Gas 

 

 

Figure 7.8   Relationship between TOC and Sulphur.  
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Figure 7.9  H:C ratio with variations due to different organic material source supplied of the 

Setap Shale, Sibuti and West Crocker Formations.   

 

 

Figure 7.10  Thermal Maturity and source rock evaluation (edited from Grotek and Janas, 

2014). 
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Chapter 8  Discussion 

 

8.1 Introduction 

At microscopic scales, mudstone possesses a great variety of texture, composition, microfabric 

and microstructure, all of which impact on the resulting porosity, pore connectivity and 

permeability properties at the microscopic-to-nanoscopic scale.  This chapter discusses the 

results of a diverse set of mudstone microstructure and microfabric linked to variable 

composition, texture, sediment facies and reservoir heterogeneity to address the main aims and 

objectives.   

This thesis has focussed on microfabric characterization of a suite of three mudrock systems 

from three formations of different marine sediment facies, depositional settings and ages 

including: (1) the mud-rich succession of the Oligocene to early Miocene Setap Shale 

Formation, interpreted as shelf to deep-water succession; (2) the mixed mudrock and sand-rich 

succession of the Early Miocene to Pliocene Sibuti Formation, interpreted as a shallow-marine 

to upper slope transitional succession; and (3) the thin-bedded fine-grained turbidites of the 

Oligocene to early Miocene West Crocker Formation, interpreted as a deep-marine succession.  

The microfabric complexity of mudrocks is controlled by: (1) variable geology and tectonic 

setting, original depositional process, sediment facies depositional environment and the 

subsequent history of burial diagenesis as well as heat flow characteristics and fluid-flow 

pathways; (2) microstructures, both primary and post-depositional, and diagenetic changes; (3) 

sediment texture; and (4) the sediment organic and inorganic composition.  In addition, 

developing the best methodology and systematic approach for the study of mudrock systems is 

important for evaluating the quality and quantity of unconventional reservoir resources.  They 

are vital to reduce uncertainties and to work  economically and efficiently in the large-to-small 

scale exploration and production activities for unconventional hydrocarbon resources. 

This chapter is organised around further discussion and synthesis of findings with respect to 

the four main topics of research: (1) contribution to the sedimentology of Oligocene-Miocene 

mudrock formations within the Sarawak and Sabah Basins of NW Borneo; (2) development of 

a new microfacies model for microstructure, microfabric and microporosity characteristics of 

mudrocks from varied settings; (3) consideration of the mudrock systems studied as potential 
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source rocks and/or unconventional reservoir rocks; and (4) documentation of the systematic 

methodological approach used in this thesis.    

 

8.2 North-West Borneo sedimentology 

8.2.1 Previous work 

An initial overview of previous work shows that there have been several attempts to explain 

the tectonic evolution and sedimentation of Sarawak and Sabah basins in NW Borneo. The 

Sarawak basin was formed initially as a foreland basin due to the collision of the Luconia 

continental block with the Rajang fold-and-thrust belt of Sarawak in the late Eocene (Madon 

et al., 1999; Madon et al.; Mathew et al., 2016). The Oligocene to Miocene basin fill included 

the mudstone dominated Setap Shale Formation and the mixed sandstone-mudstone Sibuti 

Formation, neither of which have been well studied (Hesse et al., 2009; Hutchison, 2005; Khor 

et al., 2014; Madon et al., 1999; Madon et al., 2013; Nagarajan et al., 2015; Tongkul, 1991).  
The only mention of the likely depositional environment of these formations, based on limited 

evidence, has suggested either a deep-marine environment (Hassan et al. 2013; Nagarajan et 

al. 2015) or a continental shelf setting (Aziz, 2015; Shi et al. 2016).  

The Sabah basin was formed in the mid-Oligocene and was filled with sediments of the East 

Crocker and West Crocker Formations (Adams, 1965; Madon, 1999; Hutchison, 2000, 2005; 

Milsom et al., 2001; Lambiase, et al., 2008; Crevello et al., 2008; Mohamed et al, 2015; Shah, 

et al., 2018).  Uplift of both yielded the Rajang-Crocker accretionary complex and ophiolite 

complex as a result of active collisional tectonics from the Cretaceous to Miocene (Lambiase, 

et al., 2008; Meng, 1999).  Although the Sabah basin offshore is an important petroleum 

province, there has been relatively little detailed work on the East and West Crocker 

Formations onshore.  However, there is general consensus that the West Crocker Formation is 

a deepwater turbidite system, with all published work describing it as a sandstone-rich 

succession deposited by high-density turbidity currents (Jackson et al., 2009; Bidgood et al., 

2008; Lambiase et al., 2008; Nichols, 2002; Madon et al., 2013; Nagarajan et al., 2015; Zakaria 

et al., 2013).  

 

8.2.2 Sedimentary characteristics 

This thesis focusing on thin bed of mudrock facies documents completely analytical data for 

the NW Borneo sedimentary successions, studied for which little previous sedimentological 
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work has been published.  It is limited in coverage, but a general reconnaissance of the region 

suggests that the sections and samples studied are representative of the respective formations.  

 

Setap Shale Formation  

This is a mudstone-dominated siliciclastic succession with dispersed marine fossils throughout, 

including planktonic and benthic foraminifera, bivalves and gastropods.  Terrigenous 

carbonaceous debris, mostly very fine fragments, are present in parts of mudstone, claystone 

andshale.  Siltstone and mudstone facies are dominant, either with low-energy primary 

sedimentary structures (parallel and ripple lamination) or a complete absence of structures.  

Rare graded laminated beds with partial Stow sequences of structures are recognised. Rare 

slump structures, in places are also observed, affecting up to several metres in thickness.  

Bioturbation is not readily identified, but include small-scale Chondrites and larger Planolites 

and Zoophycos.  These features together suggest that the depositional environment was marine, 

and with a fairly rapid input of siliciclastic sediment as it is not dominated by biogenic material 

nor bioturbation.  The scattered evidence of downslope facies indicate a probable (upper) slope 

setting, generally low to very low energy, deepwater but not abyssal.  It is possible that in some 

of the more remote, inaccessible and vegetation-covered parts of interior NW Borneo. The 

Setap Shale outcrops represent lower slope deposition based on asymmetry (current) ripple 

cross lamination in fine grain sandstone, thin bed of fine-grained partial Bouma sequence and 

Stow sequence turbidites and slump-folded sandstone-mudstone beds.    

The sediment composition is dominated by clay minerals (illite, chlorite and kaolinite), quartz, 

feldspars and micas, with minor to subsidiary carbonate (mostly calcite) and pyrite. Biogenic 

material is a very minor component, and organic carbon values range from 0.2% to 0.66%, 

including both marine sapropelic and terrestrial plant matter.  Both compositionally and 

texturally, the Setap Shale sediments are sub-mature.  There are no very clear provenance 

indicators.  

The detail of the respective formations is summarized in Table 8.1 and schematically shown in 

Figure 8.1 and 8.2. 

 

Sibuti Formation  

This is a mixed sandstone-mudstone, siliciclastic succession, with fine to medium sandstone, 

siltstone and mudstone facies, medium to very thin-bedded.  The lower part of the Sibuti 

Formation is more mudstone-sandstone dominated, whereas the upper parts are more  shale 
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and mudstone and some sandstone, including calcareous sandstones and sandy limestones 

(Banda and Honzq, 1996; Nagarajan et al., 2015).  Marine bioclastic material, mostly 

fragmented, occur both scattered and more concentrated in the calcareous facies.  Terrigenous 

plant debris is locally common to abundant.  Primary sedimentary structures indicative of 

moderate energy currents (parallel lamination, cross-lamination, wavy and ripple lamination) 

are common.  Normally graded siltstones and fine sandstones with partial Bouma sequences of 

structures occur immediately above the Setap Shale Formation, apparently filling a broad 

(100+ m) channel-like scour.  Bioturbation is common in parts as a general mixing and 

disruption of the microfabric, and also including Cruziana and Skolithos ichnofossils, as well 

as Planolites, Chondrites, and Zoophycos, but cannot be considered as very intensive to disturb 

microfabric.  These features together suggest a marine depositional environment with high 

sediment input, but not an especially high-energy setting.  It most probably evolves from an 

upper slope setting immediately above the Setap Shale Formation, to a progressively shallower 

water outer to mid shelf environment where it passes upwards into the Lambir Formation.  This 

overlying formation is  more sand-rich, more calcareous with bioclasts, and richer in 

carbonaceous woody debris, and has evidence of symmetrical (wave) ripple lamination.  These 

features suggest a more shallow marine, shelfal environment. 

The sediment composition of the Sibuti Formation is closely comparable with the Setap Shale 

Formation.  The sandstones and siltstones are quartz/feldspar-rich with minor mica, carbonate 

(mostly calcite, some siderite and rare dolomite), rock fragments and pyrite.  The mudstones 

comprise clay minerals (illite, chlorite and kaolinite), and fine-grained quartz, feldspars and 

lithic grains.  Biogenic material is locally common, and organic carbon values range from 

0.32% to 0.61%, including both marine sapropelic and terrestrial plant matter.  The only slight 

differences noted are rather more carbonate in the Sibuti Formation and evidence of a more 

immature sandstone composition, including biotite mica and plagioclase feldspar, as well as 

metamorphic and granitic rock fragments.  Both compositionally and texturally, the Sibuti 

sediments are sub-mature and locally immature.  There are no very clear provenance indicators, 

but the composition for both Sibuti and Setap Shale Formations generally supports previous 

interpretation of sediment supply from erosion of the adjacent mountain belt of Rajang 

Subduction-Accretion Complexes or Schwaner Mountain (Cretaceous granite and 

metamorphic).  This is consistent with the findings of the published works (Hall and Nichols, 

2002; Madon et al., 2013, Metcalfe, 2013; Shah et al., 2018).   
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West Crocker Formation   

This is dominated throughout by sandstone and mudstone turbidites as well as Chondrites and 

Trichichnus trace fossils, deposited in a marine and deepwater setting.  There is a complete 

range from very thin-bedded siltstone/mudstone turbidites, through medium and thick-bedded 

classic turbidites, to very thick-bedded deepwater massive sandstones.  These are associated 

with debrites, slumps and hybrid beds, but with no clear evidence of hemipelagite or pelagite 

interbeds. This suggests large-scale and rapid sediment input to a major downslope depositional 

system, such as a submarine fan or, perhaps, faulted slope-apron.  Whereas this interpretation 

agrees with previous work., my observations across the region show a general dominance of 

fine-grained (mudrock) turbidite facies, locally interrupted by high-energy turbidite, debrite 

and hybridite facies.  However, the depositional architecture in the studied sections is not clear.  

