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 ABSTRACT 

Microstructure controls the petrophysical properties of mudrocks. Knowledge about mudrock 

microstructure in general is maturing and there is an on-going research field aimed at 

developing accurate, reliable and fast methods to characterise them.  

The focus of this research is on mudrocks from the deep-water setting, which are deposited by 

three principal processes operating in the deep-water: downslope turbidity currents (turbidites), 

along-slope bottom currents (contourites) and vertical fall-out from surface suspension 

(hemipelagites). Distinguishing between these respective deposits is challenging but very 

important in understanding the deep-water environment in terms of their petroleum systems 

and reservoir characteristics. Hence, the present research entails methodology development and 

documenting the microstructure of the three principal sedimentary facies in the deep-water.  

Scanning electron microscopy is a common technique for studying mudrock microstructure. 

An efficient and effective method for analysing grain size of mudrocks was developed, which 

gives closely comparable results to laser diffraction granulometry. A fast and reliable approach 

for characterising detailed mudrock microstructure using automated large-area, high-resolution 

scanning electron microscopy and image processing is also presented. The method is 

automated, free of human subjectivity and provides robust information on mudrock 

microstructure. Interestingly, the developed method gives comparable results with a 

synchrotron x-ray diffraction technique. 

Furthermore, the research presents exciting new insights on microstructure of deep-water fine 

grained sediments. A microfabric model is presented for the deep-water fine grained sediments. 

Turbidites have pronounced preferred bedding parallel fabric, produced by turbulence and high 

sedimentation rate, with little or no bioturbation effect. Contourites possess mixed fabric 

(random - semi random and parallel to the bedding). The mixed fabric is suggested to be 

developed by weak turbulence (bottom currents) and distortion of the fabric by bioturbation. 

Hemipelagites are characterised by random and oblique preferred microfabrics, which are 

produced by absence of current and pervasive bioturbation. The oblique preferred microfabric 

is suggested to be a product of extensive burrowing, in which grains are aligned along the 

length of the burrows. Additional important findings are that, depositional processes and 

sedimentation rate as well as burial depth are the most important controlling factors of 

microstructure development within the deep-water sediments. 
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Mudrocks are prevalent is all sedimentary environments. The need for a cleaner source of 

energy for the 21st century has revolutionized interest in mudrocks, as they are recognised as 

potential unconventional reservoirs. They are also important in terms of carbon storage, as 

repositories for nuclear waste and as records of environmental change. The contributions 

presented on mudrock microstructure in this research are relevant to studying the generality of 

mudrocks without recourse to their environment and not just restricted to deep-water mudrocks. 
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CHAPTER 1 –  INTRODUCTION 

1 Introduction 

Muds and mudrocks are a hugely important part of the global sedimentary record. Their 

microstructure has always been especially challenging to study, in part because of their very 

small grain size. This thesis, therefore, is firstly concerned with developing new methods and 

an efficient workflow for the study of mudrock microstructure. Secondly, it focuses on deep-

water mudrocks, in particular, and on elucidating the microstructural characteristics of fine-

grained turbidites, contourites and hemipelagites. An important challenge, in this respect, is to 

ascertain whether these characteristics can be applied as a new and reliable means of 

distinguishing between the deposits of these three different processes.   

This introductory chapter gives an overview of what the research entails. It provides the 

background to the study, the rationale on which it is based and its ultimate importance. It 

outlines the aims and objectives, the overall research questions and the specific hypotheses to 

be tested. 

1.1 Background of the study 

Fine-grained sediments and sedimentary rocks are the most abundant group of sedimentary 

rock in the Earth’s crust (Stow, 1981; Potter, Maynard and Depetris, 2005; Schieber, 2015). 

They constitute an essential element of petroleum systems by serving as source rocks and seals, 

as well as reservoirs for shale gas and shale oil. There has been a lack of in-depth study of 

mudrocks in the past, partly due to their fine grain-size, which is difficult to examine by 

conventional methods (methods applied to sandstones and carbonates). Conventional optical 

microscopy, for example, yields limited information about their mineralogy, composition and 

porosity. In part,  the lack of in-depth research with respect to fine-grained sediments can be 

attributed not only to grain-size but also to their inherent heterogeneity (Aplin and Macquaker, 

2011).  

Fine-grained sedimentary rocks require laboratory-based analyses, as there are many very 

small-scale features that cannot be extracted from cores and outcrops in terms of visual 

inspection alone. Most of the techniques used for textural characterization involve 

disaggregation of the sediments with dispersant, which may alter the original nature of particles 

produced through clay flocculation. Thus, textural characterization of fine-grained sediments 

can yield inappropriate information on the hydrodynamic process involved during their 
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deposition. Reconstruction of fine-grained sediments depositional microstructures is fraught 

with a high degree of uncertainty due to post-depositional changes and biogenic activities 

(Stow and Piper, 1984b). Due to their extremely small grain-size (< 63 µm), understanding the 

micro to nano-scale features of fine-grained sedimentary rocks requires high resolution 

microscopy such as transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM). Analysis of micron to submicron features of fine-grained sediments 

including pores, grain to grain relationship (grain fabric), and grain orientation among others, 

are essential for complete microstructural microstructural characterization. 

Many previous works on fine-grained sediments have concentrated on organic rich mudrocks 

commonly known as black shale. This is not unexpected, given their economic importance with 

respect to hydrocarbon exploration and production. However, organic rich mudrocks 

constitutes a very small percentage of the total amount of fine-grained sediments in the 

geological record (Schieber, 2003), hence, efforts which are concentrated on organic rich fine-

grained sediments only accounts for a fraction of mudrocks. Owing to the abundance of 

mudrocks in the geological records, a good reconstruction of the Earth history requires putting 

fine-grained sedimentary rocks into consideration, as this will engender better interpretation of 

the sedimentological record. Recent awareness of the importance of fine-grained sediments 

with respect to shale gas development (Bowker, 2007; Loucks et al., 2009; Abouelresh and 

Slatt, 2011; Slatt, 2011) and recognition of mudrocks as a potential repository for long term 

storage of radionuclide materials from nuclear plants (Houben et al., 2014; Hemes et al., 2015) 

have initiated greater interest in studying fine-grained sedimentary rocks in detail. 

Much research has been carried out on mudrock depositional processes (e.g Schieber, Southard 

and Thaisen, 2007; Abouelresh and Slatt, 2011; Schieber, 2011; Hints et al., 2014; Schieber, 

2014), controls of microfabric (e.g Moon and Hurst, 1984; Aplin et al., 2006; Day-Stirrat et 

al., 2010; Day-Stirrat, 2014), porosity and permeability (e.g Dewhurst, Yang and Aplin, 1999; 

Yang and Aplin, 2007; Loucks et al., 2009; Curtis et al., 2010; Yang and Aplin, 2010; 

Chalmers, Ross and Bustin, 2012; Curtis et al., 2012a; Casey et al., 2013; Houben, Desbois 

and Urai, 2013; Houben et al., 2014; Hemes et al., 2015; Zhang et al., 2015), as well as 

compaction and diagenesis (e.g Matenaar, 2002; Aplin, Matenaar and van der Pluijm, 2003; 

Lash and Blood, 2004; Nygard et al., 2004; Aplin et al., 2006; Mondol et al., 2007). In recent 

years there has been a paradigm shift in understanding the detailed features of mudrocks from 

a nanometre to micrometre scale (e.g Loucks et al., 2009; Wirth, 2009; Curtis et al., 2012b; 
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Silin and Kneafsey, 2012; Camp, Diaz and Wawak, 2013; Clarkson et al., 2013; Keller et al., 

2013); however, studies targeted on microstructure of specific depositional setting or process 

are rare. In this research, focus is centered upon the microstructure of mudrocks within the 

deep-water setting. Limited efforts in the past have focused on clay particle orientation (clay 

fabric) of deep-water fine-grained rocks. However, clay orientation is a subset of 

microstructure and those efforts contain inconclusive, controversial and debatable conclusions 

(Ochoa, Wolak and Gardner, 2013; Kase et al., 2016; Nishida, 2016).  

Microstructure is an important feature in sediments that can be studied in detail from small 

samples. This feature is partly controlled by depositional style and is also affected by 

diagenesis. It is a recognised fact that microstructural characteristics of a rock are a strong 

determinant of their porosity and permeability (Davies et al., 1991; Hildenbrand and Urai, 

2003; Loucks et al., 2009; Klaver et al., 2012; Hemes et al., 2013). Studying the variation in 

porosity of mudrocks within the deep-water setting is aimed at putting into sharp focus the 

understanding of migration of fluids in rocks from this depositional setting. This information 

can help provide significant insight to the expulsion of hydrocarbon from the source rock. 

Porosity and permeability which are the most important physical parameters that constrain fluid 

movement within the reservoir, are closely linked with the microstructural characteristics of 

the rock. Numerical simulation of fluid flow of stored carbon requires porosity and 

permeability values as key modelling inputs. Hence, research involving microstructural study 

of rock is relevant to contemporary issues such as development of unconventional reservoirs, 

understanding the sealing capacity of cap rock, carbon sequestration and transportation of 

radioactive waste materials within their repository. 

In the deep-water setting, there are three principal mechanisms by which sediments can be 

deposited (Figure 1.1): vertical settling from suspension (hemipelagite and pelagite), bottom 

currents (contourite) and turbidity currents (turbidites). Many deep-water successions occur as 

a complex association of these different facies, and may be challenging to interpret. Efforts 

have been made in the past to propose models and put forward criteria for the recognition of 

hemipelagites (e.g Stow and Tabrez, 1998), contourites (e.g Stow, 1979; Gonthier, Faugères 

and Stow, 1984; Stow et al., 1998; Stow et al., 2002b; Stow and Faugères, 2008) and fine 

turbidites (e.g Stow, 1979; Stow and Piper, 1984a; Dean, Leinen and Stow, 1985; Stow and 

Omoniyi, 2018). Aside from the numerous conflicting models in the literature (Rebesco et al., 

2014; Nishida, 2016), differentiating among deep-water sediments is challenging 
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(Shanmugam, 2000; Ochoa, Wolak and Gardner, 2013) especially in core where features are 

hard to observe (Nishida, 2016). Despite the numerous published papers on microstructural 

characteristics of mudrocks, such studies on deep-water fine-grained sediments microstructure 

are rare and with an exception of few studies that present conflicting and controversial results 

(Bennett, Bryant and Keller, 1981; O'Brien, 1987; Shephard and Rutledge, 1991; Reynolds and 

Gorsline, 1992; Kawamura and Ogawa, 2004; Ochoa, Wolak and Gardner, 2013). Recent 

advances in electron microscopy have greatly contributed to the understanding of composition  

and microfabric of fine-grained sediments at both a micro-scale and the nano-scale (Camp, 

Diaz and Wawak, 2013). 

Most studies on microstructure of deep-water were carried out when scanning electron 

microscope techniques were less advanced (e.g O'Brien, Nakazawa and Tokuhashi, 1980; 

Bennett, Bryant and Keller, 1981; Shephard and Rutledge, 1991). The early methods for 

preparation of samples for scanning electron microscopy generally used inadequate drying 

techniques and presented broken surfaces for examination. These often incurred sample (and 

fabric) shrinkage and suffered from substantial surface roughness, both of which have a 

significant negative effect on observed microstructural characteristics. Sample preparation for 

microstructural studies is paramount in order to preserve the original fabric at deposition 

(Schieber, 2015). Currently, the best method for preparing samples for microstructural studies 

is through the use of argon or gallium ion milling as this preserves the original fabric and it is 

associated with limited surface roughness (Erdman and Drenzek, 2013; Schieber, 2015). 

Several more recent studies aimed at differentiating the muddy sediments within the deep-

water setting adopted the broken surface sample preparation technique and hence the results 

from such studies are believed to be inconclusive and controversial (e.g Ochoa, Wolak and 

Gardner, 2013; Kase et al., 2016; Nishida, 2016).  
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Figure 1.1. Ternary diagram showing the three main sedimentary deposits 

within the deep sea and their depositional facies model (Modified after, 

Rebesco et al., 2014) 

1.2 Statement of problems 

In the present day, exploiting hydrocarbon production from unconventional reservoirs remains 

an on-going discussion in both the oil industry and global scientific community. In the United 

State of America, unconventional reservoirs have been recognised since the 1970s, with 

significant production from 2005 (Wang and Krupnick, 2013). The recognition of untapped 

unconventional resources in countries such as Canada, Poland, Argentina and others currently 

benefits from the experiences of the United States of America (Graham, Rupp and Schenk, 

2015).  

Unconventional hydrocarbon occurs in shale and tight sandstone, both of which are 

characterized by exceedingly small-scale pores (micrometre to nanometre scale) and low 

permeability. The importance of mudrocks is manifold as they do not only serve as 

unconventional reservoirs but also as source rocks and seals in petroleum systems. They hold 

an important history of the processes occurring at the earth’s surface, and of the paleoclimate 

and paleoenvironment (Schieber and Zimmerle, 1998). They have been recognised as a 

potential repository for nuclear waste disposal and as a safe place to store unwanted carbon 

dioxide (carbon sequestration). Because of the foregoing importance, much effort on mudrock 
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research is concentrated on understanding their microstructural characteristics. This is a key 

property that controls pore connectivity and permeability in rocks. Despite this growing 

interest, the knowledge of mudrock microstructure is still sparse (Camp, Diaz and Wawak, 

2013) and there are on-going efforts to address the implication of microstructure on 

geomechanical properties of mudrocks as well as on fluid migration within them. 

As an emerging field, microstructural studies are replete with several issues. One such issue 

that is unresolved to date, is upscaling observed features from the smallest scale of observation 

to the largest scale. A good starting point to address the upscaling problem is to completely 

quantify features at the nanometre to micrometre scale. The scanning electron microscopy 

imaging technique forms a direct method of visualizing micron to submicron features. The 

technique has revealed that mudrocks are not homogeneous as preconceived in the past but 

highly heterogeneous (Macquaker and Howell, 1999; Macquaker and Jones, 2002). However, 

most SEM images are restricted to few hundred to thousand square micrometres, which are not 

likely to be fully representative of any given mudrock at the centimetre scale. 

Recently large high-resolution SEM images of mudrocks have been acquired to accentuate 

wider features than obtained in the past (Lemmens and Richards, 2013; Bankole et al., 2016) 

as a methodology for solving issues related with representativeness of sample but more work 

is still required. There is desirability to match features e.g. porosity from imaging techniques 

with results from experimental methods (Houben et al., 2016). Intuitively, scale of observation 

in modelling physical parameters of rocks varies from the nanometre scale, to micrometre 

scale, to borehole scale and to seismic scale (Figure 1.2). As it stands there is no unique 

technique that reconciles all the different scales of observation. The upscaling problem is likely 

to be due to resolution differences in the equipment or techniques used and the heterogeneity 

that is naturally present in mudrocks. Even at a nanoscale to micrometre scale heterogeneity in 

mudrocks is prominent (Bernard et al., 2010; Silin and Kneafsey, 2012; Reed, Loucks and 

Ruppel, 2014). In addition, variation in sedimentary structures at a centimetre scale such as 

lamination and bioturbation are not unusual in mudrocks. The heterogeneity in mudrocks at 

different scales is partly due to the fact that there exist compositional variation in the amount 

of quartz, feldspar, organic matter, carbonate, clay minerals, pyrite and other minerals that have 

been identified in them (Macquaker and Jones, 2002; Loucks et al., 2009; Bernard et al., 2012).  
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Figure 1.2. The cartoon above presents different scales at which petrophysical 

observation can be made starting from SEM image of small area to experiment 

on core sample to well log and seismic section. 

 

Mudrocks contain fine-grained particles (≤ 63 µm) and most of the standard techniques for 

studying the coarser particles are not appropriate for studying them. Techniques to study the 

microstructure of mudrocks is now evolving but there is generally a lack of standardization. 

For example, studying pore size and distribution within fine-grained sediment is achieved 

through direct visualisation (imaging by SEM and TEM) or through indirect means (nuclear 

magnetic resonance (NMR), neutron scattering, mercury intrusion porosimetry (MIP), helium 

porosimetry and gas adsorption among others). There is a wide range in resolution among all 

the techniques (Figure 1.3) and this makes their results difficult to compare and compounds 

the methodological problems. 

 



 

8 

 

 

Figure 1.3. Direct and indirect methods of measuring pores sizes and their 

resolution. The techniques used in this study are highlighted with rectangular 

boxes. 

 

Mudrock microstructure, being a new field of study, is fraught with methodological problems 

and standardisation of existing techniques. Hence, the current research aims to advance our 

understanding of mudrock microstructure by developing new techniques for analysing 

mudrock microstructure, especially through automated scanning electron microscopy. It also 

aims to advance our knowledge of deep-water sediments and processes by focusing on the three 

principal deep-water facies – turbidites, contourites and hemipelagites. 

1.3 Aims and objectives 

The overall aims of this research is twofold: (1) to develop a new methodology and efficient 

workflow applicable to mudrock microstructure studies; and (2) to compare the microstructural 

characteristics of sediments deposited through turbidity currents (turbidites), along slope 

bottom currents (contourites) and those that settle out of suspension through hemipelagic 
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sedimentation (hemipelagites). The research questions that are attached to addressing the 

overall aims of the thesis include: 

(1) What is the most efficient and effective method of studying mudrock microstructure? 

(2) Does grain-size have any effect on microstructure of fine-grained sediments? 

(3) Is there any relationship between microstructure and depositional process within the 

deep-water setting? 

(4) Does mineralogical composition have any effects on microstructure? 

(5) Is there any quantifiable effect of depth and physical compaction on microstructural 

development especially at depths less than 1000 m? 

The key objectives associated with these aims and basic questions are highlighted as follows: 

(1) To carefully review relevant literature on mudrock microstructure and more 

importantly those that are aimed at linking microstructure to depositional processes. 

(2) To review extensively the methodology in use and the best practice in studying 

microstructural characteristics of fine grained sediments and sedimentary rocks. 

(3) To design a workflow for analyzing microstructure of fine-grained sedimentary rocks. 

(4) To investigate the effect of grain-size, sedimentation rate and mineralogy on 

microstructure of fine-grained sediments. 

(5) To attempt to distinguish among turbidites, hemipelagite and contourites based on their 

microstructure. 

(6) To elucidate the impact of burial (depth not more than 1000 m) and mechanical 

compaction on microstructural changes. 

1.4 Research hypothesis 

To effectively achieve the research aim and objectives mentioned above, statistical analyses 

are incorporated and a series of null hypotheses are set out which are to be tested against 

specific objectives of the research. The null hypotheses are: 

(1) Variation in grain-size has no significant effect on microstructure of fine-grained 

sediments. 

(2) Mineralogical composition does not affect mudrock microstructure. 

(3) Variation in sedimentation rate does not cause modification of mudrock microstructure.  

(4) There is no significant difference in microstructure among the various fine-grained 

sediment facies in the deep-water setting. 



 

10 

 

(5) Burial depth and physical compaction have no significant effect on mudrock 

microstructure at burial depths of less than 1000 m. 

1.5 Significance of the research 

Microstructural study of fine-grained sedimentary rocks has been intensified by the need to 

understand the physical properties of mudrocks owing to shale gas development around the 

world. Microstructure is so important because it is a key feature that controls pore properties 

such as pore size, pore connectivity and rock permeability. Significant hydrocarbon has been 

recognized in deep-water settings (Shanmugam, 2000; Stow and Johansson, 2000) in the past, 

especially within the conventional reservoir. Knowledge about the microstructural 

characteristics of the mud-rich parts in the deep-water is a requirement to understand their 

potential with respect to unconventional exploration, carbon sequestration, fluid transport and 

their sealing capacity. 

Mudrock microstructure has empirical effects on fluid migration, capillary pressure and 

trapping of fluid in rocks (storage capability). The importance of having a full grasp about 

microstructure of mudrocks has geomechanical implication in terms of pressure build up and 

is intrinsically applicable to pore pressure and well bore stability in both conventional and 

unconventional reservoirs. Understanding the pore morphology and structure is the first input 

required in pore scale modelling and ultimately in numerical simulation of multiphase fluid 

transport, carbon storage and movement of contaminants in porous media (Busch et al., 2008; 

Rhodes, Bijeljic and Blunt, 2008; Bustin and Bustin, 2012; Hemes et al., 2015). 

Measuring permeability in mudrocks is difficult to achieve using conventional methods. 

Hence, understanding the pore structure in fine-grained sedimentary rocks is useful in 

predicting permeability. Modelling permeability effectively is significant to monitoring 

reservoir production rate and well performance.  
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1.6 Scope of the research 

The scope of the research is restricted to investigating the microstructural characteristics of 

fine-grained sediments in the deep-water setting and within burial depths of less than 1000 m. 

Samples were therefore collected from three Expeditions (Expeditions; 317, 339 and 355) of 

the International Ocean Discovery Program. Expedition 317 took place in the Canterbury Basin 

in New Zealand. Samples from this Expedition were used only for preliminary testing of some 

of the methods that are presented in Chapter 4.  

Although, the samples from Expedition 317 are rich in hemipelagites (Expedition 317 

Scientists, 2010), which is one of the sedimentary deposit in the deep-water setting, the 

collection of the samples predates the present research and hence the samples have dried-out 

under room conditions. It is suspected, therefore, that the samples may have undergone 

physical changes at the microscopic level, hence the usage of the samples was limited to 

methodology development in chapter 4. Expedition 339 in the Gulf of Cadiz is noted for 

contourites and is considered as a natural repository for contourites (Hernández-Molina et al., 

2013; Stow et al., 2013). This expedition also targeted a series of hemipelagic deposits off the 

SW margin of the Iberian Peninsula. In the case of Expedition 355, which was drilled in the 

Indus Fan, the sediments are dominantly turbidites with minor hemipelagites. Therefore, 

Expedition 339 and 355 contain sediments well suited to address the research objectives. 

1.7 Thesis structure 

The thesis contains 8 chapters, broadly organised into introduction, literature review, methods 

and method development, principal results and discussion. A summary of what each chapter 

entails is as follows: 

 Chapter 1: This chapter provides the general background and scope of the research, and 

a detailed account of the aims, objectives, and research questions. It also sets out a series 

of null hypotheses to be tested.  

 Chapter 2: This chapter reviews the key literature and concepts about mudrocks, their 

microstructure, terminologies, microstructural development and common methodology 

for studying mudrock microstructure, as well as the major challenges associated with 

mudrock study. The section also gives an overview of the key concepts about deep-

water depositional processes and their products. Previous work on microstructure of 

deep-water mudrocks and the various conflicting results are highlighted.  
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 Chapter 3: This chapter gives an in-depth description of the materials and methodology 

adopted in the thesis. Data set used for this research are core samples retrieved during 

some Expeditions of the International Ocean Discovery Program (IODP). Overview on 

the specific expeditions where the data comes from were highlighted. Different 

methodology adopted starting from core handling and sample preparation as well as 

laboratory experiment are explained. 

 Chapter 4: This chapter presents a developed method for determining grain size analysis 

based on image analysis via scanning electron microscopy. Scanning electron 

microscopy is a standard method for studying mudrock microstructure while grain size 

is a key factor that controls several physical properties of the rock. The aim was to 

develop an efficient and effective method for characterising grain size so that grain size 

as well as microstructure can be analysed simultaneously without the need for further 

equipment. The grain size results through the developed method are compared with 

those obtained using laser diffraction granulometry. 

 Chapter 5: This chapter presents a method for the automated analysis of mudrock 

microstructure. The acquisition of the SEM images is unique and image processing 

involved supervised machine learning segmentation. The chapter describes various 

measurements on mudrock microstructures such as microfabric, mineralogy, porosity 

and pore size distribution, which were derived through automated processes. It focuses 

on hemipelagic sediments from IODP Expedition 339. 

 Chapter 6: Chapter 6 presents the full results on microstructure of contourites, 

hemipelagites and contourites, with an attempt to differentiate among them based on 

microstructural characteristics. 

 Chapter 7: This chapter provides the main discussion of the thesis. It briefly reviews 

the new methodology developed and explained in Chapters 4 and 5. It then discusses 

the microstructural characteristics of deep-water mudrocks, and considers what these 

contribute to our understanding of depositional processes. The key differences in 

microstructure between the different facies are elucidated. 

 Chapter 8: The thesis concludes with a brief summary of key findings and conclusions, 

suggested recognition criteria for the different deep-water facies as well as outlining 

suggestions of future research on microstructure of deep-water sediments.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          



CHAPTER 2 – LITERATURE REVIEW 

2 Review of literature 

In this chapter, issues associated with mudrock terminologies and their proliferation are 

presented. The chapter also reviews the many classification schemes that are found in the 

literature, reflecting the varied debates on appropriate classification of mudrocks. Previous 

works on microstructure from the earliest point of view to current efforts are mentioned. 

Highlights on microstructure of deep-water sediments are also discussed. A brief description 

is provided of deep-water deposits - turbidites, contourites and hemipelagites - and their 

respective facies. 

2.1 Problem associated with mudrock terminology 

In the field of geoscience the most widely accepted terminology to describe fine-grained 

sediments and sedimentary rock in general is mudrock (Javadpour, 2009). The definition is 

based on textural property i.e. sediments with mean grain-size less than 63 µm. 

Sediments or sedimentary rocks within this group must contain a minimum of 50% silt to clay 

size particles (Ingram, 1953; Folk, 1980; Stow, 1981). The consolidated and massive (non-

fissile) mudrock is referred to as claystone, mudstone, or siltstone, whereas the unconsolidated 

sediment, which has not undergone significant compaction and diagenesis, are known as clay, 

mud or silt. Fissile fine-grained sedimentary rocks that are characterised by bed-parallel, 

closely-spaced partings are referred to as shale.  

The ambiguous and unstandardized terminologies in mudrocks studies prompts confusion such 

that multiple terminologies are attributed to the same feature (Aplin, Fleet and Macquaker, 

1999; Milliken, 2014; Lazar et al., 2015). An example of the common and unresolved 

disagreement that might persist for generations to come among sedimentologists lies in the 

description of ‘shale’. One definition of shale is based on mineralogical composition – i.e it 

must contain a minimum of 35% of clay or mica (Krynine, 1948; Davies et al., 1991). Other 

definitions are based on lamination (Lundegard and Samuels, 1980) and fissility (Grainger, 

1984). To professionals in the oil industry shale is synonymous to mudrocks as it is used as a 

general name for fine-grained sediments or sedimentary rock (Potter, Maynard and Pryor, 

1980; Passey et al., 2010).  Also, it is not unusual to attach stratigraphic importance to shale, 

by using it in naming successions of strata  perceived to have predominantly fine-grained 
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sediments for example the Bakken Shale, the Barnett Shale  and the Woodford Shale (Schieber, 

1999; Curtis et al., 2012b; Gamero Diaz, Lewis and Miller, 2013). 

In order to have uniformity and reduce confusion that might ensue from proliferation of terms, 

Ingram (1953) proposed the term mudrocks as a name to encompass all fine-grained sediments 

and sedimentary rock whose dominant grain-size is less than 63 µm. The term was welcomed 

and supported by a number of authors (Lundegard and Samuels, 1980; Stow, 1981). There is 

an on-going debate on the appropriateness of mudrocks as a general name for all types of fine-

grained sedimentary rock. The antagonists believe the term is ambiguous being a combination 

of two words; mud and rock. In their own view, mud and rock are perceived to mean two 

contrasting physical states; mud is unconsolidated fine-grained sediment and rock means 

consolidated or a hard substance. It was argued that biogenically derived fine-grained 

components - siliceous and calcareous muds- are not reflected in this term. In view of the latter, 

description to incorporate biogenic and calcareous composition was provided e.g siliceous 

mudrocks and calcareous mudrocks (Dean, Leinen and Stow, 1985; Milliken, 2014). Despite 

the modification in description, a group of authors still find mudrocks unacceptable and suggest 

mudstone as a suitable term which is consistent with the classification of other group of 

sedimentary rocks e.g sandstone and limestone (Aplin, Fleet and Macquaker, 1999; Macquaker 

and Adams, 2003; Aplin and Macquaker, 2011; Milliken, 2014; Lazar et al., 2015). 

However, this view (mudstone) is not accepted here, as the word also suffers from similar 

reason for abandoning the term mudrock, so that in this thesis the term mudrock is chosen as a 

preferred term to connote the generality of fine-grained sediments and sedimentary rocks, 

whether they are unconsolidated, semi-consolidated or consolidated, and without reference to 

their organic or inorganic carbonate content. 

Despite the rigour involved in studying mudrock, a study one might like to abandon along the 

way, the effort is especially worthwhile as mudrocks are one of the principal sediment types in 

the Earth’s crust (Schieber and Zimmerle, 1998; Potter, Maynard and Depetris, 2005; Schieber, 

2015) and a history of the Earth without recourse to studying fine-grained sediments would be 

very incomplete. The depositional processes, fabric and microstructure of fine-grained 

sedimentary rocks can be linked to their physical properties, especially porosity and 

permeability, which are important in relation to fluid flow, nuclear waste disposal and carbon 

sequestration. Mudrock studies can give an insight to the paleoclimatic and oceanographic 
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history of the Earth in geologic time as well as to the carbon cycle within the Earth (Lazar et 

al., 2015). 

2.2 Classification 

Fine-grained rock classification has witnessed a proliferation of terminologies over the last few 

decades and more terms are being added either by slightly modifying previous used terms (e.g. 

Dean, Leinen and Stow, 1985; Milliken, 2014) or by incorporating details such as grain-size, 

bedding and composition (Lazar et al., 2015). The proliferation of terminologies without 

reaching a consensus is unhelpful. Correlating similar works in terms of stratigraphy, 

depositional processes and interpretation are stymied. The classification of mudrocks is 

generally based on some distinguishable criteria such as texture, colour, mineral composition, 

fissility, lamination, chemical composition and degree of metamorphism (Picard, 1971). A 

good classification should provide easily identifiable features in the field, although a later 

laboratory analysis might be required to confirm the mineralogical composition. Albeit, 

because mudrocks are deficient in large scale structures in the field, it is a herculean task to 

differentiate them at outcrop scale. The underlying principle in the classification of sediments 

is to group together materials that have similar features and then give each group a name. Each 

of the criteria used in classifying mudrocks is presented hereinafter. 

2.2.1 Classification based on texture and structure 

Texture in sediments and sedimentary rocks is a description of the shape, size, orientation and 

fabrics of the grains, clasts or crystals. Textural classification is the simplest method for quick 

classification of mudrocks especially in the field, but no universal agreement exists with respect 

to the boundary limits for the different classes. The underlying principle in using texture as a 

criterion for classification is to group together materials with similar textural properties and 

then adopting a name for the group (Blatt, Middleton and Murray, 1980). Textural analysis is 

unique and can give information relating to provenance, transport mechanisms and 

hydrodynamic regime by which sediments were deposited. Structure on the other hand relates 

to the geometry and features larger than the grains. It is manifested by groups of grains that 

occur in association. Mudrocks are commonly seen as structureless, massive and homogeneous 

materials, except where they display lamination and fissility. 
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2.2.1.1 Textural classification 

In textural classification of mudrocks, the main feature commonly in use is grain-size. Grain-

size is the average diameter of the grains. The grain shape, orientation and grain fabrics are left 

out due to the difficulty associated with characterising them. 

Wentworth (1922) presented a simple and straightforward classification of mudrocks with 

fewer number of classes than earlier classification schemes (Udden, 1914)- see Table 2.1. His 

boundaries for siliciclastic grain-size were widely adopted by sedimentologists and are still in 

use today. Sedimentary rock with particle sizes below 63 µm are divided into silt and clay. Silts 

are fine-grained sediments with grain-size ranging from 63 µm to 4 µm. Wentworth objected 

to the classification of mudrocks as shale with respect to grain-size as shale contextually 

implies structural features (i.e. fissility) rather than grain-size.  

Clay or silt implies the sediments contain clay or silt size particles respectively and the 

composition is more than 80% of the overall constituent. Prefixes such as sandy and silty are 

added to clay when the composition is less than 80% and likewise silt is preceded by sandy and 

clayey in a similar fashion.   
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Table 2.1. Grain size scale adopted in this thesis in comparison with 

Udden (1914)  and  as well as the scheme adopted in this thesis. 

Grain size Udden 

(1914)  

Wentworth 

(1922) 

This thesis 

Phi 

scale 

Microns 

4 63  

 

 

 

    Silt 

 

5 31 

6 16  

7 8  

8 4  

9 2   

     

     Clay 

10 1  

11 0.5  

<11 >0.25    
 

Coarse silt 

Medium silt 

Fine silt 

Very fine silt 

Coarse clay 

Medium clay 

Fine clay 

Coarse silt 

Medium silt 

Fine silt 

Very fine silt 

Coarse clay 

Medium clay 

Fine clay 

Very Fine clay 
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Picard (1971) presents a textural classification of fine-grained rock. The classification is quick 

and useful in field operations and was a modified version of the original Wentworth’s 

classification. Siliciclastic sediments with grain-size particles between 63 µm and 4 µm are 

described as silt and must contain at least 75% of the overall constituents. Where case the silt 

content is less than 75% but more than 50%, prefixes such as sandy or clayey are prescribed 

(Figure 2.1). Mudrocks with clay size particles (less than 4 µm size particle) of more than 50% 

qualifies to be within the clay class. Where the clay size particles are less than 75% of the 

overall composition but more than 50%, clay is modified by sandy or silty depending on which 

of the two dominates. This means that clay with higher sand particles compared with silt is 

sandy clay and clay in which the silt content is more than the sand content is silty clay. 

 

Figure 2.1 Ternary plot of fine-grained sediments (Picard, 1971). 

 

Lundegard and Samuels (1980) classified fine-grained rocks based on two primary sedimentary 

features that they believe are linked to the genesis of the sediments. Their classification 

employs grain-size (silt content) and lamination. Lamination was distinguished into three 

types; fabric lamination, biolamination and grain lamination. They asserted that lamination is 

a primary sedimentary structure and has both genetic and paleoenvironmental implication. The 

maximum grain-size for mudrock was set at 62 µm. According to their classification, when silt 

content is greater than 67%, the rock is siltstone. Depending on lamination, siltstone could be 
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described as laminated siltstone when it contains laminations or non-laminated siltstone (Table 

2.2). Mudrocks with less than 67% silt size particles and greater than 10% laminae were 

referred to as shale. In case the lamination is less than 10% and with silt size particles less than 

67%, the rock was classified as either claystone or mudstone (Table 2.2).  

 Mudrocks classification by Stow (1981) was based on multiple parameters such as grain-size, 

fissility and lithification. He suggests that classification based on chemical composition, colour 

and other genetic terms should only be adopted as descriptive terms. Unconsolitated fine-

grained sediments are classified as silt, mud and clay while the lithified equivalents were 

described as siltstone, mudstone and claystone respectively (Table 2.2). In each class, the grain-

size is expected to be greater than 66% of the overall composition e.g. siltstone must contain 

66% silt size particle (63 µm – 4 µm). Modifiers such as sandy, clayey or silty are suggested 

as prefixes in case the dominant grain-size fall short of 66% and provided the modifier is up to 

10% (Table 2.2). 

2.2.1.2 Structural classification 

Fissility is the regular or repetitive splitting of rocks. It is believed to be a function of the 

mineral composition, temperature, weathering and water content (Ingram, 1953; Lundegard 

and Samuels, 1980; Weaver, 1980; Milliken, 2014). Fissility in mudrocks is associated with 

parallelism of micaceous clay materials which is a consequence of gravity settling or 

flocculation (Ingram, 1953). 

According to Ingram (1953), the splitting characteristics of mudrocks could be represented on 

a ternary plot with massive, flaky fissile and flaggy fissile representing each corner of a 

triangle. Ingram believed that the scale of splitting repeatedly is a function of the cementing 

materials. He stated that the cementing materials is a requisite on which classification can be 

based upon. Massive was used to describe mudrocks in which the platy clay minerals show a 

random orientation. Flaggy describes mudrocks with large scale thickness of fissility i.e the 

repetitive splitting of the layers occurs in slab such that the length and width of the mudrocks 

are wider than the thickness. Flaky on the other hand was used to describe mudrocks with 

repetitive irregular thin flakes of platy clay minerals with parallel orientation. Flaky fissile 

mudrocks are cemented by weak cementing materials and the sediments are only held in slices. 

Ingram opined that moderate weathering enhances fissility and a massive siltstone at depth can 

appear with high degree of fissility close to the surface. He correlated fissility types with colour 

such that flaggy mudrocks were reportedly black or grey black. Flaky shales were advocated 
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to be grey or grey black, while mudstones were suggested to be white, grey, yellow etc. He 

stated that cementing materials other than organic materials create a massive structure and this 

imparts random fabric on mudrocks. 

 

Table 2.2 Mudrock classification based on texture and quartz content. 

 

 

2.2.2 Classification based on composition 

Mudrocks essentially consist of physically broken siliciclastic materials, chemically derived 

constituents and biogenically synthesized components. The physically derived materials are 

the product of weathering and are transported to the basin; such allochthonous materials are 

likely to include quartz, transformed feldspars (clay minerals), orthoclase, plagioclase and 

heavy minerals. The most abundant constituent is likely to be the most resistant component and 

this depends on the effectiveness of abrasion during transport. In a basin, there are chemical 

(authigenic) and biogenic derived constituents that are known as autochthonous. Most of the 

chemically derived components are produced due to chemical transformation resulting from 

diagenesis and compaction especially in calcareous rich sediments. For example, limestone can 

be transformed into dolomite in the presence of magnesium or siderite if iron is able to replace 

the calcium. The biogenic components are shelly materials derived from the remains of 
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organisms (Schnurrenberger, Russell and Kelts, 2003) such as siliceous materials (e.g. diatom, 

radiolarian, sponge etc.) or calcareous materials (foraminifera, nannofossil, coccolith etc.). 

In the deep-water setting the material composition is unique owing to detrital contribution from 

the continent and carbonate compositions that are derived in situ. Hence there is need for a 

classification to consider the constituents present in the deep-water setting. The fine-grained 

sediments here mainly consist of three distinctive components that can be related to their 

genetic classification (Dean, Leinen and Stow, 1985). The components are siliceous biogenic, 

calcareous biogenic and non-biogenic components (terrigenous sediments that are silt to clay 

size particles). Dean, Leinen and Stow (1985) suggest that each content could be placed on a 

ternary plot as end members. Their classification is based on core samples recovered during 

Deep Ocean Drilling programme of Leg 75 and 89 (Figure 2.2).  The description of mud as 

combination of silt and clay is found inexplicit with respect to the origin of the sediments. 

Based on their classification scheme, any constituent that makes up more than 50% of the 

sediments takes the principal name. A constituent that is between 25% and 50% of the overall 

component is used as a major modifier. Minor modifier percentage was set at 10 % to 25% 

while less than 10% constituent does not have any effect on the naming of the rock except if 

the constituent is genetically significant. For fine-grained sediments containing non-biogenic 

components that is more than 50%, the main name of the rock could be silt or clay depending 

on which of the two dominates. In case the biogenic components dominate, and the percentage 

is more than 50% (siliceous biogenic or calcareous biogenic), the name of the sediment is ooze 

and is preceded by a modifier to reflect abundant biogenic constituent e.g radiolarian ooze, 

foraminifera ooze, diatom ooze (siliceous ooze), nannofossil ooze etc.  Ooze implies 

microscopic remains of organisms e.g. diatom, radiolarian and foraminifera among others 

(Schnurrenberger, Russell and Kelts, 2003). The naming of the rock commences with the least 

abundant to the abundant constituent. Therefore, a fine-grained sediment with 50% radiolarian, 

26% clay, and 19% nannofossil would be referred to as nannofossil clayey radiolarian ooze. 

While a fine-grained sediment with 60% foraminifera, 15% nannofossil and 25% silt would be 

described as nannofossil silty foraminifera ooze.  
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Figure 2.2 Biogenic and non-biogenic classification of mudrocks (after, Dean, Leinen and 

Stow, 1985). 

Revamping  the classification of  Dean, Leinen and Stow (1985), Milliken (2014) took a step 

further to produce a tripartite classification on a ternary diagram. The classification is based on 

composition and has an undertone of relating mudrocks to their original source. The vertices 

of the ternary diagram are represented by tarl, sarl and carl (Figure 2.3). Tarl is a representation 

of terrigeneous-argillaceous sediments. Sarl implies siliceous-argillaceous and carl intimates 

fine-grained sediments that are calcareous. Both carl and sarl are biogenically derived and they 

are otherwise known as intrabasinal sediments (autochthonous). The classification is based on 

theoretical assumptions and requires further testing and validation using a variety of mudrocks 

(Milliken, 2016). Tarl is chosen for fine-grained sediments whose grain assemblages are more 

than 75% terrigenous sediments (mainly clay, quartz and feldspars). In case the terrigenous 

composition is less than 75% but more than 50% the rock is referred to as argillaceous rock. 

Sediments and rocks with less than 50% terrigenous components are described as sarl if the 

biosiliceous components prevail over biogenically derived calcareous sediments. Whereas carl 

depicts preponderance of the calcareous component compared to biosiliceous sediments. 

Mudrocks with less than 10% terrigenous component are not captured in Milliken’s 

classification. 
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Milliken (2014) compositional classification is much more interpretative and difficult without 

laboratory analyses such as X-ray diffraction and scanning electron microscopy (Energy 

dispersive X-ray analysis and QEMSCAN (Quantitative Evaluation of Minerals by Scanning 

Electron Microscopy) to determine the mineral assemblages. The classification did not survive 

a long time before it was strongly criticised. It was seen as an affront to replace earlier 

classifications based on composition and textural characteristics. Comments by Camp et al. 

(2016) are in part valid such that a general classification of mudrocks is better to be descriptive 

and all-inclusive to observation made in the field as well as description of samples from cores 

whereas Milliken’s classification scheme is far from being all inclusive. However, the 

classification could still be valid for detailed and compositional classification after required 

analyses have been performed. 

 

 

Figure 2.3 Compositional classification of mudrocks (After, Milliken, 

2014). 

Tarl implies detrital materials (terrigeneous argillaceous, Carl (carbonaceous-

argillaceous) and Sarl (siliceous argillaceous). Note that argillaceous is also 

synonymous to fine-grained sediments. 
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Spear (1980) felt classification of mudrocks  without due consideration to mineral composition 

(laboratory analysis) is incomplete. His classification relies on the percentage of quartz and 

fissility. He recognised lamination or fissility as an essential criterion required in order to 

classify fine-grained rocks. According to Spear, fissility means the repeated splitting of rock at 

a regular interval. His classification was in line with Elliot and Strauss (1967) and confirmed 

the upper limit of 40% quartz content set by the latter for clay. In Spear’s classification, fissile 

fine-grained sediments with quartz content greater than 40% are described as flaggy siltstone 

(Table 2.2). The non-fissile equivalent with more than 40% quartz is described as massive 

siltstone. Mudrocks with quartz content ranging from 30% to 40% is named very coarse shale 

provided it is fissile while the non-fissile equivalent is described as very coarse mudstone. Fine-

grained rock with 20% to 30% quartz is named coarse shale when the rock is fissile while the 

non-fissile equivalent with the same quartz content is termed coarse mudstone. In situation, 

whereby the quartz content of a fissile fine-grained rock falls between 10% and 20%, Spear 

described the rock as fine shale and in case the rock is non-fissile the rock is described as fine 

mudstone. Fine-grained rock with less than 10% quartz content and fissile in nature is described 

as very fine shale while the non-fissile equivalent is described as very fine mudstone (Table 

2.2). 

In Weaver (1980), classification of fine-grained sediments is based on a set of different criteria 

with intent to make the classification interpretative and relating sediments to their origin. To 

bring about simplicity and a genetic classification of fine-grained rock. The classification 

scheme relies on grain-size and mineralogical composition (phyllosilicate content). He 

contended that fissility should be limited to field usage. Hence shale as rock should only be 

applied to field description. His findings showed that shallow buried claystone might occur as 

fissile due to weathering, low temperature and dewatering at or close to the surface but at 

greater depth, the same rock exists as non-fissile siltstone. It is on this ground that he concluded 

that shale as a rock does not exist at the subsurface but rather as a potential shale. 

In Weaver’s nomenclature, he suggests physil and physilic as prefixes for describing mudrocks 

with greater than 50% and less than 50% phyllosilicate respectively (Table 2.3). He disproved 

the belief that phyllosilicate is the same thing as clay minerals. This belief was challenged by 

his findings in which he found that in shallow buried areas, phyllosillicate have the same 

percentage as clay minerals but as the burial depth increases, there is disparity in clay minerals 

and phyllosilicate content. 
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Weaver’s classification contains physil clay, physil silt and physil silty clay which are loose 

and uncemented fine-grained materials containing more than 50% of phyllosilicate minerals. 

Physilic clay, physilic silt and physilic silty clay contain less than 50% phyllosilicate minerals. 

The consolidated mudrocks with greater than 50% phyllosilicate are physil claystone, physil 

siltstone and physil silty claystone etc. The lithified equivalent of fine-grained rock with less 

than 50% phyllosilicate are physilic claystone, physilic siltstone and physilic silty claystone. 

Weaver attributes his classification to the genesis of the rock. Physil siltstone and physil 

claystones are suggested to have been derived from the marine environment and have 

undergone lengthy diagenetic transformation. On the other hand, physilic siltstone and 

claystones are linked to fluvial to deltaic environment and have been moderately compacted. 

2.2.3 Classification based on metamorphism 

Flawn (1953) classified fine-grained rock based on the degree of metamorphism. The criteria 

for his classification are the reconstitution of clay minerals and grain-size, parting (fissility) 

and induration. The upper limit of clay size particles was set at 10 µm contrary to 4 µm 

(Wentworth, 1922; Picard, 1971; Stow, 1981; Grainger, 1984). He stated that 10 µm of grain-

size is the least size of micaceous grain that is detectable with a petrographic microscope at 

x80 magnification. Based on his classification, fine-grained rock with grain-size less than 10 

µm without reconstitution of the clay and micaceous minerals (i.e without parting) are 

described as clay. Indurated mudrocks whose grain-size is less than 10 µm and associated with 

partings (micaceous minerals) are described as shale. When the reconstituted minerals are less 

than 50% but still micaceous the rock is termed clay-slate but when the rock shows no partings, 

it is referred to as argillite. Where the reconstituted minerals are more than 50%; meta-argillite 

was used to describe the non-parting type while the one with partings was referred to as slate. 
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2.2.4 Definition of terminologies for this study 

Due to the controversies associated with mudrock terminology, it is essential to define some of 

the terminologies used in this thesis to inform the reader about the contextual meanings of the 

terms. 

In this thesis, non-ambiguous terminology is adopted in which the term mudrock is used for 

unconsolidated, semi-lithified and indurated sediment in which more than 50% of its grain-size 

less than 63 µm. The group of rocks that fall into this category are silt, siltstone, clay, claystone, 

mud, mudstone, shale, marl and marlstone.  

The classification scheme of mudrocks  based on grain size adopted in this thesis is similar to 

that presented by Udden (1914). Further subdivision in which the principal name is modified 

in order of increasing abundance is similar to the classification systems of Shepard (1954) and 

Stow (2005). 

The principal name used is the one that comprises greater than 50% of the constituents and, for 

mixed composition mudrocks, the modifier preceding the principal name refers to the second 

Table 2.3 Classification of fine-grained sediment base on metamorphism. 
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most abundant component, which comprises more than 10% of the overall components. Terms 

in which the principal name is modified are, for example, silty clay, clayey silt, sandy clay and 

sandy silt. 

Mudrock(s): fine-grained sediments and sedimentary rocks that consists of more than 50% silt 

and clay size particles, irrespective of their organic or mineral composition. 

Argillaceous: fine-grained sediments in which clay size particles dominate or a sedimentary 

rock containing essentially clay particles e.g shale, clay and claystone  

Marl/marlstone: admixture of carbonate and fine-grained siliciclastic material in which the 

carbonate content is significant (30-70%), which can also be described as clayey calcareous 

sedimentary rock (Dean, Leinen and Stow, 1985). Marl is the unconsolidated type while the 

indurated rock with similar composition is known as marlstone. 

Clay/claystone: fine-grained siliciclastic rock that is dominated by a particle size of less than 

4 µm, provided the particle size is more than 50% of the overall components. The 

unconsolidated rock is clay while the indurated equivalent is referred to as claystone. 

Silt/siltstone: fine-grained sediments or sedimentary rocks in which more than 50% of its 

grain-size is between 63 µm and 4 µm. Silt refers to the unconsolidated type while the 

consolidated type is siltstone. 

Mud/mudstone: a fine-grained siliciclastic sediments or sedimentary rocks lacking fissility 

that is made up of a mixture of silt and clay size particles such that neither of the two is up to 

75% of the total. 

Shale: semi-consolidated to consolidated mudrocks that are characterised by parting/fissility. 

Lamination: thin layering in rocks that is of sub-centimetre scale and is produced as an original 

depositional structure. 

Fissility: a descriptive term for the splitting of rock at regular intervals along planes of 

weakness, which are parallel to stratification.  
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2.3 Microstructure 

Improvement in drilling technology coupled with success in exploration of shale gas in the 

United States of America, has increased the interest in studying microstructural characteristics 

of mudrocks. Previously mudrocks were seen to be of little economic value, except for organic 

shales which serve as source rocks for hydrocarbon. To understand fluid transportation and its 

storage within mudrocks, the starting point should be the nanometre to micrometre 

microstructure. Upscaling of these observations from the small scale can then be linked to 

borehole scale, through well logs, and subsequently correlating the latter to seismic data 

(Ambrose, 2011). However, characterising mudrocks from the nano-scale to a seismically 

resolved feature is problematic, due to the widely disparate scales.  

Microstructure of mudrocks is historically based on pedantic notions that were later supported 

by experimental observation. Popular descriptive terms based on this conjectural hypothesis 

are honeycomb, cardhouse, bookhouse and domain microstructure among others (Sergeyev et 

al., 1980). The pioneering efforts on microstructural studies are restricted to description of clay 

particle orientation. 

Microstructure for shale gas explorationists has been described as studying mudrocks particle 

size and the composition of shale. However, presently the study is advancing and entails the 

summation of all observations made on mudrocks at a nanometre to micrometre scale, which 

includes the relationship among grains (microfabric), grain orientation and alignment, pore 

shape and morphology, porosity and its connectivity, mineralogical composition and other 

small micron to submicron features that are present in them (e.g. microfractures and 

microbioturbation).  

In the past, microstructural studies were usually restricted to studying grain and mineral 

arrangement at a microscopic scale (microfabric). The advent of sophisticated microscopes 

(field emission scanning electron microscope and transmission electron microscope) has 

revolutionalised microstructural research, as it allows observation of small scale features down 

to the nanometre scale. Despite the progress made and the current renewed interest in 

microstructure of mudrocks, knowledge on microstructural characteristics of mudrocks is still 

limited (Camp, Diaz and Wawak, 2013). 
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 Common high-resolution techniques usually employed in studying microstructure include but 

are not limited to transmitted light microscopy (Egenhoff and Fishman, 2013; Plint, 2014), 

scanning electron microscopy (Curtis et al., 2010; Curtis et al., 2012b; Erdman and Drenzek, 

2013), transmission electron microscopy (Curry et al., 2007; Wirth, 2009; Janssen et al., 2012), 

mercury injection porosimetry, helium porosimetry (Kuila et al., 2012), x-ray micro computed 

tomography (Houben, Desbois and Urai, 2013; Boruah and Ganapathi, 2015; Hemes et al., 

2015) neutron scattering (Clarkson et al., 2012; Clarkson et al., 2013; Gu et al., 2016), nuclear 

magnetic resonance (Sondergeld et al., 2010; Josh et al., 2012; Mehana and El-monier, 2016) 

and gas adsorption techniques (Kuila and Prasad, 2013; Lin et al., 2015; Houben et al., 2016). 

The aim of using these techniques is to capture the nanoscale and microscale features with 

high-resolution equipment. 

2.3.1 Macrofabric and microfabric 

Mudrock fabric can be described as the geometrical arrangement or orientation, spatial 

distribution and interactions or interrelationships existing among closely packed particles of 

fine-grained sedimentary rocks (Bennett, Bryant and Keller, 1981; Altschaeffl and 

Thevanayagam, 1991). The geometrical arrangements of the particles are commonly observed 

as particle orientation; therefore fabric in this context is synonymous with orientation of 

particles (O'Brien, Brett and Taylor, 1994). Mudrock fabrics can be distinguished into 

macrofabric and microfabric. Macrofabrics are large scale preferential orientation of fine-

grained particles at a centimetre to millimetre scale. Such macrofabrics are manifested as 

fissility, lamination and micro-depositional features. These features are  best studied using X-

radiography (O'Brien and Slatt, 1990), optical microscopy (Egenhoff and Fishman, 2013; Plint, 

2014) and X-ray computed tomography (CT) imaging (Diaz and Walls, 2012). Microscale 

study of fabric otherwise known as microfabric requires higher resolution and commonly 

utilised equipment include optical microscope, electron microscope and other high-resolution 

techniques.  

Microfabric of mudrock is a building block and a subset of microstructure. Hence, 

microstructure is defined as an interplay between fabric, gravitational forces, electrochemical 

mechanism and the surrounding fluid (Bennett, O’Brien and Hulbert, 1991). The importance 

of fabric is enormous as it has considerable impact on specific aspects of rock properties, such 

as porosity, permeability and stress-related behaviour of the rock. These physical properties 

are important in order to understand salient phenomena such as primary migration of 
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hydrocarbon from the source rock (O'Brien, Slatt and Senftle, 1994), suitability of shale for 

radioactive storage and also providing quantifiable data for enhanced numerical modelling of 

both single and multi-phase fluid flow (Hemes et al., 2015).  

The study of microfabric in mudrocks predates the era of scanning electron microscopy and 

transmission electron microscopy. The story of microstructure will be incomplete without 

reference to the excellent works of pioneers in the field.   

Microfabric studies of mudrocks is a study that cuts across an array of disciplines, including: 

soil mechanics, civil engineering, chemistry, geotechnical engineering, sedimentology and 

other fields. The earliest advances in microfabric studies were initiated by non-geologists 

(Moon, 1972) led by the field of soil mechanics.  

The classical works of Terzaghi (1925) and Casagrande (1932) who described honeycomb 

structure in mudrocks and its subsequent modification due to mechanical compaction (Figure 

2.4), laid the foundation for microstructural studies. Models from both authors described clay 

particles aggregation in terms of single units known as honeycomb structure. The honeycomb 

structure describes random association of clay aggregates typified by an edge to edge pattern. 

One of the famous frontier studies of microfabric is that of Lambe (1958) who distinguished 

freshwater mudrocks from marine mudrocks based on  particle arrangement. He noticed that 

clay platelets from mudrocks deposited in the marine environment are randomly arranged with 

reasonable amount of void space, whereas clay particles from freshwater mudrocks are orderly 

arranged and have lesser voids. He described the lack of orientation of the particles as 

cardhouse structure, a term attributed to Goldshmidt (Sergeyev et al., 1980), and which is still 

a popular term in the literature (e.g Lash and Blood, 2004; Blume et al., 2016; Kasprzhitskii et 

al., 2016; Yu, Chow and Wang, 2016). The cardhouse structure is synonymous to the 

honeycomb structure in which the aggregates of clay particles can both contain heterogeneous 

particles arranged in edge to edge and edge to face patterns (Figure 2.4). A further explanation 

of the cardhouse and arrangement of mud particles was offered by Van Olpen (1963) through 

an electrolytic approach. He stated that settling mud can aggregate in three ways which may 

be through edge to edge contact (E-E), edge to face contact (E-F) and face to face contact (F-

F). The first two contacts are the products of random orientation while a face to face 

arrangement is manifestation of distinct (preferred) orientation of clay particle present in 

mudrocks (see Figure 2.5).  
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Figure 2.4 Cartoon of  early model of clay particles aggregation (i) honeycomb 

(ii) cardhouse (modified after, Bennett, O’Brien and Hulbert, 1991). 

The honeycomb and cardhouse structures are typical of freshly deposited clay particles with 

insignificant burial. The structures have high volume of voids and contain single plate 

aggregate. Note the E-E (edge to edge) and E-F (edge to face) contacts. 
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Figure 2.5 Mode of particle aggregation in freshly deposited fine-grained 

sediments (after, Van Olphen, 1963).  

 (a) dispersed/deflocculated (b) aggregated but deflocculated (c) flocculated with edge-face 

relationship (d) flocculated and aggregated with edge to edge relationship (e) Flocculated 

and aggregated with edge to edge association (f) flocculated and aggregated with edge to 

edge relationship (g) flocculated and aggregated with edge to edge and edge to face 

relationship.     

 

The arrangement of fine-grained particles into edge to edge (E-E), edge to face (E-F) and face 

to face (F-F) are important determinants of other physical properties such as pores and pore 

network and resultant microfabric. Fine-grained sediments with particle arrangement into edge 

to face are likely characterised with higher porosity compared with those arranged in face to 

face domain (Davies et al., 1991). At similar burial depth conditions the latter is likely to have 

a preferred oriented fabric while the former is likely to have more random orientation. 

Aggregates of fine-grained particles with considerable edge to edge and face to face is likely 

to facilitate pore connectivity which is vital to fluid flow due to the possibility of both lateral 

and vertical connectivity (Figure 2.6). Simple configurations like this are likely to be rare in 

the subsurface because overburden pressure will bring about changes to the original 

arrangement of grains with increase in burial depth. For example, larger grains are like to 

collapse into the matrix. 
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Figure 2.6 Cartoon showing arrangement of clay particles (i) face to face domain 

(ii) edge to edge arrangement (iii) combined edge to edge and face to face pattern 

(iv) series of edge to edge and face to face domain pattern. 

 

2.3.1.1 Factors controlling development of microfabric 

Development of microstructure in fine-grained rock is dependent, at least in part, on the 

processes that in operation in a depositional setting. Numerous mechanisms or models have 

been proposed to explain how microstructure in mudrocks develops. Of all these models, it is 

hard to give priority to any one over the other, as there is the possibility that the development 

of mudrock fabric involves an interplay among several factors (Day-Stirrat, 2014). Pioneering 

models were generally simple; however, the advanced technology and improved sample 

preparation (broad ion beam milling -BIB- and focussed ion beam microscopy -FIB) call for 

better understanding of mudrock microstructure and a more robust model to explain the factors 

that are responsible for its development.  

Early microstructural studies of mudrocks, suggested that the presence of platy minerals was 

the main factor responsible for mineral orientation in mudrocks (Hurst, 1987). However, the 

presence of platy minerals alone does not indicate the processes involved in having a mudrock 

with a preferred orientation, massive or random orientation. Several studies have enunciated 

the importance of mechanical stress on mudrock anisotropy (e.g Sintubin, 1994; Matenaar, 

2002; Aplin, Matenaar and van der Pluijm, 2003; Lash and Blood, 2004; Aplin et al., 2006). 

Smectite to illite transformation has also been suggested as a critical factor that could be 

responsible for microfabric development (Ho, Peacor and van Der Pluijm, 1999; Charpentier 

et al., 2003; Aplin et al., 2006). The transformation process of smectite to illite is caused by 
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high temperature and pressure effect on clay minerals. The authors that hold this view 

concentrated their studies on burial depth to create the temperatures at which smectite 

transforms to illite. Their findings showed to an extent that there is a correlation between 

smectite transformation to illite and clay mineral orientation. A brief discussion of some of the 

controversies and conflicting conclusions from past researches are outlined below. 

In 1967, Odom published a paper aimed at investigating the structural properties of argillaceous 

rocks and their relationship to clay fabric. The paper alluded to the fact that well defined 

orientation of clay (fabric) increases as the organic matter content increases and with increase 

in fissility of the rock. Odom concludes that argillaceous rocks with high content of carbonate 

minerals are likely to produce random orientation. The studies find no relationship between 

fine-grained sedimentary rock fabric and factors such as geologic age, burial and clay content. 

However, Odom reported that high level of montmorillonite in some mudrocks imparts random 

orientation. He concluded that preferred orientation in mudrocks is independent of compaction, 

but suggests that mudrock fabric could be associated with physicochemical conditions of the 

environment of deposition.    

The study of shale  by O'Brien (1970) using scanning electron microscopy (SEM) in studying 

microfabrics of mudrocks suggests that there is a correlation between orientation of clay 

minerals and fissility. Shale with the highest degree of fissility has the highest level of preferred 

orientation and it was acknowledged that well oriented fabric in shale is ostensibly dependent 

on the pattern of deposition of clay. Well oriented fabric is attributed to originally dispersed 

clay particles or deflocculated particles of clay while random orientation is suggested as due to 

flocculation during deposition. 

A number of authors believe that orientation in mudrock (fabric) is dependent on the 

environment of deposition (Odom, 1967; Moon, 1972; Moon and Hurst, 1984). In order to 

explain the mechanism behind dispersion and flocculation of fine-grained particles, Moon and 

Hurst’s (1984) position on microfabric is that fine-grained sediments deposited within an 

anoxic setting become dispersed (Figure 2.7). The model suggests that the presence of organic 

compounds in anoxic environments causes deflocculation of earlier formed flocs (random clay 

aggregation) by acting as a peptising agent. Peptisation by organic matter is proposed as the 

force that triggers dispersion of fine-grained particles in an anoxic environment. Subsequently 

overburden pressure on such particles would accentuate a well oriented mudrock fabric. 

However, in an oxic setting, the condition does not favour preservation of organic matter, and 
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the model assumes an absence of organic compounds in such an environment and therefore 

random orientation of clay particles is produced as a resultant effect of flocculated particles 

that are undispersed. 

 

Figure 2.7 Diagram of proposed model of fine-grained sediments in relation to 

oxygen content of the bottom water (after, Moon and Hurst, 1984). 

Note the flocculation in oxic condition and segregation of the particles in the anoxic water 

conditions. 

In furtherance to this position, later work was aimed at establishing the relationship between 

environment of deposition and fabric in mudrock and the significance of fabric on geotechnical 

properties (Hurst, 1987). The study was conducted on natural samples and in a simulated 

conditions. The outcome of the study conforms with Moon and Hurst (1984) and therefore 

concludes that organic-rich fine-grained sediments display preferred orientation, while 

organic-poor fine-grained sediments exhibit randomly oriented fabric.  

Apart from generation of preferred orientation through physical or chemical means, a 

biological factor has also been considered. There is discrepancy in the rate at which organisms 

thrive in oxygenated environments (aerobic) and low or oxygen depleted environments 

(anaerobic). A prominent geological imprint that differentiates the two dissimilar environments 

is biogenic activities and this is marked by bioturbation. In an oxic environment there is a lot 

of biogenic activities and the environment is prone to destruction of the original fabric of the 

rock, but in contrast, in an anoxic environment there is less biogenic activity and hence the 

original fabric would be preserved. In this regard, O’Brien (1987) documents three types of 
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fabrics (macrofabric and microfabric) of shale based on biogenic activities using x-radiography 

and scanning electron microscopy. 

(1). Highly bioturbated sediments showed homogeneous grey tone and randomised particles 

similar to flocculated clay particles in mudstone, but differs with the absence of the cardhouse 

domain which characterises the latter. 

(2). Mildly bioturbated sediments are reported to have indistinct fabric with relics of primary 

laminations and both sub parallel and parallel microfabric.  

(3). Non-bioturbated sediments, with low abundance and low diversity of fossils, produced 

well laminated fabric under x-ray radiography and well-preserved orientation of original fabric. 

Charpentier et al. (2003) studied the relationship between fabric and mineral diagenesis. They 

noted that at great depth, despite the huge effective stress involved, anisotropic alignment of 

mudrock minerals was not observed until there is transformation of smectite mineral to illite. 

They suggest that the preferred alignment of minerals in fine-grained rock can be attributed to 

diagenetic transformation of smectite to illite, which is a function of burial depth and thermal 

gradient. Preferred orientation of clay minerals as a product of smectite to illite transformation 

has been supported by a number of authors (e.g Ho, Peacor and van Der Pluijm, 1999; Aplin 

et al., 2006; Wenk et al., 2008a) and their works are focused on stratigraphic depth at which 

smectite transforms to illite. Smectite to illite transformation is dependent on temperature and 

it has been documented by earlier research that this occurs between a temperature of 100⁰C 

and 120⁰C (Berger, Velde and Aigouy, 1999; Aplin et al., 2006). However, preferred 

orientation in mudrock has been reported at shallow depth specifically from outcrop samples 

(Lash and Blood, 2004), which are situated below the required temperature at which 

transformation of smectite to illite occurs. Hence, it is inconclusive to relate preferred 

orientation of mudrock particles to transformation of smectite to illite. This is particularly true 

in sediments where such minerals are not present. 

Nygard et al. (2004) simulated field conditions in the laboratory by subjecting outcrop samples 

from two different locations within the UK to mechanical compaction. They stated that 

production of fabric by mechanical compaction in mudrock is a function of the state of 

cementation of the rock prior to overburden pressure. They mentioned that if the constituents 

are uncemented mud, mechanical compaction will facilitate alignment of the mineral 

constituents, but in cases where the materials are cemented prior to mechanical compaction, 
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the cementing material is said to constitute a barrier and will hinder development of preferred 

orientation. The Nygard et al. (2004) position is similar to a previous report by Moon and Hurst 

(1984) who suggest that flocculated mud produces a random orientation while dispersed mud 

generates preferred orientation, and that these fabrics are maintained during compaction.  

Among other factors that have been reported as being responsible for imparting preferred 

orientation on mudrock are consolidation due to overpressure and reaction of the mineral 

constituents to the pressure (Day-Stirrat, 2014). The effect of these factors can vary according 

to the burial condition such as temperature and depth. Day-Stirrat (2014) presumes that 

transformation of a mudrock from non-preferred orientation to that with well oriented fabric is 

dependent on the temperature condition at burial depth coupled with mechanical consolidation 

and reaction of the mineral constituents. He states that silt to clay ratio is an important 

parameter that has a strong influence on mudrock fabric. Abundance of silt is likely to prevent 

well oriented fabric development through reducing the effectiveness of overburden pressure. 

Hence, mudrock with high silt content might retain its original random fabric while clay 

dominated mudrock will induce an anisotropy in the arrangement of the particles as burial 

progresses. At shallow depth, the effect of silt content will likely be insignificant in controlling 

mudrock fabric due to the fact that the overburden pressure at such condition is minimal unless 

the basin evolved rapidly (i.e. rapid sedimentation). The assumption that silt content affects 

microfabric of mudrock is similar to how concretions effect mudrock macrofabric (Figure 2.8) 

as outlined by Lash and Blood (2004).  
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Figure 2.8 Picture of concretion within a shale lithology which highlight 

difference in fissility between pressure shadow (ps) and the adjacent shale (sh) 

(Lash and Blood, 2004). Note that the pressure shadow (ps) in the diagram are 

not fissile while the adjacent shale shows strong fissility. 

 

Research carried out by Wilkinson and Fenton (2015) suggests that preferred orientation in 

mudrocks could be attributed to a number of factors including sedimentary processes, grain 

shape, bioturbation, depth of burial, tectonic events, weathering and age of the rock. They 

suggest that at the time of deposition, sedimentation process could be responsible for the 

arrangement of mud particles but subsequently, post depositional effects modify and contribute 

largely to the final arrangement of the particles. The authors mentioned that the degree of 

preferred orientation in fine-grained sedimentary rock is inversely proportional to the silt 

content of mudrocks which is in tandem with the position of Day-Stirrat (2014). 

The study of mudrock microstructure took a different approach in recent times compared to the 

earlier studies which were focused on grain to grain relationship, orientation of grains/mineral 

and pores. Current research efforts on microstructural characterisation of mudrock are 

concentrated on the understanding of the pores, pore morphology, pore networks, pore 

connectivity and permeability in order to determine mudrocks sealing capacity, and carbon 

storage potential (e.g Houben, Desbois and Urai, 2013; Hemes et al., 2015) and fluid movement 

mechanisms (Loucks et al., 2009; Curtis et al., 2012b; Kuila et al., 2012; Sondergeld, Curtis 

and Rai, 2012). Mineralogical components of mudrocks have been identified as a controlling 

factor of porosity, so that most microstructural studies incorporate X-ray diffraction (XRD), 

X-ray fluorescence (XRF) and energy dispersive X-ray analysis (EDX) among others to 

determine the mineral composition of the rock.  
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2.3.2 Pores and porosity 

Pores and porosity are the first parameters to consider in addressing issues related to fluid 

movement within porous media. Fluids, for example hydrocarbon (oil and gas) and water, 

reside within pore spaces. Pores are defined as the voids or portion of rock that is devoid of 

grains. In mudrocks, pores are small and range from a nanometre to micrometre scale. These 

pores are described as interparticle and intraparticle, with respect to the location of the pores 

with respect to the matrix (Loucks et al., 2012). Pores can also be described as open or closed 

depending on whether there exists a connection between them and other adjacent pores. Open 

pores have connection with adjacent pores and in most cases, they are likely to be interparticle 

(pores between rock grains), owing to the likelihood of being connected, compared with 

intraparticle (pores within rock grains). Therefore, open pores are the most important with 

respect to fluid flow. The closed pores are disconnected from neighbouring pores and they can 

be described as isolated pores. Pores have non-uniform and irregular structures and therefore a 

variety of descriptive shapes have been used in describing them e.g. bubble-like and sheet-like 

(Gu et al., 2015), elongated (Desbois, Urai and Kukla, 2009), sponge-like (Milliken et al., 

2013) and slit-like (Curtis et al., 2012a). A cartoon of a porous material is illustrated in Figure 

2.9. 
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Figure 2.9 Cartoon showing pores and mineral grains in a rock. The white 

background represents the pores in the rock. As depicted in the figure above, the 

varying shapes and shades represent different mineral grains that can be present in 

rocks e.g. quartz (rounded), feldspar (diagonal striped pentagon) microfossil (yellow 

crescent), mica (elongated). The storage and movement of fluids (gas, oil and water) 

is a function of connectivity of the pores. A well-connected pore network would 

allow easy movement of pores while tight and unconnected pore network would 

impede movement of fluid. 

 

There is lack of agreement on classification of pores in mudrocks and there is an increase in 

publication on terminologies of pores in mudrocks. This adds a layer of confusion when reading 

texts in which different classification schemes are used, as this does not allow easy comparison 

among publications. Most classifications of pores in mudrocks are based on two criteria; 

diameter of the pores and location in which the pores are found. It is not uncommon seeing 

authors referring to pores of the same size range with a different name (Rouquerol et al., 1994; 

Loucks et al., 2012) as presented in Table 2.4. Rouquerol et al. (1994) present a classification 

agreed upon by the International Union of Pure and Applied Chemistry (IUPAC). In their 

classification, pores are differentiated into three groups, based on pore size; micropore (less 

than 2 nm), mesopore (2-50 nm) and macropore (greater than 50 nm). The IUPAC 

classification is known to have a wide acceptance among mudrock researchers (Bustin et al., 

2008; Chalmers, Ross and Bustin, 2012; Hemes et al., 2015; Houben et al., 2016)  
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Table 2.4 Comparison two schemes of pores classifications based on diameter. 