There is no clear evidence for systematic trends in bed thickness or grain-size variation of 

facies – simply block-like sandstone bodies interspersed with mudstone-rich turbidites.  The 

sandstone units range from 50-250 m in thickness, and most likely represent channel-fill bodies 

across a slope or fan.  Christopher and Jackson et al. (2009) document that the West Crocker 

Formation consist of  large scale of range of gravity-flow deposits  as submarine fan. Crevello 

et al. (2008) reached a similar conclusion from their study of a different part of the West 

Crocker Formation.  

The turbidites are texturally and compositionally immature, and contain common shale clasts 

and carbonaceous (lignitic) material.  The provenance most likely comprises granitic and 

metamorphic rocks and previously uplifted sediments (Lambiase et al., 2008; Nichols, 2002; 

Madon et al., 2013; Nagarajan et al., 2015).  There is a full suite of turbidite structures evident 

– Bouma sequences, Stow sequences, very thick graded and ungraded (massive) beds.  There 

are extensive erosive features, flute marks, loaded bases, water-escape structures, isolated and 

clustered shale clasts, and hybrid beds with shale-clast tops. There is generally very little 

bioturbation evident, rarely with Chondrites and Trichichnus trace fossils in the mudstones at 

the top of turbidite beds.  All these features suggest rapid sedimentation by a variety of 

downslope gravity processes.  

Specific components include quartz, feldspar (alkali feldspars and calcic-feldspars), micas, 

shale clasts (and other rock fragments), and minor carbonate and pyrite concretions in places. 

The clay minerals include illite, chlorite and kaolinite as dominant species, with absent to very 

minor mixed layer (smectite-chlorite) and smectite.  More immature heavy minerals (zircon 

staurolite and rutile) are noted in some samples but are generally absent.  Derivation of 
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sediments from erosion of the uplifting Rajang fold-thrust belt, comprising granitic and 

metamorphic rocks and previously uplifted sediments (Lambiase et al., 2008; Nagarajan et al., 

2015).  No evidence was found of derivation from exposed ophiolite terrane. 

 

8.3 Microstructure and microfabric  

8.3.1 Previous work 

This thesis focuses on fine-grained (mudrock) sediments. Whereas there are many texts that 

summarise the principal sedimentary structures and microstructures of sedimentary rocks in 

general (Bouma 1969; Allen, 1982; Blatt, 1992; Collinson and Thompson, 1989; Boggs, 1995; 

Reading and Levell., 1996; Stow 2005), there are fewer that deal mainly with mudrocks (Potter 

et al., 2005; Stow and Piper, 1984; O’Brien and Slatt, 1990; Bennett et al., 1991; Kemp 1996; 

Schieber et al., 1998).  These mudrock studies have clearly documented the very wide range 

of sedimentary structures, particularly microstructures, that characterise fine-grained 

sediments.  These include parallel, wavy, wispy, ripple and cross-lamination types, convolute 

and disturbed lamination, continuous and discontinuous lamination, distinct and indistinct 

lamination, interlaminated siltstone and mudstone with sharp or gradational contacts, positive 

and negative grading, and mudrocks with no discernible structures (i.e. massive) or with 

extensive bioturbational mottling (Bennett et al., 1991; Collinson and Thompson, 1989; 

Dorrik, 2005; O’Brien, 1996). Wetzel and Uchmann (1998) provide an overview of biogenic 

sedimentary structures in mudstones.  

In many cases, the microstructures identified are interpreted in terms of depositional or post-

depositional processes (O’Brien, 1996). Stow and Shanmugam (1980), for example, carefully 

document the sequence of microstructures present in fine-grained turbidites (the Stow 

sequence) that result from deposition by turbidity currents.  Gonthier et al. (1984) and Stow et 

al. (2002) present an analogous sequence of microstructures in contourites due to deposition 

from bottom currents.  The range of features in deepwater mudrocks and their link to 

depositional processes has recently been synthesised by Stow and Smillie (2020).  Other studies 

document the mudrock characteristics of glaciolacustrine environments (Bennett et al., 2002), 

lacustrine environments (Cohen, 2003), and muddy coastal systems (Healy et al., 2002; Bentley 

et al., 2003).   
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Table 8.1  Stratigraphic thickness and Rock Distribution of the Sibuti, Setap and West Crocker Formations. 

 

 The Sibuti Formation The Setap Shale Formation The West Crocker formation 

Age  Early Miocene Late Oligocene- Early Miocene Early Oligocene –early Miocene 

Sedimentary Basin Sarawak Basin Rajang sea basin 

Basin setting and types Foreland basin Accretionary foredeep basin (Structural belt) 

Stratigraphic type Tectonic stratigraphic type 

Depositional 

setting 

 Lithified sediment deposit in foreland basin Subduction, deformation and uplift to 

Rajang Fold trust Belt 

Tectonic setting Shallow-Marin shelf progradation Shelf-slope wedge Turbidity sequence 

 Hydrothermal fluid based on halloysite? and Volcanic activity 

Material source Sediment derived from weathering of continental sediment from  

 (Rajang and Crocker Fold-Thrust Belts accretionary complex)  

Parent rock Weathered from granitic and Intermediate igneous rock greater than Mafic igneous rock 

Metamorphic rock or sedimentary rock 

Occurrence marine clastic-non-clastic sediment marine clastic Environment Debris 

Carbonate cementation 

Sedimentary structure 

Disorder shale unit,  

Trichichnus and Chondrite? 

 

Disorder Shale unit,  

Trichichnus and Chondrite  

Typical turbidite sequence 

Stratigraphic thickness    

All section (sand/shale/mud) 56 85 210 

Logging thickness    

    Laminae/bed (m) 0.02 to 4 0.20 to 6 0.02 - 0.30 

    Cumulation (m.) 18 60 80 

Lithofacies Principle facies Siliceous rock (lower Sibuti part) 

Mud-rich rock (Upper Sibuti part) 

Clay-rich rock  

 

Sand-rich rock 

Associated facies Many different limestone facies 

especially biomicrite and biosparites 

Sandstone and Siltstone rock Clay-rich rock (interesting area) 
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Figure 8.1  Distribution of the Sibuti and Setap Formations in Sarawak Basin and the West Crocker Formation (from ESRI and modified after 

Madon et al. (1991), Shah et al. (2018), Wang et al. (2016).  

Late Jurassic – Late Cretaceous sediment 

 
Oligocene to Early  Miocene sediment 

Early to late Eocene Rajang  sediment 

Igneous rock 

Late Jurassic – Late Cretaceous sediment 

Quaternary sediment 

Paleocene sediment 

  Early Miocene to Pliocene sediment 
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Figure 8.2  Stratigraphic sequence relative to depositional environment of the Sibuti Formation (red pin and red block), the Setap Shale 

Formation (blue pin and blue block) and the West Crocker Formation (green pin and green block). 
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More detailed work, using a combination of optical petrography and mainly SEM study, has 

led to further scrutiny of the microfabric of mudrocks (Potter et al., 2005; Stow and Atkin 1987; 

Kuehl et al., 1991; Bennett et al., 1991; Bryant et al., 1991; Tan and Wu., 1999; Bankole et al., 

2019).  Microfabric is an important feature that plays a significant role to determine the 

mudrock physical properties (e.g. porosity and permeability) and hence fluid flow and storage 

properties, and rock behaviour under different types of stress (e.g. brittle, ductile, deformation) 

(Bennett et al., 1991; Bankole et al., 2019).  Stow and Atkin (1987) proposed that mudrock can 

be classified into three principal types on the basis of microstructures, microfabric and 

bioturbation: fissile-laminated mudstone, parallel silt-laminated mudstone, and bioturbated to 

structureless mudstone.  Contrasting sedimentary structures and microstructures in mudrocks 

linked to microfabric type is of key importance for the characterisation of mudrock 

heterogeneity and other physical properties (Figure 8.3). There have been several studies on 

the effect of granular material within mudrocks on reorienting the packing and alignment of 

clay microfabric during burial compaction (Börzsönyi  et al., 2016; Börzsönyi  and  Stannarius, 

2013; Davies et al., 1991).  Granular material is generally taken as any grains, crystals or 

bioclasts having an anisotropic shape (Börzsönyi  and  Stannarius, 2013).  They have the effect 

of widening or disrupting the space between the compacted clay arrangement.  Therefore, the 

concept of granular material has been applied in this study to characterise the set of diverse 

clay microfabrics from SEM observation. 

This study has attempted to bring together detailed field observations and optical microscopic 

observations of mudrock microstructures, with SEM-EDX analysis of mudrock microfabrics, 

in order to develop a simplified and useable model that is applicable to a wider range of fine-

grained sedimentary rocks.  

 

8.3.2 Microstructure linked to microfabric 

The variety of mudrock microstructures observed in all three formations, including primary 

and secondary structures and interbedded packages of mudstone/siltstone, can be grouped into 

four main types (from Chapters 4 and 5) as part of a comprehensive microfacies model.  The 

principal microstructure types and associated microfabric characteristics (from Chapters 4 and 

5) are summarised below. 

(1) Parallel anisotropic microstructure  

This includes parallel lamination, both as internal planar lamination and as interlaminated 

siltstone-mudstone.  Individual laminae may be continuous or discontinuous. These features 

https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ARalf%20Stannarius
https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ARalf%20Stannarius
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are primary sedimentary microstructures.  The sediments mainly have a parallel anisotropic 

microfabric with well-developed bed-parallel alignment of platy grains (clays, micas). 

However, where the lamination is more discontinuous, or where there is more granular 

material present (bioclasts, pyrite, quartz silt), the microfabric is locally disrupted.  

(2) Sub-parallel anisotropic microstructure  

This includes wavy lamination, wispy lamination, lenticular lamination (i.e. continuous or 

semi-continuous layers of thinning and thickening laminae), isolated siltstone/sandstone 

lenses, micro-cross-lamination, and low-amplitude long-wavelength ripple lamination.  These 

features are all primary sedimentary structures and effectively segregate coarser from finer 

grains.  The sediments mainly have a sub-parallel anisotropic microfabric and, as with the 

parallel anisotropic microstructure type (above), the microfabric is disrupted by wavy 

lamination, cross-lamination and granular material.  One important observation is that the 

more developed subparallel microstructures have more common and uniformly distributed 

granular materials.  This enhances the anisotropic microstructure of clays. 

(3) Irregular anisotropic microstructure 

 This includes convolute lamination, irregularities caused by primary current erosion (e.g. 

grooves, scours, etc), loads and pseudonodules, and disturbances of lamination due to 

bioturbation, biogenic remains, rock fragments and shale clasts.  These are all the results of 

secondary sedimentary processes yielding disrupted microstructures.  They are characterised 

by disrupted microfabrics around irregular lenses/lamination, bioturbation and dispersed 

granular material. 