(Loucks et al., 2012) IUPAC classification (Rouquerol et al., 1994) 

256 – 4 mm macropore > 50 nm macropore 

< 4 mm – 62.5 μm mesopore 

<6.25 μm – 1 μm micropore 

< 1 μm – 1 nm nanopore 

2 – 50 nm mesopore 

 

< 2 nm micropore < 1nm Picopore 

 

Considering the material composition in which pores are located, several names have been 

applied to similar pores (e.g Milliken and Reed 2010, Schieber, 2010, Desbois 2009, Curtis, 

2010). For example pore constrained by organic matter have been described as organophilic 

pore (Curtis et al., 2010), organic pore (Kang et al., 2011), organic matter pores (Loucks et al., 

2012) and organic matter-hosted pore (Milliken et al., 2013). A list of terminologies as used 

by several authors with respect to the material surrounding a pore is presented in Table 2.5. 
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Table 2.5 Terminologies used for description of matrix related pores with respect 

to their location (Modified after, Loucks et al., 2012). 

Description Terminology Reference 

 

 

Pore within 

organic matter 

Organophilic pore (Curtis et al., 2010; Gu et al., 2015) 

Organic matter pore (Loucks et al., 2009; Wang et al., 2009) 

Organic pore (Ambrose, 2011) 

Organic matter-hosted 

pore 

(Milliken et al., 2013) 

 

 

 

 

Pore between 

grains 

Interparticle pore (Loucks et al., 2009; Slatt and O'Brien, 

2011; Loucks et al., 2012; Wang et al., 

2014) 

Dissolution pores (Loucks et al., 2010; Milner, McLin and 

Petriello, 2010; Schieber, 2010) 

Intergranular pore (Wang et al., 2009; Chalmers, Ross and 

Bustin, 2012) 

Phyllosilicate (Curtis et al., 2010; Curtis et al., 2012b) 

Type III- large connected 

pores  

(Desbois, Urai and Kukla, 2009) 

 

 

Pore within grains 

Intraparticle pores (Slatt and O'Brien, 2011; Loucks et al., 

2012; Wang et al., 2014) 

Phyllosilicate (Curtis et al., 2010; Curtis et al., 2012b) 

Phyllosilicate framework (Milner, McLin and Petriello, 2010; 

Schieber, 2010) 

Type I- elongated 

(unconnected) 

Type II – crescent shape 

(unconnected) 

(Desbois, Urai and Kukla, 2009) 

 

For simplicity, pore classification as used in this thesis is akin to that of Loucks et al. (2012) 

for matrix related pore such as interparticle, intraparticle and organic matter pores. However, 

when considering the diameter of the pore the IUPAC classification is subscribed to. Apart 

from matrix related pores natural fractures exist in mudrocks and these are unrelated to 
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individual grains and they range from sub-micrometre to a few micrometres in width. The 

different pore types related to fracture and matrix as used in this thesis are presented in Table 

2.6. 

 

Table 2.6 Different pore types that are associated with mudrocks as used in this thesis 

(Modified after, Loucks et al., 2012). 

 

 

Porosity is defined as the measure of the ratio of pore volume (volume of pore spaces) to bulk 

volume (total volume) of the rock.  It is expressed as a fraction or percentage and it is 

dimensionless. Mathematical expression for determining porosity is presented in equation 2.1. 

Porosity is an essential petrophysical property of rock, which has a strong control on movement 

and storage of fluid in rock. It is one of the three parameters that are of concern to 

petrophysicists. The other two are permeability and hydrocarbon occurrence which are in one 

way or the other dependent on porosity.  

ø =  
𝑽𝒗

𝑽𝒃
=  

𝑽𝒃−𝑽𝒈

𝑽𝒃
 ……………………………………………………… Equation 2.1 

 

Where ø is porosity, VV is the volume of voids (pore volume), Vb is the bulk volume and Vg is 

the volume of grains 

Permeability is defined as the ease with which fluid moves within the rock and this strongly 

relies on capillary pressure and buoyancy. While capillary pressure impedes and enhance 

trapping of hydrocarbon, buoyancy enhances fluid movement within the pore space. In order 

for fluid to flow within the reservoir rock, buoyancy pressure must overcome capillary force. 
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Capillary force is dependent on the pore throat and the tighter the pore throat, the higher the 

capillary force and vice versa. The equation for calculating the buoyant pressure and the 

capillary pressure are: 

𝑷𝒃 = (𝝆𝒘 − 𝝆𝒐)𝒈𝒉…………………………………………………… Equation 2.2 

 

Where 

Pb is the buoyancy pressure,  

𝜌w  is the density of water 

𝜌o is the density of oil 

g is acceleration due to gravity 

h is the height above free water level 

𝑷
𝒄 = 

𝟐𝝈𝒄𝒐𝒔𝜽

𝒓

 ……………………………………………………………. Equation 2.3 

 

Where 

Pc is the capillary pressure 

𝜎 is the interfacial surface tension 

𝜃 is the contact angle between water and the grain 

r is the radius of the pore throat. 

Understanding pore structures and their connectivity is the first parameter required to estimate 

fluid flow in reservoir rocks as it constitutes a requirement for quality assessment of reservoir 

and its predictive models (Bloch, 1994).  Porosity be a useful indicator for determining 

subsidence history of seafloor, which can then be used to estimate marine tectonic and eustatic 

changes (Kominz, Patterson and Odette, 2011 and references therein).  
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Pores in mudrocks are commonly within three orders of magnitude (nanometre to few 

micrometre). Microfractures can be up to few micrometres. Most pores have diameters that are 

less than 100 nm. Due to the variation in the pore sizes in mudrocks, there are many techniques 

utilised in determining the pore size and porosity of unconventional reservoirs. These different 

techniques have disparity in their resolutions. There is no unique technique that can capture the 

wide-range of pore sizes in mudrocks. Hence, in most cases a combination of techniques is 

used so that they can serve as complementary to each other. Basically, the methods commonly 

used can be divided into direct methods and indirect methods. The direct methods provide 

opportunity to visually inspect pore structures and their connectivity. The technique involves 

imaging samples in both 2D (SEM and TEM) and 3D (MicroCT and FIB-SEM). The highest 

resolutions recorded so far from direct techniques are 5 nm and 2 nm for FIB-SEM and TEM 

respectively (Bustin et al., 2008; Anovitz and Cole, 2015). The indirect methods are laboratory 

techniques that are used for determining pore size and porosity aside from direct imaging. 

These include NMR, neutron scattering, water immersion, helium porosimetry, mercury 

porosimetry and gas adsorption. The choice of a method for characterizing porosity and pore 

size distribution is constrained by factors such as clay content, thermal maturity and range of 

the pore sizes (Saidian et al., 2014). 

2.4 Deep-water fine-grained sediments 

The ocean can be subdivided into shallow and deep-water on the basis of the water depth and 

slope morphology (Mulder, Hüneke and Van Loon, 2011). In the field of geoscience, deep-

water is synonymous to deep-sea and it can be described as a water environment in which the 

water depth is beyond 200 m (Figure 2.10 Shanmugam, 2006; Shanmugam, 2012a). This region 

mostly exceeds the continental shelf and is restricted to the continental slope, continental rise 

and deep ocean floor. The general term of associating deep-water with water depth is not 

unanimously accepted by geoscientists as different science communities have defined deep-

water in diverse ways. To sedimentologists deep-water is defined as a water environment that 

is below the storm wave base (Pickering and Hiscott, 2015). Accepting this definition connotes 

that there might be variation in depth of deep-water setting one region to the other because 

storm wave base varies around the globe (Shanmugam, 2012a). To marine geologists and 

oceanographers, deep-water is defined according to water depth and it is anything beyond 100 

m -200 m water depth (Stow et al., 2012).  
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The usage of deep-water adopted in this thesis is that of the marine geologist and 

oceanographers, and this is consistent with terminology used by the International Ocean 

Discovery Program (IODP) as the samples used for this study were retrieved during IODP 

expeditions by the expedition scientists.  

An important group of deep-water sediments are clastic sediments transported through 

sediment gravity flow along the slope down to the basin floor. The deposits arising from such 

a process are referred to as submarine fans when describing modern and unconsolidated 

sediments. In contrast, turbidite systems is coined from the ancient equivalent when dealing 

with outcrops and subsurface samples (Mutti and Normark, 1987; Stelting, Bouma and Stone, 

2000). 

According to Stow and Piper (1984b), deep-water fine-grained sediments are consolidated or 

unconsolidated, biogenic or clastic materials whose grain-size is within the clay and silt range. 

They are deposited beneath the storm wave base, generally deeper than the shelf in the open 

ocean and in the deeper parts of lakes. There are a number of processes by which sediments 

are deposited within the deep-water including downslope gravity-driven turbidity currents, 

alongslope ocean-driven bottom currents, and vertical settling of pelagic and hemipelagic 

material through the water column. These three processes give rise to three end-member 

deposits turbidites, contourites and hemipelagites (or pelagites). They exist as complex 

associations and represent deposition through a continuum process (Reynolds and Gorsline, 

1991). There is, therefore, variation in facies within each of the groups (Stow and Piper, 1984a). 
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Figure 2.10. Cartoon showing the starting point of deep-sea (> 200 m water 

depth) below the shelf break (Shanmugam, 2000).  

Processes such as slides, grain flow, slumps, turbidity currents and bottom 

currents occur below the continental shelf break. 
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Figure 2.11. Schematic diagram of the transport mechanisms, depositional 

processes and deposits within the deep-water setting (Stow, 1985a). 

 

There are variations in transport mechanisms, sedimentation rate and some sedimentary 

structures among the deep-water facies (turbidites, contourites and hemipelagites) and these 

are likely to impart different microfabric and subsequently affect the petrophysical 

characteristics of the rocks. A list of the differences is highlighted in Table 2.7. 
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Table 2.7. Major difference in deep-water facies in terms of depositional processes, 

transport medium and sedimentary structures among others 

Features Turbidites Contourite Hemipelagites 

Depositional process Turbidity current Bottom current Vertical settling 

Initiating force Gravity acting on 

high density mixture 

of water and 

sediments 

Tectonics/earthquake 

Thermohaline current 

Internal tides 

Vertical eddies 

Wind 

Inertia of river 

plumes, turbid layer 

plumes 

Internal tides and 

waves 

Slow moving water 

currents 

Glacial meltwater 

diffusion 

Velocity of 

transporting medium 

20 cm/s to 20 m/s <0.3 cm/s to 20 cm/s <0.3 cm/s  

Sedimentation rate 

 

Generally rapid but 

varied   

 

(from < 10 cm/ky to 

200 cm/ky) 

Moderate to high 

(10-100cm/ky) 

Generally slow but 

diverse 

(<1 cm/ky to 20 

cm/ky).  

 

Grading Positive grading Bigradational No grading 

Bioturbation lacks bioturbation Moderately 

bioturbated 

Thoroughly 

bioturbated 

Sedimentary 

structures 

Parallel to 

ripple/wavy 

laminations,  

Indistinct to 

discontinuous 

lamination 

No sedimentary 

structure 

 

2.4.1 Turbidites 

Turbidites constitute the most abundant and widely studied clastic sediments within the deep-

water setting (Mutti et al., 1999). The interest in turbidites has a long-standing relationship 

with economic importance, especially since the recognition of high-quality hydrocarbon 

reservoirs within them. Also of profound significance is the shaping of the ocean floor by 

turbidite systems which has a gross effect on oceanographic studies, reconstruction of 
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paleoenvironment and paleoclimate of the ancient ocean sediments (García et al., 2015). In the 

literature there are discreet definitions of turbidites but to keep it simple the definition by Mutti 

et al. (1999) seems devoid of ambiguity and all-encompassing as to what most field geologists 

and marine geologists commonly accept as a turbidite. The definition describes turbidites as a 

sequence of graded coarse-grained (sandstones) and fine-grained (mudrocks) sedimentary 

deposits transported down the slope of the ocean by turbidity currents. The turbidity current is 

the mechanism of transportation by which turbidites are deposited and as the current becomes 

depletive it has two separate meanings (Normark and Piper, 1991). One of the meanings is by 

regarding turbidity current as a movement of fluid under the influence of gravity in which 

sediment dispersal is maintained at a turbulent state throughout the flow period. The second 

evolved definition is acknowledging a turbidity current as a movement of sediments and fluid 

by turbulence. Other processes, such as grain flow, debris flow and other flow mechanisms, 

might also be involved at some stages of turbidity current evolution.    

The origin of turbidity currents has been attributed to storm surge, hyperpycnal flow, sediment 

failure and over steepening, seismic triggers, river discharge and debris flow among others 

(Normark and Piper, 1991; Stelting, Bouma and Stone, 2000; Plink-Björklund and Steel, 2004). 

It has also been on record that tectonic activity, sea level fluctuations, sediment supply and 

climate have significant effects on turbidity currents (Bouma, 2000a; Piper and Normark, 

2009).  Regardless of the process involved in the initiation of the turbulence, turbidity currents 

can be a short lived (surge type) or long lived (steady type) and each of them can be categorised 

into high density and low density flows (Stow and Johansson, 2000). Despite more than seven 

decades of awareness and studying turbidites, the turbidite paradigm is still frequently debated 

and a common controversy is associated with differentiating turbidites from other mass 

transport deposits (Shanmugam, 2006; Shanmugam, 2012a). 

Kuenen in 1957 proposed the term turbidites for sediments deposited from turbidity current but 

prior to that moment, publication from Migliorini in 1943 on submarine density currents and 

other publications by Kuenen and co-authors in the 1950’s set the stage for the turbidite 

paradigm (Mutti et al., 1999). The Bouma sequence forms the foremost structural scheme of 

turbidite successions in which the sequence is divided into five successions; A, B, C, D and E 

(Figure 2.12). Each of the beds represents a change in the condition of the transport 

mechanisms. At the initial stage of turbulence the sediments are held in suspension and the 

propelling force is the suspended sediments coupled with gravity and increased sediment 
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density  and this is known as autosuspension (Miall, 2015). Subsequently, coarse grained 

sediments settle out of the turbulent current and this contains structureless and massive but 

graded coarse sand with or without pebbles (Bouma division A). Subsequent waning in the 

energy of the transporting medium results in deposition of parallel laminated sand (B division), 

ripple sands (C division), and silt with ripple structures (D division). The final division in the 

ideal Bouma sequence consists of mud (E division).  

 

Figure 2.12. A diagram showing the ideal Bouma sequence (from, Miall, 2015) 

Division A is deposited at the upper flow regime and not really associated with turbulence. 

B to D divisions are deposited by turbidity current. The planar structure in B results from 

traction along the sea floor. C and D are successive beds deposited as the power of turbulence 

dwindles and E is deposited through pelagic settling. 

 

In this research, the focus is on the microstructural characteristics of fine-grained deep-sea 

sediments of which fine-grained turbidites is a member. There exists a variation in facies 

distribution, geomorphological features and architectural stacking pattern of the beds between 

fine-grained turbidites and the coarse grained counterpart (Stelting, Bouma and Stone, 2000). 

Fine-grained or muddy turbidites are dominated by materials or sediments that are of grain-

size diameter of less than 63 µm; essentially, the clay to silt particles are more than 50% of the 

overall composition of the rock. Fine-grained turbidites are equivalent to D and E subdivision 
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of an ideal Bouma sequence and they show normal grading silt to mud (Piper and Deptuck, 

1997). They have been further subdivided into mud-rich turbidites (which contain silty clay or 

clayey silt), silty turbidites when the silt content is more than 70% (Stow and Piper, 1984a; 

Strachan et al., 2016), biogenic and disorganised turbidites (Stow, 1985b). The four facies 

models according to Stow (1985b) are presented below (Figure 2.13). Muddy turbidites are 

believed to be restricted to the distal end of the marine setting because their fine grain 

composition allows them to be transported a long distance from the source (Strachan et al., 

2016), hence, they are characterised by lower velocity settling in comparison with sand-rich 

turbidites.  

Recognition of fine-grained turbidites can be very challenging because of their small grain-size 

and the poor quality of outcrops in ancient sedimentary records due to their susceptibility to 

weathering. In hand specimens, it might take the experience of an expert in marine 

sedimentology to identify a muddy turbidite due to the fact that such sample size is often devoid 

of very obvious structural or sedimentary feature that could aid in their recognition.  There 

exist several models for fine-grained turbidites (Stow, 1979; Jones, McCave and Weaver, 1992; 

Piper and Deptuck, 1997; Bouma, 2000b; Mutti et al., 2009). Fine-grained turbidites are 

typically mud-rich with low sand to mud ratio. They are found within the passive margin and 

transported through efficient flow mechanisms far from the source (Bouma, 2000a). Stow and 

Shanmugam (1980) proposed a sequence of nine subdivisions for mud turbidites. The 

subdivisions consist of alternating silt and mud laminae through a graded bed (T0-T8). These 

subdivisions are: at the base a cross bedded/parallel laminated/ fading ripple silt lamina (T0), 

mud lamina +/- convolute lamination (T1), very low amplitude climbing ripple (T2), thin regular 

silt/mud laminae (T3), thin indistinct laminae (T4), thin wispy or convolute laminae (T5), graded 

mud (T6), ungraded mud (T7) and bioturbated mud (T8). The separation of silt and mud laminae 

is due to a process of shear sorting or hydraulic sorting as sediment settles through the benthic 

boundary layer (Stow and Bowen, 1980). 

 Other models exist, for example Jones, McCave and Weaver (1992) propose a different model 

in terms of sedimentary structure for very thick-bedded muddy turbidites. Relying on positive 

grading e.g. sharp base silt that grades up into mud or silty mud that shows a fining upward 

sequence (Piper and Deptuck, 1997) is not wholly satisfactory for recognition of fine-grained 

turbidites. Sediment deposits having similar characteristics have been described from a 

different process e.g. hyperpycnites during the episode of waning current (Mulder et al., 2003), 
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generated in a different depositional setting other than the deep-water can show a normal 

grading (Mutti et al., 2009).  

  

 

Figure 2.13 Facies model of fine-grained turbidites and their subdivisions (A) 

silt turbidites (B) mud turbidites (C) biogenic turbidites (D) disorganised 

turbidites (Modified after, Stow and Piper, 1984a; Stow, 1985b). 

 

2.4.2 Contourites 

Contourite is used to describe sediments mainly deposited, or reworked, by bottom currents 

that generally flow in an alongslope direction (Stow et al., 1998; Hernández-Molina et al., 

2011; Brackenridge et al., 2013; Rebesco et al., 2014). In other words, the currents that 

generated such deposits run parallel to slope contours. They are difficult to identify, especially 

in the ancient record (Stow et al., 1998).  The process by which bottom currents can be 

generated has been linked to thermohaline geostrophic currents, major wind-driven surface 
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currents, internal tides and waves, benthic storms, interfaces between water masses and 

tsunamis, among others (Stow and Piper, 1984a; Shanmugam, 2012b; Rebesco et al., 2014).  

Contourites have perhaps lacked investigation from researchers in part due to the relative 

difficulty in their identification, and in part due to the perception of the oil and gas industry 

that they have low economic value in terms of  hydrocarbon reservoir (Viana et al., 2007). 

However, in recent times there has been a renewed interest focused on contourite deposits as 

they are now seen to be significant to exploration of deep-water oil and gas. Their importance 

is varied: they influence the slope stability, sandy contourites are potential hydrocarbon plays, 

and muddy contourites are good candidates for trapping hydrocarbon within the reservoir, or 

serving as a potential source rock for oil and gas (Duarte and Viana, 2007; Viana et al., 2007; 

Rebesco, 2014; Rebesco et al., 2014). Equally significant is the fact that they contain an 

expanded and sensitive record of the past environmental and climate change.  

The main criteria used in recognising contourite deposits includes: association of both positive 

and negative grading, i.e. bi-gradational beds (Gonthier, Faugères and Stow, 1984), textural 

and compositional features that depict association of both in situ and derived sediments, and 

the presence of bioturbation throughout that has kept with the pace of deposition (Stow and 

Piper, 1984a). A cursory look at contourite deposits particularly in cores might show no 

discernible features, but rather a homogeneous deposit. However, structures such as faint 

lamination, cross bedding, subtle variation in grain-size from sand to silt to mud and biogenic 

structures have been reported in the literature as common features inherent in contourites but 

only observable with painstaking inspection (Stow and Piper, 1984a). However, there is still a 

lack of unambiguous and generally accepted diagnostic criteria for recognising contourites 

(Rebesco et al., 2014). Recognition of contourites from the deep-water is further made difficult 

by the process continuum between sediments deposited by turbidity current, bottom currents 

and pelagic settling (Mulder, Razin and Faugeres, 2009).  

Contourite facies have been classified based on grain-size into rare gravel rich contourites, and 

common sandy, silty and muddy contourites. The composition is commonly mixed terrigenous-

biogenic, but purely calcareous and volcaniclastic contourites also exist. In this research, the 

interest is focused on fine-grained contourites, otherwise known as muddy contourites. Muddy 

contourites are rich in both clay and silt grain-size particles, and have poor sorting and are 

usually made up of compositional mixture of terrigenous or volcaniclastic and biogenic 

components  (Stow et al., 1998). The process by which contourites are generated are currently 
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witnessing a hot debate among deep-water sedimentation researchers, but there is a common 

understanding  that most contourites are produced by thermohaline geostrophic currents 

(Shanmugam, 2017).  

The samples of contourites for this research are from one of the world’s renowned contourite 

repositories from the Gulf of Cadiz. Contourite deposits in this area result from deposition and 

reworking by the strong bottom current produced by the Mediterranean Outflow Water (Stow 

et al., 2013). Thermohaline induced currents cause dense water masses to sink to the bottom 

of the ocean (Figure 2.14). The dense water masses then move along the slope due to 

gravitational and Coriolis forces. As the dense water masses (bottom current) move, they erode 

large amounts of sediments along the continental slope and the large deposits resulting from 

this process are called contourite drifts (Brackenridge et al., 2013; Stow et al., 2013).  
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Figure 2.14. Cartoon of water masses of the Southern Ocean showing the three 

component of water bodies; surface currents, intermediate currents and bottom 

currents (Shanmugam, 2012b). Note that the bottom current here is generated 

due to thermohaline (disparity in temperature and salinity) resulting from the 

freezing of the water mass at the shelf and subsequent resistant to movement by 

surface currents. The water then sinks due to increase in density and traces the 

bottom of the slope. 

 

Stow et al. (1998) propose a significant model which highlights some criteria useful for not 

only recognising fine-grained contourites but differentiating contourite deposits from fine-

grained turbidites and hemipelagites/pelagites. The authors state that muddy contourites are 

commonly homogeneous, bioturbated and show a variable and irregular distribution of coarser 

silt, either dispersed or in lenses and discontinuous laminae (Figure 2.15). 
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Figure 2.15. Conceptual model for contourite facies with bigradational grading; 

initial negative grading and subsequent positive grading (Modified after, Stow et 

al., 1998). 

 

2.4.3 Hemipelagites and Pelagites 

Hemipelagites/pelagites are the third group of common sediments within the deep-sea setting. 

Sediments belonging to this group are fine-grained, structureless and thoroughly bioturbated. 

Hemipelagites consist of an admixture of biogenic and terrigenous materials in which both 

terrigenous and biogenic components are more than 10%. The silt-size fraction of the 

terrigenous constituent is more than 40% (Stow and Piper, 1984a; Stow and Tabrez, 1998). In 

the case of pelagites, the terrigenous fraction is dominantly clay-sized, as in deep-ocean ‘red 

clays’, but mostly they are dominated by pelagic biogenic material. Both hemipelagites and 

pelagites are deposited through a complex interaction between vertical settling and very slow 

lateral advection (Stow, Huc and Bertrand, 2001) in the absence of strong turbidity or bottom 

currents. There exists an ambiguous and non-unique set of criteria for differentiating 
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hemipelagites from  muddy contourites and fine-grained turbidites (Dall'Olio, Felletti and 

Muttoni, 2013). In most cases, hemipelagites and pelagites are deposited during a 

transformation of flow processes from turbidity current to bottom current and hemipelagic 

sedimentation which results in a complex association of sedimentary facies (Figure 2.16). 

 

Figure 2.16 Schematic diagram showing the important depositional process 

responsible for deposition of sediment within the deep water setting (Stow, 

1985b). Note the complex interplay of processes operating beyond the shelf 

break; ranging from turbidity currents to bottom current and hemipelagic or 

pelagic sedimentation. Hemipelagic is an intermediate depositional mechanism 

between turbidity flow and pelagic settling. 

 

Pelagic sediments have been subdivided into pelagic ooze,  muddy pelagic ooze and pelagic 

clay in which the biogenic content is more than 75%, biogenic content is between 25 and 75% 

but  terrigenous clay more than silt and biogenic content less than 25% with clay more than 

60% respectively (Stow and Piper, 1984b). 

According to Stow and Tabrez (1998), criteria for identifying hemipelagites include: very 

homogeneous sediment with a  low sedimentation rate, the absence of any current-induced 

structures or grading, a biogenic fraction dominated by pelagic material, a very fine-grained 

silt/clay terrigenous fraction, and a high degree of bioturbation. Hemipelagites deposited within 

an anoxic setting generally lack bioturbation and may preserve a greater proportion of organic 

matter. Hemipelagites typically exhibit an indistinct colour and/or compositional bedding that 

is regular and cyclic. 
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Hemipelagites are most commonly deposited along the continental margin (both shelf and 

slope). They are ubiquitous in most oceans of the world and are present in both ancient and 

modern sedimentation. Most hemipelagic sediments are thoroughly bioturbated, a resultant 

effect of slow rate of sediment deposition (Stow and Piper, 1984b); however, in areas of rapid 

deposition of hemipelagites (Stow and Tabrez, 1998), the oxygen content of the hemipelagites 

will be low and anaerobic and therefore the sediments are less disturbed or less homogenised 

by biogenic activities. Such hemipelagic sedimentation ensuing from rapid sedimentation can 

be a good candidate for preservation of organic matter and thus a good source rock for 

hydrocarbon reservoir provided other criteria are met. 

 

Figure 2.17 Diagram showing proposed facies model for (a) Pelagite and (B) 

Hemipelagite (After, Stow, 1985b) 
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CHAPTER 3 –  MATERIALS AND METHODS 

3 Materials and methods 

The success of any research is dependent on the selection of relevant materials and the method 

of collection of the data (methodology). Here in this chapter, the materials and methodology 

chosen, which match the set objectives of the research, are presented. Core samples used for 

this research were collected from expeditions 317, 339 and 355 that were carried out by the 

International Ocean Discovery Program (IODP). The sample collection from the three 

expeditions were informed by the fact that sediment retrieved during expedition 317 and 339 

are dominantly contourites and hemipelagites, whereas those from expedition 355 are 

dominated by turbidites. 

In this chapter, a brief description of the Expeditions is made. This is followed by an outline of 

methods used for grain-size analysis, and then by sample preparation via different drying 

techniques for microstructural study. The different laboratory analyses performed, include: 

laser diffraction granulometry, imaging with scanning electron microscopy (SEM), energy 

dispersive x-ray analysis (EDX), low-pressure nitrogen gas adsorption, x-ray diffraction 

analysis, and synchrotron powder diffraction.   

Because methodology is a significant part of this thesis, the chapter reviews in some detail the 

operational techniques, theories and challenges associated with each of the methods. The 

further development of these methodologies into an efficient and effective workflow for grain-

size analysis and microstructural study, respectively, are then presented in Chapters 4 and 5.  

3.1 Materials 

3.1.1 Expedition 317 

Expedition 317 is one of the IODP projects which took place between 4th of November 2009 

and 3rd of January 2010. The expedition was aimed at understanding the consequence of global 

sea-level and local tectonic activities on preservation of sedimentary sequence within the 

continental margin. It was an opportunity to core sediments from continental shelf (shallow-

water) down to continental slope (deep-water). The expedition is situated at the eastern margin 

of South Island in the Canterbury Basin in New Zealand. Four sites were drilled within the 

continental margin of the Canterbury Basin and they were tagged 1351, 1352, 1353 and 1354 

(Figure 3.1 and Figure 3.2). Three of the sites (1351, 1352, and 1353) are located within the 
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shelf of the continent and only site 1352 is situated within the slope (Expedition 317 Scientists, 

2010; Fulthorpe, Hoyanagi and Blum, 2011).  

The sedimentary sequence targeted ranges from Oligocene (Marshall Paraconformity) to 

Holocene (Fulthorpe et al., 2009) but most of the sediments recovered at the end of the 

expedition are restricted to Miocene to Recent sediments (Fulthorpe, Hoyanagi and Blum, 

2011). Sediments belonging to Oligocene to Eocene age were only recovered in site 1352. On 

a broad note, sediments recovered during the expedition have been subdivided into three units 

(I, II and III). The subdivision is based on lithological facies variation such that in site 1351 

(outer shelf), 1353 (inner shelf) and 1354 (mid shelf) only units I and II are present. Unit I 

facies are heterolithic containing mixed terrigenous sediments and calcareous sediments 

(Expedition 317 Scientists, 2011). The boundary between unit I and II is gradational. Unit II is 

homogeneous, and it contains muddy terrigenous sediments in the shelf (sites; 1351, 1353 and 

1354) but in site 1352 that is located within the continental slope, unit II contains marlstone to 

sandy marl. A third unit (unit III) restricted to continental slope site is hemipelagic to pelagic 

sediments made up of foraminifera-bearing nannofossil limestone of Oligocene to Eocene age. 

This unit has been recognized as the equivalent of the Amuri Limestone. Further details on the 

sedimentary units recovered from each of the sites can be found in proceedings related to 

Expedition 317 of the International Ocean Discovery Program (Fulthorpe et al., 2009; 

Expedition 317 Scientists, 2010; Expedition 317 Scientists, 2011; Fulthorpe, Hoyanagi and 

Blum, 2011). The initial target of the expedition was to get to the bottom of the Marshal 

Paraconformity which was believed to have resulted from thermohaline current circulation 

(Fulthorpe et al., 2009) and such thermohaline induced current would have produced 

contourites. However, at the completion of the expedition, the sediments recovered possess 

ambiguous characteristics that are untypical of contourites (Expedition 317 Scientists, 2011). 
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Figure 3.1 map showing location of Expedition 317 sites (Hoyanagi et al., 2014) 
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Figure 3.2. Information on the sites and holes drilled during Expedition 317. 

The deepest hole is at site 1352 (1927.5 m) and it is the only site located on the continental 

slope, other sites are within the continental shelf. 

 

3.1.1.1 Geological setting 

The Canterbury Basin in New Zealand is situated at the landward edge of the eastern margin 

of South Island which is part of the continental margin and has experienced rifting during the 

late Cretaceous (Expedition 317 Scientists, 2010).  

The South Island, New Zealand includes; the Campbell Plateau, Chattam Rise and Bounty 

Trough (Figure 3.3). In the present day, the basin underlies the continental plain and the 

offshore province. The basin is extensive and covers an area of about 50,000 km2  with a shelf 

width of approximately 100km (Uruski, 2012). The basin is bounded by volcanic centres; the 

Bank Peninsula (5.8 -12 Ma) to the northeast and the Otago Peninsula (9.6-12.9 Ma)  to the 

southwest (Lu, Fulthorpe and Mann, 2003). The Canterbury Basin remained a passive margin 

after the Late Cretaceous. There was convergence between the Australian and Pacific plates 

and this resulted in development of the Alpine Fault which is close to the Canterbury Basin. 

However, despite proximity of Alpine Fault to the basin, the basin is presently stable (Lu, 
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Fulthorpe and Mann, 2003) and mainly characterised by subsidence (Browne and Field, 1988; 

Vandeginste and John, 2013). Primarily, three stratigraphic groups of marine sediments are 

documented in the basin as part of post-rift sedimentation; Onekakara, Kekenodon and Otakou 

Groups (Figure 3.4). The post-rift sedimentary sequence is associated with transgressive and 

regressive tectonic cycles (Expedition 317 Scientists, 2010) in which the Onekakara, 

Kekenodon and Otakou Groups were deposited during the transgressive, highstand and 

regressive cycles respectively (Lu, Fulthorpe and Mann, 2003; Vandeginste and John, 2013). 

The sediments after the post-rift transgressive phase are first order (̴ 80 Ma) and deposition end 

in the Eocene period (Fulthorpe, Hoyanagi and Blum, 2011). These are the Onekakara group 

which are terminated during the Eocene when flooding was at its peak (maximum flooding).  

 

Figure 3.3. Map of South Island, New Zealand showing location of Canterbury 

Basin bounded by Bank Pennisula to the northeast and Otago Pennisula to the 

southwest (modified after, Vandeginste and John, 2013). 

The Onekakara Group is recognised as having a ramp like geometry onlapping on older 

basement rocks in seismic section (Fulthorpe et al., 1996; Expedition 317 Scientists, 2010). 

The group is made up of alluvial sandstone, siltstone and mudstone (Vandeginste and John, 

2013). In the early Oligocene period there was starvation in the supply of terrigenous sediments 

to the basin and this led to deposition of pelagic to hemipelagic bioclastic limestone units of 

the Amuri Formation. The Amuri Formation which is early Oligocene in age (̴ 33 Ma) is 
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separated from the overlying units by a prominent unconformity (Marshal Paraconformity) 

which then passes to the mid Oligocene to Late Oligocene cross-bedded glauconitic sand 

(Concord Formation) and calcarenite limestone (Weka Formation). Both Concord Formation 

and Weka Formation belong to the Kekenodon Group (Expedition 317 Scientists, 2010). 

 

Figure 3.4 Diagram showing the stratigraphy of Canterbury basin at varying 

scales; (A) Large scale post-rift stratigraphy (B) Seismic scale stratigraphy with 

successive clinoforms prograding over older clinoforms (C) Outcrop scale 

stratigraphy showing Marshal Paraconformity (Fulthorpe et al., 2009). 

 

3.1.2 Expedition 339 

Expedition 339 took place between November 2011 and January 2012. The objectives of the 

expedition include: understanding the influence of Mediterranean Outflow Water through the 

Gibraltar Gateway on global ocean circulation and climate: documenting the influence of 

tectonic activities on Gibraltar Gateway; and elucidating the effect of MOW-driven bottom 

currents on contourite sedimentation within the continental margin (Expedition 339 Scientists, 

2013). At the end of the Expedition more than 5.5 km of cores were retrieved and a total of 

seven sites (1385-1391) were drilled (Figure 3.5 and Figure 3.6); five sites within the Gulf of 

Cadiz and two sites within the Iberian margin. Six of the sites were focused on contourite 

depositional system (1386-1391), and one site (1385), situated at the southwest of Portugal, 
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sampled Quaternary (1.4 Ma) hemipelagic deposits. The Gulf of Cadiz is a classic world 

recognized laboratory for contourite deposits (Hernández-Molina et al., 2013; Stow et al., 

2013). It is characterized by a series of flowing water masses and the slope is devoid of major 

canyons that would prevent progress of along slope currents (Bahr et al., 2014 and references 

therein).  The Expedition gives an opportunity to test the contourite paradigm (Expedition 339 

Scientists, 2012; Rebesco et al., 2014). 

 

 

Figure 3.5. Location map of Western Iberian Margin showing drilled sites during 

Expedition 339 (Hernández-Molina et al., 2016). 
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Figure 3.6. Information on site drilled during Expedition 339 (Adapted from, 

Hernández-Molina et al., 2013). 

 

3.1.2.1 Geological Setting  

The Gulf of Cadiz is within the diffuse boundary that marks the separation of the Eurasia Plate 

from the Africa Plate (Pinheiro et al., 1996; Hernández-Molina et al., 2013). It has a complex 

tectonic history and it is bounded to the west by the Azores-Gibraltar fault zone and to the east 

by the Gibraltar arc (Figure 3.7).  