(4) Isotropic microstructure 

This includes structureless (or massive) laminae and beds (sandstone, siltstone and mudstone) 

that display no primary sedimentary structures.  There is a fairly random to dispersed 

arrangement of silt/sand grains, bioclasts and/or diagenetic material (e.g. pyrite) within a clay-

rich matrix.  There is no preferred microfabric – called here a dispersed (or random) 

microfabric type.  These features may result from primary deposition, or from pervasive 

disruption by secondary processes, such as intense bioturbation or cementation.  

The possible links between these microstructure/microfabric types and inferred depositional 

settings are given in Table 8.2, and  between lithofacies and sedimentary structures  

schematically shown in Figure 8.4.  The physical-chemical, biogenic and burial-diagenesis-

cementation processes as well as compaction process due to the effective depth are all 
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important controls on the nature of microstructure heterogeneity and microfabric (Chapman, 

1983; Das and Mukherjee, 2020) (Figure 8.5). The separate role of tectonic structures and 

microstructures (faults, fractures and folds) and hydrothermal veining have not been 

investigated in this study.  However, they are likely to have a significant impact on diagenetic 

changes, mineral precipitation and cementation.  

These observations are in line with those of previous studies on microstructure type linked to 

microfabric by Amer et al. (2011), Buchwald et al. (2020), Fass and O’Brien (1991), Moon 

and Hurst (1984) and Shire and O’Sullivan (2017). The microstructure information linked to 

microfabric provides a better understanding of the reservoir geometry and likely connectivity 

as well as the small-scale arrangement of geometric elements within mudrocks (Bustin et al., 

2008). The contrasted microstructure types impact on grain size and grain/matrix orientation  

as well as grain distribution (Amer et al., 2011; Fass and O’Brien, 1991; Moon and Hurst, 

1984). There is a contrasted microfabric pattern investigated among the sedimentary facies in 

all microstructure types.   Interbed of a fine-grained sandstone and compacted clay with  strong 

degree of preferred particle orientation as the parallel anisotropic microstructure is the vital to 

evaluate rock properties (Ougier-Simonin et al., 2016; Rokosh et al., 2009). The compacted 

clay presents the porosity reduction, while sandstone bed with high granular materials act as 

drainage layers with higher porosity (Bryant et al., 1991; Buchwald et al., 2020; Ferrell and 

Carpenter 1991; Ougier-Simonin et al., 2016; Shire and O’Sullivan, 2017). In addition, the 

fabric of a silty clay sediment with a random arrangement of grains and clay particle as the 

isotropic microstructure present higher porosity (Bennett et al., 1991; Bryant et al., 1991;). The 

disturbances of lamination caused by biological processes  as irregular anisotropy structure  is 

influent of grain arrange with irregularity pattern in clay matrix (Bennett et al., 1991). The 

higher granular material  is the key to disturb microfabric and create anisotropic permeability, 

hence to promote gas flow in the bed (Buchwald et al., 2020; Li et al., 2020;  Moon and Hurst, 

1984; Shire and O’Sullivan, 2017). 

Considering the application and importance of all microstructure types in oil and gas 

exploration in mudrocks, this is vital (1) to evaluate shale gas potential (Josh et al., 2012),  (2) 

to support the evaluation of shale anisotropic permeability in mudrocks (Ougier-Simonin et al., 

2016; Shire and O’Sullivan, 2017), (3) to set the plan in well perforate, drilling a horizontal 

well and hydraulic fracturing (e.g. length of fracture sections in each stage, the number of stages 

and spacing length) related microstructure linked to fabric in the recovery of shale gas 

resources (Li et al., 2020). In addition, it is essential to improve understand mechanism of gas 

https://link.springer.com/article/10.1007/s11053-020-09660-0#auth-Jianhua-Li
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migration through microstructure (Rokosh et al., 2009; Huang et al., 2018; Xue et al., 2018; 

Wang et al., 2020). 

8.3.3 Microfabric  

Based on SEM observations of individual clay particle arrangement following primary 

depositional and post-depositional processes, the clay microfabric can be classified into three 

types as follows: (1) compacted/anisotropic microfabric, (2) disrupted microfabric, and (3) 

dispersed/isotropic microfabric.  The structural clay defined as deformation of clay particle as 

dome structure of clay due to pyrite growth and grain supported in compacted clay-rich rock.  

The set of diverse orientation and arrangement of clay mineral were tied to pore characteristics, 

pore connectivity and permeability related to microstructures ranging micrometre-to-

centimetre scale, extending to meter scale.  The understanding the diversity of microstructures  

observed by optical microscopy and SEM at different scales (centimeter to micro scale) is vital 

to characterize the heterogeneous reservoirs of mudstone.  The fractal relationship between 

lithofacies, micro- and macro-scale sedimentary structures and microfabric is schematically 

shown in Figure 8.6. 

(1)  Anisotropic microfabric 

There is an ordered orientation of elongate and platy grains.  This microfabric follows the 

microstructures to yield parallel and sub-parallel anisotropic microfabrics.  This is typical for 

all laminated mudrocks, where the separation of silt (granular) material from compacted clays 

enhances the anisotropy.  This arrangement is further strengthened during burial compaction, 

so that the horizontal alignment becomes much more developed, whereas any original vertical 

or sub-vertical microfabric is decreased.  The bed-parallel alignment of clays results in linear-

aligned elongated pores and nanopores, and hence a strong bed-parallel (horizontal) anisotropy 

of permeability.   

(2) Disrupted microfabric  

The irregular anisotropic microstructure type results in a disrupted microfabric.  A variety of 

different features serve to disrupt an otherwise anisotropic microfabric, including burrows, 

bioclasts, diagenetic minerals, outsize grains, and the secondary deformation of lamination.  

Disrupted microfabric of clays (dome structure) are seen to be associated with pyrite crystals, 

calcite cement, load casts, burrow traces, convolute lamination, and other micro-features.  

These features act as a continued disruption of microfabric  during burial compaction, acting 

as local pillar structures to support a more vertical/disrupted microfabric.  In addition, the 

scattered granular materials are vital to build cross-anisotropic clay microfabric (a disrupted or 
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discontinuous clay microfabric).  The disrupted arrangement of clays results in an increase in 

the amount of vertically and sub-vertically-aligned pores and nanopores in addition to bed-

parallel alignment.  This leads to enhanced microporosity and greater vertical as well as 

horizontal permeability.  

(3) Isotropic microfabric 

The isotropic microstructure type results in a dispersed or isotropic microfabric type with a 

more or less random orientation of clay minerals or other platy grains.  Originally dispersed 

clays are found in mudrocks with no primary sedimentary structures.  They also develop as a 

result authigenic clay mineral formation due to feldspar or biotite alteration during burial 

diagenesis.  Scattered granular material within the mudrock further helps create a randomly 

orientated dispersed clay association.  Clay particles related with face-to-edge association or 

edge-to-edge associations are more well-developed than clay particles with face-face 

association.  The resulting microporosity is a fairly random distribution of non-aligned isolated 

pores with poor or no connectivity and hence very low effective permeability. 

(4) Destroyed microfabric 

This is complete destruction of original microfabrics as a result of very pervasive bioturbation 

or by complete cementation and grain replacement. The resulting microporosity is a poor and 

no connectivity and hence no effective permeability. 

The development of these different microfabric types is strongly controlled by: (1) physical-

chemical processes of deposition and development of primary sedimentary structures; (2) post-

depositional processes, including bio-organic processes, that form secondary sedimentary 

structures; and (3) burial diagenesis and cementation.  In other words, depositional 

characteristics, textural properties and composition are all fundamental to microstructure and 

microfabric typing.  At the microscale, granular material and diagenetic granular minerals are 

important factors to rearrange the clay microfabric and disrupt microstructure.  

In laminated mudrocks, the results clearly show planar and compacted clay microfabrics are 

well-developed, varying from weak to strongly-preferred orientation, depending on the nature 

of the original lamination and the degree of compaction stress during burial.  The higher the 

effective compaction stress, the greater the compaction of clays at the microscale, the better 

the parallel alignment and less the distance between particles.  Micro and nano-porosity are 

highly anisotropic and horizontal permeability much greater than vertical permeability.  The 

compacted clay plays a significant role acting as barriers to vertical permeability as well as 
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increasing the plasticity of the mudrock, more so than the disrupted or dispersed microfabric 

types.  

These observations are in line with those of previous studies on mudrock properties by 

Börzsönyi et al. (2016),  Börzsönyi and Stannarius (2013), Davies et al. (1991), Tiab and 

Donaldson (2015) and Tovey (1991).  This study, however, adds to the previous work by 

developing a combined microstructure-microfabric model, which better incorporates the 

original sedimentary characteristics and highlights the significant role of granular material to 

disturb microfabric.  In addition, diagenetic activity, enhanced by tectonic activity, volcanic 

activity and hydrothermal fluids, influences the micro sedimentary structures and microfabric 

as well as the organic geochemistry.  They are the significant to evaluate quality a wide range 

of mudrock facies in terms of source-reservoir rock.  These are something that should be borne 

in mind in future studies.  

Furthermore, the granular concept developed in this study can be a significant step forward in 

hydraulic fracturing stimulation for improving productivity by injecting the granular materials 

as proppants in the subsurface.  The outcome of this study lead to the conclusion that granular 

materials developed during deposition and post deposition are the key for controlling particle 

and aggregated fabric rearrangement and for developing disrupted anisotropic and dispersed 

isotropic microfabrics. 

Further improvements on this work may be expected to result in an improved understanding 

the elastic properties, shear and tensile failures of granular materials for varied lithofacies, 

microstructure and microfabric types.  

Limitations to the study have included: (1) the limitation of SEM image resolution being not 

enough to determine nanopores in organic matter and between clay flakes; (2) the effective and 

accurate porosity measurement for clay-rich rocks; (3) core samples to represent porosity and 

permeability of the reservoir rock; and (4) the final problems encountered through lack of 

access to laboratory facilities and software due to the Coronavirus pandemic.  

 

https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ARalf%20Stannarius
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Table 8.2  Shale/rock characteristics with distinctly different sedimentary structures in depositional Setting of Shales. 

 Sibuti Formation Setap Shale 

Formation 

West Crocker Formation 

Lower section Middle section Upper section Upper section Thick-bed 

sandstone 

Thin-bedded fined grain 

Depositional 

setting 

Shallow to self-setting Deep marine Deep Marine 

Process and 

mechanism 

Physical-chemical process, Bio-organic process and Burial -Diagenesis-Cementation processes 

Lithology Clay to Sand size 

 

Bioclasts  

clay to sand size 

Carbonaceous 

materials 

Clay to sand size 

Clay to silt size Sand size 

Mud/shale clasts 

Carbonaceous fragment, 

 Clay to silt size with 

fissility 

Rock 

classification 

Muddy siltstone 

Sandstone 

Calcareous bioclastic 

sandstone 

Carbonaceous 

muddy siltstone 

  

Carbonaceous muddy 

siltstone 

Sandstone Carbonaceous muddy shale 

Carbonaceous silty 

mudstone 

Carbonaceous mudstone 

Lithology/texture 

 

Siltstone/Sandstone 

and mudstone 

dominated 

Carbonate/sandstone/ 

mudstone dominated 

Shale dominated Shale dominated  

 

Sandstone 

dominated  

Mudstone and shale 

dominated 

 

Sandstone package 

Mudstone package 

Interbedded 

sandstone and 

mudstone 

 

Fossiliferous textures 

Irregular lamination 

 

Shale packages 

Fluvial package 

Siltstone packages 

Shale packages 

 

Sandstone packages  

Debris flow 

packages 

Fluvial packages 

Trace fossil assemblage 

(Trichichnus and Chondrite) 

Mud packages 

   Disordered shale units Disordered shale 

units 

 

 Siltstone packages:  Wavy silt lamination, silt lamination, Individual silt lenses, parallel lamination 

Debris flow package: load and flame structures, flute marks, rip-up clasts, chaotic lamination, flaser beds, flute mark  

Mudstone package: Wispy lamination and planar and parallel lamination 

Fluvial package: Climbing-cross ripples lamination, Flaser bed 

Shale package: Well-developed interlayering of mudrock and sandstone, fissile lamination 

Chaotic unit: Erosive base, convolute,  
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Figure 8.3  Scale of geological reservoir heterogeneity with variable sedimentary structure and microfabric showing the boundary contact 

between coarser-grained fabric and finer-grained fabric and their arrangements.

Microstructures (centimetre- to- millimetre scale) 

Carbonaceous mudstone with variable laminations of well-developed parallel 

lamination, sub-parallel laminations and irregular lamination 

 Clay microstructure and microfabric (micrometre scale) 

 

 

 

 

 

 

 

 

Microstructure (millimetre-to-micrometre scale) 

Laminated clay 

Boundary contact between coarser-and finer- grained fabric of loads and flame structures 

(Irregular lamination)  

Silts 

Laminated clay 

Coarser-grained fabric of silt in finer-grimed fabric of clay-rich unit                              

Wave lamination (sub-parallel lamination) 

Silts 

Laminated clay 

Carbonaceous material 



 

338 
 

 

 

 

 

    

 

 

 

 

 

  

 

 

   

 

 

 

 

 Figure 8.4  Lithofacies associated with sedimentary structures the Sibuti, Setap and West Crocker Formation.   
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Figure 8.5  Effect of physical- chemical, bioorganic and burial-diagenesis-cementation processes as well as  compaction process due to the 

effective depth on clay minerals orientated randomly and scattered grains at deposition with random orientation to a sub-parallel alignment, 

reorientation of clay minerals due to burrowing and deforming and role of mineral and subsequent diagenesis of cementation materials and clay 

minerals. 
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Figure 8.6  Lithofacies associated with variable sedimentary structures of lamination geometry and microstructure ranging from macroscale 

scoping to micro scales (microfabric and microstructure). 
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8.4 Shale gas resource 

8.4.1 Source rock potential  

In terms of evaluating the quality of source rock potential, it is clearly found that organic 

materials of both fibrous and woody plant fragments and marine sapropelic algae can be 

found in all the study formations.  However, the TOC values for the Setap Shale 

Formation and Sibuti Formation in the Sarawak Basin are relatively low, ranging from 

0.2-0.66% and 0.32- 0.72 wt.%, respectively, and can be classified as poor to fair in 

organic richness.  The TOC values of the carbonaceous thin bedded turbidites of the West 

Crocker Formation in the Sabah Basin are also variable, ranging from 0.15-3.54 wt.%, 

and so classified as poor to very good in organic richness.  The C/N ratios range from 

0.04 - 1.83 and 0.15 - 3.88, whereas the H/C ratios varying from 0.11-1.83, 0.04 -1.05 

and 0.15-3.88 for the Sarawak Basin formations and the Sabah Basin mudrocks, 

respectively.  Based on source rock evaluation using H/C and C/N ratios reported by 

Gasparik et al., (2014),  Gray and Biddlestone, (1973); Jasper and Gagosian (1990), 

Ishiwatari and Uzaki, (1987), Meyers, (1994), Moore (2018), Ohkouchi et al. (2003), 

Perdue and Koprivnjak (2007), Prahl et al. (1994) and Premuzic et al. (1982),  the values 

found for all formations in this study indicate the mixing of terrestrial and marine organic 

material and probable kerogen characterization of Type I, Type II and Type III kerogens, 

with the potential to generate both oil and gas.  However, it is not possible to draw any 

strong conclusions about the source rock potential from this study because more detailed 

analysis (e.g. Rock Eval pyrolysis, vitrinite reflectance) is required to determine the 

thermal maturity and gas generation capability.  

An attempt was made to evaluate the maturity and burial history of the Setap Shale, Sibuti 

and West Crocker Formations based on the presence of diagenetic clay minerals in the 

samples, following similar work of previous studies (Ebukkanson and Kinghorn,1986; 

Kemp, et al., 2005 and Merriman, 2005).  The concept is shown graphically in Figure 8.7 

and 8.8 based on a series of clay transformations.  Three stages of temperature burial 

history developed in a basin can be recognised: (1) the kaolinite transformation between 

20-40°C is equivalent to the early diagenetic stage of basin burial history (i.e. an immature 

basin); (2) the smectite-to-illite transformation between 70-190 °C is usually completed 

at the catagenesis to metagenesis stage of basin history, and includes the principal oil and 

gas generation window (80-~150 °C); and (3) the chlorite and illite  transformations up 

to a maximum temperature of ~550°C, which is equivalent to the metamorphic stage with 

no oil and gas generation. This is equivalent to the vitrinite reflectance (Ro) range from 

https://www.sciencedirect.com/topics/engineering/reflectance


 

342 
 

0.6% to >2.1% Ro, defined as early maturity to over thermal maturity, passing from oil 

and gas generation and reaching to graphite (Figure 8.8).  Furthermore, based on a series 

of clay mineral diagenesis (chlorite and illite transformations) related to the possible 

maximum temperature reached of 550 °C and correlated to the present geothermal 

gradient of 25-30 °C/km, the burial depth in the basin was between 2 km  over 7 km 

(Merriman, 2005; Ulmer-Scholle et al., 2014).  

However, the data from this study does not support very high temperatures reached during 

burial.  Most of the clay minerals present are most likely the original detrital components 

and so do not indicate any specific clay-mineral transformation.  There is some XRD and 

SEM evidence for authigenic kaolinite formation.  There is very little (if any) true 

smectite present, so that the smectite transformation cannot be reliably used.  Based on 

two samples from the Sibuti and Two samples from Setap Shale Formation using SEM-

EDX analysis, there appears to be some but minimal authigenic illite (needle-like shape) 

and  chlorite (comb-like shape) formed with high Fe-Mg element and kaolinite (Book-

like shape). Three samples from West Crocker Formation had a mixed layer smectite-

chlorite mineral analysed by clay fraction analysis using XRD.  There appears to be some 

but minimal authigenic illite or chlorite formed using SEM-EDX analysis.  These clay 

mineral observations might suggest that burial temperatures reach about 210 °C.  This is 

supported by the general absence of other evidence from the study to support deep burial 

for any of the basins  i.e. There are no high-grade metamorphic minerals, no graphite, no 

extensive authigenic quartz formation and cementation, and very good preservation of 

fine-scale sedimentary microstructures and microfabric.  

However, although the results from this study suggest some source rock potential, it is 

also recognised that the target areas are near a plate boundary and may be subject to 

volcanic activity and hydrothermal fluids.  Such activity is known to have significant 

local effect on source rock maturity (Cai-neng et al., 2008; Lui et al., 2018; Lui et al., 

2019; Lui et al., 2016; Zhu et al., 2005).  

A summary of source rock characteristics is given in Table 8.3.  In conclusion, the organic 

matter poor to rich Setap Shale, Sibuti and West Crocker mudstones show some potential 

for the generation of both oil and gas.  This evaluation is supported by published work 

(Hoffan and Hower,1979; Hurst, 1985; Inoue, 1995; Mell and Kohl, 2014; Meng et al., 

2003 and Merriman, 2005), and by the major petroleum province in the offshore Sarawak 

and Sabah basins as documented by Bank Pembangunan (2011), Madon (1999), Madon 

et al. (1999) and Zainul et al. (1999).  The results can be compared with previously 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/thermal-maturity
http://scholar.google.co.th/scholar?q=clay+fraction+analysis&hl=th&as_sdt=0&as_vis=1&oi=scholart
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reported findings from the offshore basins (Aziz, 2015 and Burgan and Ali, 2009).  Aziz 

(2015) claims that TOC values of  the Setap Formation are 0.26-0.43 wt% with kerogen 

Type III based on core sample analysis.  That is considered as a poor source rock of 

terrestrial organic matter. Ro values range from 0.74-0.78 % Ro and Tmax value varying 

439-441 °C and production Index ranging from 0.14-0.18 as well as hydrocarbon 

generative potential (S2) 0.14-0.19 mg/g indicating low oil generative potential evaluated 

using Rock-Eval pyrolysis of the Setap Shale formation.  Whereas Burgan and Ali (2009) 

claim that the Setap Shale Formation have TOC values varying from 0.6 -1.54% with and 

kerogen type I, II and III from outcrop sample analysis.  That is considered good quality 

source rock. Tmax values range from 377–451°C.  In addition, Madon et al., 1991 publish 

source rock data showing TOC 0.55 -0.85 wt% and S2 <0.6%.  The published works 

indicates the Setap Shale Formation is considered as poor to good organic richness with 

kerogen type III, but low oil generative potential.  For the West Crocker formation, 

Madon et al. (1991) report that the source rock quality with TOC 0.41 wt%, S2 <0.1mg/g, 

Kerogen Type II, and mature to over-mature.  This represents poor to good organic 

richness with terrestrial kerogens, and low potential for oil and gas generation.   

This study provides only a limited first step towards evaluation of the onshore source 

potential of the Sarawak and Sabah basins.  Further work should include a detailed study 

of:  (1) vitrinite reflectance, (2) Tmax, (3) the  Hydrogen Index and Oxygen Index, and 

(4) the quantity of free hydrocarbons, extracted gas, released CO2 during the break-down 

of kerogen during pyrolysis (thermal cracking), and an evaluation in terms of S1, S2, and 

S3.  Any further work on organic matter and source rock potential should be closely 

integrated with the detailed microfacies, microstructures and microfabric results of this 

study, as well as with a broader understanding of basin history.