The formation of the Iberian plates are marked by two events; south Iberian continental margin 

formed as a result of continental break up between North America and Africa during the 

Jurassic and the western Iberia continental margin formed during the Cretaceous time when 

Iberia separated from North America (Zitellini et al., 2009).  The Iberian plate separated as part 

of the African Plate during the Late Cretaceous to Eocene but at present the plate is part of the 

Eurasia plate as a result of its later movement during the Oligocene period (Srivastava et al., 

1990). The Iberian plate had acted independently during the middle Cretaceous until it merged 

with the African plate in the Late Cretaceous (Maldonado, Somoza and Pallares, 1999). 
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The Gulf of Cadiz is situated at the present day at the point of convergence between the Eurasia 

(Iberia) Plate and Africa Plate which trend northwest to southeast (Expedition 339 Scientists, 

2012; Expedition 339 Scientists, 2013) and the convergence rate is about 4 mm per year (Argus 

et al., 1989; Maldonado, Somoza and Pallares, 1999; Llave et al., 2011). The tectonic history 

of the Gulf of Cadiz is complex as shown in Figure 3.7  and it is associated with different 

phases of rifting, convergence and strike slip motions (Maldonado, Somoza and Pallares, 

1999). The complexity of the tectonic history has a great consequence on the physiographic 

setting of the area. Evolution of the Gulf of Cadiz has been linked to three successive phases: 

(1) development of passive margin during the late Mesozoic due to rifting and seafloor 

spreading; (2) compressive phase during Eocene to Miocene and development of foredeep and 

its associated Betic-Rif orogeny during the Miocene period (Stow et al., 2002a); and (3) a phase 

of relative tectonically stability during Pliocene to Recent. The onset of contourite deposition 

and drift development occurred at around 4.5 My in the Early Pliocene. The major phase of 

drift growth has been from about 2.5 My to the present. 

 

Figure 3.7 Tectonostratigraphic framework of the Gulf of Cadiz and its 

associated complex structures. The inset map at the bottom left shows 

paleotectonic structures during the Jurassic to the Cretaceous (After, Maldonado, 

Somoza and Pallares, 1999). 

 



 

69 

 

In the Miocene the Gulf of Cadiz was associated with compression coupled with extensional 

collapse of the Beltic orogeny front and emplacement of unstable allochotonous units 

(Olistostrome of the Gulf of Cadiz) which resulted in subsidence and strong halokiness along 

its margin (Maldonado, Somoza and Pallares, 1999; Llave et al., 2011).  Between the Pliocene 

to Quaternary, glacio-eusatic sea level changes resulted in erosion, sedimentary progradation 

and production of canyons which partly masked the paleotectonic structures in the Gulf of 

Cadiz (Llave et al., 2011). Although the Gulf of Cadiz is stable at present (Maldonado, Somoza 

and Pallares, 1999; Brackenridge et al., 2013),  neotectonics characterized by diapiric activity, 

mud volcanism and fault reactivation have had a great control on the seafloor morphology and 

the contourite depositional system in the region (Llave et al., 2011). 

 

Figure 3.8 Three dimension regional physiographic map of the Gulf of Cadiz.  

 AlM: Algarve margin; BM: Betic domain Margin; BLM: Beira littoral margin, CC: Cascais 

Canyon; GB: Guadalquivir Bank; GM: Guadalquivir Margin, LM: Lisbon margin; NC: 

Nazaré Canyon; PC: Portimao Canyon; SC: Setúbal Canyon; SM: Sudiberic Margin; St. VC; 

São Vicente Canyon: TC: Tagus Canyon; (Adapted from, Expedition 339 Scientists, 2012). 

3.1.2.2 Oceanographic setting 

The present oceanographic setting of the Gulf of Cadiz is controlled by interaction between the 

Atlantic Ocean and Mediterranean Outflow Water (Stow et al., 2002a; Bahr et al., 2014; 

Hernández-Molina et al., 2016). The Mediterranean water is warm and saline and it is made up 

of two water masses; Levantine Intermediate water (LIW) water and Western Mediterranean 
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Deep water (WMDW), although the LIW constitutes 90% of its composition (Bryden and 

Stommel, 1984; Bahr et al., 2014).  The isolated nature of the Mediterranean Outflow coupled 

with the dry climate in the region facilitates the temperature increase and its high salinity 

(Baringer and Price, 1999). The Atlantic Inflow Water is colder and less saline and as the 

Mediterranean Water Outflows through the Gibraltar Gateway, it underlies the colder, turbulent 

and less saline Atlantic Inflow Water. This process produces a strong bottom current that flows 

along the slope through thermohaline circulation (Baringer and Price, 1999; Hernández-Molina 

et al., 2013).  

The Mediterranean Outflow exits the Gibraltar Gateway in a northwest direction due to Coriolis 

force  (Llave et al., 2007) at a speed of about 2.8 m/s and 0.7 m/s at the Gibraltar Strait and 

Cape Sao Vicente respectively (Bahr et al., 2014 and reference therein). The influx of the 

exiting Mediterranean Outflow has a strong effect on the temperature and salinity of the North 

Atlantic Central Water (Hernández-Molina et al., 2006). As the Mediterranean Outflow exits 

the Gibraltar Gateway, it flows down the continental slope due to its density but later neutralize 

toward the westward direction and becomes buoyant (Baringer and Price, 1999). During the 

exit it also experiences a drop in salinity and temperature as it interacts with the Atlantic Inflow 

Water and then splits into two main water cores; Mediterranean Upper Core and Mediterranean 

Lower Core (Figure 3.9).  The Mediterranean Upper Core flows at the base of the slope between 

500 m to 800 m while the Mediterranean Lower Core flows between 750 m and 1200 m (Llave 

et al., 2007). The differential pathways of Mediterranean Outflow have been attributed to some 

ridges adjacent to the Gibraltar opening due to neotectonics and density current driven forces 

(Brackenridge et al., 2013; Hernández-Molina et al., 2016). The Mediterranean Lower Core 

according to its flow paths subdivides into three branches (Figure 3.9); (Intermediate, Principal 

and Southern branches). The interplay between the Mediterranean Outflow moving along 

slope, Atlantic Inflow water and sedimentation resulted in the widely known contourite 

depositional system extending from the Portuguese margin up to the continental slope of the 

Irish margin (Llave et al., 2011). 

 



 

71 

 

 

Figure 3.9 Oceanographic map showing water circulation in the Gulf of Cadiz 

(Expedition 339 Scientists, 2012). 

 

3.1.3 Expedition 355 

Expedition 355 was carried out in the Laxmi Basin within the Indian continental margin 

impinging on the Arabian Sea. The expedition took place between 31st March 2015 and 31st 

May 2015 and it is partly aimed at understanding the interplay between mountain building, 

weathering, erosion and climatic changes at a multiple time scale (Pandey et al., 2015). The 

expedition is also aimed at explaining the break up between the Indian continental margin and 

the Seychelles and its relationship to the plume-related volcanism of the Deccan Plateau. At 

the end of the expedition two sites, 1456 and 1457 were drilled. The recovered sediments were 

Holocene up to early Miocene. Drilling in both sites 1456 and 1457 reached about 1109.4 m 

and 1108.6 m below the seafloor respectively. Sediments recovered during the expedition are 

dominated by turbidites and hemipelagites; site 1457 is richer in fine-grained turbidites in 

comparison with site 1456. Thus, because this research in centrally focused on fine-grained 
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turbidites and hemipelagic sediments, core samples were retrieved from intervals of interest 

from site 1457. 

 

Figure 3.10. Bathymetric map showing the physiographic features around the 

Laxmi Basin and site locations for Expedition 355 (Pandey et al., 2015). Yellow 

circles: location of sites; White lines: major river tributaries; pink lines; marks 

the extent of the Indus fan; red stars: early scientific drilled sites sampling Indus 

fan; yellow dash lines: speculated boundary between oceanic and continental 

margins; grey lines; magnetic anomalies.  

 

3.1.3.1 Geological Setting of the Laxmi Basin 

The present day western continental margin in India is linked to rifting, drifting and break up 

between India, Madagascar and the Schelleyes between the mid to late Cretaceous (Malod et 

al., 1997; Miles, Munschy and Ségoufin, 1998; Krishna, Rao and Sar, 2006). The prominent 

features in the continental margin include; Laxmi Ridge and Laccadive Ridge which are within 

the Indus Fan sediments (Figure 3.10). Between the two ridges is located the Laxmi Basin 

which has been of much geological interest (Bhattacharya et al., 1994; Chaubey et al., 2002a). 

The Laxmi Basin was earlier known as the Eastern Basin (Naini and Talwani, 1982; Malod et 

al., 1997) and  it is located at the centre of western India margin and the ridges (Krishna, Rao 

and Sar, 2006). The combined expression of both Laxmi Ridge and the Laxmi Basin is 

sometimes known as Gop Rift (Corfield et al., 2010). The basin occupies an area of about 2.4 
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X 105 km2 (Krishna, Rao and Sar, 2006) and is bounded to the south by Laccadive Ridge, to 

the west by the Laxmi Ridge and to the north by the Indian continental shelf (Bhattacharya et 

al., 1994). The affinity of the Laxmi Basin to either oceanic crust or continental crust  is still 

an enigma (Pandey et al., 2015), although some authors have attributed the basin to a rifted 

continental block (e.g Naini and Talwani, 1982; Miles, Munschy and Ségoufin, 1998; Chaubey 

et al., 2002b; Krishna, Rao and Sar, 2006; Minshull et al., 2008), for some authors the basin is 

part of an oceanic crust (e.g Bhattacharya et al., 1994; Talwani and Reif, 1998; Subrahmanyam 

and Chand, 2006; Corfield et al., 2010).   

In the entire Arabian sea, the collision of the Eurasian and Indian Plate is accompanied by large 

amounts of sediment deposition (Indus Fan) by the Indus River (Kolla and Coumes, 1987; 

Clift, 2002). The Indus Fan is the second largest deep-water fan in the world. The Indus Fan 

covers an area of ca. 1.1x106 km and it is the most extensive physiographic feature in the 

Arabian Sea. The area around the Indus River is mountainous, and falls within the temperate 

and subtropic climates and therefore associated with low rain fall (35 cm/year) (Kolla and 

Coumes, 1987). The major source of the sediments discharged by the Indus River to the 

Arabian Sea are from the Himalaya mountains (Clift et al., 2002). The fan predates the Miocene 

period (Kolla and Coumes, 1987; Clift et al., 2001). In the Laxmi Basin, the Indus Fan overlies 

the basement and is the primary target of Expedition 355 (Pandey et al., 2015). The Indus Fan 

is differentiated into an upper, middle and lower fan. The boundaries between the subdivisions 

are not distinct and marked by gradational boundaries which are associated with episodes of 

sedimentation and migration of channels (Kolla and Coumes, 1987). The upper and middle fan 

are characterised by channel avulsion but which are derived from a single principal channel 

known as the Indus Trough (Prins et al., 2000). Sediments from the Indus Fan primarily 

consists of mass transport deposits, pelagic and hemipelagic sediments, and turbidites (Pandey 

et al., 2015). . 

3.2 Methodology 

3.2.1 Grain-size analysis 

Grain-size is an important physical parameter as it affects the petrophysical properties of rocks. 

The size of common measured grains of sediments can range from submicrometre to centimetre 

scale. Grain-size can give a clue to source of sediments (Blott et al., 2004) and also affect the 

chemical and physical properties of rock (Eshel et al., 2004).There is an interplay among grain-

size, grain shape, specific surface area, porosity, permeability and microstructure. Grain-size 
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is a three-dimensional property and to accurately quantify it measurement in three dimensions 

is recommended. However, due to the rarity of three-dimensional techniques for determining 

grain-sizes most measurement of particle size analysis is limited to estimating grain-size from 

two dimensional feature (diameter) as a representation of the true size of the particle. Such 

measurement involve making some assumptions e.g. assuming equivalent spheres (Sahagian 

and Proussevitch, 1998) and therefore taking the equivalent diameter of the spheres.  

All traditional techniques employed in particle size distribution are flawed, which means there 

is no method that is perfect. Most of the techniques for grain-size measurement only give an 

estimation of the grain-size distribution, partly because of irregularity in particle shape (Eshel 

et al., 2004). There are a variety of techniques by which grain-size analysis is performed. Each 

of the techniques has its own advantages and disadvantages coupled with resolution limit. In 

this research two techniques were adopted; laser diffraction and automated imaging techniques. 

The techniques were used to validate the results achieved from each other. However, it is 

noteworthy that the results from the two techniques usually differ because image analysis 

produces grain-size results based on number weighted distribution, whereas laser diffraction 

results is based on volume weighted distribution. 

 

 

Figure 3.11. Illustration showing grain-size distribution results for two different 

techniques; (A) Image analysis (B) laser diffraction (From, Malverns 

Instruments Limited, 2012). The sample for the distributions above contains 

equal number of 5 nm and 50 nm grains.  
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3.2.1.1 Disaggregation of samples 

In performing grain-size analysis of unconsolidated sediments, the first step is to ensure that 

individual grains are dispersed through homogenisation for each grain to be accounted for. A 

standard disaggregation method is by applying a dispersing liquid (dispersant). The dispersant 

weakens the cementing material (attraction) among the grains therefore reducing the surface 

energy.  

Textural analysis of mudrocks such as grain-size requires disaggregating the grains in order to 

obtain consistent results is susceptible to generating artificially fine particles (Lewis and 

McConchie, 1994). In this research, owing to the semi-consolidated nature of the samples, 

satisfactory dispersion was achieved following a two-step procedure of chemical and 

mechanical disaggregation. Disaggregation was achieved by soaking small representation 

portions of the sample in a 0.5g/l solution of sodium hexametaphosphate (Calgon) for at least 

24 hours. The dispersion was then completed by further treating the soaked sample with an 

ultrasonic device with a long thin tip probe in a plastic tube. The plastic tube containing the 

sample was two-third filled with Calgon solution and the probe was adjusted to about 1 cm 

above the base of the plastic tube to prevent breakage of the plastic tube during sonication. 

Duration for complete disaggregation ranges between 10 to 15 minutes. Sodium 

hexametaphosphate acts as a dispersant and prevents the sample from flocculation after the 

ultrasonic treatment. The degree of dispersion was confirmed by mounting the dispersed 

particles on a slide and observing under a scanning electron microscope (Figure 3.13). 
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Figure 3.12. Picture of ultrasonic disaggregator with its components used for dispersion 

of samples. 

 

 

Figure 3.13. Backscattered SEM image of dispersed sample showing coccoliths 

of clay size particles with few silty materials. The figure showed that the sample 

is well disaggregated. Individual coccoliths can be seen separated from one 

another and well preserved without being broken up. 

 



 

77 

 

3.2.1.2 Laser diffraction 

The laser diffraction technique involves the interaction between grains and light. The particles 

scatters light at an angle (diffraction) as it interacts with the beam of light passing through it. 

The amount of light scattered is a function of grain-size such that smaller grain-sizes cause 

greater amount of light scattering than larger grain-sizes. A parallel monochromatic light is 

passed through suspended particles and the scattered light in the process is focussed on the 

detector by a pair of lenses. The result of the distribution using the laser diffraction method is 

based on weighted volume distribution, such that volume contribution by each individual grain 

is accounted for. The advantage of laser over most other techniques used for grain-size analysis 

are: (1) short time of analysis, (2) small sample size and (3) reproducibility of results (Eshel et 

al., 2004). 

Based on the laser diffraction technique several commercially available laser diffraction 

granulometers have been manufactured e.g. Coulter, Fritsch, Horiba, Leeds and Northrup, 

Malvern and Retsch.  

A typical laser diffraction system contains three components (Figure 3.14 and Figure 3.15); (1) 

optical bench, (2) sample dispersion units (sample cell) and (3) instrument software. The 

sample dispersion unit ensures a dispersed sample is delivered to the optical bench where 

measurements are made. In a wet dispersion unit, liquid (deionised water) is used and the 

sample is recirculated to maintain homogenisation as the measurement of grains proceeds. The 

instrument software controls the entire process and it also analyses the data acquired producing 

grain-size distribution curves and a result table of the different grains that fall within specified 

diameters.  
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Figure 3.14. Malvern Mastersizer 2000 laser diffraction granulometer 
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Figure 3.15 Schematic diagram showing the components of a laser diffraction 

granulometer (Storti and Balsamo, 2010). 

 

In this research a Malvern Mastersizer 2000 laser diffraction granulometer was used. The 

instrument is capable of measuring particle sizes between 100 nm and 600 µm and it is 

equipped with three Fourier lenses.  Due to the fact that the samples analysed for this current 

study are mudrocks in which the largest grain-size is not more than silt size (˂ 63 µm) the 

smallest Fourier lens which has a resolution of between 100 nm and 80 µm was sufficient 

except for few samples that contained fine sand and in such cases, a second lens which can 

measure a grain-size range of between 500 nm and 180 µm was used and the results from both 

lens were combined.  

The samples were ultrasonically dispersed and a small portion introduced to the sample cell 

which contains degassed water to avoid gas bubbles with particle size below 500 µm (Loizeau 

et al., 1994). The intensity of light adsorbed to the sample which is dependent on the amount 

of sample introduced to the dispersion unit and this is measured as obscuration. Grain-size 

distribution is calculated based on Fraunhofer theory or Mie theory. There is a limit to the 

usefulness of the Fraunhofer theory as the grain-size approaches the wavelength of the beam 
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used or perhaps less than multiple of ten of the wavelength of the monochromatic light (Loizeau 

et al., 1994; Eshel et al., 2004). Here, Mie theory was used because it is preferred (Eshel et al., 

2004) and this requires knowledge of the refractive indices of water and the sample. The Mie 

theory is based on a number of assumptions; (1) The mineral composition of the particles are 

homogeneous (2) the particles are spherical (3) the intensity of light scattering by a particles in 

the suspended fluid is detected before other particles re-scatter the light (4) the refractive 

indices of the sample and dispersing liquid is known (Storti and Balsamo, 2010).  

In a laser diffraction measurement, samples pass through the optical bench, which is 

illuminated by laser beam. The intensity of the returned light scattered by the particle 

components of the sample is measured by detectors at varying angles. Angular variation in the 

intensity of scattered light is measured as the light beam passes through the sample. The 

intensity of light scattered is translated into the particle sizes, using the Mie theory of light 

scattering. The angle of diffraction is inversely proportional to the particle size (Figure 3.16) 

and the intensity at varying angle is measured for a number of particles. The particle size is 

transformed into volume equivalent sphere diameter. Further details on operational techniques 

of laser diffraction granulometer are in the literature (Loizeau et al., 1994; Beuselinck et al., 

1998; Blott et al., 2004; Eshel et al., 2004; Sperazza, Moore and Hendrix, 2004; Storti and 

Balsamo, 2010; Malverns Instruments Limited, 2012). 
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Figure 3.16.  Schematic representation of scattered light from large and small 

particle sizes (From, Malverns Instruments Limited, 2012). 

 

 

3.2.1.3 Imaging 

Imaging is employed for particle size determination as a direct method. Data from imaging 

method might require validation by other techniques e.g. laser diffraction, pipette and 

hydrometer methods. It is the only known technique for particle size analysis that gives the 

shape of the particle. It can serve as a check to detect whether samples are properly dispersed 

and devoid of agglomeration or damage through breakage. Imaging can be carried out statically 

or dynamically. In dynamic imaging, particles can flow through a cell during measurement 

while in static imaging, dispersed particles on a slide or polished thin-section are imaged 

directly using an optical microscope or scanning electron microscope.  

Here, polished thin-sections were imaged using the scanning electron microscope at high-

resolution. The polished thin-section is required to be well polished in order to enhance contrast 

among the individual grains and more importantly reduce background noise or else the image 

analysis will give unreliable results. Grain-size analysis based on imaging technique provides 

weighted number distribution and this is in disparity to all other techniques that are converted 

to weighted diameter or volume distributions. Hence comparing results from image analysis 

with other techniques will give disparate results. Despite this challenge, grain-size analysis 
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through the imaging technique is useful when number of grains and shape of the grains in the 

sample are required. 

Here, grain-size analysis was carried out on large-scale high-resolution images. Acquisition of 

the high-resolution large-scale images follows automatic imaging and stitching as described in  

(Buckman, 2014; Bankole et al., 2016). Particle sizes and grain orientation were determined 

using ‘Fiji’ Software, an adaption of ‘ImageJ’ (Schindelin et al., 2012).  Its usage in particle 

analysis has mostly been restricted to coarse grain-size particles (Keulen et al., 2007; Cuven, 

Francus and Lamoureux, 2010) with limited uses for analysing fine-grained particles (Camp 

and Wawak, 2013). In this study, with the image resolution used, particles as small as 150 nm 

were measured.  ‘Fiji’ can return numerical data on a range of particle characteristics such as 

diameter, circularity and aspect ratio among others. The software is useful for analysing fine-

grained sediments. 

Usage of Fiji software requires no prior knowledge about programming language and it is user 

friendly. The software has a high precision with good reproducibility of results while 

minimising human bias. The diameter of thousands of grains was determined within a short 

duration of time and the results were analysed in Microsoft ‘Excel’. The management of the 

data involves using macro codes in Excel to determine the sand, silt and clay size particles. In 

addition to particle sizes (diameter) some of the information returned by Fiji are circularity, 

aspect ratio and grain orientation degree among others which provides useful information 

concerning the shape and form of the grains. Data on grain orientation were plotted using 

GeOrient (Holcombe, 2011). 

The diameter of particles was determined based on Feret diameter. To analyse particles, the 

first step is to segment the grains through segmentation and thresholding. The pores within the 

grains were rendered to the background (white) while the grains were rendered to the 

foreground (black). In this study the default threshold was found to be satisfactory.  

Segmentation of images is usually associated with noise, therefore median filter at 4 radius 

pixels to reduce the noise effect was applied. 
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Figure 3.17. Diagram showing segmented image. (A) Raw SEM image showing 

grains (grey to light grey) and pores (black). (B) Segmented and binarised SEM 

image. Grains are black while other features have been rendered to the background 

(white). Sample ID: 339-1389A-6H1-28-30 

(B) 

(A) 
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3.2.2 Sample Preparation and drying. 

Microstructural study of fine-grained rocks requires some pre-treatment and sample 

preparation, which may vary with respect to the method of study. For example, optical 

microscopy will require preparation of thin-section slides about 25 to 30 µm thick. 

Transmission electron microscopy requires preparation of an ultra-thin slice of approximately 

90 nm thickness. Scanning electron microscopy requires peeling or fracturing of sample to get 

a fresh broken surface (e.g O'Brien and Slatt, 1990), well-polished thin-sections (Milliken et 

al., 2007), broad ion beam milling (e.g. Klaver et al., 2012; Houben, Desbois and Urai, 2013) 

or focused ion beam milling (Wirth, 2009; Curtis et al., 2012b). Procedures on how to obtain 

freshly broken surfaces for electron microscopy are presented by O'Brien and Slatt (1990). 

However, research has advanced and the best practice to study microstructural characteristics 

is by producing a surface with minimum surface roughness through ablating the sample either 

by broad ion beam or focused ion beam.  

Usage of a conventional scanning electron microscope as employed in this study demands 

drying of the samples. Environmental scanning electron microscopy is suitable for imaging wet 

and oily sample (Reichelt, 2007; Echlin, 2009), but due to the fact that microstructure is best 

imaged on a smooth and flat surface (polished surface or ion milled surface) drying of the 

sample is unavoidable.  

Drying of mudrocks for microstructural studies is associated with some problems and this 

aspect is crucial in obtaining reliable results as well as preserving the original microstructure. 

The challenge associated with drying is removal of water without altering the microstructure 

because water has a high surface tension (Echlin, 2009; Schieber, 2015) therefore, a special 

drying procedure is required.  

Most samples of unconsolidated clays have some amount of moisture content (water) and 

exposure to atmospheric condition results in gradual evaporation of the moisture content. The 

surface tension between water and air is high and this leads to shrinkage of the sample and 

simultaneous distortion of the original microstructure (Reynolds and Gorsline, 1992; Matenaar, 

2002; Schieber, 2015). The distortion sometimes is accompanied by hairline cracks (Soe et al., 

2009). Thus, air drying of samples is associated with the challenge of maintaining integrity and 

preserving primary microstructure.  
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Previous works have examined the effect of different drying techniques such as oven drying, 

air drying, room temperature drying, freeze drying and critical point drying on the preservation 

of original microstructure (Reynolds and Gorsline, 1992; Houben, 2013). Oven drying 

produces minimal microfabric distortion when compared to air drying technique (Matenaar, 

2002). In an air dried sample there is the possibility of water still being retained within the 

lamina especially in a stratified shale (Dewhurst, Jones and Raven, 2002). Two widely used 

drying techniques for microstructural study, which are believed to be associated with the least 

distortion are: freeze drying and critical point drying (Wierzchos et al., 1992). There have been 

concerns that formation of ice crystals during the freeze drying process are likely to alter the 

original microstructure (Reynolds and Gorsline, 1992) especially in larger samples. Getting 

comparable results on microfabic of clay rich sediments dried using critical point drying and 

freeze drying methods remains inconclusive and controversial.  

A number of authors have modified the standard freeze drying method by using organic 

chemical compounds as  transitional liquids e.g. Freon and Peldri II (Delage and Lefebvre, 

1984; Wierzchos et al., 1992; Matenaar, 2002) and also cutting the samples into thin slices (Shi 

et al., 1999). Despite these modifications in the freeze drying method, critical point drying is 

acknowledged  as the best drying technique for preserving primary microstructure (Schieber, 

2015). It has the advantage of preserving internal structure of bulky samples which might be 

difficult with the freeze-drying method. For this research drying techniques such as freeze 

drying, oven drying, and critical point drying and low viscosity resin impregnation were 

performed. Part of the reasons for performing different drying tests on the samples are: (1) 

mudrock samples utilised for this research are semi-consolidated and different from materials 

used by previous workers; and (2) to examine the suitability of the drying techniques for semi-

consolidated mudrocks. A brief description of the drying techniques are presented here. 

3.2.2.1 Room temperature drying 

Samples retrieved from Expedition 317 were sampled in 20 cc cylindrical sampling plastic 

tubes, wrapped in thick nylon and were dried slowly at room temperature. The samples have 

undergone gradual drying and believe to have been protected from humidity effects because 

they were in sealed thick nylon bags. The initial research interest for collecting the samples 

was not related to microstructure. However, the samples provide an avenue to compare 

gradually dried samples at room temperature with other drying techniques. An example of a 
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backscattered SEM image of a polished thin section that has been dried slowly at room 

temperature is shown in Figure 3.18. 

 

Figure 3.18. Backscattered SEM image of a polished thin-section for a sample dried at 

room temperature. The grain to grain contacts as well as the orientations of the grains 

can be observed. Sample ID: 317-1352-137R1-116-118 

 

3.2.2.2 Freeze drying 

Freeze drying is a common drying technique used to get rid of water from sample without 

causing major damage to the original microstructure. Because of the high surface tension of 

water, the process involves freezing of sample in a normal standard freezer at 0⁰C or rapidly 

freezing the sample (at about -196⁰C) by plunging it into liquid nitrogen. The sample is kept in 

the liquid nitrogen to ensure that the pore water turns to ice crystals and by placing the sample 

inside a freeze dryer, the ice crystals are removed through sublimation without going through 

the liquid phase.  

Rapid freezing of samples have been applied to many samples by earlier researchers in order 

to preserve the delicate and microscopic structures (Dewhurst, Jones and Raven, 2002). Other 

low temperature liquids that have been used in the past to  accelerate ice growth of the pore 

fluid are Freon, admixture of liquid nitrogen and Pedri II (Delage and Lefebvre, 1984; 
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Wierzchos et al., 1992; Dewhurst, Aplin and Sarda, 1999; Dewhurst, Jones and Raven, 2002). 

Both Pedri II and Freon are fluorocarbon substances and due to their depleting effect on the 

ozone layer they are no more available for usage.  

Here, subsamples of approximately 1 cm thickness, 1 cm width and 2.5 cm length were plunged 

into liquid nitrogen and kept in the liquid for about 15 to 20 mins. Before submerging the 

sample into a liquid nitrogen containing jar, the subsamples were wrapped in cling film in order 

to circumvent the effect of bubbling of liquid nitrogen on the microstructure. The frozen 

samples were later transferred into a standard freeze dryer operating at a temperature of -80⁰C 

and 0.1 mbar for 4-5 days to gradually remove the frozen pore water through sublimation. In 

the freeze-dried samples, there were several micro-cracks observed when viewed by scanning 

electron microscope (Figure 3.19). 

 

Figure 3.19. BSE SEM image of a polished thin-section of a freeze-dried sample. 

There are plenty of cracks or fracture in the polished thin-section and this are likely 

to have been artificially induced by ice crystals that formed during the freeze-

drying process. Sample ID: 339-1385D-4H4-98-100. 
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3.2.2.3 Oven drying 

Sub-samples (ca. 1 cm x 1cm x 2.5 cm) were steadily oven dried at a temperature of 60⁰C until 

the weight of the samples remained constant regardless of further drying. The oven drying 

process took between 5 to 6 days. Prior to placing the samples in the oven, the weight of the 

samples was measured using an electric weighing device. The procedure for the oven drying is 

similar to the oven drying description of Houben (2013).  

 

Figure 3.20. BSE-SEM image of a prepared polished thin-section in which the 

sample was oven dried. The yellow polygon surrounds a micro-fracture that runs 

down through the slide. The width of the micro-fracture is approximately 1.35 µm 

and this are thought to be natural rather than being artificially induced by the drying 

technique. Sample ID: 339-1385A-6H2-49-51. 

 

3.2.2.4 Critical point drying 

Critical point drying has been used in the field of biology to dry samples that are considered to 

have fragile microscopic structures (Cohen, 1979). It has also be employed in drying samples 

for microstructural studies of fine-grained sedimentary rocks to study specifically microscopic 

structures of tight reservoirs especially mudrocks (Suleimenova et al., 2014). The method is 

used to avoid problems related to surface tension and ice formation associated with the freeze-
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drying technique. The principle behind critical point drying is that at certain temperature and 

pressure (i.e. at a critical point), a liquid transform into gas without being accompanied by 

boiling.  

At the critical temperature-pressure condition the density of the liquid and gaseous phases are 

similar and there is equal exchange of molecules between the two phases (Echlin, 2009). At 

that point the boundary between liquid and gas does not exist and therefore the surface tension 

is zero. The temperature and pressure at which different liquids reach the critical point 

condition is diverse. Most sedimentary samples have water residing within their pore spaces 

but due to the fact that the temperature at which water reach a critical point condition is too 

high (Table 3.1), the usual practice is to substitute water with a fluid which reaches critical 

point at a lower temperature. In principle, the replacement fluid should be miscible with water. 

Carbon dioxide is commonly used in some of the critical point driers as applicable here. Carbon 

dioxide reaches a critical point at 31⁰C and 7.4 mPa temperature and pressure condition 

respectively. Due to the fact that carbon dioxide is immiscible with water a transitional fluid 

that is miscible with both water and carbon dioxide is used (e.g. acetone, ethanol and methanol).  

Critical point drying performed in this study adopted acetone as the transitional fluid between 

water and carbon dioxide. The samples were immersed in acetone in increasing order of 

concentration; 30%, 50%, 70%, 90% and 100%. The samples were left for a period of 24 hours 

in each of the varying acetone concentration such that gradual water-acetone replacement was 

facilitated. At 100% acetone concentration, it is believed that all the pore water should have 

been replaced by acetone. After the water-acetone replacement, the samples were transferred 

to the chamber of the critical point drier (Figure 3.21).  

The critical point drier was connected to liquid carbon dioxide cylinder through a high-pressure 

vessel which is cooled by running water. The acetone bearing sample was then placed inside 

the chamber of the critical point drier. Liquid carbon dioxide was delivered to the sample by 

opening the valve of the liquid carbon dioxide and the inlet valve of the chamber. After few 

minutes (10-15 mins) the outlet valve (vent valve) of the chamber was opened to allow fresh 

liquid carbon dioxide to flush through the sample.  10 to 15 minutes later both the inlet and 

outlet valve to the chamber were closed to allow infiltration of liquid carbon dioxide into the 

sample. The inlet valve was later opened while the outlet valve was slightly open to allow the 

chamber to be 75% filled with carbon dioxide. The running water serving as a cooling fluid 

was turned off and the chamber was heated gradually till it reaches 35⁰C. The heating was 
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accompanied with pressure increase which is monitored through the pressure gauge and it is 

allowed to rise up to 7.4 mPa. The temperature is sustained at 35⁰C and the outlet valve is 

slightly open to allow gaseous carbon dioxide to be discharged out of the chamber. There is a 

drop in the pressure and when it reaches 0.101 mPa (atmospheric pressure) the sample which 

must have been dried is then retrieved from the chamber. A micrograph of polished thin-section 

of a sample dried subjected to critical point drying is presented in Figure 3.22. 

Table 3.1 Critical temperature and pressure of some liquids (From, Smart and 

Tovey, 1982) 

Substance Chemical formula Critical Temp. (⁰C) Critical Press. (MPa) 

Water H20 374 22.1 

Benzene C6H6 289 4.86 

Carbon tetrachloride CCl4 283 4.5 

Ethanol C2H5OH 243 6.38 

Methanol CH3OH 239 7.9 

Acetone (CH3)2CO 236 4.7 

Ether (C2H5)2O 194 3.68 

Propane C3H8 97 4.2 

Nitrous oxide N2O 37 7.26 

Ethyne C2H2 36 6.29 

Ethane C2H6 35 4.95 

Carbon dioxide CO2 31 7.433 

Freon 13 CClF3 29 3.86 

Hexafluoroethane C2F6 20 3 

Ethene C2H4 10 5.13 
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Figure 3.21. Schematic diagram of a critical point drier (Adapted from, Echlin, 

2009). 
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Figure 3.22. BSE SEM image of a polished thin-section that was dried with a 

critical point drier. The cracks in the slide ranges between 8 and 20 µm and these 

are suggested to be associated wih the dying technique. Sample ID: 339-1385D-

5H4-41-43. 
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3.2.2.5 Low viscosity resin impregnation 

Conventional resins have very high viscosity to infiltrate fine-grained sedimentary rocks (Jim, 

1985; Swartz and Lindsley-Griffin, 1990), which therefore require low viscosity resin. Here, 

low viscosity impregnation procedures similar to those described by Swartz and Lindsley-

Griffin (1990) were adopted.  

Carefully wrapped samples with cling film and sealed in nylon during sample collection were 

kept inside a fridge at a temperature between 0⁰-4⁰C. The samples were left enclosed inside 

the fridge until low viscosity resin impregnation is to be performed.  

During sampling, indelible marker was used to indicate the direction to the top of the bed on 

the sampling container. To perform the low viscosity impregnation, the samples were removed 

from the sealed nylon and unwrapped from the cling film. Subsample (ca. 1 cm X 1 cm x 2.5 

cm) or the whole sample (ca. 5 cm x 2 cm x 2 cm) was placed in glass vials and acetone was 

introduced into the samples at approximated at a drop per second, in increasing order of 

concentrations; 30%, 50%, 70%, 90% and 100% for 24 hours.  

The reason for immersing the sample in acetone is partly due to the high surface tension 

associated with water (Grimm, 1992) and the hygroscopic nature of resin (Jim, 1985; Swartz 

and Lindsley-Griffin, 1990). The slow introduction of acetone into the samples is to prevent 

osmotic shock which could destroy the original microstructure or destroy the semi-

consolidated sample. The acetone-soaked samples were wrapped with cling film and aluminum 

foil with openings at the top and the bottom. The sample was wrapped to maximize the 

infiltration of resin directly through the sample and on the other hand to minimise the amount 

of resin wasted. The wrapped samples were hung on a plastic holder and placed in a dry lidded 

glass vial. The plastic holder ensures that the resin drips through the samples.  

The low viscosity resin has four separate components (ERL 4221, NSA, DER 736 and DMAE).  

Mixing of the components was carried out following the formulation prescribed by Ellis (2006) 

for hard output (Table 3.2). The mixing process and other procedures of the resin impregnation 

were carried out in a fume cupboard. The acetone-soaked samples were covered with the low 

viscosity resin up to the top of the aluminum foil and the resin slowly penetrates the sample. 

Low viscosity resin was added to the sample on a regular basis until the resin fully replaced 

the acetone.  
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Complete replacement of acetone by low viscosity resin was achieved between 3-4 days. The 

samples were then transferred into a vacuum bell jar, uncapped and evacuated for one hour. 