 

344 
 

 

 

                                                      Temperature (degrees centigrade)   

Starting materials   Other Products 

Illite, muscovite or 

kaolinite 

        

Feldspars or mica and/or 

low-pH meteoric water 

  

     Either silicic acid and K ions 

released of Ca ion 

Volcanic ash        Na,Ca, and bicarbonate ions 

Dioctahedral smectite +K 

and Al ions 

  
 

  
  

Na, Ca, Fe, Mg, Si ions 

released with water 

Trioctahedral smectite    
 

   quartz 

Berthierine/odinite?   
 

     

 ferromagnesian grains     
 

   

Kaolinite + K-feldspar    
 

   Quartz and possibly albite 

Kaolinite    
 

    

Feldspar +acidic waters    
 

   quartz 

Kaolinite + Fe, Ma ions      
 

  

dickite         

  
 

Mineral Surface Area Capacity of adsorption methane   

From Asquith, 1989, 

modified after Almond, 

1979) 

Gu et al., 

2018  

 Ji et al. , 2012a Ji et al., 2012b 

Quartz  0.15 cm2/gm* 5 5  

Smectite /Montmorillonite 752 m2/gm 1  1 

Smectite mixed layer - - - 2 

Illite  113 m2/gm 4 4 5 

Chlorite 42 m2/gm 3 3 4 

Kaolinite 23 m2/gm 2 2 3 

* Depends on grain size and distribution 

Figure 8.7  Diagenetic minerals to evaluate the burial history (from Ulmer-Scholle et al., 2014). 

 

 
 

 Sample No. illite Chlorite Kaolinite 

Sibuti Formation AS1 51.89 25.88 22.22 

AS11 53.09 23.70 23.20 

Setap Formation AS25 51.47 27.21 21.32 

AS28 52.58 23.24 24.17 

AS31 57.83 17.67 24.50 

Illite  
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Figure 8.8  Thermal Maturity and source rock evaluation (edited after Grotex and Janas, 2014) 

Diagenesis  Stage 

: Shallow buried 
: Biogenic gas by bacteria  with  metabolic activity 
: Temperature < 50 C and Ro <0.5 
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: Immature source rocks 

Catagenesis Stage 

: Deeper buried 
: Organic matter: generate  a mix of the  oil and 
natural gas (condensate) 

Metagenesis Stage 

: Deeper buried,  
: Organic matter converted to thermogenic gas  
: Oil cracking into (thermogenic) gas.                                             
: Temperature 120 – 150oC   
: Thermal alteration of  “gas window”  
: Reflectance index values (Ro) 1.2 to 2.0 
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https://www.google.com/url?sa=i&url=https://infolupki.pgi.gov.pl/en/gas/thermal-maturity-organic-matter-and-gas-exploration&psig=AOvVaw3kqSpaoNBC6-G7qfhb9ZRc&ust=1588101210424000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCMCm4paoiekCFQAAAAAdAAAAABAI
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Table 8.3  Organic matter and derived source material, quality of hydrocarbon source, and potential of petroleum generation to evaluate source 

rock potential. 

Formation data 

Sibuti formation Setap Formation West Crocker formation 

Early Oligocene –Late early 

Miocene 

Middle Miocene Late Miocene 

Palynology Algae and woody Algae and woody Algae and woody 

Source material Terrestrial and marine Terrestrial and marine Terrestrial and marine 

Quality of source rock Poor to Fair Poor to Fair Poor to very good 

Nitrogen (%) 0.02 - 0.09 0.03 - 0.09 0.04 – 0.12 

H/C 0.32 - 0.61 0.17 - 1.83 0.15 - 3.23 

C/N 6.67 - 231.50 5.86 - 75.67 1.55 - 44.58 

Kerogen type Type I, II and III 

 TOC (wt%) in shale 0.2 – 0.66 0.3 -0.61 0.2-3.5 

in Carbonate 0.32 - - 

Hydrocarbon generation potential Oil and gas 

Thermal Maturity, Ro (%) 0.5 - >2 0.5 - >2 0.5- >2 

Basin depth (km) 2-7 2-7 2-7 

Clay types Kaolinite, illite and Chlorite Kaolinite, illite and Chlorite Kaolinite, illite and 

Chlorite 

Clay Transformation (°C) 40-550 40-550 40-550 

Burial temperature based on kaolinite 20-40 °C 

Burial temperature based on illite and 

chlorite 

70 to 550 °C 70 to 550°C 70 to 550 °C 

Basin Maturity Early maturity to Late stage of Gas Window 

Process Diagenesis to late stage of Metagenesis to early stage of metamorphisms 
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8.4.2 Reservoir properties  

Composition, mineralogy and subsequent diagenesis 

Important findings of this study that relate to the potential of the formations as unconventional 

reservoirs are the following: 

1. Sediment Facies  

The sediment facies for all formations are mainly siliciclastic, including sandstones, siltstones 

and mudstone of different bed thicknesses, textures, compositions and sedimentary structures. 

The Setap Shale Formation is more mudstone-dominated, the Sibuti Formation is a mixed 

mudstone-sandstone succession with some more carbonate-rich beds, and the West Crocker 

Formation is mainly mudstone-dominated but with thick sandstone-rich parts of the succession. 

A summary of sediment facies and composition is given in Table 8.4 and shown graphically in 

Figure 8.9.   

2. Brittle and ductile minerals 

The relative proportion of ductile (clay) minerals and brittle minerals is significant. These range 

from 33-82 % clays in the thin bedded-turbidites of the West Crocker Formation, 24-72% clays 

in the Setap Shale Formation, and 16-54% clays in the Sibuti Formation.  Quartz ranges from 

42.4-66.6 % in the Sibuti Formation, with some parts having high carbonate content. It shows 

54.6-6.4 % in the Setap Shale Formation, and 6.2-46.3 % in the West Crocker Formation. 

3. Geomechanical properties.  

The geomechanical properties of the formations and facies is influenced by the amount of 

brittle minerals (quartz, feldspar and carbonate) and ductile clay minerals present.  This 

controls their response to hydraulic fracking.  The silty and sandy mudstones with a high 

content of brittle minerals of the Sibuti and Setap Shale Formations are the appropriate for 

fracking stimulation by multiple fracturing, whereas the clay-rich rock of thin bedded turbidites 

of the West Crocker Formation is more appropriate for fracking stimulation with single-planar 

fracturing (Figure 8.9).  These results agree well with reliable and efficient hydraulic approach 

to develop a fracture system and fracture extension linked to rock type reported by Hattori et 

al. (2016), Jarvie et al. (2007), Rickman et al. (2008), Wang et al. (2015) and Yang et al. (2014). 

For example, quartz-rich Barnet shale are brittle, dealing with the multiple district and fracture 

expanding, while clay-rich Cretaceous shale is plastic and absorb energy with well-developed 

anisotropy, providing the single-planar frack (EIA, 2013). 

https://www.sciencedirect.com/science/article/pii/S1875510016301196#bib34
https://link.springer.com/article/10.1007/s00603-014-0617-6#CR13
https://www.sciencedirect.com/science/article/pii/S1875510016301196#bib65
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Table 8.4  Results and interpretation of major minerals and clay minerals associated with rock characteristics. 

 

Formation data 

The West Crocker formation The Setap Shale Formation The Sibuti formation 

Early Oligocene –Late early Miocene Middle Miocene Late Miocene 

Lithology  Carbonaceous material Black color rock with high carbonaceous 

content 

Black color rock with high 

carbonaceous content 

Black color rock with high carbonaceous 

content 

High bioclasts 

Fissility Distinctive fissility 

No fissility 

Distinctive fissility 

No fissility 

Distinctive fissility 

No fissility 

Bioclast   High amount of bioclast (Bioclastic texture) 

Composition 

  Quartz/clay 

Quartz content (%) 13-65 64-76 54-76 

Carbonate (%) 2 - 4.58 0-4.83 0.5-31 

Clay mineral content (%) 33-82 19- 35 7-43 

Rock fragments Shale and mud clasts High granitic and Intermediate igneous rock greater than Mafic igneous rock 

Metamorphic rock or sedimentary rock 

Brittle and ductile 

properties 

Low quartz 

high clay mineral 

High quartz 

Low to moderate clay 

minerals 

The highest quartz 

Low to moderate clay minerals 

  Feldspar High Na-feldspar and K-Feldspar greater and low Ca-feldspar Generally High Na-feldspar and K-Feldspar 

greater (one sample with high Ca-feldspar) 

  Carbonate low carbonate low carbonate Low to high carbonate 

Clay mineral Whole clay Chlorite, illite and kaolinite 

Clay fraction (air dried) Chlorite, illite or/and kaolinite, No analysis No analysis 

Cay fraction (550°C) Smectite-Chlorite and illite 

Provenance Detrital and authigenic clay 

(Hydrothermal alteration) 

Detrital and authigenic clay 

(Compaction, alteration and cementation during burial diagenesis) 

Rock facies Carbonaceous muddy siltstone, 

Carbonaceous muddy shale, 

Silty mudstone 

Carbonaceous mudstone 

Carbonaceous muddy 

Siltstone 

Calcareous bioclastic sandstone 

Muddy siltstone 

 

Disordered unit Shale unit Shale unit No evidences 
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Figure 8.9 Silty mudstone and calcareous with high content of brittle minerals with the 

fracturing stimulation in mutiple fracturing (blue area) and mudstone with high clay minerals 

content with plasticity with the fracturing stimulation in single planar fracturing (yellow area). 

4. Granular minerals 

The effect of diagenetic minerals on granularity and cementation of the mudstones is very 

important.  The diagenetic calcite acting as cement destroys fabric, consequently destroying 

and decreasing porosity and permeability.  In some places, the dissolution of calcite is seen to 

increase secondary porosity.  Furthermore, diagenetic siderite, pyrite and marcasite enhance 

the granular nature of the mudstones.  These and other granular materials (e.g. bioclasts, quartz 

sand) tend to disrupt the microfabric and consequently lead to a disrupted anisotropic pore 

structure and permeability.  Figure 8.10 show the role of mineral and diagenetic minerals on 

porosity, permeability and microfabric development.  

 

5. Feldspars 

One of the most important findings relates to feldspar alteration and dissolution and its 

influence on microfabric disruption, mudrock plasticity, as well as pore size and permeability. 
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Na-feldspar dissolution in different diagenetic stages is key to enhancing pore size, nonlinear 

aligned pore structures, and pore connectivity.  Whereas K-Feldspar alteration is key to forming 

kaolinite acting as both matrix and cement material.  The observations also agree with the 

results reported by Er et al. (2016), Xiao et al. (2018) and Xu et al. (2018).  In addition, 

authigenic kaolinite as a dispersed clay has an impact on adsorbed gas greater than free gas.  