This process allows further resin infiltration into the sample. The uncapped sample is left in a 

vacuum overnight. The next day the samples were transferred into an oven for curing. The 

operating temperature of the oven is 60⁰C to allow polymerization of the resin in which the 

oven drying acts as thermal catalyst (Grimm, 1992).  The curing process usually last up to 4 

days. A backscattered image of a polished thin-section of a sample that was impregnated with 

low viscosity resin is shown in Figure 3.24. 

Table 3.2 Hard and soft formulation of spurr low viscosity resin components (From, 

Ellis, 2006) 

Formulation ERL 4221 NSA DER 736 DMAE 

Hard 4.10 5.90 0.95 0.1 

Soft 4.10 5.90 1.90 0.1 
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Figure 3.23. Picture showing gradual introduction of acetone into water bearing 

samples through burettes. The samples were wrapped in aluminium foil and placed 

in glass jars. Note that acetone was introduced into the samples at about 1 drop per 

second. 
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Figure 3.24 BSE SEM image of polished cross section for low viscosity resin 

impregnated sample. The black line running across the slide was imparted during 

polishing. Samples prepared through low viscosity resin impregnation showed 

the least damage in comparison to those dried through other techniques. Sample 

ID: 339-1385A-7H2-132-134. 

 

3.2.2.6 Discussion on the Different Drying Techniques 

There are micro-fractures in virtually all the polished thin-sections that were dried with the 

different techniques especially when the whole slides were imaged by scanning electron 

microscopy. While some of the micro-fracture can be associated with sample preparation due 

to the drying techniques, stress relaxation imparted by drilling cannot be ruled out (Corkum 

and Martin, 2007; Soe et al., 2009).  

However, the intensity of the micro-fracture varies from one drying technique to the other. The 

drying techniques in decreasing order of micro-cracks density are: freeze drying, critical point 

drying, room temperature drying, oven drying and low viscosity resin impregnated samples. 

The low viscosity resin impregnated sample showed the least micro-cracks/fractures while the 

freeze dried sample showed the highest degree of micro-fractures.  
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Large areas up to 1 mm by 1 mm were observed to be micro-crack free for the samples dried 

at room temperature, oven dried sample and resin impregnated samples. The critical point dried 

sample have area of up to 200 µm by 200 µm that are crack-free but are associated with big 

micro-cracks of up to 35 µm. It is suspected that the cracks seen from the backscattered image 

of the sample dried through critical point drying were because of the replacement of water by 

acetone because several wet samples disintegrated as soon as they were plunged into a vial 

containing acetone even at low concentration. It is also possible that the big micro-cracks 

observed from the backscattered image of the critically point dried sample might have been 

induced during vacuum impregnation in which resin was forced into the pore spaces to harden 

the sample prior to polishing. In view of the crumbling of the samples in acetone, for the resin 

impregnated samples, the varying concentrations of acetone were introduced to the sample 

gradually (a drop per second) via a burette. By this method, none of the samples disintegrate. 

Due to the fact that the freeze-drying reported here produced the most distorted microstructure 

in which it is difficult to achieve a representative area within the cracks, it is apparent that semi-

unconsolidated samples similar to those used in this research are not recommended to be 

plunged in liquid nitrogen as the micro-cracks are suggested to have been imparted by the 

bubbling of the liquid nitrogen or ice formation. 

Due to the foregoing, resin impregnation is the most recommended procedure for getting rid of 

water from semi-consolidated mudrocks when microstructural study is intended. The 

procedure involves a passive process that entails ordinary fluid displacement (water-acetone-

resin) and the sample is not physically dried. The process requires no sophisticated equipment 

and can easily be carried out successfully in any laboratory. However, the technique is not 

suitable for dried semi-consolidated dried samples as they must be water saturated. Efforts to 

impregnate dried semi-consolidated samples were impaired as the samples crumble 

immediately after acetone was introduced (Figure 3.25). 
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Figure 3.25. Picture showing samples crumbling in acetone as soon as there were 

introduced to the vials containing acetone. The concentration of the acetone is 

30% i.e.  70% of distilled water and 30% of acetone. The crumbling of the sample 

might have been cause by osmotic shock (Jim, 1985). 

 

3.2.3 Scanning Electron Microscope 

The scanning electron microscope (SEM) and its associated technologies have been in used to 

study fine-grained sediments and biological materials for many decades. The technology is a 

potentially non-destructive analysis involving interaction of electrons with the specimen. It is 

well suited to image the complexity in the distribution of clay minerals, organic matter and 

pore network in both nanoscale and microscale (Erdman and Drenzek, 2013). Recent 

development of shale gas as a way of meeting energy demands particularly in North America 

and to a lesser extent within Europe has increased SEM utilisation as physical properties 

pertinent to fluid flow in shale are determined using this technology.  

SEM differs from traditional optical microscopy in that, it uses an electron beam instead of 

light (Houben, 2013). The resolution obtained through optical microscopy is unsuitable for 

microstructural characterisation of mudrock because most microstructural features are of a 

micron to submicron scale. SEM operates by producing raster images (Figure 3.26) through 

the interaction of an electron beam emanating from the electron gun with the surface of the 
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sample. Focusing of the electron beam on sample is achieved by series of electron lenses 

(Huang, Cavanaugh and Nur, 2013). 

The electron beam emanating from the electron gun is usually too large to produce a sharp 

image at high-resolution. To maintain a sharp image and also a high-resolution, scanning 

electron microscopy utilises electron lenses that reduces the electron beam released from the 

source to a smaller spot size (Goldstein et al., 2003). The spot size also known as probe size 

limits the maximum resolution obtainable in scanning electron microscopy. The spot size is 

proportional to the number of electron interacting with the surface of the sample. The final 

beam that reaches the sample being investigated depends on the size of the aperture and the 

strength of the condenser lens which is being focused by an objective lens to a point of interest. 

The smallest magnified image produced by a scanning electron microscope is two orders of 

magnitude higher than the magnification of an optical microscope (Reichelt, 2007). The 

magnified image (magnification) is defined by the ratio of the length of the image produced on 

the monitor to the actual scanned length of the sample. The focal length of the objective lens 

determines the working distance (WD). Working distance is the distance between the lower 

piece of the objective lens and the sample on the stage. It ranges between 5mm and 30mm. 

Modern SEMs are controlled on a computer system through installed software and mouse 

clicking. This allows easy switching between detectors. The signal varies as the electron beam 

scans from pixel to pixel due to the variation in topography and composition (Reichelt, 2007). 

Higher magnification is obtained by reducing the length of the specimen scanned but 

maintaining the length of the image displayed on the screen (monitor).  
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Figure 3.26 Diagram representing a raster data set running in rows and column. 

The scanning electron microscopes scans the sample from one point to another producing a 

rectangular box with each point represented on the computer screen. This allows contrast in 

the image to be enhanced using deflection system control (Goldstein et al., 2003). Note that 

each square box represents the obtained pixel during scanning. The system used here 

employs 768 x 512, 1536 x 1024, 3072 x 2048 or 6144 x 4096 pixels. 

In scanning electron microscopy, there are a number of ways by which electrons from the 

source (electron gun) interact with the sample on the stage. Electron beam can interact in-

elastically with the sample by collision of incident electrons with the electrons of the atoms in 

the sample. Such interaction produces secondary electrons (SE), auger electron, 

bremsstrahlung x-rays and cathodoluminescence (CL). There is slight deflection in trajectory 

of the electron beam and little dissipation in kinetic energy before scattering event (Reichelt, 

2007). Electron beam can also interact elastically with the sample to generate backscattered 

electrons (BSE) (Figure 3.27). In this case, there is deflection in the direction of electron beam 

after scattering event resulting from electrical field interaction of incident electron beam with 

the positive nucleus of the specimen (Reichelt, 2007).  
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Figure 3.27 Different signal resulting from inelastic and elastic interaction of the 

incident electron with the specimen, E0 = energy of signal electrons; EAE = 

energy of auger electrons; ΔE = energy loss of inelastically scattered electrons; 

hv = energy radiation (Reichelt, 2007). There is no reduction in kinetic energy 

during elastic interaction of the electron with the specimen. Inelastic interaction 

such as secondary electrons, auger electrons and cathodoluminescence produces 

reduced kinetic energy.  

Commonly used modes in scanning electron microscopy are the secondary mode and the 

backscattered mode (BSE). Figure 3.28 shows practically how secondary electron (SE) and 

backscattered electron interact with the specimen. In secondary electron mode, the primary 

electrons interact with the target material and some energy are loss which is a function of the 

angle of incidence between the primary electron and the target material (Reynolds and 

Gorsline, 1991). Secondary mode is generated close to the surface and therefore provides 

information about topographic features such as crystal morphology, topography and pores. In 

backscattered mode, electrons travel deeper into the specimen. Backscattered electrons are 

produced when the primary electrons strike the atom of the materials and subsequently 

produces a reflection of the electron beam. The intensity of the reflected electron is dependent 

on the atomic number of the material composition. Hence, there is an increase in the number 

of electrons reflected with increase in the atomic number of the material. Because the 

interaction between the electrons and the sample is elastic, there is minimal energy loss and the 

electron is scattered within the target material. The reflected electrons are eventually captured 

by the backscattered electron detector. Backscattered (BSE) mode is well suited for 

highlighting contrast in compositional variation.   
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Figure 3.28  Cartoon of electron and sample interaction in scanning electron 

microscope. The elastic interaction of electron yield backscattered (BSE) 

while inelastic interaction yield secondary electron (SE), The X-ray 

penetrates deeper than both secondary electron (SE) and backscattered 

electron (BSE) and it is associated with absorption of electrons. (Modified 

after, Huang, Cavanaugh and Nur, 2013). 

 

Scanning electron microscope (SEM) images are in gray-scale and the degree of grey in the 

image is proportional to the relief (in SE) or atomic number (BSE) of the sample components. 

Areas where features such as pores and fractures are located are dark in colour with ring of 

brightness surrounding the feature in secondary electron mode (Figure 3.29). Because 

backscattered mode is related to atomic number of the material, low atomic number are 

portrayed in dark shades compared to those with higher atomic number which would appear 

lighter. For example, kerogen (organic matter) would appear dark, silicate would be grey, 

carbonate would be light grey, and pyrite would appear as white (Figure 3.29).  

In order to avoid charge build up from insulating (non-conductive) materials during imaging, 

such materials are coated in a thin layer of carbon or gold. The choice of coating material is 

dependent on the interest of the study. Carbon coating of the material is suitable for elemental 

analysis while if the interest is centered on acquisition of high-resolution images, gold coating 

is recommended (Swapp, 2016). In this research a Quanta 650 field emission scanning electron 

microscope and an XL30 environmental scanning electron microscope (ESEM) were used at 

low vacuum (0.83 Torr) in both gaseous secondary electron (GSE) and backscattered electron 

(BSE) modes at 15-20 kV, spot size of 4.5 and working distance of about 10 mm. The use of 

low-vacuum allows imaging without coating the sample with conductive medium.  

Examples of a broken mudrock surface taken with the XL30 environmental scanning electron 

microscope (ESEM) are illustrated Figure 3.29. The left side images were obtained using GSE 
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while the right images were obtained using BSE. White arrow shows pores, blue arrow 

framboidal pyrite and yellow arrow depicts coccolith which is rich in calcite. Observation from 

images from the images that those collected with GSE mode (Figure 3.29) give little 

information regarding the compositional variation compared to backscattered electron. Pictures 

of the two SEM systems used in the current study are shown in (Figure 3.30). 
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Figure 3.29 Micrograph of broken surfaces of clay particles in both secondary 

electron (SE) and backscattered modes (BSE). 
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Figure 3.30. Picture showing (A) XL30 ESEM and (B) the FEG 650 scanning electron 

microscope and desktop computers used for collection of large scale montages of 

SEM images. 

 

3.2.3.1 Mineralogy 

Data on mineralogy were obtained through automated acquisition of elemental composition on 

polished-thin sections with the energy dispersive x-ray (SEM-EDX) component of the 

scanning electron microscopy. The elemental composition was determined from large area 

A 

B 
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(EDX) which is up to a millimeter horizontal field of view (HFOV). The large area EDX 

mapping was obtained using Oxford instrument ‘Aztec (v3.3) Large Areas’ (LAM) and was 

also used to construct phase maps by processing all the elemental data to yield associations of 

elements in which minerals or group of minerals present in each sample were then quantified. 

For few samples, mineralogical composition was determined from backscattered scanning 

electron microscopy (BSE-SEM) through multiple thresholding with Fiji-ImageJ and 

subsequently determining the percentage of the minerals. Mineral quantification from BSE 

image through thresholding has been recently employed and is detailed in Buckman et al. 

(2018). 

3.2.4 Broad Beam Ion Milling (BBIM) 

Microstructural studies of fine-grained sedimentary rocks with scanning electron microscopy 

is better carried out on polished sections rather than broken surface. Mechanical polishing of 

rocks are associated with uneven topography (Loucks et al., 2009; Loucks et al., 2012) and 

artificially created structures (artifacts) such as plucking, smearing etc. which have strong 

negative effect on the reliability of the results. Due to the fact that mudrocks have a variety of 

mineral compositions with disparate hardness, smearing and plucking of grains are common 

problems associated with mechanically polished cross-sections. Argon ion beam milling (broad 

ion beam) is the state of the art polishing method that produces a flat surface with minimum 

topography. Argon ion milling is similar to focused ion beam milling (FIB) but it has an 

advantage of milling a wider area (Desbois et al., 2011; Reed, Loucks and Ruppel, 2014) that 

is more representative of the sample compared to the FIB. Subtle features for example hair line 

micro-fractures and narrow cracks which can be masked by mechanical polishing, can be 

preserved using argon ion milling. During ion milling the sample can be rotated to prevent 

striation from the irradiated argon ion beam bombarding the sample and this allows the material 

to be milled uniformly regardless of the disparity in the hardness of sample composition 

(Erdman, Campbell and Asahina, 2006). Hence, soft and hard components of the material are 

milled at the same rate. 

For this study, a limited number of samples were ion milled at The University of Oklahoma, 

USA using a stand-alone argon ion milling cross polisher. The process involved cutting off a 

slice of about 3 mm thickness using a diamond saw blade with ethanol serving as the cooling 

fluid in order to prevent swelling of the clay minerals. The samples were then mounted on a 

2.5 cm aluminum pin style stubs with an adhesive (CrystalbondTM 509). The samples were 
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then polished mechanically to reduce the surface roughness without using any fluid with 

sandpapers of progressively small grit sizes. Artifacts that might have been introduce through 

the mechanical polishing were removed during ion milling as the instrument is capable of 

removing more than 100 µm of the topmost layer. All the samples were ion milled with argon 

using Fischione Instruments model 1060 SEM ion mill at 5kV for 3 hours. All the sample ion 

milled were prepared through low viscosity resin impregnation of which the procedures are 

highlighted above. An example of broad ion milled sample imaged on a FEI Helios 650 

FIB/SEM is presented in Figure 3.32. 

 

 

Figure 3.31. Procedure for ion milling sample through a stand-alone broad ion 

milling cross polisher (a) 3 mm of the sample was cut off using ethanol based 

diamond rock cutting machine at a slow speed (b) the cut off sample was 

mounted on a 2.5 cm diameter stub and mechanically polished without any fluid 

using sandpaper of progressively small grit sizes (c) the polished sample was 

placed in the sample holder milled with Argon using a Fischione Instruments 

model 1060 SEM ion mill for 3 hours. Note that the milling process is automated, 

the instrument requires no supervision as the milling progresses. 
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Figure 3.32. Backscattered SEM image of an ion milled sample on a FEI Helios 

650 FIB/SEM at ca. 4 mm working distance, 2kV and with a concentric 

backscattered detector-CBS- (Courtesy of Mark Curtis of The University of 

Oklahoma, USA). Q=quartz, Py=pyrite, F=feldspar and M=mica. 

  



 

109 

 

 

3.2.5 High-resolution Large-scale imaging 

High-resolution large-scale imaging with scanning electron microscopy employed in this 

research follows the procedures described by Buckman (2014) and Bankole et al. (2016). The 

procedure involves automated collection of multiple tiles and stitching from a regular grid 

across the surface of the sample using the FEI Maps software. The procedure can be applied to 

produce large montage SEM image of the whole slide. The only constraints to the large-scale 

high-resolution image are; time, storage and availability of software to process or analyse the 

big-data resulting from the process.   

Both polished thin-sections and ion milled samples were imaged using a Quanta 650 field 

emission scanning electron microscope (Figure 3.30) in low vacuum mode (0.83 Torr). The 

settings for the SEM images involves using backscattered detector, 4.5 spot size and a working 

distance of about 10 mm.  Once the SEM has been pumped, a specific area of interest is focused 

on with the number of tile and pixel resolution defined. In general, a low-resolution image was 

acquired with a horizontal tile width of 2 mm per tile to get an overview of the whole slide. 

This allows further higher resolution SEM images to be acquired within areas between cracks. 

The resolution of SEM images acquired is dependent on the interest of the study. Backscattered 

SEM images at a resolution of 45 nm per pixel were acquired for studying grain-size, 

microfabric and grain orientation and these are termed high-resolution, while for the 

determination of pore size distribution and porosity from 2-Dimensional SEM images, the 

resolution employed is approximately 3 nm per pixel (Figure 3.33). Further details on workflow 

for acquiring large-scale high-resolution SEM can be found in (Buckman et al., 2018).  

The intention was to collect several tiles and stich the whole polished thin-sections and the ion 

milled samples but due to cracks, imaging was limited to between cracks. Image acquisition 

through automated collection and stitching as employed here is also constrained by computer 

memory because most montages can be up to several gigabytes in which not only storage of 

the collected data is problematic but getting a software for image processing and analysing 

large SEM images is not practicable. A chart showing the time it takes to acquire backscattered 

SEM montages with respect to horizontal field of view, pixel resolution and scan time is 

presented in Figure 3.34.
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Figure 3.33. Multi-resolution images (a) low-resolution image of polished thin section to 

determine good area for higher resolution (b) high resolution image for grain orientation 

and particle size analysis (45 nm per pixel) (c) super-high-resolution image for porosity 

and pore size (3.2 nm per pixel). 
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Figure 3.34. Relationship between pixel resolution, tile horizontal frame width and 

scan time, for time taken to acquire a  whole slide image (Buckman et al., 2018). 

 

 

3.2.6  Low-pressure nitrogen gas adsorption 

Gas adsorption is widely used for characterisation of pore size and specific surface area of 

materials (Busch et al., 2017). Adsorption involves adherence of gas molecule to the surface 

of the solid phase. The process by which gas adsorption occurs is a multi-process in which the 

gas diffuses into the solid phase, the solid phase absorbs the gas and finally the gas interacts 

with the solid phase through a process called sorption.  

The adsorption process can occur through physical adsorption (physisorption) or chemical 

adsorption (chemisorption).  Physisorption involves attraction of gas molecules to the surface 

of the solid phase by a weak force of attraction i.e. van der Waals interaction (Thommes and 

Cychosz, 2014). In the case of chemical adsorption the   gas molecules are adsorbed to the solid 
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phase through chemical bonding (Rouquerol et al., 2014).  The chemical bond is so strong such 

that adsorption is restricted to a monolayer and higher heat energy is released through the 

process in comparison with physisorption. Physisorption is thermodynamically reversible at 

isothermal condition whereas chemisorption is irreversible thermodynamically (Bertier et al., 

2016). Due to the fact that low-pressure nitrogen has little to do with chemisorption, further 

discussion on chemisorption is of no relevance. 

Nitrogen gas at 77 K adsorbed to the surface of a solid material through physisorption is 

dependent on the relative pressure (p/po) of nitrogen gas which is at equilibrium with the 

surface of the material (Bertier et al., 2016).  To calculate the amount of gas adsorbed on the 

surface of an adsorbent (solid phase), the difference between the gas introduced to the sample 

cell and amount of gas in the free space is calculated (Thommes and Cychosz, 2014). An 

adsorption experiment yields an isotherm curve which indicates the amount of gas molecules 

adsorbed to the surface of a material as a function of relative pressure.  In order to interpret the 

pore structure based on the isotherm curve, it is generally assumed that the pores are 

homogeneous and cylindrical (Bertier et al., 2016), though this might be untrue in the real 

sense. Further information guides on the procedures and discussion on the method can be found 

elsewhere (Barrett, Joyner and Halenda, 1951; Sing, 1982; Rouquerol et al., 1994; Sing, 2001; 

Rouquerol et al., 2014). 

The low-pressure Nitrogen sorption in this study was performed on a Gemini VII 2390t device 

through the static volumetric method and the isotherm curves were determined at 77.3 K. The 

adsorption   and desorption curves were measured at 81 points in which the relative pressure 

ranges between 0.001 and 0.95.   Samples for low pressure gas adsorption (LPNGA)  requires 

crushing to less than 250 µm to attain the vacuum threshold prior to the gas adsorption 

experiment (Chalmers, Bustin and Power, 2012). Prior to the adsorption experiment, the 

samples were crushed to a size diameter of between 250 µm and 63 µm and then dried for 

about 24 hours at 100⁰C. About 0.5 g to 0.7 g of the crushed samples were then degassed under 

vacuum with nitrogen gas for a minimum of 12 hours. The collected data on the crushed 

samples were interpreted for the specific surface area (SSA) based on the multi-layer model of 

Brunauer-Emmet-Teller (BET) (Brunauer, Emmett and Teller, 1938) while total pore volume 

was determined using Barrett-Joyner-Halenda (BJH) analysis (Barrett, Joyner and Halenda, 

1951). The pore volume is in cm3/g and to get the porosity value, which is the ratio of pore 

volume to bulk volume, additionally the grain density is required (Bertier et al., 2016).  Hence 
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the grain density derived through helium pycnometry which formed part of the data acquired 

on board during the expedition program, and provided by the IODP, were used. Information 

on how grain density is measured during International Ocean Discovery Program is provided 

in (Blum, 1997). The porosity values were calculated based on Gurvich's rule as employed by 

Bertier et al. (2016) and it is believed to give an approximation to the total porosity (Seemann 

et al., 2017). Gurvirch rule is premised on two main assumptions and these include:  

(i) The total pore system is filled up at the relative pressure close to the saturation 

pressure. 

(ii) At the experimental temperature condition, the adsorbate in use has similar physical 

and chemical properties as in its liquid state.  

The total pore volume of the samples was derived close to their maximum sorption capacity 

i.e relative pressure (P/P◦) is close to 1 by employing the Gurvirch rule and subsequently 

calculating the approximate total porosity based on the formulae provided below. 

 

Where  

VT (cm3/g) is the total specific pore volume determined based on the amount of gas 

adsorbed at relative pressure (P/Po) close to 1 by assuming that all the pores are 

filled with the adsorbate (Gurvich principle).  

Qmax is the maximum sorption capacity measured in mmol g-1  

Vm is the molar volume of the liquid adsorbate, which is 34.7 cm3/mol for nitrogen 

at 77K. 

  

𝑉𝑇 =
𝑄𝑚𝑎𝑥 

1000
.  𝑉𝑚   ……………………………………...  Equation 3.1 
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Where Ø is the porosity, which is unitless.  

VT is the total specific pore volume in cm3/g derived from the Gurvich principle 

𝜌 is the grain density derived from He-pycnometry in g/cm3 

  

  

 

Figure 3.35.  Gemini VII 2390t micrometric instrument with the degassing unit 

and computer system for volumetric gas adsorption experiment. 

 

3.2.7 Digital Rock Physics 

Digital rock physics (DRP) involves imaging, digitizing pore space and numerical simulation 

of the physical processes to obtain salient rock properties (Andrä et al., 2013a). DRP provided 

both qualitative and quantitative information about fluid transport and the geometric properties 

of the rocks (Fourier, 2017). 

Most digital rock physics involves three procedures: (i) image acquisition be it in 3-dimensions 

or 2-dimensions (Hurley et al., 2014) in which the resolution of the image should be high 

enough to capture the pore space; (ii) image processing and segmentation to extract the pores; 

ø =
𝑉𝑇

1

𝑝𝑔𝑟𝑎𝑖𝑛
+𝑉𝑇.

  …………………………………………..  Equation 3.2 
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and (iii) computer simulation of physical processes to determine petrophysical properties 

including but not limited to  porosity, permeability (both absolute and relative), electrical 

conductivity, elastic properties and pore network (Andrä et al., 2013b). 

High-resolution SEM images acquired from prepared polished thin-section at 3.2 nm per pixel 

were the input data for a three-dimensional stochastic pore reconstruction tool, to model pore 

architecture, and a flow/permeability simulation software. The steps involved in the sample 

preparation for the polished thin-sections; from drying, resin impregnation and automated 

acquisition and stitching of SEM images to form montages have been described explicitly in 

chapter 3 (3.2.2.5 and 3.2.5).  

Image processing and segmentation were performed with an open source image analysis tool 

known as Fiji. The image segmentation employed machine learning segmentation which 

involved selecting training features such as pores, grains and undifferentiated grains. Detail on 

machine learning segmentation through Trainable Weka Segmentation incorporated into Fiji 

have been discussed in chapter 5 (5.2.3.1).  

After segmentation, sub-regions of the high-resolution SEM images serve as input data for the 

3-Dimensional reconstruction of the pores using the Pore Architecture Reconstruction tool 

(PAR). PAR is the recent version of Pore Architecture Modelling tool (PAM) which is an in-

house tool for 3-Dimensional pore reconstruction at the Institute of Petroleum Engineering, 

Heriot-Watt University, United Kingdom.  

The software employs Markov Chain Monte Carlo simulation in which small local conditions 

are used to predict global features (Wu et al., 2007). In other words, it involves complex 

interaction of multiple voxels in order to produce individual realization that conforms with the 

input images (Wu et al., 2006). The main input for PAR are SEM images acquired from thin-

section in x, y and z directions (Figure 3.36). In this study, the high-resolution images acquired 

using scanning electron microscopy were used as the main input parameters and the x, y and z 

directions are sub-areas from the large-scale high-resolution SEM images of the individual 

polished thin-section representing the pore fabric (i.e. all within the same plane).  

To perform the 3-D pore reconstruction, the length and breadth dimension for the individual 

input SEM images must must be equal, the SEM images must be binarised and not more than 

600 by 600 pixel. In this research, the high-resolution SEM images were binarised and reduced 

to 400 by 400 pixel. The 3-D reconstructed output from PAR serves as input parameter for 



 

116 

 

another flow analysis tool referred to as Pore Analysis tool (PAT). The tool generates 

information on the pore system which include; pore size distribution, porosity, permeability, 

and pore connectivity function among other parameters that are significant to understanding 

fluid movement. Network models produced by PAT are useful input parameter for single and 

two-phase fluid flow simulation (Wu et al., 2007; Otiede, Wu and Olafuyi, 2012).  

In this thesis, the DRP technique employs a two-scale pore network extraction coupled with 

pore network simulation (Figure 3.37), due to the wide range in mudrock pores which are 

unlikely to be captured at a single resolution. The methodology involves pore network 

modelling at higher resolution (25 nm per pixel) and lower resolution (75nm -150nm per pixel) 

to describe the 3-D pore networks at the two resolutions and subsequently integrating the pore 

network into a single network with both resolution being honoured. The step by step in the 

two-scale pore network modelling and simulation follow the approach on multi-scale pore 

network extraction and simulation described by Jiang et al. (2013) and (Pak et al., 2016). 

Further details on Pore Architecture modelling tool (PAM) and explicit information on the 

algorithm employed in PAT can be found elsewhere (Wu et al., 2006; Wu et al., 2007).  
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Figure 3.36. Sample of input and output derived using PAR and PAT (A) 2-D 

training images representing X, Y and Z directions (B) 3-D model of reconstructed 

pores by PAR (C) Pore network model derived from PAT. 

  

(A) 

(B) (C) 
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Figure 3.37. Workflow of two scale pore network extraction and simulation. The 

workflow involves pore network extraction at two different resolution, then 

integration of the extracted network into a single network. 

 

 

3.2.8 Synchrotron powder diffraction 

Hard synchrotron X-ray source provides a powerful technique for studying low scattering 

material such as mudrocks (Lonardelli, Wenk and Ren, 2007; Wenk et al., 2008a). It has an 

advantage over the conventional X-ray goniometry technique due to its high energy and highly 

focused X-ray as well as very short wavelength that allow considerable sample penetration 

with limited X-ray absorption. 

Powder X-ray diffraction was performed at the ID-11 beamline, European Synchrotron 

Radiation Facility (ESRF) at Grenoble, France. Prior to the experiment the samples were 

impregnated in resin to harden the samples and the resulting samples have approximate volume 

of about 2.5 cm X 2.5 cm X 1.5 cm. The blocky samples were later cut into slices of ca. 1.5 

mm thickness with a rock cutting machine using oil based IsoCut as coolant to avoid swelling 

of clay minerals as well as destruction of the samples. In performing the experiment, a 

monochromatic X-ray beam of a short wavelength of approximately 0.30996 Å (energy ~40 KeV), 

beam size of 0.05 X 0.05 mm, radial diffraction geometry and recorded by a 2048 X 2048 pixels 

CCD (Charged Couple Device) detector at about 0.231 m away from the sample. The samples were 

mounted on a metal pin and placed on the goniometer (Figure 3.38). Data acquisition was carried 
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out at twelve different angles as the sample is being rotated about the horizontal axis from -75⁰ to 

75⁰ at an increment of 15⁰ for good statistics of textural analysis and to improve the pole figure 

coverage (Wenk et al., 2008b). The bedding plane was placed perpendicular to the tilting axis in 

order to ensure that the X-ray beam hits the same layer during rotation.  

Due to the inherent heterogeneity of mudrocks, data were acquired over three spots, spaced at about 

1 mm interval in order to obtain a representative average (Wenk et al., 2008a; Kanitpanyacharoen 

et al., 2012). Th time for data acquisition per sample is approximately 45 mins per sample. 

The difraction images are characterised by Debye rings, which correspond to different mineral 

phases and varying lattice planes. The variation in intensity along the Debye rings is an 

indication of preferred orientation (Wenk et al., 2008b; Wenk et al., 2014). 
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Figure 3.38. Sample preparation and and experimental set up for data acquisition 

for textural analysis at the European Synchrotron Radiation Facility, Grenoble 

(ID-11 beamline). (A). Block of mudrock impregnated in epoxy resin (thickness 

ca. 5 mm) (B) Rock cutting machine, which uses oil-based coolant (C) Mudrock 

slab mounted on a pin (thickness ca. 1.5 mm). The arrow mark on the slab is 

perpendicular to the bedding (D) Experimental set up at ESRF, ID-11 beamline. 

Read line is the direct X-ray beam, yellow arrow is the 1.5 mm thick sample 

mounted on the stage and the broken square indicates the position of the CCD 

detector. 

 

 

3.2.9  Methodology development for studying microstructure 

Mudrock microstructure is maturing, as an emerging field, and the renewed focus on mudrocks 

calls for development of methodology to better characterise their different properties. 

Charaterisation of mudrock microstructure is challenging as it requires special sample handling 

and preservation and limited amount of air exposure is recommended (Ewy, 2015).  

Laboratory measurement is inevitable and remains a significant means of characterising unique 

properties of mudrocks, which include: grain size, macro/microfabric, mineral composition, 

porosity, permeability and preferred orientation among others. In fact, there are diverse 

techniques that are currently in use for measuring different aspects of mudrock microstructure. 
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There is a challenge of getting comparable measurements from different techniques due to 

difference in resolution. 

Scanning electron microscopy is a commonly used technique for studying mudrock 

microstructure. Its high resolution is ideal for revealing fine scale features in mudrocks from 

micron to sub-micron scale. Current advancement in electron microscopy has resulted in 

improved images and analytical technique for better characterisation of mudrocks (Lemmens 

and Richards, 2013) but there is still room for methodological development. Hence, in this 

research, a new workflow for characterising mudrock properties via automated image analysis 

of large areas and high-resolution scanning electron microscopy coupled with image analysis 

have been developed. This is presented in chapters 4 and 5, and currently in press as Bankole 

et al. (2018a,b).  The methods are very significant for improved understanding of subsurface 

mudrocks and their capacity for movement of fluid as well as their storage potential.
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CHAPTER 4 –   GRAIN-SIZE ANALYSIS OF MUDROCKS FROM SEM 

IMAGES 

4 Grain size analysis of mudrocks from SEM images 

This chapter is currently in press as: Bankole, S.A., Buckman, J., Stow, D. and Lever, H. (2018) 

‘Grain-size Analysis of mudrocks: A New Semi-Automated Method from SEM Images’, 

Journal of Petroleum Science and Engineering. (In press). The work is 90% that of the first 

author. 

4.1 Introduction 

Grain-size is a fundamental property of rocks that has a significant impact on their 

petrophysical properties such as specific surface area, pore size distribution, porosity and 

permeability. It is a general belief that there is a positive correlation between grain-size and 

pore size distribution which in turn is imperative to fluid movement within the rock (Aplin, 

Fleet and Macquaker, 1999; Yang and Aplin, 2007). Grain-size distribution reflects the 

hydrodynamic condition of the depositional environment (Saner, Cagatay and Al Sanounah, 

1996), hence it is a useful forensic technique to reconstruct the depositional processes and mode 

of transport of sediments (Blott et al., 2004). 

Numerous techniques have been developed for analysing the grain-size of sediments, including 

sieving, laser diffraction, dynamic light scattering, image analysis, sedimentation, and electro 

zone sensing. The choice of technique depends in part on the grain-size of the material, but in 

most cases should be inexpensive, fast, accurate and cover a wide range of grain-sizes (Jiang 

and Liu, 2011). 

However, grain-size analysis of fine-grained sediment is especially difficult and time 

consuming. There is a strong possibility of underestimating the proportion of clay-size particles 

(< 4 um) due to the fact that clay particles are within the resolution limits of most technique 

(Røgen, Gommesen and Fabricius, 2001). Recognition of mudrocks as important hydrocarbon 

reservoirs (shale gas and shale oil), as potential storage containers for carbon dioxide in the 

subsurface and as repositories for nuclear waste has put into sharp focus a growing interest in 

studying mudrocks. This has prompted an on-going development of methods that are suitable 

for analysising this suite of rocks.  
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Electron microscopy has been employed in resolving features down to the nanometre scale and 

it is a common method utilised in studying both the nanostructure and microstructure of fine-

grained sediments (Curtis et al., 2010; Camp, Diaz and Wawak, 2013).  These techniques can 

also be used in quantifying mudrock grain-size, although such application is relatively rare. 

The scarcity of utilising electron microscopy in estimating grain-size might be due in part to 

the limited area of coverage normally obtained by the scanning electron microscopy (SEM) 

method and hence, how representative the measurement is for the whole sample (Saraji and 

Piri, 2015; Sanei et al., 2016). 

In this study, in order to mitigate against a very small measurement, grain-size analysis was 

carried out with large-scale images (ca. 0.65 mm X 0.42 mm) acquired from polished thin-

sections through backscattered electron (BSE) imaging by scanning electron microscopy and 

processed by image analysis. The grain analysis results from image analysis described herein, 

were compared with grain-size results using laser diffraction granulometry on the same section 

of core samples. 

4.2  Principal methods of Grain-size Analysis 

There are several principal techniques for measuring the grain-size of sediments (including 

soils) and sedimentary rocks. Each technique measures a different property of the sediment and 

then relates this property to the grain diameter (or grain volume) of constituent particles. The 

amount of sediment in each of the different size classes (as originally proposed by Wentworth, 

1922) is reported as a fraction of the total amount of sediment analysed in one of three ways: 

(a) as a volume percentage of the total volume; (b) as a weight percentage of the total dry 

weight; or (c) as the absolute number of particles counted. 

The principal techniques can be summarised as follows 

1. Laser diffraction. Particle size analysis by laser diffraction is currently one of the most 

common methods employed in sedimentology. It is based on the premise that particle size 

determines the angle of light diffraction. There is a negative correlation between the diffracted 

angle and particle size, such that a small size particle produces a higher diffraction angle 

compared with a larger particle size. 

A laser light source is generally directed through a small, dilute, liquid suspension of the 

sediment dispersed in distilled water and the diffraction angle of different grains is measured. 

Samples of about 100 - 500 mg are introduced into the water module of the laser equipment. 
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The technique is most appropriate for unconsolidated sediments and readily measures grain-

sizes between 100 nm and 5 mm. The laser diffraction technique can also be used to analyse 

samples in a dry state. 

2. Image analysis. This is the only method that makes direct measurement of grain 

diameter (known as the Feret or Calliper diameter). It is commonly performed in conjunction 

with analysis of microfabric and grain orientation. Grain-size through image analysis requires 

image acquisition, processing, measurement and then interpretation (Francus, 1998). The 

method can be performed on both sedimentary rocks (polished thin-section) and 

unconsolidated sediment. Images are acquired using a high-resolution camera in the field or 

lab for gravel size particles or with a camera attached to an optical microscope (for sandy 

sediments) and a scanning electron microscope (for sand to clay size particles). Sample sizes 

required for analysis can be as small as 2 to 5 g for polished thin-sections and < 100 mg for 

unconsolidated sediment. Image analysis generally refers to a computer-automated technique, 

and is therefore considered to be objective, precise and reproducible. It can measure accurately 

between 10 nm and 5 mm, but this is dependent on the equipment used (Bons and Jessell, 

1996). Manual image analysis by direct observer measurement and point-counting of grains in 

thin sections or smear slides is typically used for grain-sizes between 0.03 mm and 1 mm. 

3. Sedimentation. There are a number of techniques that apply sedimentation through a 

water column in analysing grain-size distribution in sediments and soils. These methods are all 

based on the principle of relating the settling velocity of grains in distilled water to the diameter 

of the grains.  Sediments are introduced to the top of a tube containing water and the settling 

rate of the grains is monitored at the base. The coarsest grains settle most rapidly, whereas the 

finest grains settle more slowly. The shape of the grains is assumed to be spherical and the 

sphere diameter is calculated using Stoke’s law. The settling velocity is dependent on the shape 

and density of the grains (Lewis and McConchie, 1994). The technique requires a sample size 

of about 1 - 10 g for sandy sediments and < 1 g for silt to clay-rich sediment and can accurately 

measure grain-sizes between 100 nm and 100 µm, depending on the particular techniques 

employed. The sediment must be unconsolidated or disaggregated. 

4. Sieving. This is a common method used in analysing unconsolidated, coarse-grained 

sediments (0.05 mm to >50 mm). A sample size of between 30 - 70 g is introduced into a set 

of sieves, which are arranged in descending order of mesh size. The set of sieves containing 

the sample is mechanically shaken for 10 to 15 minutes, and the weight of the fraction retained 



 

125 

 

by each sieve size is then measured. Ultrasonic micro-sieving can be used with a particle 

analyser for the silt-size range (0.005 – 50 mm). Sieve analysis is only possible for 

unconsolidated sediments, or those that can be readily disaggregated prior to sieving. 

Each method has clear advantages and disadvantages. Important considerations when selecting 

the appropriate technique include: sample size and how representative thes sample is of a 

heterogeneous sediment. 

 

 

 

Figure 4.1. Principal grain-size techniques, their principles and resolution (From, 

Malverns Instruments Limited, 2012) 

 

4.3 Materials and Methods 

4.3.1 Samples 

This study is part of a broader research programme investigating the microfabric of fine-

grained sediments (mudrocks). It seeks to examine the relationship between microfabrics and 

depositional processes in deep-water. The samples used for this study are from core samples 

retrieved during Expeditions 317, 339 and 355 of the International Ocean Discovery Program 

(IODP), from the Canterbury continental margin off New Zealand, the Iberian continental 

margin off SW Portugal and Spain and Laxmi Basin, India which is part of the Indus fan 

respectively. The samples from expeditions 317 and 339 were selected from the mud-rich 

hemipelagic intervals while samples from 335 were from the turbidite intervals. 

Two sets of sub-samples were taken from each of these 16 samples to allow replicate 

measurements, through image analysis and laser diffraction. The samples from Expedition 317 

and 339 are from bioturbated, calcareous muds that are interpreted as the result of hemipelagic 
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sedimentation. In the case of the samples from Expedition 355, the samples were deposited by 

turbidity currents. The Canterbury margin sediments were of Pliocene age and partially 

consolidated by compaction (Fulthorpe et al., 2010), the Iberian margin sediments were of 

Quaternary age and unconsolidated (Expedition 339 Scientists, 2012; Hodell et al., 2013) and 

the Indus fan sediments were of Pleistocene to Miocene age (Pandey et al., 2015).  
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4.3.2 Image Analysis 

4.3.2.1 Sample preparation (Image analysis) 

Sample preparation is the key to obtaining good results in analysis. Samples can be imaged in 

a disaggregated dispersed form (Fernlund, 2005), as a thin section (Francus, 1998) polished 

block (Sanei et al., 2016) or after ion milling (Milner, McLin and Petriello, 2010). Fine-grained 

sediments are best imaged in polished thin sections, polished blocks or ion milled sections as 

this prevents overlapping of grains during imaging. The technique prevents grain breakage, 

which is likely to occur during sample disaggregation. It also preserves the original fabric and 

so allows the relationship among grains to be more accurately observed. 

The two samples from Expedition 317 were allowed to dry naturally while being kept in air 

tight bags. The drying process was slow at room temperature. The five samples from expedition 

339 and nine samples from expedition 355 were oven dried at a controlled temperature of 60⁰C 

until the weight of the samples remained constant regardless of further drying. The samples 

were vacuum impregnated with low-viscosity resin, after which polished thin-sections were 

prepared. 

4.3.2.2  Image acquisition 

The next step after the sample has been prepared is image acquisition. The quality of the image 

acquired has a significant effect on image analysis end results. Accurate determination of grain-

size and shape estimation are dependent on the magnification of the image (Heilbronner and 

Barrett, 2014) as well as effective pixel resolution. Images can be acquired with a stand-a-lone 

high-resolution camera or an optical microscope with an attached camera. The choice of 

equipment is a function of the grain size of the material being analysed. In geotechnical 

engineering, gravel-sized particles can be analysed using a high-resolution camera (Kwan, 

Mora and Chan, 1999; Lee, Smith and Smith, 2007). Imaging through an optical microscope 

is ideal for sandstone and coarse silt samples, whereas clay particles sizes are best resolved 

through electron microscopy. Acquired images must have a sharp contrast such that the 

boundaries between grains are clear and distinct. 

Imaging of relatively large sample areas (approximately 0.65 mm by 0.42 mm) was achieved 

on the sixteen samples in this study through automated collection and stitching together of 

images using scanning electron microscopy (SEM) of the polished thin-sections. The imaging 

follows a two-step procedure: (i) low-resolution to get an overview of the whole polished thin-

section; and (ii) higher-resolution of as wide an area as possible, being careful to avoid cracks 
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or other sample disturbances (Buckman, 2014; Bankole et al., 2016). Images were acquired on 

a Quanta 650 FEG (field emission) SEM, operated in low vacuum (0.83 Torr), with a 

backscattered (BSE) detector, an operating voltage of 15 kV, spot size of 4.5 and a working 

distance of 10 mm. Six randomly selected areas (or subsets) were imaged at high-resolution 

for sample 1 to 7 (Figure 4.2) while four randomly selected areas were images for the polished 

thin-sections of sample 8 to 16. The dimension of each area is approximately 650 µm by 420 

µm, which is believed to be sufficiently representative of the whole sample (Figure 4.2). 

Random selection of these areas was made in order to account for variability in the grain-size 

from one part of the polished thin-section to another. In order to more accurately analyse the 

very fine grain-sizes, the SEM images were taken at high-resolution with about 45 nm per 

pixel. The smallest grain that can be technically measured at such resolution is about 135 nm; 

a minimum cluster of three pixels are required to confidently delineate a feature. However, 

particles less than 150 nm were discounted as this is close to the lower end of the resolvable 

features. The choice of image resolution for the grain-size analysis was informed in part by the 

resolution (100 nm) of the laser diffractometer employed. 

 

 

Figure 4.2. SEM image of sample 2 showing the six subsets of images analysed. Each 

subset has about 0.6 mm horizontal field of view. 
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4.3.2.3 Image Processing 

Image Processing of the acquired images is required to enhance certain features of the image 

with respect to others (Bons and Jessell, 1996). It involves enhancing the image quality to allow 

clear derivation of the boundary between the features through brightness and contrast 

adjustment, segmentation and then filtering the unwanted features (noise). The penultimate 

step in image processing is segmentation. In this step, features of interest are delineated from 

unwanted features such that the feature of interest is rendered to the foreground while unwanted 

features are rendered to the background. Segmentation of an image is a very important and 

non-trivial process (Bankole et al., 2016). For grain-size analysis, the image is segmented to 

delineate the grains. The grains are characterised by groups of pixels and likewise the 

boundaries between grains. The features between the boundaries are interpreted as the grains, 

which are then characterised by a unique grey value. Hence, the grey value can be used to 

define the region occupied by the grains.  

In order to enhance the boundary between the grains in this study, the images were pre-

processed through the application of smooth and enhanced contrast functions. After the pre-

processing, each image was segmented using the default threshold. An adjustment 

(binarization) was made to render the grains into the foreground (black) while pores were 

rendered into the background (white). A median filter of the 4-pixel radius was then applied to 

reduce the noise and accentuate the grains (Figure 4.3). 
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Figure 4.3. (A) Raw SEM image (B) SEM image after applying smoothing and 

contrast enhancement (C) Segmented (binarized) image of grains (D) segmented 

image after median filtering. 

 

4.3.2.4 Grain-size measurement 

Grain-size measurement (or data acquisition) requires taking measurements from the processed 

images. Most imaging software can swiftly measure the designated areas and return grain data 

such as diameter, area, orientation, perimeter and others.  

In this study, data on grain-sizes were generated using Fiji software, which is an adaptation of 

Image J, an open software produced by the US National Institute of Health (NIH). This was 

first developed for analysing biological images (Schindelin et al., 2012) and it was previously 

A B 

C D 
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known as NIH image software (Schneider, Rasband and Eliceiri, 2012). However, the usage is 

not limited to biological samples and the application of Fiji in the field of geoscience is gaining 

momentum, especially in analysing microstructure (Camp and Wawak, 2013; Hemes et al., 

2015; Buckman et al., 2017).  

The software is user-friendly and requires no prior knowledge of programming languages. It 

also provides a method for recording macros, which can be applied to several images through 

batch processing.  Randomly selected areas (subsets) were imaged at high-resolution (45nm 

per pixel) for each of the sixteen polished thin-sections. The dimension of each area is 

approximately 650 µm by 420 µm, which is believed to be sufficiently representative of the 

whole sample. Random selection of these areas was made in order to account for variability in 

the grain-size from one part of the polished thin-section to another.  

Raw images from the scanning electron microscope were processed with Fiji by first setting 

the scale of the image based on the horizontal field of view of the tiles in nanometres per pixel. 

Grain data were then acquired on diameter, perimeter, area, circularity, and aspect ratio. Data 

returned by Fiji were saved in Excel format and further data management were automated 

through some Excel functions and Visual Basic for Applications macros. A flowchart 

highlighting the steps employed in processing the image in Fiji is presented in Figure 4.4. 

Grain-size was determined by measuring the Feret diameter of every grain within a one phi 

size class interval. The percentage of thetotal diameter within each phi class was determined. 
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Figure 4.4. Flow chart highlighting the steps employed in analysing grain-size 

with Fiji ImageJ. 

 

4.3.2.5  Analysis and Interpretation 

The simplest method of representing grain-size through image analysis is by the number of 

particles (frequency) recorded in each size class. However, such an approach is not comparable 



 

133 

 

with most of the other methods, which record either weight or volume percentage of sediment 

in each size class.  

Feret diameter using Fiji was measured by taking the average of multiple measurements along 

different grain axes. The Feret diameter is also known as caliper diameter and it is defined as 

the maximum particle diameter. However, in Fiji, the Feret diameter is determined diagonally 

across a particle rather than along the longest axis (Igathinathane et al., 2008). This 

measurement is taken as a fair representation of the particle size. Feret diameters for grain-size 

at 1 phi intervals from 265 µm to 150 nm were calculated by summing up the diameter in each 

class interval. Subsequently the percentage of Feret diameter in the class interval were 

determined as a measurement of percentage for each grain-size class. 

4.3.3  Laser diffraction analysis: comparative method 

In order to validate the results of grain-size analysis by the automated imaging technique, sub-

sections of the same samples were analysed by a standard alternative process – laser diffraction.  

Details on the procedures involved for grain-size measurement using laser diffraction 

granulometer is presented in chapter 3. 

4.4 Results 

4.4.1 Subset Comparison 

The four/six subsets taken from the sixteen (16) samples for image analysis show closely 

comparable grain-size characteristics in most cases (Table 4.1), with little significant variation 

in the percentage of sand, silt and clay contents. This variation between subsets is between 1% 

and 6%, except for sample 3 subset 1 and 2, sample 4 subset 1 and sample 6 subset 2 in which 

both the silt and clay content show greater variation (up to 20%). Standard ternary grain-size 

plots for all the subsets in each image shows good clustering of all subsets within the silty-mud 

grain-size class (Figure 4.5). These results show relatively homogeneous sediment samples. It 

was therefore deemed reasonable to take an average value from the subsets for comparison 

with the laser diffraction technique. 

4.4.2 Comparison between techniques 

The ternary grain-size plots presented in Figure 4.5 show that the relative proportions of sand-

silt-clay based on image analysis from most of the subsets and the laser technique fall within 

the same grain-size class. This is true for more than 55% of the samples (2, 3, 4, 9, 10, 11, 12, 
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14 and 16) where the difference in the proportion of clay is less than 12%. For samples 1, 5, 6, 

7, 13 and 15 there is a wider variation apparent, with up to 30% difference in the clay content.  

The laser diffraction results are similar to image analysis results with respect to grain size 

classes, but there are some variations in the grain-size statistical parameters between the two 

techniques (Figure 4.6). The summary results from both techniques (Table 4.2) indicate that all 

the samples are muds (within the silty-mud class) and that grain-size distributions are generally 

unimodal except for laser diffraction granulometry which showed that samples 8, 12 and 16 

are bimodal. The mean grain-size ranges from very fine silt (7.98 phi) to coarse silt (4.311 phi) 

based on both methods. There are some variations in the mean size from both techniques but 

generally less are than 1 phi except in sample 1 in which the difference in the mean size is up 

to 2 phi. In most cases where the mean size varies, the mean size from the laser diffraction fall 

into the next coarsest grain fraction in comparison to the image analysis technique. 

The standard deviation output from the Gradistat program, which was computed based on Folk 

and Ward (1957), shows that the samples are very poorly sorted  to poorly sorted. There is no 

discrepancy in sorting class between the two techniques for about 70% of the analysed samples 

(Table 4.2). For the remaining 30% samples (2, 5, 6, 8 and 12) the nominal difference in sorting 

is in effect not more than 0.20 phi units. Computed skewness for all the sample ranges from     

-0.01 to 0.310. Skewness based on image analysis shows that the samples are symmetrical 

while laser diffraction shows that about 31% of the samples are symmetrical while others are 

skewed (Table 4.2). Kurtosis determined from both techniques has values between 0.852 and 

1.24. In terms of Kurtosis image analysis reveals that all the samples are mesokurtic. This is 

true for about 60% when compared with laser diffraction granulometry. Those in which there 

are discrepancies in kurtosis determined based on image analysis and laser diffraction 

technique, the actual difference in kurtosis is less than 0.25 phi units. 

The percentage of grain-size within different phi classes is plotted for both laser diffraction 

granulometry (x-axis) and image analysis average values (y-axis) for each sample (Figure 4.6). 

The plots show a strong linear positive correlation between the two techniques with an R-

square value ranging between ca 0.5 and 0.96. However, the R-square value for sample 1 shows 

almost no correlation between the two techniques, with an R-square value of 0.083.  
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Table 4.1. Summary of the results on grain-size for the subset images for all the 

samples, from image analysis method. 

Sample 

ID 

Expedition 

Site/Hole 

Depth 

(m) 
Particle 

size 

 

Subset1 

 

Subset2 

 

Subset3 Subset4 

 

Subset5 

 

Subset6 

S
am

p
le

 1
 

317 

1352B-80X2-

78-80 

 

700 
clay 42% 40% 43% 44% 45% 46% 

silt 52% 53% 51% 53% 53% 51% 

sand 6% 7% 6% 3% 2% 3% 

S
am

p
le

 2
 

317 

1354C-10X-

5-116-118 

 

130 
clay 33% 38% 35% 36% 32% 32% 

silt 65% 59% 61% 62% 65% 65% 

sand 2% 3% 4% 2% 3% 2% 

S
am

p
le

 3
 

339 

1385A-6H2-

36-38 

 

50 
clay 66% 47% 53% 54% 52% 53% 

silt 34% 53% 46% 45% 47% 47% 

sand 0% 0% 1% 1% 1% 0% 

S
am

p
le

 4
 

339 

1385E-7H2-

111-113 

 

60 
clay 51% 45% 43% 46% 46% 46% 

silt 48% 54% 55% 51% 52% 53% 

sand 1% 1% 1% 3% 1% 1% 

S
am

p
le

 5
 

339 

1385E-2H5-

72-74 

 

10 
clay 53% 50% 52% 50% 48% 52% 

silt 45% 47% 46% 48% 48% 47% 

sand 2% 2% 2% 2% 4% 1% 

S
am

p
le

 6
 

339 

1385D-2H6-

115-117 

 

15 
clay 50% 58% 50% 49% 51% 50% 

silt 48% 39% 49% 50% 48% 47% 

sand 2% 3% 1% 1% 1% 3% 

S
am

p
le

 7
 

339 

1385E-10H2-

74-76 

 

80 
clay 66% 65% 66% 70% 67% 67% 

silt 33% 34% 33% 28% 32% 32% 

sand 1% 1% 1% 2% 1% 1% 

S
am

p
le

 8
 

355 

1457A-8H1-

38-42 

 

67 clay 
55% 56% 58% 60% 

- - 

silt 
44% 43% 41% 39% 

- - 

sand 
1% 1% 1% 1% 

- - 

S
am

p
le

 9
 

355 

1457A-17F1-

20-22 

 

130 clay 
48% 47% 47% 48% 

- - 

silt 
52% 53% 53% 52% 

- - 

sand 
0% 0% 0% 0% 

- - 

S
am

p
le

 1
0

 

355 

1457C-9R1-7-

11 

 

 

260 

clay 
45% 44% 44% 43% 

- - 

silt 
55% 56% 56% 57% 

- - 

sand 
0% 0% 0% 0% 

- - 

S
am

p
le

 1
1

 

355 

1457C-18R2-

6-10 

 

 

348 

clay 
37% 36% 36% 36% 

- - 

silt 
63% 64% 64% 64% 

- - 
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sand 
0% 0% 0% 0% 

- - 

S
am

p
le

 1
2
 

355 

1457C-29R1-

99-103 

 

455 clay 
40% 39% 39% 35% 

- - 

silt 
60% 61% 61% 64% 

- - 

Sand 
0% 0% 0% 1% 

- - 

S
am

p
le

 1
3

 

355 

1457C-38R1-

43-45 

 

 

542 

clay 
43% 45% 44% 46% 

- - 

silt 
57% 55% 56% 54% 

- - 

sand 
0% 0% 0% 0% 

- - 

S
am

p
le

 1
4

 

355 

1457C-38R2- 

124-126 

 

542.5 clay 
55% 54% 48% 53% 

- - 

silt 
45% 46% 52% 47% 

- - 

sand 
0% 0% 0% 0% 

- - 

S
am

p
le

 1
5

 

355 

1457C-46R6-

64-66 

 

635 clay 
48% 52% 49% 45% 

- - 

silt 
52% 48% 51% 55% 

- - 

sand 
0% 0% 0% 0% 

- - 

S
am

p
le

 

1
6
 

355 

1457C67R3-

5-8 

 

825 
clay 40 39% 43% 44% - - 

silt 60% 59% 56% 55% - - 

sand - 2% 1% 1% - - 
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Sample 2 Sample 1 

Sample 3 Sample 4

ample 4 

Sample 6 Sample 5 



 

138 

 

 

Figure 4.5. Sample of ternary plots of grain-size distribution based on Feret diameter 

percentage for the various image subsets analysed and laser diffraction granulometry 

(Modified from, Shepard, 1954). The ternary plots are for sample 1 to 8 respectively. Image 

analysis subsets are in grey while laser diffraction results are plotted as black cross. The plots 

indicate grain-size data from each subset within a sample, although there is subtle variation 

among the subsets however grain-size for the varying subsets in each sample form a cluster.  

Note that ternary plots for the other samples are presented in Appendix 1A. 

 

Sample 7 Sample 8 
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Figure 4.6. Grain-size distribution curves to compare the resulting distribution from laser 

diffraction granulometry and image analysis technique described herein. The rest of the 

distribution curves are presented in Appendix 1B. Note that for the image analysis cure, all 

the randomly slected areas were integrated. 
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Table 4.2. Statistical parameters for results obtained from image analysis (IMA) and laser 

diffraction (LSD) techniques using Gradistat software (Blott and Pye, 2001). The statistical 

parameters were calculated based on Folk and Ward (1957). 

Sample  Statistical parameters 

Textural 

group 

Mean size 

(phi) 

Median 

(phi) 

Distribution Sorting Skewness Kurtosis 

1 LSD Mud Coarse silt 

(4.311) 

4.10 Unimodal Very poorly 

sorted 

(2.172) 

Fine skewed 

(0.169) 

Mesokurtic 

(1.044) 

1 IMA Mud Fine silt 

(6.560) 

6.60 Unimodal Very poorly 

sorted 

(2.089) 

Symmetrical 

(-0.0480) 

 

Mesokurtic 

(0.965) 

2 LSD Mud Medium 

silt 

(5.384) 

5.50 Unimodal Very poorly 

sorted 

(2.295) 

Coarse 

skewed 

(-0.121) 

Leptokurtic 

(1.24) 

2 IMA Mud Fine silt 

(6.244) 

6.15 Unimodal Poorly sorted 

(1.956) 

Symmetrical 

(0.0840) 

Mesokurtic 

(0.980) 

3 LSD Mud V. Fine silt 

(7.987) 

7.80 Unimodal Poorly sorted 

(1.492) 

Fine skewed 

(0.159) 

Mesokurtic 

(0.991) 

3 IMA Mud V. Fine silt 

(7.180) 

7.10 Unimodal Poorly sorted 

(1.710) 

Symmetrical 

(0.0450) 

Mesokurtic 

(1.027) 
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4 LSD Mud V. Fine silt 

(7.294) 

7.30 Unimodal Poorly sorted 

(1.567) 

Symmetrical 

(0.030) 

Mesokurtic 

(0.919) 

4 IMA Mud Fine silt 

(6.842) 

6.80 Unimodal Poorly sorted 

(1.859) 

Symmetrical 

(0.0410) 

Mesokurtic 

(0.950) 

5 LSD Mud Fine silt 

(6.579) 

6.50 Unimodal Very poorly 

sorted 

(2.270) 

Symmetrical 

(0.00100) 

Mesokurtic 

(1.01) 

5 IMA Mud V. Fine silt 

(7.058) 

7.00 Unimodal Poorly sorted 

(1.996) 

Symmetrical 

(0.0180) 

Mesokurtic 

(0.938) 

6 LSD Mud Fine silt 

(6.775) 

6.60 Unimodal Poorly sorted 

(1.868) 

Fine skewed 

(0.129) 

Platykurtic 

(0.852) 

6 IMA Mud V. Fine silt 

(7.043) 

7.00 Unimodal Very poorly 

sorted 

(1.980) 

Symmetrical 

(0.0160) 

Mesokurtic 

(0.930) 

 7 LSD Mud V. Fine silt 

(7.163) 

7.10 Unimodal Poorly sorted 

(1.560) 

Symmetrical 

(0.0960) 

Platykurtic 

(0.892) 

7 IMA Mud V. Fine silt 

(7.050) 

7.00 Unimodal Poorly sorted 

(1.943) 

Symmetrical 

(0.0580) 

Mesokurtic 

(0.930) 

8 LSD Mud Fine silt 

(6.71) 6.54 

Bimodal Poorly sorted 

(1.99) 

Fine skewed 

(0.150) 

Platykurtic 

(0.800) 

8 IMA Mud 

V. Fine silt 7.38 

Unimodal Very poorly 

sorted Symmetrical Mesokurtic 
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(7.37) (2.06) (-0.010) (0.900) 

9 LSD Mud Fine silt 

(6.02) 5.75 

Unimodal Poorly sorted 

(1.90) 

Fine skewed 

(0.250) 

Mesokurtic 

(1.070) 

9 IMA Mud Fine silt 

(6.90) 6.85 

Unimodal Poorly sorted 

(1.57) 

Symmetrical 

(0.050) 

Mesokurtic 

(1.00) 

10 LSD Mud Fine silt 

(6.74) 6.39 

Unimodal Poorly sorted 

(2.06) 

Fine skewed 

(0.270) 

Platykurtic 

(0.890) 

10 

IMA 

Mud Fine silt 

(6.79) 6.73 

Unimodal Poorly sorted 

(1.55) 

Symmetrical 

(0.060) 

Mesokurtic 

(0.980) 

11 LSD Mud Fine silt 

(6.20) 5.95 

Unimodal Poorly sorted 

(1.85) 

Fine skewed 

(0.250) 

Mesokurtic 

(1.010) 

11 

IMA 

Mud Fine silt 

(6.47) 6.42 

Unimodal Poorly sorted 

(1.50) 

Symmetrical 

(0.060) 

Mesokurtic 

(0.930) 

12 LSD Mud 

Fine silt 

(6.35) 5.96 

Bimodal Very poorly 

sorted 

(2.26) 

Very Fine 

skewed 

(0.310) 

Mesokurtic 

(1.040) 

12 

IMA 

Mud Fine silt 

(6.52) 6.46 

Unimodal Poorly sorted 

(1.60) 

Symmetrical 

(0.060) 

Mesokurtic 

0.92 

13 LSD Mud V. Fine silt 

(7.33) 7.04 

Unimodal Poorly sorted 

(1.91) 

Fine skewed 

(0.210) 

Mesokurtic 

(0.920) 
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13 

IMA 

Mud Fine silt 

(6.80) 6.74 

Unimodal Poorly sorted 

(1.59) 

Symmetrical 

(0.070) 

Mesokurtic 

(0.970) 

 14 

LSD 

Mud V. Fine silt 

(7.44) 7.40 

Unimodal Poorly sorted 

(1.85) 

Symmetrical 

(0.04) 

Mesokurtic 

(1.00) 

14 

IMA 

Mud V. Fine silt 

(7.11) 7.07 

Unimodal Poorly sorted 

(1.46) 

Symmetrical 

(0.060) 

Mesokurtic 

(0.970) 

 15 

LSD 

Mud V. Fine silt 

(7.71) 7.56 

Unimodal Poorly sorted 

(2.00) 

Symmetrical 

(0.10) 

Platykurtic 

(0.840) 

15 

IMA 

Mud Fine silt 

(6.93)  6.90 

Unimodal Poorly sorted 

(1.49) 

Symmetrical 

(0.030) 

Mesokurtic 

(1.010) 

 16 

LSD 

Mud Fine silt 

(6.71)   6.54 

Bimodal Poorly sorted 

(1.99) 

Fine skewed 

(0.150) 

Platykurtic 

(0.800) 

16 

IMA 

Mud V. Fine silt 

(7.10) 7.05 

Unimodal Poorly sorted 

(1.51) 

Symmetrical 

(0.070) 

Mesokurtic 

(0.980) 
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Figure 4.7. Plots of percentage of grain-size at specific phi intervals for laser diffraction 

granulometry vs image analysis based on Feret diameter. Note that the average Feret 

diameter from the subsets of SEM images per sample was used. Note that the plots are 

for sample 1 to 8 while others are presented in Appendix 1C. 
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4.5 Discussion 

Grain-size measurement by image analysis is demonstrated here to be a robust and reliable 

technique, particularly for fine grained sediments in the clay-silt-sand size range. One possible 

criticism of the image analysis technique via SEM is the very small sample size that is analysed. 

However, the method employed in this study for image acquisition allowed for imaging of a 

relatively large sample area through automated collection and stitching together of images 

using scanning electron microscopy on the polished thin-sections. The grain-size was estimated 

from four to six subsets of SEM montages in each sample and the number of grains analysed 

from each subset was between 35000 to 45000. This number of grains would have been almost 

impossible to manage through manual measurement.  

Earlier work on grain-size analysis, typically via point-counting of thin-sections, recommends 

measurement of about 50 to 500 grains to achieve grain-size results that are statistically 

significant (Sanei et al., 2016 and references therein). However, this approach is only viable 

for coarser-grained sediments (sands and gravels), and a much larger number of grains must be 

analysed for silt and clay-sized sediment.  

Image analysis is the only grain-size analysis method which has the advantage by providing a 

direct means of visualising grains in mudrocks with respect to the whole sediment, so that the 

grain shape and context (grain fabric) can also be determined at the same time. Grain-size 

analysis by other techniques mainly involve bulk analysis of disaggregated samples and yield 

only the percentage of grains in each size class, without having knowledge about the 

morphology and the number of grains considered. 

The results generated in this study from image analysis were compared with samples analysed 

by laser diffraction granulometry. For the most part, all elements of the grain-size measured, 

including grain-size distribution curves, ternary sand-silt-clay plots, and statistical parameters 

(mean size, sorting, skewness and kurtosis) are closely comparable between the two techniques. 

Any variation noted was only subtle for nearly all samples. There is a strong positive correlation 

between results from the two techniques except for one sample (sample 1), for which the 

correlation is very poor.  

The reason for the subtle variations in grain-size for most of the samples and conspicuous 

discrepancy in grain-size for sample 1 from laser diffraction granulometry and image analysis 

based on Feret diameter can be attributed to a number of reasons: 
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(a) Visual inspection of the SEM image for sample 1 shows that the silt particle size is dominant 

and embedded in the clay matrix, with very few sand grains (Figure 4.8). However, there are a 

number of conspicuous elongated particles. It is likely that the laser diffraction method 

overestimated the sand fraction due to the presence of the elongated particles. This is an 

acknowledged limitation of laser diffraction granulometry (Loizeau et al., 1994; Hayton et al., 

2001; Blott et al., 2004). 

(b) The actual samples used for image analysis and laser diffraction granulometry were 

necessarily different. Fine grained sediments are known to be highly heterogeneous, from the 

metre scale (Macquaker and Howell, 1999; Macquaker and Jones, 2002) to nanometre scale  

(Bernard et al., 2010; Clarkson, Jensen and Chipperfield, 2012; Silin and Kneafsey, 2012). 

There is a strong possibility, therefore, that a pair of samples adjudged to be similar visually in 

terms of their grain-size and sedimentary structures, were microscopically different.  
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Figure 4.8. A subset image from sample one showing silt as the dominant grain. Sample ID: 

317 1352B-80X2-78-80. 

 

(c) It is also evident from the various subsets of images analysed herein that even in the small 

core plug, subtle variation exists. This is almost certainly due to sample heterogeneity at the 

small scale (micron to submicron scale). Laser diffraction also requires a small sample size of 

about 0.1g to 0.5g (Eshel et al., 2004) such that representativeness without preferential 

subsampling can be equally difficult using this technique.  

(d) Laser diffraction granulometry requires disaggregation and dispersion of the sample, using 

chemical and ultrasonic treatment.  Overtreatment of the sample with the ultrasonic device can 

result in breakage of particles (particularly of coccolithphores), while insufficient dispersion of 

the sample ultrasonically can result in the reduced estimation of fine particle sizes. This might 

explain, in part, the common lower estimation of clay-size fraction via the laser technique.  
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All grain-size techniques have some draw backs, and the image analysis method as described 

herein also has some problems. Firstly, the technique requires adequate segmentation and 

definition of grain boundaries. This is not always easy to achieve, and in some instances two 

grains might appear inseparable and are then measured as a single grain. In this case, there is 

tendency for image analysis to overestimate the coarser grain-size. Secondly, image analysis 

in this study utilised polished thin-sections. There is possibility that individual particles might 

be plucked out during polishing. Thirdly, 2-dimensional SEM images are used for the method 

presented here, and there is a certainty that the diameter of grains as measured is not a true 

representation of their 3-dimensional diameter. 

In fact, grain-size is a three-dimensional textural property and three-dimensional measurement 

is recommended for precise grain-size estimation (Rubin, 2004). Quantification of grain-size 

analysis through image analysis involves measurement in a two-dimensional image which 

limits measurement into two-dimensions. Efforts have been made to transform grain 

measurement in two-dimensions into three-dimensions (Sahagian and Proussevitch, 1998; 

Fernlund, 2005). However, most transformations from two-dimensions into three-dimensions 

remain a best guess (Sanei et al., 2016), inconclusive and fraught with disagreement (Zhao, 

1998; Kong et al., 2005; Fernlund, Zimmerman and Kragic, 2007). Most of the transformation 

techniques are limited to loose and coarse-grained sediments (Fernlund, Zimmerman and 

Kragic, 2007) and are also susceptible to systematic error (Zhao, 1998). Adding to the degree 

of uncertainty associated with the transformation is the shape of the grains, which can introduce 

bias into the end result (Buscombe, Rubin and Warrick, 2010). Common practice involves 

determination of grain volume based on an assumption that the shape of the grains is spherical. 

However grains in sediments are irregular and as the irregularity increases, there is a growing 

error between the actual diameter and estimated diameter relying on such assumption (Syvitski, 

Leblanc and Asprey, 1991). This is especially demonstrated in the case of elongated, flaky, 

mica grains. 

4.6 Conclusion 

This study clearly demonstrates that image analysis of polished thin-sections with scanning 

electron microscopy is a rapid, reliable and robust method for grain-size analysis of fine-

grained (mud-rich) sediments. By using automated collection and stitching together of images 

it is possible to analyse relatively larger sample sizes.  
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The proposed method has the advantage of being fully automated, objective and reproducible, 

and relatively free from human error or bias. Measuring several different subsets on one sample 

also reveals the nature and degree of heterogeneity in grain-size distribution of the sample. The 

same samples can also be assessed for microstructure and fabric. By combining these different 

observations, the technique becomes highly cost-effective.  

Comparison of data from image analysis and those gained from laser diffractometry yield 

comparable results. Minor differences are readily accounted for in terms of sediment 

heterogeneity and in the erroneous measurement of elongate particles. Image analysis, like 

every other technique, has its flaws and limitations, and it is always important to be cognisant 

of these. 
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CHAPTER 5 –  AUTOMATED IMAGE ANALYSIS OF MUDROCK 

MICROSTRUCTURE AND CHARACTERISATION OF HEMIPELAGIC 

SEDIMENTS: IODP EXPEDITION 339 

5 Automated Image Analysis of Mudrock Microstructure and 

Characterisation of Hemipelagic Sediments: IODP Expedition 339 

This present chapter is currently in press as: Bankole, S.A., Buckman, J., Stow, D., Lever, H. 

(2018) ‘Automated Image Analysis of Mud and Mudrock Microstructure and Characteristics 

of Hemipelagic Sediments: IODP Expedition 339’, Journal of Earth Science. (in press). And 

about 90% of work is that of the first author. 