These results agree well with existing studies on authigenic clay affecting on gas adsorption 

(Gu et al., 2017; Ji et al., 2012; Ross and Bustin, 2007 and Wang et al., 2013). 

 

 

 

Figure 8.10  Effect of minerals and diagenetic minerals and their roles on porosity and 

permeability. 

Mineral diagenesis 
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Clay minerals 

Mostly detrital and some diagenetic kaolinite, illite and chlorite were generally found in 

all lithofacies and formations.  They are the key to the prediction of porosity and 

permeability in mudstone.  Chlorite with significant amounts of iron and magnesium 

within its structure commonly occurs as coating the quartz and feldspar grain surfaces 

acting as a weak cement between individual sand grains, and as a pore filling.  Illite occurs 

dispersed throughout, and rarely as a fibrous crystalline form filling pore space.  Kaolinite 

occurs in dispersed detrital form and as authigenic crystalline booklets.  Based on study 

in many formations, these clay morphology observations also agree with the findings of 

Christidis (2011), Desbois et al. (2010), Haile et al, (2015) Hayes (1970) and Keller et 

al., (1986).  In terms of the sedimentary environment and provenance, detrital clay 

minerals are widespread as the result of erosion, transport and deposition, whereas 

authigenic clays result from feldspar and biotite alteration as well as illite or chlorite 

transformations.  Biotite alteration leads to some illite and chlorite diagenesis, whereas 

feldspar alteration leads to kaolinite (BjØrlykke, 1998; Jiang and Peacor 1994; Li et al. 

1998; Morad and Aldahan 1986).  

A large amount of clay improves the ductile properties of the mudrock formation, leading 

to a poor efficiency for hydro-fracking (Dewhurstand Siggins, 2006;  Gao et al., 2019; 

Josh et al., 2012).  High clay content further increases the potential of gas adsorption 

capacity and free gas storage based on surface area.  The potential of gas adsorption 

capacity of clay minerals corresponds to the order montmorillonite, kaolinite, illite and 

chlorite, whereas the potential of free gas storage based on pore surface areas range in the 

order montmorillonite, illite, chlorite and kaolinite, respectively.  The evaluation included 

comparison between results of this study and published works (Gu et al, 2018; Ji et al, 

2012; Ji et al., 2012; Lui et al.,2013;  Schulz, 2010; Montgomery, et al. 2005; Ross and 

Bustin, 2007; Ross and Bustin, 2009; Wang et al., 2013 and Zhang et al., 2017).  In 

addition, the thin films of clay minerals coating around sand grains and filling in pores 

reduce the mudrock porosity and permeability.  The halloysite found in some of the 

samples suggests the probable hydrothermal circulation causing mineral alteration and 

transformations. Duzgoren-Aydin, (2002), Lázaro (2015) and Crawford et al. (2008) 

reported similar observations in their experiments.  

javascript:;


 

352 
 

Porosity and Permeability 

Several important observations can be made with regard to the porosity and permeability 

characteristics of the mudrocks studied. 

1. Porosity types 

The experimentally qualitative  analysis was applied in this study to characterize and 

identify porosity. Two principal types of porosity are well developed: intergranular 

porosity and intraparticle porosity.  Intergranular pores occur between quartz and feldspar 

grains, pyrite crystals and clay minerals in all microfacies and microstructural types.  

Intraparticle pores generally occur between cleavages and interlayers of biotite, in 

bioclasts (as primary and dissolution porosity), as dissolution pores in calcite cement, 

rock fragments and other grains.  Pore sizes vary from a few nanometres to a few 

micrometres.  A summary of pore types is given in Table 8.5.  This evaluation is similar 

to findings in published work (Einsele, 2000; Loucks et al., 2011; Parnell, 1987 and Xue 

et al., 2016).  

2. Microstructure, microfabric and porosity 

The parallel anisotropic and sub-parallel anisotropic microstructure types yield 

compacted anisotropic microfabrics and a dominantly linear elongate anisotropic pore 

shape with high Kh permeability in case of pore space connected.  The irregular 

anisotropic microstructure type yields a disrupted microfabric and tends to enhance the 

vertical and horizontal pore distribution with moderately high Kv and Kh permeabilities.  

The isotropic microstructure type yields dispersed or isotropic microfabric and a random 

isolated porosity with low effective permeability.  

3. Granular material 

One new and significant aspect of these results is that scattered granular materials 

associated with clay minerals with random orientation during deposition and burial 

diagenesis are important for enhancing a distributed microporosity and well-developed 

vertical and horizontal permeability.  This is an interesting and important finding, and it 

could be hypothesized that  granular material as shape-anisotropic grains 

(Börzsönyi and  Stannarius, 2013) is the  significant key to enhance the anisotropic clay 

microstructures and discontinuity of clay microstructure, and subsequent well-developed 

nonlinear-aligned structure of pores and permeability of vertical permeability (Kv) and 

horizontal permeability (Kh).   This provides a new perspective on the effect on porosity 

and permeability of a higher concentration of granular material in mudrocks.  Ali et al., 

2016; Börzsönyi and  Stannarius, (2013), Davie, et al. (1991), and Crain (2015) reported 

https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ARalf%20Stannarius
https://pubs.rsc.org/en/results?searchtext=Author%3ATam%C3%A1s%20B%C3%B6rzs%C3%B6nyi
https://pubs.rsc.org/en/results?searchtext=Author%3ARalf%20Stannarius
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similar observations in their experiments.  However, further work to improve on these 

new developments is suggested by conducting effective and reliable experiments to 

measure the effect of clay microstructure and pore development correlative with shape-

anisotropic and shape-isotropic particles on stress and strain concentration.  

4. Secondary porosity 

 The results demonstrate that secondary pores are well developed due to subsequent 

mineral diagenesis during post-deposition, which forms in a variety of ways, including 

selective leaching of unstable components, compaction, and a series of mineralogy 

changes and cementation.  These secondary pores distinctly show different pore 

morphology with pore size heterogeneity ranging from no pores developed to nanopores, 

extending to micropores.  The nonlinear-aligned anisotropic structure of pores varying 

from nanopores to micropores was found due to Na-dissolution, while the linear-aligned 

elongated pores and nanopores were found in well-developed lamination due to 

mechanical diagenesis compaction.  The observations of solution pores in Na- Feldspar 

also agree with the results reported by Macquaker et al.  (2014), Selley and Sonnenberg 

(2015), Stoessell and Pittman (1990) and Xiao et al. (2018) and Yuan et al. (2015).  In 

addition, Higgs et al. (2007) and Revil et al. (2002) reported similar observations of 

linear-aligned elongated pores in their experiments.  

5. Diagenetic minerals 

Diagenetic clay, calcite, iron oxides, iron sulphides and iron carbonates, where they occur 

as cementing agents, play significant roles to destroy the microfabric, matrix system and 

porosity and the migration pathways during burial diagenesis and tectonic history.  The 

observations also agree with the results reported by Li et al., (1998), Lin et al. (2017) and 

Selley and Sonnenberg (2015).  However, diagenetic clays and isolated diagenetic pyrite 

or calcite grains may help in the development of microporosity in a disrupted microfabric 

type.  This observation agrees well with Crain (2015); Davies et al. (1991); Tiab and 

Donaldson (2015) and Tovey (1991).  

6. Bioclasts 

Dispersed whole or fragmented bioclasts tend to disrupt the microfabric, but can enhance 

porosity and permeability of the sediment during burial diagenesis. Parnell (1987) 

reported similar observations.  It is therefore significant to note that differences in 

composition at deposition crucially impacts on subsequent diagenesis, and on the 

development of porosity and permeability. 
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Table 8.5  Pore types and classification. 

 

 

Interparticle pore Intraparticle/grain pores Microfracture 

Between grains  Beween clay particles Beween pyrite crystals Dissolved pores Disolved/ altered pore 

  
   

 

  
 

 

     

   

 

  

Remark: The black colour representing for pores 

Body chamber 

Bo 

 Structure pores  

 

RF 

Dissolved pores in calcite 

Pores in rock fragment Dissoluton 

 

Chl 

Mineral growth between 

biotite clevage 
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8.4.3 Brief comparisons  

Understanding the mudrock in place is vital to rapidly accelerate the development of 

unconventional gas resources worldwide, whereas consequent understanding a scale of 

microstructure heterogeneity tied to microfabric signature support is vital to geological and 

technical disciplines for the design the effective drilling and fracturing stimulation to enhance 

oil and gas exploration in the mudrock.  In context of evaluation the unconventional 

hydrocarbon resources, the organic richness varies from poor to very good, poor to moderate, 

and poor to fair for the mudrock facies of West Crocker Formation, Setap and Sibuti Formation, 

respectively.  These formations have potential to generate oil and gas, and may be over-mature 

in parts of the basins. With a view to production, the proportion of ductile versus brittle 

minerals is important for hydraulic stimulation.  Broker (2007) determined that clay mineral 

content generally less than 50% allows for successful fracture stimulation in the Barnet shale, 

whereas Dong et al. (2016) determine that clay mineral content vary from 15-70 % to allows 

for gas production. 

Some comparative data for the study area formations and for two of the principal shale gas 

basins globally is given in Table 8.6 – the Barnett Shale, Fort Worth Basin in the USA (Breyer 

et al., 2012 and Javie, 2012 and Loucks and Ruppel, 2006), and the Longmaxi Formation in 

the Sichuan Basin in China, (Chao et al., 2012; Dong et al., 2016 and Tonglou and Hanrong, 

2014). The organic richness and of the Longmaxi Formation and Barnett shale range from 0.5> 

2 wt% (in average about 2.54) (2.2-2.36 %Ro) and 3 -12wt% (in average about 4) (0.85 -2.1 

%Ro), respectively.  The thickness of the Longmaxi Formation mudrocks is about 20-200 m 

and burial depth 2,700-4,700 m, while the Barnett Formation is about 45 - >305 m.  
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Table 8.6  Comparison shale resource of Sibuti, Setap Shale, West Crocker Formations with other resource assessments. 

 

Sarawak Basin Rajang Basin Sichuan Basin Fort Worth Basin 

The Sibuti Formation 
The Setap Shale 

Formation 

The West Crocker Formation 

(Thin bedded turbidites) 

Wufeng Formation–

Longmaxi Formation 

Barnett Formation 

Age  Miocene Oligocene Early Oligocene –early Miocene Ordovician to Lower 

Silurian 

Upper Mississippian 

Occurrence Lithified sediment deposit in forearc basin Subduction, deformation and 

uplift to Rajang Fold trust Belt 

Lithified sediment deposit 

and 

Tectonic movements 

(subduction, deformation 

and uplift) 

Highly fractured near 

major fault zones 

Geological characteristic 

type 

Sedimentary facies 

Foreland basin 

Sedimentary 

facies 

Foreland Basin 

Structural fold belt Sedimentary facies -

Structural fold belt 

Foreland basin 

Depositional setting Shallow-Marine shelf 

progradation 

Deep Marine  Turbidity sequence Shallow to deep marine Deeper Marine 

Lithofacies Carbonaceous  

Muddy siltstone 

Calcareous bioclastic 

sandstone 

Carbonaceous 

muddy siltstone 

 

Muddy siltstone, 

Muddy shale,  

Silty mudstone  

Carbonaceous mudstone 

Carbonaceous shale  

Silty shale  

Sandy shale 

Calcareous shale and  

Clayey shale 

Laminated muddy shale  

Laminated silty 

mudstone 

Bioclastic muddy lime 

Sandy shale 

Sedimentary structure Massive 

 

Lamination Massive 

Subparallel lamination 

 Lamination 

Fossiliferous texture 

Depth (m) 2,000 - >7,000 200->7,000 2,000 - >7,000 2,700-4,700 1981 ->3660 

Shale/ mud thickness (m) 0.02 to 4 0.20 to 6 0.02 - 0.30 20-200 45- >305 

Cumulative thickness (m) 18 60 80 

Mineralogy      

Clay mineral content (%) 7.98-43.34 19.47-35.19 32.78-82.03 24-65.7  

Quartz (%) 54.09-76.38 64.09-75.94 13.38-64.83 24-65  

Carbonate (%) 0.53-30.95 0.73-4.83 1.3-4.58 2-20  

Source rock characteristics      

TOC (wt%) 0.2 – 0.66 0.3 -0.61 0.2-3.5 0.5- >2 (average 2.54) 3- 12 (average 4) 

Ro (%) 0.5 - >2 0.5 - >2 0.5- >2 2.2-3.6 0.85-2.1 

Organic matter Type I, II and III Type I, II, and III Type I and II Type II  
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8.5 Systematic approach 

Part of this thesis has been concerned with developing a systematic approach and methodology 

for the study of mudrocks and for evaluating their potential as an unconventional hydrocarbon 

resource.  The approach that has been developed is summarised briefly as follows. 

1. Field-scale to nano-scale.  

The multi-scale approach used in this work is schematically shown in Figure 8.11.  This 

included systematic study of outcrop-based stratigraphic, lithological and sedimentary 

structural data, optical microscopic examination of selected representative samples, porosity 

and permeability investigation, and integrated laboratory techniques (organic geochemistry, 

XRD, SEM, EDX).  The concept is to integrate the multi-scale and multidisciplinary approach 

in this study to understand (1) the regional setting of each study area, (2) the field-scale and 

bed-scale sedimentology, (3) the source rock potential (organic richness, thermal maturity and 

kerogen types), (4) the reservoir properties, and (5) the dynamic properties prediction.  

2. Key parameters 

 The knowledge and understanding gathered from the above approach led to an understanding 

of the key parameters needed in order to assess the nature and heterogeneity of  microstructure, 

microfabric, and porosity-permeability characteristics. Key parameters to determine reservoir 

heterogeneity based on sedimentary macrostructure observed from the outcrop-based rock are 

related to static reservoir property of microfabric, porosity heterogeneity and permeability 

varying microscale to nanoscale (Figure 8.12).  This approach compares with that of previous 

studies on mudrocks as source rock and reservoir rock (Abouelresh and Slatt, 2012; Al-Areeq 

2018; Aydemir, 2012; Bai et al., 2013; Becerra, 2017; Boyce et al.,2010; Bohacs, 2014; Liang 

et al., 2014; Macquaker et al., 2014 and Slatt and Rodriguez, 2012).   Most of these studies, 

however, focus only at the very small scale with little attempt to integrate with larger scale 

data.  

The key parameters used for the present study included: (1) the geological resource and 

reservoir investigation from macroscale to microscale; (2) the depositional environment and 

depositional processes; (3) post-depositional processes immediately after deposition and 

during burial history; (4) sediment facies and sedimentary rock characteristics; (5) bulk 

sediment composition and clay mineralogy; (6) diagenetic mineralisation;  (7) influence of clay 

mineral distribution on the porosity and its heterogeneity; (8) organic carbon and source rock 

potential; (9) reservoir properties and the heterogeneity of microstructure, microfabric and 

microporosity. The key parameters are shown graphically in Figure 8.13.  
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3. Limitations  

The very small scale of observations, however detailed, is limited to the surface view of a small 

area of rock. For a better understanding of the internal rock properties, pore network and 

permeability a different approach is needed. It is essential to improve our understanding of (1) 

the physical properties and microstructure as well as compositional heterogeneity, (2) an 

accurate  and reliable measurement of pore diameters and pore distribution throughout the rock 

volume, and (3) the actual pore network in 2-D and 3-D models.  In order to further advance 

this research, a much broader suite of sediment samples is required, from both the surface and 

subsurface. In addition, future research requires an improved methodology including: (1) an 

FIB-SEM imaging technique for building a 3-D digital rock model of the 3-D pore network 

and permeability network; (2) a direct method of gas absorption and mercury intrusion 

porosimetry (MIP) to provide reliable pore size and pore distribution information in organic 

and inorganic material; and (3) an effective tool and software to create digital rock 3-D models. 

Subsurface data are vital to effectively represent and evaluate the source and reservoir potential 

of these mudrock formations under in-situ conditions. Such 3-D digital rock models are 

important to better upscale from the nano-scale to the reservoir-scale and so effectively 

represent large volumes of rock with geological-scale heterogeneities of static properties, 

leading to simulate and evaluate the dynamic properties in terms of fluid storage and flow 

mechanisms.  Based on these reasons, combining different effective methods and subsurface 

data are the reliable and effective approach to analyse and evaluate organic shale resource.
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Figure 8.11  Concept of different scale varying from mega-scale downscaling to nanoscale to assess shale source-Reservoirs. 
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Figure 8.12  Key parameters to evaluate the potential of Shale Source-reservoirs based on environmental setting sedimentary structural model 

downscaling to microfabric structural model. 
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Figure 8.13  The facies type and sedimentary structures of heterogeneity composition and structural reservoir models with the systematic stages 

varying from macro-scale to micro-scale. 
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Chapter 9  Research highlights 

 

In conclusion, this thesis has focussed on the nature of mudrock microfabric and how this 

affects the porosity and permeability characteristics.  It has addressed the overarching 

aims. It has proven this hypothesis to be true, at least for the study area.  The microfabric 

types established provide an important key to improved exploration, assessment and 

production of unconventional hydrocarbon resources worldwide.   

 

The main research highlights include the following: 

(1) Application of a systematic methodology (Chapter 2 and 8).  

The integration of a multi-scale and multidisciplinary approach has been applied in this 

study.  This includes: (1) the regional-field investigation (macroscale); (2) the resource 

potential in  field-scale and bed-scale study (sediment, texture, stratigraphy, lithology, 

sedimentary structure) (macro to microscale); (3) the source rock potential (organic 

richness, thermal maturity and kerogen types); and (4) the reservoir properties 

(microstructure, texture, composition, diagenesis, microfabric, porosity, permeability) 

(micro to nanoscale), using integrated laboratory techniques (optical microscopy, organic 

geochemistry, XRD, SEM, EDX) as well as  digital rock modelling of pore characteristics 

and microstructure/microfabric types.  Although the individual methods are not new, the 

application of this kind of systematic approach is considered essential for the study of 

mudrocks and unconventional hydrocarbon potential.  

 

(2) New sedimentological data for the Setap Shale and Sibuti Formations (Chapter 3). 

Sibuti and Setap Shale Formation show a mainly siliciclastic association of sandstone, 

siltstone and mudstone, mostly thin and very thin-bedded.  The lower part of the Sibuti 

Formation and most of the Setap Shale Formation is mudstone-dominated.  Thin 

calcareous sandstones, calcareous mudstones and very rare limestones intercalated are 

particularly rareoccur near the top of the Sibuti Formation.  The Setap Shale Formation 

was most likely formed in an outer shelf to upper slope setting, whereas the Sibuti 

Formation represents a probable shallowing to a fully shelf setting. 

 

(3) New sedimentological data for the West Crocker Formation (Chapter 3). 

The West Crocker Formation is a typical deepwater turbidite system, including four main 

facies groups: (1) thin-bedded siltstone/mudstone turbidites, (2) medium and thick-
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bedded sandstone-mudstone turbidites, (3) very thick-bedded deepwater massive 

sandstones, and (4) debrites, slumps and hybrid beds.  These are texturally and 

compositionally immature turbidites and associated downslope facies, rapidly deposited 

in a probable slope setting.  Sedimentary structures show the full range of Bouma and 

Stow structural sequences, as well as characteristics of deepwater massive sands and 

hybrid beds.  

 

(4) Development of a microfacies model for mudrocks (Chapter 4 and 5).  

Based on this multi-scale study of the three mudrock formations, a new composite 

microfacies model has been developed that represents the microstructures, microfabric 

and microporosity of mudrocks.  Four microstructure types are recognised, based on 

primary and secondary structures and interbedded packages of mudstone/siltstone: (1) 

parallel anisotropic microstructure, (2) sub-parallel anisotropic microstructure, (3) 

irregular anisotropic microstructure, and (4) isotropic microstructure.  Three microfabric 

types are identified, including: (1) anisotropic/compacted microfabric with a well-aligned 

bed-parallel particle orientation, which is typical of parallel and sub-parallel anisotropic 

microstructure types; (2) isotropic/dispersed microfabric with no systematic grain 

orientation and a dispersed homogenised texture, which is typical of the isotropic 

microstructure type; (3) disrupted microfabric with irregular particle orientation due to   

disturbance by secondary structures (convolute lamination, scours, loads) and 

compositional disruption (bioclasts, diagenetic mineral growth, rock fragments and shale 

microclasts), which is typical of the irregular anisotropic microstructure; and (4) 

destroyed microfabric with complete destruction of original microfabrics due to 

cementation.  These microstructure and microfabric types have an important control on 

microporosity, including pore size, shape, distribution and network. 

 

(5) Characterisation of microporosity (Chapter 5).  

Mudrock porosities typically range from 2.5-6% and micropore size from 0.3-3 µm.  The 

parallel anisotropic microstructure type shows uniform linear-aligned elongate pores.  