5.1 Introduction 

Microstructure is an important feature that affects many physical properties such as porosity, 

pore connectivity and permeability of mudrocks. The renewed interest in microstructural study 

has a link to the growing interest in the development of shale gas, carbon storage and 

radioactive disposal (Bustin and Bustin, 2012; Curtis et al., 2012b; Hemes et al., 2015). Due 

to the small grain size of particles in mudrocks, their characterisation is challenging and 

conventional equipment such as optical microscopy cannot quantify their microstructure. The 

use of high-resolution instruments such as scanning electron microscopy (SEM) is well suited 

for studying the complex mudrock microstructure (Erdman and Drenzek, 2013), but there is a 

trade-off between resolution and coverage area of the SEM. 

The present study utilised scanning electron microscopy and its aims are twofold: (1) to present 

an improved methodology for investigating the microstructure of mudrocks; and (2) to apply 

this methodology to better understand the characterisation of hemipelagic sediments on the 

Iberian continental margin.  

The microstructural methodology presented here includes analysis of grain size, grain 

orientation and arrangement, porosity, and pore-size distribution, and mineral composition. 

Such studies are extremely challenging because the very small grain size and even smaller pore 

sizes are at the resolution limit of most conventional techniques (Camp et al., 2013). However, 

mudrock microstructure has a significant effect on understanding the petrophysical properties, 

geotechnical characteristics and diagenesis of fine-grained sediments (Douglas et al., 2016; 

Janssen et al., 2012; Josh et al., 2012). These are important properties that control hydrocarbon 

storage and migration in shale reservoirs, primary migration from shale source rocks, sealing 
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integrity of cap rocks, and hydraulic fracking properties of shale reservoirs. They are also 

significant for storage of nuclear waste in fine-grained sediments (Houben et al., 2013; Keller 

et al., 2013). Furthermore, the preferred orientation of clay particles causes seismic elastic 

anisotropy (Lonardelli et al., 2007; Wenk and Houtte, 2004; Wenk et al., 2008, 2014), and also 

has implications for the deformation history of mudrocks (DeVasto et al., 2012). 

Electron microscopy, especially scanning electron microscopy (SEM), is the principal method 

to directly investigate the microstructure of mudrocks at high-resolution (micrometre to 

nanometre scales), both qualitatively and quantitatively. There are two key problems associated 

with electron microscopy: (1) the acquisition of images is limited to a very small sample area, 

which might not be representative of a larger sample size (Hemes et al., 2013; Saraji and Piri, 

2015); and (2) mudrocks are noted to be heterogeneous at a variety of scales (Aplin and 

Macquaker, 2011; Macquaker and Howell, 1999). Recently, methods that involve the 

automated collection and stitching of thousands of image tiles at high-resolution using scanning 

electron microscopy have been presented (Bankole et al., 2016; Buckman, 2014; Lemmens and 

Richards, 2013). However, the images produced through this process may run to gigabytes of 

memory and are therefore difficult to handle manually. Hence, here, a workflow involving an 

automated method of handling such large data sets is presented, which is crucial for efficient 

time management in interpreting petrophysical properties of mudrocks.  

The methods presented herein are applied to a uniform mid-slope series of hemipelagic 

sediments that were retrieved during Expedition 339 of the International Ocean Discovery 

Program (IODP) at Site1385 on the Iberian continental margin off SW Portugal. This is known 

as the ‘Shackleton Site’ in honour of Sir Nick Shackleton, whose pioneering work on earlier 

cores from this location has been pivotal in the understanding of millennial-scale climatic 

variation over the past glacial cycle (Shackleton et al., 2000, 2004). Following careful shore-

based study of the cores, a total of five representative samples were selected for this study from 

the bioturbated, calcareous and unconsolidated mud rich intervals, interpreted as hemipelagites 

by the shipboard scientists. The age of the sediments retrieved from the Iberian margin site is 

Quaternary (Hodell et al., 2013; Stow et al., 2013).  Further details on the samples used are 

presented in Table 5.1. 

Hemipelagites are fine-grained sediments, typically muds and mudrocks, which comprise 

mixtures of terrigenous and biogenic material, of which the terrigenous component is silt-rich. 

They are deposited by a combination of vertical settling and slow lateral advection (Stow and 
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Tabrez, 1998). Hemipelagites are one of the principal marine sediment types covering large 

tracts of continental margins worldwide, and forming the ‘background’ facies of many deep-

water successions (Pickering and Hiscott, 2015; Stow, 1985; Stow et al., 2001). Many black-

shale source rocks and organic-rich shale-gas reservoirs are largely of hemipelagic origin, 

although other processes may also be involved (Stow et al., 2001). However, documentation 

of the detailed sedimentary characteristics of hemipelagites is still quite rare (see summary in 

Stow and Tabrez, 1998). Hence, both lithological and microstructural characteristics for the 

hemipelagites is presented in this chapter.  
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Table 5.1. Brief description of samples analysed for this study 

S/No Expedition Site Sediment type Water depth Depth (MBSF) 

1 IODP 339 1385 Hemipelagite 2589 50 

2 IODP 339 1385 Hemipelagite 2589 60 

3 IODP 339 1385 Hemipelagite 2589 10 

4 IODP 339 1385 Hemipelagite 2589 15 

5 IODP 339 1385 Hemipelagite 2589 80 
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5.2 Materials and Methods 

5.2.1 Core description and sampling 

Detailed visual core description was carried out on board the Joides Resolution during IODP 

Expedition 339 by the Expedition scientists. This was augmented by petrographic analysis of 

smear slides, selected X-ray diffraction analysis of powdered bulk samples, and geochemical 

analysis of total carbonate content (organic and inorganic). Physical properties measurements 

on whole cores included sediment colour and reflectance spectrometry, magnetic susceptibility, 

natural gamma radiation, grain density and sediment strength. A post-cruise review of the cored 

section at the core repository in Bremen was carried out. 

Five samples identified as hemipelagites were selected for microstructural analyses. These 

were oven dried slowly at a temperature of 60⁰C until the weight of the sample became constant 

regardless of further drying. The dried samples were vacuum impregnated prior to the 

preparation of well-polished thin-sections and ion milled samples.  

5.2.2 Automated Large Area SEM high-resolution montages 

The procedure for acquisition of large-scale montage images as employed here is similar to 

previous method presented by Lemmens and Richards (2013) and further details can be found 

elsewhere (Buckman, 2014; Bankole et al., 2016). A field emission Quanta 650 SEM equipped 

with a backscattered (BSE) detector was used to acquire the SEM images. The operational 

settings for the equipment are; low vacuum mode (0.83 Torr), 15 kV, 4.5 spot size and 10 mm 

working distance. 

A step-wise scanning procedure was adopted (Figure 5.1) and this involves: (1) SEM image of 

the whole polished thin-section at low-resolution to obtain information on the distribution of 

the mineral phases and cracks. (2) High-resolution SEM image tiles at 45 nm per pixel, for 

orientation analysis (3) super high-resolution at 3.2 nm per pixel, for porosity and pore size 

determination. Randomly selected areas were imaged at both high-resolution and super high-

resolution for grain orientation and porosity (Table 5.2).  
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Sample ID 

Subsets 

High-

resolution 

Super 

high-

resolution 

EDX 

1 6 5 4 

2 6 6 4 

3 6 4 4 

4 6 6 4 

5 6 6 4 

*The high-resolution image (45 nm/pixel) were used for orientation analysis while the super 

high-resolution images were used to estimate the porosity and pore size distribution. 

Table 5.2. Number of SEM images and EDX acquired at randomly selected areas 

(subsets) per sample. 



 

156 

 

 

Figure 5.1 A step-wise method of SEM imaging of polished thin-sections (A) low-resolution 

image of the whole polished thin-section with resolution of 2 µm per pixel (B) High-resolution 

SEM image at 45 nm per pixel (C) super high-resolution SEM image at about 3.2 nm per pixel. 
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5.2.3 Image analysis 

Image analysis was performed with Fiji (version 1.51 for window 64 bits), an adaptation of 

imageJ. Fiji is an open source software developed by the National Institute of Health (NIH), 

United States of America. Fiji hosts a library of algorithms for practically handling image 

analysis. The software was initially developed as a platform to iteratively handle and analyse 

biological images (Schindelin et al., 2012). The usage of the software is not limited to biology 

but cuts across several disciplines, and is particularly suited to geological materials.   

The SEM images were processed through contrast and brightness enhancement and application 

of median filter with radius value of 4. There are numerous segmentation methods in the 

literature (Pal and Pal, 1993; Zaitoun and Aqel, 2015), the simplest is manual thresholding 

which is based on visual judgement.  

5.2.3.1 Trainable Weka Segmentation 

Due to the intricacy involved in segmenting clay platelets and silt-size particles, Trainable 

Weka segmentation (TWS) was employed. TWS is a form of pattern recognition by the system 

through supervised machine learning segmentation. This process requires manual annotation 

of features of interest to train the classifier. The image is segmented based on the selected 

classifier. The segmentation may require several iterations until the user is satisfied with the 

result. TWS was applied and the classifier was trained to identify the following classes: grains 

(quartz, feldspar, muscovite, calcite and clay platelets), undifferentiated grains and pores 

(Figure 5.2 B, E). In the final binarised image, grains were rendered to the foreground 

(background) while undifferentiated grains and pores were rendered to the background (white) 

(Figure 5.2 C, F). The setting up employed with TWS involves the selection of minimal but 

reasonable training features that are appropriate for the segmentation. The features selected are 

sobel filter, Gaussian blur and median. Once the classified image is satisfactory, the classifier 

is saved and later applied to several other images in order to reduce running time. 
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Figure 5.2. Sample of SEM images segmented through Trainable Weka segmentation (A,D) 

processed SEM image (B,E) Output of Trainable Weka Segmentation (C,F) binarised 

images. The horizontal field of view (HFOV) of the images is 300 µm. Note the outputs of 

the Trainable Weka contain three classes; pores, grains and undifferentiated grains. In the 

binarised image, the grains were rendered to foreground. Note than the undifferentiated 

grains are aggregates of grains which cannot be separated into individual grains during 

thresholding. 
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5.2.3.2 Grain size 

Grain-size measurements were made from the processed images using Fiji software. Six 

randomly selected areas (or subsets) were imaged at high-resolution (45 nm per pixel) for each 

of the five polished thin-sections. The dimension of each area is approximately 650 µm by 400 

µm, which is believed to be sufficiently representative of the whole sample. Random selection 

of these areas was made in order to account for heterogeneity in the grain size within the 

sample. Raw images from the scanning electron microscope were processed with Fiji by first 

setting the scale of the image based on the horizontal field of view of the tiles in nanometres 

per pixel. The grains were then analysed and data acquired on grain diameter, perimeter, area, 

circularity, and aspect ratio. Data returned by Fiji were saved in Excel format and further data 

management were automated through some Excel functions and Visual Basic for Applications 

macros. Grain size was determined based on percentage Feret diameter by summing up the 

diameters in each sediment class.  

5.2.3.3 Silt and clay orientation 

Particle orientation of both silt and clay-sized grains was analysed using the particle size 

analysis function in Fiji. The orientation of each grain was measured through the best fit ellipse 

drawn around that grain. In order to focus only on the silt and clay-size particles separately, a 

macro was run on the orientation data in Excel in order to examine only particle sizes 4-63 µm 

(i.e. silt-size) in the first instance, and then < 4 µm (i.e. clays). A further filter was applied to 

exclude particles with an aspect ratio less than 2. This guaranteed that only silt and clay size 

particles that are elongated (typically mica and clay platelets) were used for the orientation 

analysis. Orientation data were divided into 18 bins and rose diagrams were constructed with 

Georient 9.5.1 software (Holcombe, 2011). In addition to the rose diagrams produced by 

Georient, the software gives as an output of circular statistical parameters, including circular 

variance, circular standard deviation, kappa coefficient, and circular skewness, among others. 

To reduce subjectivity that might arise based on visual judgment, circular statistical parameters 

mentioned above as well as entropy were applied. Kappa values greater than 0.5 signify 

preferred orientation direction but due to the fact that kappa is only suitable for unimodal 

distributed data which is not the case here (visual observation) kappa and entropy were used to 

interpret the orientation output derived from Georient (Holcombe, 2011). The higher the 

entropy value the greater the randomness, values lower than 2.83 represent preferred alignment 



 

160 

 

of grains (which can either be oblique or parallel to bedding), values between 2.83 and 2.86 

were interpreted as semi-random while values higher than 2.86 suggest random orientation. 

5.2.3.4 Pore size and porosity 

Determination of pore sizes was based on Feret diameter and porosity was estimated as an area 

percentage using the Fiji software. In this chapter, manual segmentation was employed for 

analysis of pores such that the feature of interest (pores) were rendered to the foreground and 

the scale of the image resolution was set based on the horizontal field of view. The scale was 

in nanometres per pixel. To fully automate the workflow, a subset of images that is adjudged 

representative of several images is first analysed in order to set certain parameters, such as 

contrast and brightness and thresholding in grayscale.  

Data on pore size were obtained via the particle analysis function with Fiji. Information 

produced on pores in this way include Feret diameter, pore area, circularity, aspect ratio and 

orientation angles. All the steps involved were turned into script via macro recording and then 

run on a folder containing several images through batch processing. The macro recording 

produces a script of all the steps involved. The recorded macro is like script writing but it has 

the advantage that it requires no prior knowledge about scripting or any programming 

language. Further information on operations of Fiji can be found elsewhere (Schindelin et al., 

2012; Schneider, Rasband and Eliceiri, 2012). Information retrieved on pore size, porosity and 

grain orientation through Fiji were saved in Excel format. Pores less than 15 nm were filtered 

out in Excel through Visual Basic Application (VBA). Further analysis and plotting were 

performed in Excel 2014 and Matlab R2016b for graphical presentations. Estimation of pore 

size and porosity was performed by progressively increasing the area of the image to achieve 

a less statistically varied value (Bosl, Dvorkin and Nur, 1998; Kameda et al., 2006).  

To investigate whether pore size distribution among subsets of the same sample varied, 

empirical quantile-quantile plots (Q-Q plots) were constructed. A Q-Q plot is a non-parametric 

statistical test to determine if two sets of data have common distribution. The quantile of subset 

A was plotted against the quantile of other subsets for each of the samples on a log-log graph. 

A common distribution between two data sets is indicated by the Q-Q plot when it falls close 

to a reference line y= x. Further explanation of Q-Q plots can be found elsewhere (Chambers, 

1983; Lovie, 2005).  
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To display variation in porosity at the microscale, hundreds of tiles of SEM images were 

analysed for porosity and subsequently turned into coloured contour maps. The maps express 

variation in pore distribution among tiles from each montage (Buckman et al., 2017). Because 

the polished thin-sections were prepared perpendicular to the bedding both vertical and 

horizontal pore distribution were visually observed. 

5.2.4 Mineralogy 

Mineralogical composition was analysed via energy dispersive X-ray (EDX) analysis, within 

the scanning electron microscope. The EDX can provide information about the mineral phases 

through elemental composition. Mineralogical information through EDX were acquired on 

carbon-coated, polished thin-sections at 20 kV, high vacuum mode. EDX maps were acquired 

at 2 µm per pixel and 69 nm per pixel, such that the total horizontal fields of view were 1 mm 

and 70 µm respectively. A total of 75 frames per map, with a scan time of 10 µs, were taken in 

order to maximise data quality at both resolutions. Mineralogical phase maps were constructed 

and quantified using AZtec software. The derived mineralogy from EDX requires observer 

intervention by interrogating several areas of the map to determine the elemental composition. 

A combination of elemental composition and mineralogical morphology form the basis for 

identifying minerals present in the EDX maps.  

To directly compare the result of the EDX analysis with another technique, bulk X-ray 

diffraction was performed on all the samples. The samples for XRD analysis were oven dried 

at 60⁰C, ground with mortar and pestle and then mounted on a glass slide with acetone, similar 

to the smear mount method described by Munson et al. (2016). X-ray diffraction data were 

collected at room temperature on a Bruker D8 advance powder diffractometer, operating with 

Ge-monochromatic Cu Kα1 radiation. The mineralogical composition was semi-quantified 

from the diffraction pattern using the intensity peak ratio and corrected with the multiplication 

factor presented in Piper (1977).  

5.3 Results 

5.3.1 Lithological characteristics 

The sediments recovered from Site 1385 on the Portuguese continental slope are a very uniform 

series of nannofossil muds, with variable proportions of biogenic carbonate and terrigenous 

material. Bedding is very indistinct to non-existent, but a more or less distinct colour variation 

is evident throughout, from paler to darker greyish hues. These colour cycles correspond with 

more biogenic content (paler) and more terrigenous content (darker), respectively. The same 
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cyclicity is also observed in physical property measurements, including natural gamma 

radiation, magnetic susceptibility, and density, as well as sediment colour spectral indices. The 

minor lithologies present include more carbonate-rich nannofossil ooze, and more clay-rich 

mud with biogenic grains. 

There are no primary sedimentary structures present, and no discernible variation in the very 

fine grain size. Bioturbation and burrowing is pervasive, and the bioturbation index ranges 

from moderate to intense. The trace fossil assemblage comprises abundant Planolites, common 

Paleophycus, Thalassinoides and Taenidium, and rare Chondrites and Zoophycos. Other non-

specific traces are also present together with abundant biodeformation. Small-scale, sub-

vertical microfaults are present at relatively few restricted intervals, and one thin interval of 

contorted strata was observed during the expedition (Expedition 339 Scientists, 2012). Typical 

facies photographs with trace fossils and bioturbation are shown in Figure 5.3. 

The Shackleton Site 1385 was drilled in order to provide a continuous marine record of 

Pleistocene millennial-scale climatic variability that can be correlated with both polar ice cores 

and European terrestrial records. For this reason, it has been intensively studied and has thus 

far yielded four separate age models, all of which are in very good agreement (Hodell et al., 

2015). These show that sediment accumulation rates have been extremely uniform over the 

past 1.5 Myr, averaging around 11 cm/ky.  
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Figure 5.3. Selected core sections representative of hemipelagite facies at IODP Site 

1385. A) Core shows part of colour cycles from light grey (more biogenic carbonate) 

to dark grey (more terrigenous clay). Intense multi-tiered bioturbation and burrowing 

throughout. Larger trace fossils observed include: Planolites, Zoophycos, Scolicia and 

Thalassinoides. Small-scale burrows in mottled background are probably 

Phycosiphons. B) Detail of Zoophycos, displaying three levels of a single specimen 

(Z1-Z3). (C) Zoophycos (Z4), with axial tube (Z4-at), indicating a minimum burrow 

depth of 120 mm. Z4 cross cut by a second Zoophycos (Z5) (From IODP database). 
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5.3.2 Grain size 

The results of the grain size analysis are presented more fully in another publication and further 

details on the procedures, results and discussion are given therein (Bankole et al., 2018b). In 

brief, the samples are all within the mud-size field (Stow, 2005), ranging from silty clays to 

clayey silts. The mean size for all samples ranges from 7.6-6.8 phi (i.e. about 6-9 um), with 

unimodal size distributions. They are very well to moderately well sorted, symmetrical to fine 

skewed. Significantly, from the methodological viewpoint, there is no substantial variation in 

the grain size among the subsets for any one sample (Figure 5.4).  

 

 

  

 

Figure 5.4. Ternary plot of grain-size for several subsets. Mudrock classification in both 

ternary plots is based on Stow (2005). The varying subsets from each sample plot within 

a cluster. 
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5.3.4 Particle orientation 

Particle orientation (silt and clay) in the vertical plane (i.e. approximately perpendicular to 

bedding) is shown as a series of rose diagrams. The full collection of particle orientation 

measurements is presented as rose diagrams for each of the sample subsets, and for silt and 

clay fractions separately, in Table 5.3. Sample 1 is dominated by random or mixed alignment, 

with two subsets that show oblique preferred alignment.  Sample 2 is typical of a more or less 

random or less completely random particle orientation for both silt and clay fractions 

separately. Only two of the subset samples show a more oblique alignment to mixed orientation 

that appears at a high angle to the horizontal. Of the 60 individual orientation measurements 

from the 5 samples, approximately 48% show random orientation, 41% display oblique 

preferred alignment, and approximately 1% shows a mixed (or polymodal) alignment that is 

classifed as semi-random. The samples that show oblique alignment, are mostly horizontal or 

nearly perpendicular, whereas a further 4 rose plots show ‘anomalous’ orientations at a high 

oblique angle to the horizontal. In almost all cases, orientation of clays versus that of silt 

particles were found to be similar.  

In order to validate our visual observation of random versus preferred grain alignment, circular 

statistical parameters and entropy values were calculated (Table 5.4). Circular variance 

measures dispersion of the orientation data and its value ranges between 0 and 1. Values close 

to 0 suggest distribution of data are well aligned with small dispersion, whereas values close 

to 1 suggest more random distribution (Davis, 1986; Berens, 2009). The Kappa coefficient (k) 

is inversely proportional to dispersion, such that high Kappa values (k > 0.5) suggests the 

angular data are restricted to a narrow arc of the circle with little dispersion i.e. preferred 

orientation (Davis, 1986; Mardia and Jupp, 2000; Suttle, Genge and Russell, 2017). Entropy is 

a different parameter for determining orientation of fabric for both unimodal and multimodal 

data, for which a high value signifies randomness, whereas a low value signifies greater 

alignment. Suttle, Genge and Russell (2017) used a value of 2.80 to differentiate random and 

preferred alignment in fine-grained meteorites. 

The data presented in Table 5.4 are based on averages of all subsets for each sample and, 

therefore, the ranges shown for circular variance, kappa coefficient and entropy include what 

has been interpreted as both random and oblique preferred fabrics. These ranges typically span 

the random/preferred fabric values. Individual subset measurements, however, show better 

correlation (Table 5.3). 
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Furthermore, a plot of entropy values for clay size particles against that of silt particles shows 

strong correlation between the two which is also supported by a high value of Pearson 

correlation coefficient (0.91) (Figure 5.5). This agrees with visual inspection of the rose 

diagrams which show that silt and clay orientations for each subset are very similar. At a 95% 

confidence interval, F-test statistics computed from the entropy values of silt and clay size 

particles showed that the null hypothesis can be accepted, which means that the calculated 

entropy for silt particles and clay size particles have equal variance (Table 5.5). All the 

statistical parameters, therefore, indicate that orientation analysis of silt particles is a proxy for 

clay size particle orientation. 
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Table 5.3. Rose plots for silt and clay orientation for all the samples and their 

varying subsets. 

 

 Arrow indicates direction parallel to the bedding.  

 OB= oblique orientation to the bedding, P= bedding parallel, SR=Semi-random 

 R= random orientation 
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Table 5.4. Summary of circular statistical parameters 

Sample 

no 

Parti

cle 

size 

Cir. 

variance 

Cir. 

STD 

Dispersion 
Cir 

kurtosis 

Cir. 

skewness 
Kappa entropy 

 

1 

Silt 0.24-

0.47 

43⁰-

65⁰ 

4.32-76.32 -0.03 - 

0.22 

-4.09 

-0.22 

0.16-  

0.69 

2.77- 

2.88 

Clay 0.31-

0.61 

49⁰-

78⁰ 

9.47 - 

848.1 

-0.1 - 

0.05 

-2.05- 

-0.08 

0.05- 

0.46 

2.83- 

2.88 

 

2 

Silt 0.13- 

0.24 

30⁰-

42⁰ 

1.13 -4.08 -0.92--

0.13 

-21.69 -  

-4.92 

0.71-

1.44 

2.51-

2.77 

Clay 0.2-0.32 38⁰-

51⁰ 

2.53- 

10.97 

-0.37-

0.11 

-7.21 - -

1.6 

0.43-.91 2.70-

2.84 

 

3 

Silt 0.27- 

0.44 

46⁰- 

62⁰ 

6 - 50 -0.19 - 

0.17 

-3.27 -  

-0.46 

0.2 -  

0.59 

2.81-  

2.88 

Clay 0.3-0.42 48⁰- 

60⁰ 

7.86 - 

40.77 

-0.05 -  

0.1 

-2.23 -  

-0.51 

0.22-  

0.51 

2.83-  

2.88 

 

4 

Silt 0.28 -  

0.57 

47⁰-

75⁰ 

6.97- 

427.21 

-0.07 -  

0.07 

-3.22 -  

-0.07 

0.26-  

0.55 

2.63- 

2.74 

Clay 0.34 -  

0.55 

52⁰-

73⁰ 

13.53 -  

302.43 

-0.04 -  

0.11 

-1.66 -  

-0.17 

0.08 - 

0.39 

2.66 -  

2.71 

 

5 

Silt 0.26-  

0.42 

45⁰-

59⁰ 

5.6 - 

35.76 

-0.32-  

0.12 

-3.79 -  

-0.64 

0.23-

0.61 

2.60-

2.68 

Clay 0.35-  

0.45 

53⁰-

63⁰ 

15.01- 

59.22 

-0.1-  

0.04 

-1.15- 

-0.3 

0.18- 

0.36 

2.65- 

2.71 

 

6 

Silt 0.26- 

0.49 

45⁰-

66⁰ 

5.12- 

107.42 

-0.17- 

0.08 

-3.11-  

-0.31 

0.14- 

0.63 

2.63- 

2.71 

Clay 0.33- 

0.53 

51⁰-

70⁰ 

11.62- 

196.45 

-0.01- 

0.1 

-2.1- 

-0.21 

0.1- 

0.42 

2.69- 

2.72 

 

7 

Silt 0.18- 

0.33 

36⁰-

51⁰ 

2.11- 

12.07 

-0.02- 

0.48 

-8.52- 

-1.59 

0.41- 

0.99 

2.45-  

2.67 

Clay 0.22- 

0.37 

40⁰-

55⁰ 

3.23- 

18.19 

-0.13-0 -5.9-  

-0.93 

0.33- 

0.81 

2.51 - 

2.67 
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Figure 5.5. Plot of entropy values for silt against entropy for clay. The graph 

shows a strong correlation between the two set of values which is an indication 

that the silt and clay particles have similar orientation. 

 

Table 5.5. F-test two sample variances for entropies of clay and silt 

  Silt entropy Clay entropy 

Mean 2.70 2.74 

Variance 0.01 0.01 

Observations 42 42 

df 41 41 

F 1.25  
P(F<=f) one-tail 0.24  
F Critical one-tail 1.68   

  

5.3.5 Mineralogy 

The composition of sediments at site 1385 is a distinctive mixture of biogenic and terrigenous 

components. Smear-slide petrography reveals the biogenic fraction to comprise dominantly 

calcareous nannofossils, with minor to rare foraminifera, diatoms and sponge spicules. The 

terrigenous fraction is dominated by quartz silt, clay minerals and detrital carbonate silt, with 

minor to rare feldspar, accessory heavy minerals and authigenic dolomite. There is a notable 

difference in biogenic/terrigenous proportions between the dark and light-coloured cycles, as 

well as a slight increase in terrigenous fraction in the upper 40 m of section. The shipboard 

measurement of total carbonate content ranged between about 20% and 40% by weight. 
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The mineral composition determined by automated image analysis with EDX measurement is 

shown in Table 5.6, and compared with results from our own XRD analysis. Broadly speaking, 

the same minerals are identified by the different techniques, in the different subsets, and at the 

different EDX resolution settings used (i.e. 2 µm per pixel and 69 nm per pixel). However, the 

quantified measurements obtained may vary significantly for each of the three principal 

components – calcite, clay minerals (illite-kaolinite-smectite), and silt minerals (quartz-

feldspar-mica).  

There is a systematic difference between the coarser and finer resolution measurements by 

EDX, with the finer resolution always being closer in amount to that determined by XRD. The 

difference between subsets in one sample is typically within 10 percentage points, rarely more. 

However, the difference between techniques is more marked, with the amounts of principal 

components varying by a factor of 2 or more.  
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Table 5.6. EDX average mineral composition from different subsets and bulk 

mineral composition 

Mineral Calcite Clay 
Silt 
Index Dolomite Halite Anatase pyrite 

Sa
m

p
le

 1
 

2 µm per pixel 93.00% - 1.71% 0.33% 0.25% - - 

69 nm per pixel 80.73% 8.35% 9.05% 1.03% - 0.03% 0.03% 

XRD 63.29% 12.11% 16.03% - 2.91% - - 

Sa
m

p
le

 2
 

2 µm per pixel 89.65% 0.55% 5.43% 0.53% 0.55% - 0.23% 

69 nm per pixel 69.13% 13.78% 9.71% 0.55% 0.15% 0.08% 0.08% 

XRD 17.96% 22.41% 39.98% 3.22% 1.33% - - 

Sa
m

p
le

 3
 

2 µm per pixel 7.98% 64.00% 17.95% 1.10% 2.38% - 0.03% 

69 nm per pixel 11.75% 61.60% 22.19% 2.53% 0.13% 0.03% 0.03% 

XRD 24.68% 40.28% 29.37% 2.94% 2.73% - - 

Sa
m

p
le

 4
 

2 µm per pixel 9.33% 68.43% 15.16% 0.48% 3.50% 0.03% 0.35% 

69 nm per pixel 16.93% 60.95% 19.74% 0.25% 0.18% 0.18% 0.18% 

XRD 49.13% 20.82% 24.77% 2.04% 3.23% - - 

Sa
m

p
le

 5
 

2 µm per pixel 9.40% 76.33% 10.01% 0.53% 0.13% 0.03% 0.25% 

69 nm per pixel 17.98% 57.50% 21.53% 0.83% 0.33% 0.55% 0.55% 

XRD 45.32% 15.75% 33.17% 2.69% 3.06% 0.00% - 

*Silt Index = Quartz, Feldspar and Mica. Grey colour indicates clay-rich, brown; calcite-rich 

and yellow shows where there is discrepancy between XRD and EDX result in terms of the 

dominant mineral.  
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5.3.6 Pore size and porosity 

The mean pore size are within the macropore range (Sing et al., 1985), with actual values from 

541 nm to 1000 nm (i.e. 0.54-1.0 µm) (Table 5.7). They vary significantly among subsets of 

the same sample, typically by between 10-30%. The median pore sizes are systematically 

lower, wheras the modal pore sizes for all the samples are much less (21-177 nm) and fall 

within the mesopore (2 -50 nm) and macropore range (> 50 nm). Computed skewness for the 

pore size distributions indicate that all the samples are positively skewed. Pore size 

distributions for the subsets in each sample shows that all samples have a unimodal distribution 

and are log-normally distributed (Figure 5.6 and Figure 5.7). 

Samples of the Q-Q plots are presented in Figure 5.8. Most of the Q-Q plots constructed showed 

that the subsets in each sample have similar pore size distributions with only few having 

slightly varied pore size distributions (Figure 5.8). However, the number of pores per subset 

differs substantially. 

A summary on pore size and porosity with respect to the subsets are presented in Table 5.8. 

These show the full range of subset values obtained as well as the values at progressively 

increasing areas of measurement from 900 µm2 to 5400 µm2. The representative area is taken 

as the area for which variation in porosity is less than 10% (Figure 5.9) indicating that the 

change is statistically insignificant (VandenBygaart and Protz, 1999). Although this is subset 

specific, it was noted that an area of 3600 µm2 can be considered a representative area for all 

the subsets. For this area, porosity across the subsets typically varies by 10-15% of the value, 

but can be much more in some cases (i.e. > 50% variation). 

In general, the distribution of porosity varies from one subset to the other within individual 

samples, as well as within individual subsets. Based on porosity distribution maps (Figure 5.10,  

Figure 5.11 and Appendix 2B), the subsets are classified into three groups: highly porous, 

partially porous and tightly porous (Table 5.9). Highly porous samples are those, in which more 

than half of the area shows values of more than 15% porosity. Porosity in this group is evenly 

distributed and well-connected in 2-dimensions (Figure 5.10C). The second group are those, in 

which less than half of the area shows 15% porosity, and the pore spaces are either poorly 

linked or disconnected. This group are considered partially porous and characterised by clear 

separation between porous and non-porous areas (Figure 5.10A, B and 



 

173 

 

Figure 5.11C). The last group are those in which more than half of the area shows less than 

10% porosity ( 

Figure 5.11 A and B). These are considered tightly porous. 

Table 5.7. Computed statistical parameter for the pore sizes. There is wide disparity 

between the mean and the median because the pore sizes are highly skewed. 

Sample 

No 

Mean 

(nm) 

Median 

(nm) 

Mode 

(nm) 

Min 

(nm) 

Max 

(nm) 

Skewness Kurtosis 

Sample 1 581-686 367-441 32-163 15-17 5383-14117 2.7-4.6 10.4-46.7 

Sample 2 731-1000 451-574 58-126 17-19 8379-13371 3.12-4.24 3.12-26 

Sample 3 541-692 275-420 20-102 15-17 8012-1785 3.0-6.1 14.8-53.8 

Sample 4 623-842 365-447 52-132 15-25 6835-16489 2.87-6.5 11.85-75.16 

Sample 5 564-670 323-434 24-177 15-17 6027-47741 2.68-24.1 2.69-804 

 

Table 5.8. Summary of porosity values from different subsets 

Sample 

No 

Porosity 

(%) 

       

 900 

µm2 

1600 

µm2 

2500 µm2 3600 

µm2 

4200 

µm2 

4800 

µm2 

5400 

µm2 

Sample 1 Subset A 10.81% 9.73% 9.55% 9.40% 9.55% 9.57% 9.53% 

Subset B 11.22% 10.30% 9.64% 9.57% 9.67% 9.53% 9.48% 

Subset C 11.04% 11.84% 12.42% 12.37% 12.16% 12.33% 12.64% 

Subset D 10.40% 9.76% 9.97% 10.25% 10.32% 10.38% 10.58% 

Subset E 11.39% 11.29% 11.20% 11.15% 11.16% 11.31% 11.30% 

Sample 2 Subset A 8.37% 9.10% 10.21% 10.42% 10.38% 10.48% 10.47% 

Subset B 10.31% 10.72% 10.42% 10.31% 10.25% 10.29% 10.58% 

Subset C 14.59% 15.20% 15.73% 15.32% 14.73% 14.52% 13.83% 

Subset D 11.35% 11.28% 11.78% 11.46% 11.61% 11.82% 11.73% 

Subset E 11.86% 12.29% 12.92% 12.44% 12.64% 13.22% 13.62% 

Subset F 9.74% 9.12% 8.92% 9.20% 9.47% 9.32% 9.22% 

Sample 3 Subset A 8.64% 7.29% 6.50% 7.32% 7.56% 7.30% 7.16% 

Subset B 10.24% 10.61% 10.97% 10.62% 10.68% 10.94% 11.07% 

Subset C 8.78% 8.53% 8.79% 8.53% 8.47% 8.42% 8.47% 
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Subset D 12.94% 13.26% 13.22% 13.56% 13.57% 14.18% 14.22% 

Sample 4 Subset A 7.89% 7.66% 7.83% 8.55% 8.32% 8.36% 8.40% 

Subset B 6.63% 7.30% 7.73% 8.05% 8.14% 8.11% 8.00% 

Subset C 16.48% 14.54% 13.97% 13.58% 12.94% 12.49% 12.51% 

Subset D 7.37% 8.24% 8.72% 8.84% 9.09% 9.11% 8.97% 

Subset E 8.51% 8.35% 8.25% 8.29% 8.38% 8.44% 8.29% 

Subset F 13.35% 12.35% 11.22% 10.39% 10.26% 10.77% 10.68% 

Sample 5 Subset A 8.30% 8.43% 9.00% 9.03% 9.10% 9.45% 9.39% 

Subset B 8.37% 8.58% 8.35% 8.51% 8.54% 8.50% 8.35% 

Subset C 14.20% 13.39% 13.00% 12.88% 12.73% 12.61% 12.31% 

Subset D 11.59% 11.61% 11.99% 11.89% 11.94% 12.24% 12.31% 

Subset E 8.74% 9.13% 9.73% 9.81% 10.11% 10.02% 10.10% 

Subset F 9.97% 10.26% 10.06% 10.38% 10.92% 10.92% 10.79% 
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Figure 5.6.  Pore size distribution for sample 5 at different size of areas (A) Subset A (B) Subset 

B. The distribution of pores in both graphs indicate increase in number of pores with progressive 

increase in area analysed. The modal distribution in subset A varies with the size of the area while 

in subset B, the modal pore is with a sharp peak and consistent all through as the area analysed 

increases. 
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Figure 5.7. Log-normal plot of frequency vs pore size (A) sample 1 (B) sample 3. All 

subsets in both sample have unimodal distribution. 
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Figure 5.8. Empirical Q-Q plots for pore size distribution for Sample 1. A and B showed 

slightly varied distribution while C showed that the pore distribution between the two 

subsets are similar. The red line is the reference line and a well aligned plots along the red 

line signifies similar distribution for the two subsets that are compared. 