The sub-parallel anisotropic microstructure type shows a more heterogeneous distribution 

of pore size and shape and less parallel alignment.  The irregular anisotropic 

microstructure type shows a still more varied and irregular pore size and distribution, with 

a disrupted microfabric around disturbed microstructures and granular material that 

enhances microporosity and sub-vertical orientation of pore networks.  The isotropic 

microstructure type has a mixture of linear and non-linear pores with random orientation 
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due to a mainly random clay microfabric and scattered granular material.  These 

variations in the style of microporosity will significantly affect horizontal and vertical 

permeability characteristics. In this study, pore characterize and evaluation as qualitative 

analysis was implemented.   The high-resolution three-dimensional imaging techniques 

integrated with two-dimensional imaging techniques and image analysis will be 

employed in a future study to characterize  pore  and quantify pore size and and volume 

as well as pore connectivity, as quantitative analysis. The digital 3-D pore and connected 

pores are key to build the pore network model as well as the apparent permeability model 

for shale matrix effectively, leading to evaluation of gas in place stored in pore and 

understand the multiple gas flow mechanisms.  

(6) Inorganic composition of the three formations (Chapter 6). 

The inorganic components include both ductile minerals (mainly illite, chlorite, kaolinite 

and mica) and brittle minerals (mainly quartz, feldspar, carbonate and pyrite).  High illite 

content further may increases the potential of gas adsorption capacity and free gas storage 

based on surface area.  With a view of hydraulic stimulation, the large amount of clay 

minerals in the West Crocker mudrocks improves the ductile properties, leading to a poor 

efficiency for hydro-fracking.  Whereas, the high content of brittle minerals in the Sibuti 

Formation and Setap Shale Formation is more favourable for artificial fracturing. 

Halloysite found in some of the samples of West Crocker Formation suggests the probable 

influence of hydrothermal circulation.  

 

(7) Organic composition of the three formations (Chapter 7). 

The organic richness, and hence source-rock potential, varies from poor to very good, 

poor to moderate, and poor to fair for the mudrock facies of West Crocker, Setap Shale 

and Sibuti Formations, respectively.  A mixed contribution of terrestrial-derived organic 

matter and marine-derived organic matter are found in all three formations, but a more 

significant supply of terrestrial organic matter into a marine setting is commonly found 

in the West Crocker Formation. 

 

(8) Implications for unconventional hydrocarbon exploration (Chapter 8) 

There are important lessons from these findings for the evaluation of the quality and 

quantity of potential shale-gas resources in Borneo, as well as its global applicability.  

The three mudrock formations examined did not show especially good source rock 

potential on the basis of the very limited material analysed here.  However, the size and 
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extent of the formations would suggest that further studies of resource potential be carried 

out.  The nature of the brittle/ductile mineral content is significant for assessing the likely 

behaviour of the formations during hydraulic stimulation.  The composite microfacies 

model and the effect of granular material in mudrocks are believed to have broad 

applicability to mudrock systems worldwide.   
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APPENDIX   

 

Table A2.1  Dominant X-Ray diffraction peaks of selected minerals with source of 2Ɵ 

angles, intensity (I/I1) and basal reflection (hkl) for CuKα radiation (from JCPDS, 1974). 
 

Regular 

interstratified 

(Mica-

montmorillonite) 

d (Å) 24.7 12.4 3.10 4.94 1.902 3.54 

I/I1 100 50 18 8 4 2 

hkl 001 002 008 005 0013 007 

2Ɵcu 3.58 7.13 28.79 17.95 47.82 25.16 

Smectite Saponite d (Å) 15.7 4.58 2.56 1.53 3.63 2.95 

I/I1 100 100 100 100 60 60 

hkl 001 020 200 060 004 005 

2Ɵcu 5.63 19.38 35.05 60.51 24.52 30.30 

Smectite 

montmorillonite 

d (Å) 15 4.5 5.01 3.02 1.5 1.493 

I/I1 100 80 60 60 50 50 

hkl 001 020 003 005 060  - 

2Ɵcu 5.89 19.73 17.70 29.58 61.85 62.17 

Vermiculite d (Å) 14.2 1.528 4.57 2.615 2.570 2.525 

I/I1 100 70 60 50 50 45 

hkl 002 060 020 200 132 202 

2Ɵcu 6.22 60.60 19.42 34.29 34.91 35.55 

Interstratified 

chlorite-

montmorillonite 

d (Å) 14 7.08 3.53 29.0 4.72 4.62 

I/I1 100 60 60 30 30 30 

hkl 002 004 008 001 006 020 

2Ɵcu 6.31 12.5 25.23 3.05 18.80 19.21 

Illite d (Å) 10 4.48 3.33 2.61 1.53 2.42 

I/I1 100 90 90 60 60 40 

hkl 002 020 006 200 060 133 

2Ɵcu 8.84 19.82 26.77 34.36 60.51 37.15 

Muscovite d (Å) 9.97 3.331 4.99 1.999 2.564 4.49 

I/I1 100 100 55 45 25 20 

hkl 003 009 006 0015 112 100 

2Ɵcu 8.87 26.76 17.77 45.37 35.00 19.77 

Chlorite  

Penninite 

d (Å) 7.19 4.8 3.60 14.3 2.88 2.56 

I/I1 100 100 100 60 60 40 

hkl 002 003 004 001 005 132 

2Ɵcu 12.31 18.48 24.73 6.18 31.05 35.05 

Kaolinite d (Å) 7.17 1.489 3.579 1.620 4.366 1.589 

I/I1 100 100 90 80 70 60 

hkl 001 060 002 133 110 134 

2Ɵcu 12.34 62.36 24.88 56.83 20.34 58.04 

Chlorite 

Thuringite 

d (Å) 7.07 14.1 3.541 4.726 2.845 2.576 

I/I1 100 90 60 30 30 30 

hkl 002 001 004 003 005 131 

2Ɵcu 12.52 6.27 25.15 18.78 31.44 34.83 

Interstratified 

montmorillonite-

chlorite 

d (Å) 4.53 15.0 4.97 30 2.54 1.509 

I/I1 100 90 75 60 50 50 

hkl 110 002 006 001 - 060 

2Ɵcu 19.60 5.89 17.85 2.94 34.34 61.44 

Quartz d (Å) 3.343 4.26 1.817 1.541 2.458 2.282 

I/I1 100 35 17 15 12 12 

hkl 101 100 112 211 110 102 

2Ɵcu 26.67 20.85 50.21 60.03 36.56 39.49 

Alkali feldspar 

(Orthoclase) 

d (Å) 3.31 3.77 4.22 3.24 3.29 2.992 

I/I1 100 80 70 65 60 50 

hkl 220 130 201 002 202 131 

2Ɵcu 26.94 23.6 21.05 27.53 27.10 29.86 
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Table A2.1  Dominant X-Ray diffraction peaks of selected minerals with source of 2Ɵ 

angles, intensity (I/I1) and basal reflection (hkl) for CuKα radiation (from JCPDS, 1974) 

(Continued) 

 

Table A2.2  List of Mineral Abbreviations and other materials in sample arranged in 

alphabetical order (Kretz, 1983 and Whitney and Evans, 2010). 

 Abbreviations  Abbreviations 

Anorthite An Marcasite Mrc 

Albite Ab Mica Mca 

Amphibole Amp Microcline Mc 

Bioclast BC Montmorillonite Mnt 

Biotite Bt Muscovite Mus 

Calcite Cal Na-Feldspar Nafs 

Carbonate Cb Orthoclase Or 

Clay Cly Organic matter OM 

Chlorite Chl Pyrite Py 

Dolomite Dol Quartz Qtz 

Feldspar (Group) Fsp Rock Fragment  RF 

Glauconite Glt Rutile Rt 

Gypsum Gp Siderite Sd 

Illite Ill Smectite Sme 

Kaolinite Kln Staurolite St 

K-Feldspar Kfs Zircon Zrn 

Plagioclase 

Feldspar (Albite) 

d (Å) 3.196 3.780 6.39 3.684 4.03 3.663 

I/I1 100 25 20 20 16 16 

hkl 002 111 001 130 201 130 

2Ɵcu 27.92 23.54 13.86 24.16 22.06 24.30 

Calcite d (Å) 3.035 2.85 2.095 1.913 1.875 2.495 

I/I1 100 18 18 17 17 14 

hkl 104 113 202 108 116 110 

2Ɵcu 29.43 39.43 43.18 47.53 48.55 36.00 

Dolomite d (Å) 2.886 2.192 1.786 1.804 2.015 1.389 

I/I1 100 30 30 20 15 15 

hkl 104 113 009 018 202 030 

2Ɵcu 30.99 41.18 51.14 50.60 44.99 67.42 

Siderite d (Å) 2.79 1.734 3.59 0.931 2.13 1.963 

I/I1 100 80 60 70 60 60 

hkl 104 018 012 3012 113 202 

2Ɵcu 32.08 52.79 24.80 111.80 42.44 46.25 

Hematite d (Å) 2.69 1.690 2.51 1.838 1.484 1.452 

I/I1 100 60 50 40 35 35 

hkl 104 116 110 024 214 300 

2Ɵcu 33.31 54.28 35.77 49.6 62.59 64.14 

Pyrite d (Å) 1.633 2.709 2.423 2.212 1.916 3.128 

I/I1 100 85 65 50 40 35 

hkl 311 200 210 211 220 111 

2Ɵcu 56.34 33.07 37.1 40.79 47.45 28.54 



 
 

368 
 

Table A5.1  Element identified to determine composition/minerals formula of mineral 

used to evaluate source and altered minerals. 

Mineral  Chemical formula 

Bioclasts  CaCO3 

Biotite  K (Mg,Fe)3AlSi3O10(OH)2 

K-Feldspar  (K,Na) AlSi3O8) 

Calcite  CaCO3 

Ca-feldspar  CaAl2Si2O8 

Chlorite  (Mg,Fe)3(Si,Al)4O10(OH)2 · (Mg,Fe)3(OH)6 

Halloysite  Al2Si2O5(OH)4 

Illite  (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O) 

Iron Oxide  Fe2O3 

Iron sulfide Pyrite FeS2 

Marcasite FeS2 

Kaolinite  Al2Si2O5(OH)4 

Na-feldspar  NaAlSi3O8 

Plagioclase (Group)  NaAlSi3O8 -  CaAl2Si2O8 

Quartz  SiO2 

Rutile  TiO2 

Organic compounds  C 

Muscovite  KAl2(Si3Al)O10(OH,F)2 

Siderite series Siderite FeCO3 

Siderite-

magnesite 

MgCO3 

Siderite-

rhodochrosite 

MnCO3 

Smectite  Ca0.3(Fe2+,Mg,Fe3+)3((Si,Al)4O10)(OH)2 · 4H2O 

Staurolite  (Fe,Mg)2(Al,Fe)9O6[SiO4]4(O,OH)2. 

Zircon  ZrSiO4 

 

  

https://en.wikipedia.org/wiki/Magnesite
https://en.wikipedia.org/wiki/Rhodochrosite
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