A 

B 

C 
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Figure 5.9. Plot of porosity values for different subsets in (A) sample 4 (B) sample 

5. Note that the distribution of porosity across the subsets varies. 
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Figure 5.10. Contour maps showing variation in porosity for sample 2, A-C are subset A to C.  

Subset A and B are examples of partially porous while C is highly porous. Total horizontal field 

of view (HFOV) is 95 µm 
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Figure 5.11. Contour maps showing pore distribution for sample 1, A-C are subset A to C.  

Subset A and B are tightly porous while C is partially porous. Total horizontal field of view 

(HFOV) is 95 µm. 
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Table 5.9. Classification of subsets per sample based on porosity distribution. It is 

apparent that no single sample has the same porosity distribution across all the 

subsets. 

Sample ID Highly porous Partially porous Tightly porous 

1 Subset D Subset C,F Subset A,B E 

2 Subset C, D, E Subset A, B Subset F 

3 D, E Subset B Subset A, C, F 

4 - Subset F Subset A, B, C, D, E 

5 Subset C, D Subset E, F Subset A,B 
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5.4 Discussion 

This discussion is divided into two parts: (1) critical assessment of the new methodology 

introduced here for the characterisation of mudrocks in general; and (2) consideration of the 

new data presented on hemipelagic sediments from the Shackleton Site on the Iberian 

continental slope, and of how these compare with hemipelagites more broadly.  

5.4.1 Methodology 

The automated image acquisition analysis (AIAA) technique presented here differs from prior 

work in two important respects. Firstly, it images relatively large areas by a process of 

automated acquisition and stitching and, secondly, it incorporates multiple areas that have been 

randomly selected from the available polished thin-section or ion-milled sample. Both these 

aspects help mitigate against relying on data from too small a sample area of a heterogeneous 

sediment. The methodology minimises human subjectivity and bias, but does require selected 

manual thresholding by image segmentation. This is non-trivial and may lead to varied results 

among different operators. It is likely that the discrepancies in results among users is minimal 

and for an individual, the process is expected to be reproducible. These factors can be 

quantified (Francus and Pirard, 2004; Grove and Jerram, 2011) but are not addressed here. 

For the different attributes investigated, the following observations and assessment of the 

AIAA method were made. 

5.4.1.1 Grain Size analysis 

AIAA provides an important and reliable technique for grain size analysis of very fine-grained 

sediments, for which high-resolution measurement is required. It measures actual grain 

diameters (Feret diameter) for tens of thousands of grains, and is effective over a wide range 

of sizes from 10 nm to 5 mm. However, for most SEM measurements of mudrocks, a preferred 

range of 100 nm to 100 µm is suggested. The results obtained here were found to be closely 

comparable to those obtained by laser diffraction on the same samples (Bankole et al., 2018b), 

and broadly comparable with the results of laser diffraction analysis carried out by Nishida 

(2016) on other samples from the same site. A significant advantage of the AIAA methodology 

is that it can be applied equally to unconsolidated and consolidated sediments, as well as to 

compacted and cemented sedimentary rocks.    
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5.4.1.2 Particle orientation 

Visual inspection of grain alignment is the only effective method of determining particle 

orientation in mudrocks. AIAA, therefore, provides a fast, effective and objective method of 

measuring a large dataset and deriving meaningful quantification. The majority of previous 

works on the application of SEM to the orientation of clay particles are descriptive. There have 

been some attempts to quantify orientation of clay particles automatically, although these 

earlier efforts involve deduction of particle orientation from certain proxies (Sokolov and 

O'Brien, 1990; Tovey et al., 1992; Martı́nez-Nistal et al., 1999). 

It is important to separate out measurements for silt and clay-size particles and to filter for 

elongate grains. It is also important to use circular statistical and entropy measures in 

conjunction with visual observation, as the circular statistical parameters are less reliable with 

multimodal orientation data (Fisher, 1993; Mardia and Jupp, 2000). An important result of this 

study is to demonstrate that silt orientation is a very good proxy for clay orientation. The results 

show an approximately equal spread of random and preferred fabrics (oblique), which is 

suggested characteristic for hemipelagites (see discussion below). The slightly oblique to 

horizontal orientation, common to a number of subsets, may in some cases be due to a bedding 

curvature induced by the coring process, which is especially common at the very edge of cores. 

However, in most cases it is suggested that the grain alignment is due to the bioturbational 

fabric. 

5.4.1.3 Mineralogy 

 By contrast, AIAA does not appear to be such a good method for determining the sediment 

composition or, at least, not by using the SEM-EDX methodology in this study. There is poor 

agreement between subsets of the same sample as well as significant differences in mineral 

composition at the two scales of resolution used (i.e. 2 µm and 63 nm per pixel). There is also 

poor agreement with the composition data obtained from the same samples by XRD 

measurement. Problems encountered with the AIAA technique include: (a) an over-estimation 

of the dominant minerals present; (b) separation of calcite grains encased within a clay matrix; 

and (c) the separation of detrital mica silt grains (muscovite, biotite) from clay-fraction illite. 

Furthermore, high-resolution EDX maps of large areas is time-consuming and runs to several 

gigabytes of data, which is difficult to handle. The high-resolution EDX maps presented here 

are limited to about 4200 µm2 and these are unlikely to be representative. 
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SEM-EDX does have the advantage of determining the mineralogy of specific grains and of 

making a visual assessment of their morphology or crystallinity and likely diagenetic or detrital 

origin. It can be used to pick out important heavy mineral components, such as the anatase and 

pyrite as observed in this study, which may be useful for provenance or digenetic studies. 

However, further work is needed to enable the effective application of AIAA. This should also 

include calibration of results with whole-rock x-ray fluorescence techniques.   

5.4.1.4 Porosity 

The usage of image analysis for determining porosity and pore size distribution is not well 

established compared to the more traditional methods, but the process involved is both easy 

and highly effective. Whereas previous work on pores and pore networks has mostly been 

qualitative (Desbois, Urai and Kukla, 2009; Loucks et al., 2009; Curtis et al., 2010; Curtis et 

al., 2012a; Loucks et al., 2012), here AIAA was used for quantitative analysis, with minimal 

user-bias, using high-resolution SEM images. From the results presented here, there is 

relatively little variation between subsets of pore size distribution, which suggests repeatable 

results. The normal to slightly skewed distribution curves most likely reflect a close link to the 

grain-size distribution. The variation in porosity evident among subsets of the same sample is 

likely to be due to mudrock heterogeneity. Mapping the geometry of porosity distribution 

allows an inference about the connectivity of porosity and therefore provides a qualitative 

measure of permeability. 

The majority of pores in mudrocks are within the microscale (< 2nm) and mesoscale (2-50 nm) 

(Kuila and Prasad, 2013; Wang et al., 2014). Microporous mudrocks have a high capacity for 

gas adsorption (Yang, Ning and Liu, 2014). For this study by AIAA, due to the spatial 

resolution limit of the SEM image, pores less than 15 nm were discounted in order to improve 

the signal to noise ratio. This technique, therefore, misses the percentage of the pores within 

micropore (< 2 nm) range, as well as some of the mesopores. The most common techniques 

currently used to determine pore size and porosity of mudrocks also have limitations in their 

measuring capabilities (Figure 5.12 ). Nitrogen or carbon dioxide gas adsorption and NMR are 

suitable for measuring at the mesopore scale, whereas helium porosimetry and water intrusion 

porosimetry can measure the full range of pore sizes (Figure 5.12). 

The AIAA technique with SEM, however, has the added benefit of being able to place pores 

within their spatial context, which cannot be done with other techniques. Higher resolution 
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SEM than the one used for this study and helium ion beam microscopes (HIM) can provide 

some useful data on smaller pores, and HIM has better image clarity especially at lower kV. 

 

 

Figure 5.12. Array of techniques for determining pore size and porosity. The variation in 

the measuring capabilty of one technique to the order is several orders of magnitude. The 

technique applied in the research for measuring pores and porosity is the scanning electron 

microscopy and its spacial resolution is limited to 5 nm (Bankole et al., 2018a).  

 

5.4.2 Hemipelagites 

The Shackleton Site 1385 was originally selected for construction of a marine reference section 

of Quaternary millennial-scale climate variability (Hodell et al., 2013; Stow et al., 2013). What 

was required was a site with a continuous sedimentary record and relatively ‘high’ rates of 

hemipelagic sedimentation to allow better resolution. Site 1385 was located at a water depth of 

2589 m on a spur of the Iberian margin, away from any potential turbidity current pathways 

and outside the slope region affected by the Mediterranean Outflow Water bottom currents. 
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The 160 m section cored satisfied the criteria of a continuous sedimentary record, but it is also 

important to understand in detail the nature of sediments recovered at this marine reference 

site. 

5.4.2.1 Classical Hemipelagites 

The entire section is made up of classical hemipelagites of mixed terrigenous-biogenic 

composition and a silt-rich terrigenous fraction – the marl-hemipelagite category of Stow and 

Tabrez (1998) and (Stow, Huc and Bertrand, 2001). They show no primary sedimentary 

structures, but pervasive bioturbation. The trace fossil assemblage documented here is 

characteristic of the deep-water Zoophycos ichnofacies (Uchman and Wetzel, 2011; Wetzel 

and Uchman, 2012) an indicator of well-oxygenated bottom waters and pore waters as well as 

good availability of organic matter and other nutrients. Several tiers of burrowing are evident, 

which suggests the thorough mixing of sediment over a few cm of section and partial mixing 

up to tens of cm. Two earlier papers (Rodríguez-Tovar and Dorador, 2014; Rodríguez-Tovar 

et al., 2015) have presented the results of more detailed studies of trace fossils at the Shackleton 

Site. They note a very similar ichnofacies assemblage and tiering structure to that presented 

here, with the addition of ?Scolicia and ?Nereites traces, as well as evidence for periods with 

less well-oxygenated conditions. 

The mean sedimentation rate at the Shackleton Site of just over 11 cm/kyr for the past 1.4 Myr 

is typical of open slope hemipelagites with moderate fluvial/eolian supply of terrigenous 

material. The Holocene rate is slightly higher, about 20-25 cm/kyr, which may reflect an 

increase in both biogenic and terrigenous supply during this period. The sediments are all very 

fine clayey silts and silty clays and moderately well sorted with a unimodal grain-size 

distribution, which is compatible with the mixed biogenic-terrigenous model of Stow and 

Tabrez (1998) and similar to the results obtained by (Nishida, 2016). 

5.4.2.2 Microstructures 

The sediment microstructures observed are mainly of random or mixed (polymodal) particle 

alignment and a secondary preferred grain alignment. There are few prior observations in the 

literature, but those summarised in Stow and Tabrez (1998) suggest that open-water 

hemipelagites are characterised by a partially sub-parallel (preferred) alignment that is 

disrupted into a random or mixed fabric by bioturbation and by the presence of larger grains, 

such as foraminifera. The results presented here would tend to support this interpretation, 

although the high-angle preferred grain alignment in four subset samples is interpreted as the 
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re-alignment of particles along the walls of sub-vertical burrows. The slightly oblique grain 

alignment may also reflect the bioturbational fabric. However, (Nishida, 2016) found only 

random fabrics in the Shackleton Site hemipelagites, which he interprets as the result of the 

vertical aggregation of loosely-bound flocs in the absence of current shear caused by either 

bottom currents or turbidity currents (Moon and Hurst, 1984). 

The results presented herein clearly demonstrate the small-scale and micro-scale heterogeneity 

of mudrock properties. This can only be effectively elucidated by large-area imaging of 

multiple subsets. Further work is required, particularly to compare hemipelagite, contourite 

and turbidite mud fabrics (Nishida, 2016) and to consider the nature of fabric re-orientation 

with burial compaction (Douglas, Gerhard and Alyssa, 2016). The samples used range in burial 

depth from 10 m to 80 m, so that little obvious compaction effect is expected. However, it is 

noted that the deepest sample (number 5) does show the most consistent parallel grain 

alignment of all the samples.  

5.4.2.3 Hemipelagic Deposition 

The lithology, ichnofacies, composition, grain size and microstructural character of the 

hemipelagites at the Shackleton Site all support their deposition by vertical settling coupled 

with very slow lateral advection, as invoked by previous studies (Hesse, 1975; Stow and 

Tabrez, 1998; Hoogakker et al., 2004). The vertical settling component comprises biogenic 

planktonic material, wind-derived or storm-stirred terrigenous material, and material eroded 

from the seafloor by the action of internal tides and waves. The lateral advection of largely 

terrigenous material within the water column occurs as cross-shelf nepheloid-layer transport, 

eddies that peel off from along-slope bottom currents, and from the finest portions of low-

concentration turbidity currents that become detached along density discontinuities. 

Progressive seaward distribution can occur via a process of suspension cascading.  

The colour cyclicity observed, which reflects variation in the detrital/biogenic ratio in the 

sediments, is probably caused by variation in the flux of silt and clay material from the 

continent rather than by changes in carbonate productivity (Hodell et al., 2015). These cycles 

are non-regular in thickness, but on average are close to 20 kyr in duration – i.e. precession 

cycles (Hodell et al., 2015).     
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5.5 Conclusion 

Microstructure is an important attribute that controls petrophysical properties of mudrocks and 

consequently the movement of fluid within them as well as their seismic elasticity. Scanning 

electron microscopy has advanced knowledge of microstructural characteristics, but 

understanding this complex and highly heterogeneous sediment type is still limited. 

Hemipelagic muds are very common in the marine environment, and one of the principal 

sediment types in deep-water. This study, therefore, has used samples of hemipelagites from 

the Iberian margin (Shackleton Site) to both develop an improved methodology for their 

microstructural characterisation, and advance the knowledge of hemipelagic sedimentation in 

general.    

This study has developed a new methodology for the fast, reliable and effective characterisation 

of microstructure in mudrocks. Good sample preparation techniques are the first important step. 

The method has the following principal advantages: (a) a high degree of automation, which 

increases efficiency and reduces user-input and bias; (b) maximum areal coverage by using 

automated tiling and stitching of images; (c) quantification of orientation measurements; and 

(d) the ability to derive high quality data on grain size, grain orientation, pore size and porosity 

at the same time. 

There are some disadvantages, which include: (a) the requirement for very large datasets 

(gigabytes per image), which has implications for computer memory and data handling; (b) the 

need for image segmentation, which is a non-trivial exercise requiring user input; (c) lack of 

resolution at the nano-scale for micropore characterisation. Further refinement of the technique 

and the use of higher-resolution instrumentation should help resolve these issues. The method 

also requires development to allow better compositional analysis. 

The study has also provided important data on the nature of hemipelagic sedimentation at the 

Shackleton Site (IODP Site 1385) on the Iberian margin, and their deposition from a 

combination of vertical settling and very slow lateral advection. The sediments are typical 

mixed biogenic-terrigenous, silt-rich hemipelagites, with a tiered and diverse trace fossil 

assemblage of the deep-water Zoophycos ichnofacies. Sedimentation has been continuous at 

the site at an average rate of accumulation of 11 cm/kyr over the past 1.4 Myr, and showing a 

pronounced but non-regular colour cyclicity. The site is well-placed to become a valuable 
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marine reference section for Quaternary climate change (Hodell et al., 2015). The sediment 

microstructures show small-scale heterogeneity in all properties, and an overall random fabric 

with secondary preferred grain-alignment. These results on the fabric differ, in part, from 

previous studies and suggest that further work is required on the microstructure of 

hemipelagites and their comparison with different deep-water sediment facies.    
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CHAPTER 6 –  DEEP-WATER MUDROCK MICROSTRUCTURE 

6 Deep-water mudrock microstructure results 

6.1 Introduction 

The microstructure of mudrocks includes a range of microscopic characteristics, including 

grain size, microfabric (grain orientation and arrangement), mineralogical composition, and 

petrophysical properties – porosity, pore volume, permeability and specific surface area. In 

mudrocks, the diameter of grains ranges between submicron and 63 microns. It is this very fine 

grain size that makes their study so challenging, and for which high-resolution instrumentation 

and careful, time-consuming analyses are required.  

In the deep-water, sediments are deposited via three principal mechanisms and commonly 

occur in complex associations of three facies; turbidites generated from downslope process, 

contourites produced by bottom currents, and hemipelagites deposited by slow vertical settling 

coupled with very slow lateral advection. There is a great challenge associated with distinction 

between  end-members of the deep-water facies (Stow et al., 1998) especially from a 

lithological point of view, with each end-member failing to exhibit unique sedimentary features 

(Dall'Olio, Felletti and Muttoni, 2013 and reference therin). In part, this lack of distinction may 

be due to the process continuum that exists between turbidity currents, bottom currents and 

vertical settling out of suspension (Stow, 1985b; Mulder, Faugères and Gonthier, 2008). 

Whereas many previous researchers have investigated clay orientation microfabric, relying on 

either visual judgement or more quantitative approaches (Ho, Peacor and van Der Pluijm, 1999; 

Charpentier et al., 2003; Aplin et al., 2006; Janssen et al., 2012; Day-Stirrat, 2014), few have 

considered mudrock microfabric in the context of depositional process. In this study, mudrocks 

of different facies and depositional processess (bottom currents, hemipelagic processes and 

turbidity currents) were assessed for their microstructure using high-resolution scanning 

electron microscopy, and low-pressure nitrogen gas adsorptiom in combination with digital 

rock physics, in order to differentiate among them based on their microstructure and also to 

understand the important factors that affect microstructure of mudrocks in the deep-water 

setting.  
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Having developed the methodology and workflow for mudrock investigations, preliminary 

results on grain-size analysis were presented in Chapter 4 (Bankole et al., 2018b), and on 

microstructure of hemipelagites in Chapter 5 (Bankole et al., 2018a). This chapter collates all 

the results on the microstructure of the different deep-water mudrock facies examined. It also 

presents the first preliminary results from an ultra-high-resolution experiment using the 

European synchrotron facility in Grenoble, France. The aim of this experiment was to use 

whole-rock, x-ray powder-diffraction patterns to characterise the crystallographic axes of 

component minerals, and so complement the SEM microfabric analyses. Full discussion of the 

results is provided in chapter 7.  

6.2 Results 

6.2.1 Lithological characteristics 

6.2.1.1 Contourites 

During expedition 339, sediments of contourite deposits were recovered from six sites (1386 

to 1391) in the Gulf of Cadiz. Overall, the contourites from these sites are uniform in colour 

and composition. They comprise an admixture of biogenic components (mainly nannofossils 

and foraminifera) and terrigenous particulates (mainly clay minerals, quartz and detrital 

carbonate). Other components are present in minor or trace amounts (Expedition 339 Scientists, 

2013). They show a distinctive, though often subtle, cyclicity in grain size, from mud to silty 

mud to silty sand, then back to silty mud and mud. This is the characteristic bi-gradational 

sequence of a typical contourite (Gonthier, Faugères and Stow, 1984). A range of partial bi-

gradational sequences are also present, as well as sandier contourites at the more proximal site.  

Bedding is very indistinct and most contacts between individual sequences and parts of the 

sequence are wholly gradational. In general, there are no primary sedimentary structures 

observable in the contourite facies but there is conspicuous mottling throughout caused by 

moderate bioturbation (Figure 6.1). The sediment accumulation rate varies from one site to 

another, averaging 35 cm/ky at site 1387, 25-27 cm/ky, at sites 1386 and 1391, 25-40 cm/ky at 

site 1389, and more than 100 cm/k.y at site 1389. Site 1388 is the most proximal site with 

abundant sandy contourites, and so was not examined for this thesis. 

6.2.1.2 Hemipelagites 

The hemiplegic facies were recovered from site 1385 (IODP Expedition 339) along the 

continental slope of the Iberian margin. Detailed lithological characteristics of the hemipelagic 

facies from this site are documented in Chapter 5 (section 5.3.1). In summary, the hemipleagite 
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facies are uniform consisting of admixture of calcareous nannofossils and terrigeneous material 

and are extensively bioturbated (Figure 6.2). Typical trace fossils recognized from these facies 

are: Chondrites, Thalassinoides, Planolites and Zoophycos among others.  
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Figure 6.1. Muddy contourite facies showing varying degree of mottling due to 

bioturbation. All the core photographs are from expedition 339 of the IODP (A) 

site 1387B-2H-5A (B)1389A-2H-6A (C) 1389A-7H-1A (D) 1390A-7H-4A. Note 

that the the presence of bigradational grading in core 1390A-7H-4A. 

 

  



 

194 

 

 
Figure 6.2. Core photographs showing typical hemipelagite facies from site 1385 

of expedition 339 with pervasive mottling. The core photos display intense 

bioturbations and distinct colour cyclicity, in which lighter grey intervals have 

more of biogenic carbonate and darker grey intervals are rich in terrigenous 

components. Ch- Chondrites, Pl-Planolites, Tha-Thalassinoides, Z-Zoophycos. 

(A)1385E-6H1-A (B)1385A-10H-7A (C) 1385E-6H-1A (D) 1385A-7H-1A (E) 

1385A-11H-3A. 
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6.2.1.3 Turbidites 

Turbidite facies recovered from site 1457 of expedition 355 are part of the Indus fan. The 

sediments are made up of terrigeneous sediments (silty clay and silty sand). The sequence of 

turbidites from the Indus fan are thin-bedded or medium bedded. Much of the succession 

comprises mud-rich distal turbidites, whereas parts are more sand-prone. Most of the turbidites 

have a sharp erosive base and show clear normal grading. The silt-mud turbidites are generally 

structureless, at least under visual inspection, but typically show very thin to thin sandy silt 

layers at the base. The common primary structures in these lower divisions are parallel 

lamination, lenticular lamination and micro-cross-lamination. The turbidite facies are mostly 

non-bioturbated, but with rare bioturbation restricted to the upper parts of beds. 
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Figure 6.3. Core photograph of typical turbidite facies from site 1457 of expedition 

355.The turbidite sequences are characterised by dark gey sandy silt or silt and 

normal grading to pale grey mud. Ts- Thin layer of silty sand, Es- Erosional surface. 

(A) 1457A-8H-2A (B) 1457A-1F-1A (C) 1457C-9R-1A (D) 1457C-38R-2A. 
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6.2.2 Grain-size results 

Grain size analyses were carried out on 196 samples from the three locations – Gulf of Cadiz 

(contourites), SW Iberian margin (hemipelagites) and the Indus Fan (turbidites). Of these, 38 

samples were selected for microstructural analyses using scanning electron microscopy and 

image analysis. For each sample, between 4-6 separate areas were selected at random, for 

analysis, so that a total of nearly 350 automated image analysis results were obtained. The 

complete grain size results including statistical parameters are presented in Appendix 3A. Grain 

size results for the samples analysed with both techniques are presented in Table 6.1. 

Contourite facies are medium silt to coarse clay with mean size ranging between 5.96 and 8.91 

phi values. Out of the 64 samples of contourite facies analysed, about 28% are coarse clay, 

53% very fine silt, 17% fine silt, and approximately 2% are medium silt. The contourite facies 

are generally very poorly sorted but with occasional poor sorting. The skewness varies from 

symmetrical to very fine skewed. Most samples are platykurtic, but some are mesokurtic.  

Hemipelagites are very fine grained, with a mean size between very fine silt and very fine clay, 

i.e. between 7.63 and 12.27 phi. Based on the number of samples analysed, most of the 

hemipelgite facies fall within the coarse clay grain size (63%), 15% are very fine silt, 14 % are 

fine clay, and 8% are medium clay.  In terms of sorting characteristics, they are generally poorly 

sorted, while a few samples of the hemipelagites are moderately well sorted and very poorly 

sorted. In terms of skewness, the hemipelagite facies are mostly fine skewed but symmetrical 

distribution is also common. Results of kurtosis show that a large percentage of hemipelagites 

are mesokurtic and the rest platykurtic.  

The mean grain size of turbidite facies ranges between medium silt (5.43 phi) and very fine 

clay (11.22 phi). About 50% of the samples fall within the silt grain size, whereas the other 

50% are clay size (Table 6.2). Most are poorly sorted while a few are moderaletly sorted or 

very poorly sorted. In terms of skewness, they are rather diverse but generally fine skewed and 

symmetrical. More than 60% of the turbidite facies are platykurtic and the rest are mesokurtic. 
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Table 6.1. Grain size statistics for those selected samples that were analysed using 

automated image analysis technique. 

S/N Sample ID Sediment type Mean size Sorting Skewness Kurtosis 

1 

339-1387B-

2H1 032-034 Contourite 
V. Fine Silt 

(7.57) 
Very Poorly Sorted Fine Skewed Mesokurtic 

2 

339-1387B-

2H1 128-130 Contourite V. Fine silt 

(7.31) Poorly Sorted Fine Skewed Mesokurtic 

3 

339-1390B-

2H4 7-9 Contourite Fine silt 

(6.17) Very Poorly Sorted 

Very Fine 

Skewed Platykurtic 

4 

339-1390B-

2H5 22-24 Contourite Fine Silt 

(6.23) Very Poorly Sorted 

Very Fine 

Skewed Platykurtic 

5 

339-1387B-

2H5 67-69 Contourite Coarse Clay 

(8.21) Very Poorly Sorted 

Very Fine 

Skewed Mesokurtic 

6 

339-1389A- 

6H1 28-30 Contourite Coarse Clay 

(8.17) Poorly Sorted Symmetrical Platykurtic 

7 

339-1389A-

18X1 125-127 Contourite V. Fine Silt 

(7.5) Very Poorly Sorted Fine Skewed Platykurtic 

8 

339-1389A- 

28X5 130-132 Contourite V. Fine Silt 

(7.32) Very Poorly Sorted Symmetrical Platykurtic 

9 

339-1389A- 

38X2 112-114 Contourite V. Fine Silt 

(7.32) Very Poorly Sorted Fine Skewed Platykurtic 

10 

339-1386C- 

17R1 46-47 Contourite Coarse Clay 

(8.21) Very Poorly Sorted Fine Skewed Platykurtic 

11 

339-1389E-

26R3 61-63 Contourite V. Fine Silt 

(7.78) Very Poorly Sorted Fine Skewed Platykurtic 
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12 

339-1389E-

35R5 60-61.5 Contourite Fine Silt 

(6.97) Very Poorly Sorted Fine Skewed Platykurtic 

13 

339-1387C-

48R3 33-35 Contourite Coarse Clay 

(8.04) Poorly Sorted Fine Skewed Mesokurtic 

14 

339-1389E-

47R2 22-24 Contourite V. Fine Silt 

(7.28) Very Poorly Sorted Fine Skewed Platykurtic 

15 

339-1387C-

56R1 8-10 Contourite Coarse Clay 

(8.17) Poorly Sorted Fine Skewed Platykurtic 

16 

339-1389E-

57R3 12-13.5 Contourite V. Fine Silt  

(7.60) Very Poorly Sorted Symmetrical Mesokurtic 

17 

339-1389E-

66R1 18-21 Contourite V. Fine Silt 

(7.99) Very Poorly Sorted Symmetrical Mesokurtic 

18 

339-1385A-

2H6 13-15 
Hemipelagite 

V. Fine Silt 

(7.63) 

Poorly Sorted Fine Skewed Mesokurtic 

19 

339-1385E-

2H5 74-76 Hemipelagite V. Fine silt 

(7.63) Very Poorly Sorted Symmetrical Mesokurtic 

20 

339-1385D-

2H6 115-117 Hemipelagite V. Fine silt 

(7.64) Poorly sorted Fine skewed Mesokurtic 

21 

339-1385A-

6H2 49-51 Hemipelagite 

Coarse Clay 

(8.99) 

Poorly Sorted Symmetrical Mesokurtic 

22 

339-1385A-

7H6 54-56 Hemipelagite Coarse Clay 

(8.74) Poorly sorted Fine skewed Platykurtic 

23 

339-1385E-

7H2 113-115 Hemipelagite 

Coarse Clay 

(8.27) 

Poorly Sorted Fine Skewed Platykurtic 
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24 

339-1385E 

10H2 80-82 Hemipelagite 

Coarse Clay 

(8.06) 

Poorly Sorted Fine Skewed Platykurtic 

25 

339-1385A-

14H2 30-32 Hemipelagite Coarse Clay 

(8.42) Poorly sorted Symmetrical Mesokurtic 

26 

355-1457A-

8H1 38-42 Hemipelagite V. Fine silt 

(7.28) Poorly sorted Fine skewed Mesokurtic 

27 

355-1457A-

8H2 27-31 Turbidites Coarse Clay 

(8.36) Very Poorly Sorted 

Very Fine 

Skewed Platykurtic 

28 

335-1457A-

17F1 124-128 Turbidites Fine silt 

(6.94) Poorly Sorted Fine Skewed Platykurtic 

29 

355-1457C-

9R1 7-11 Turbidites V. Fine Silt 

(7.68) Poorly Sorted Fine Skewed Mesokurtic 

30 

355-1457C-

18R2 6-10 Turbidites V. Fine Silt 

(7.13) Poorly Sorted 

Very Fine 

Skewed Platykurtic 

31 

355-1457C-

29R1 99-103 Turbidites V. Fine Silt 

(7.24) Poorly Sorted Fine Skewed Mesokurtic 

32 

355-1457C- 

38R1 43-45 Turbidites Coarse Clay 

(8.27) Very Poorly Sorted 

Very Fine 

Skewed Mesokurtic 

33 

355-1457C-

38R2 124-126 Turbidites Coarse Clay 

(8.33) Poorly Sorted Symmetrical Mesokurtic 

34 

355-1457C-

49R6 30-34 Turbidites Coarse Clay 

(8.6) Poorly Sorted Fine Skewed Platykurtic 

35 

355-1457C-

61R3 11-15 Turbidites Medium Clay 

(9.17) Poorly Sorted Fine Skewed Platykurtic 
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36 

355-1457C-

67R3 4-8 Turbidites V. Fine Silt 

(7.66) Poorly Sorted Fine Skewed Platykurtic 

37 

355-1457C-

71R4 63-67 Turbidites Medium Clay 

(9.5) Poorly Sorted Symmetrical Platykurtic 

38 

355-1457C-

83R6 5-6 Turbidites 

V. Fine Silt 

(7.98) 

Very Poorly Sorted Symmetrical Platykurtic 
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Table 6.2. Grain size data based pon all analysed samples. 

Grain size Contourites (%) 

Gulf of Cadiz 

Hemipelagites (%) 

Iberian Margin 

Turbidites (%) 

Indus Fan 

Coarse silt -   

Medium silt 2  4 

Fine silt 17 14 7 

Very fine silt 53 15 42 

Coarse clay 28 63 21 

Medium clay - 5 12 

Fine clay -  12 

Very fine clay - 3 2 

 

Although these data show that contourite facies analysed are, on average, slightly coarser 

grained, and the hemipelagites are slightly finer grained, the grain sizes are sufficiently similar 

that valid comparisons of microstructures can be made. The turbidites span the grain size range 

of both contourites and hemipelagites.  A plot of the clay, silt and sand fractions on a ternary 

diagram show the three facies plot within the silt-clay region (Figure 6.4). This also illustrates 

the slight differences in grain size among the three sediment types, and the overall range of 

mean size. 

Bivariate plots of grain size statistical parameters, including mean size versus sorting, kurtosis 

and skewness, present interesting results, in which some differences are clearly depicted on the 

graphs. Turbidite facies plot across both contourites and hemipelagites. However, plots of these 

statistical parameters excluding turbidite samples show a more distinct boundary between 

countourites and hemipelagites, but still with a region of overlap (Figure 6.5B, Figure 6.6B, 

and Figure 6.7B). More significant are the trends between different variables, which apply to 

all three facies. Mean size and sorting show a strong positive correlation, with a marked 
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improvement in sorting for finer grain sizes. There is a less good positive correlation between 

mean size and skewness, but no apparent correlation between mean size and kurtosis. 

 

 

Figure 6.4. Ternary plot of percentage clay, silt and sand size percentage. The 

plot shows the subtle grain size difference among contourites, hemipelagites and 

turbidites. There is progressive increase in grain size from hemipelagites to 

turbidites to contourite, as shown within the circle, but many turbidites are also 

very fine gained. The number samples plot on the ternary diagram are 196. 
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Figure 6.5. Bivariate plot of sorting (inclusive standard deviation) versus mean. In 

(A) Turbidite facies are plot in both contourite and hemipelagite areas. (B) When 

turbidite is excluded from the plot, there is a distinct boundary between contourites 

and hemipelagites but with a mixed region of contourites and hemipelagites. 
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Figure 6.6. Cross plot of Kurtosis versus mean grain size. (A). There is no clear 

boundary between turbidites and contourites and between turbidites and 

hemipelagite. (B) There is a unique boundary between contourites and 

hemipelagites. 
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Figure 6.7. Bivariate plot of skewness versus mean (A) for all the three facies with 

turbidites plotting in both contourites and hemipelagites regions (B) for contourites 

and hemiplegite which shows obvious boundary between the two sediment types 

and a mixed area of both contourites and hemipelagites. 
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6.2.3 Visual estimation based on SEM images 

The summary of the microfabric and composition estimated through visual inspection of the 

randomly selected large areas (ca. approximately 0.65 mm by 0.42 mm) high resolution SEM 

(45 nm per pixel) is presented in Table 6.3 while the SEM images for the different facies are 

given in Appendix 3B.  

Contourites generally have coarse grains embedded within the matrix. The coarse grains in the 

contourite facies form a grain supported pattern in which the coarser grains are in contact with 

each other, but matrix supported pattern are not also uncommon. The microfabric of contourite 

facies is generally random (Figure 6.8) but occasionally exhibits oblique pattern that is nearly 

perpendicular to bedding at shallow depth Figure 6.8. At greater depth, more than 500 m, the 

microfabric of contourite facies show a combination of random fabric and bedding parallel. 

Mudclasts are ubibiquitous within the contourite facies ranging between 1 and 3% (Table 6.3 

and Figure 6.8). The percentage composition of coccoliths in contourites varied widely 

between 1 and 15%. Estimated percentage for pyrite is generally low which is not more than 

2%, but more common within matrix and foram chambers than in other facies. The silt size 

particles are very coarse (up to 60 µm in diameter) and they varied from ca. 16 % to 52 %. 

Contourite facies are characterised by burrows which are filled with pyrite. Other micro 

features present in the contourite facies are tunicate spicules and algae borings (Figure 6.9).  

Hemipelagites are either siliciclastic dominated (Figure 6.10) or calcareous biogenic 

dominated (Figure 6.11). The differentiation is based on prevailing components. The 

hemipelagic facies are rich in calcareous nannofosils especially coccoliths which is not 

generally less than 7 % in the siliciclastic dominated hemipelagites but more than 50% in the 

calcareous biogenic dominated samples (Table 6.3). Hemipelagic sediments are thoroughly 

bioturbated and they have random microfabric but some show oblique pattern. At shallow 

burial depth close to the seafloor, the platy grains in the hemipelagites are nearly vertical to the 

bedding (Figure 6.10). The hemipelagic sediments are burrowed which are then filled by 

framboidal pyrites or with coarse silty grains (Figure 6.10B and Figure 6.11B). The 

hemipelagites generally consist of floating grains within the matrix in which case they are 

usually matrix supported except within burrows in which there might be in-filling of the 

burrows with coarse grained particles that are in contact with each other (Figure 6.11B). The 

rounded to angular grains within the hemipelagites are nearly of same size (Figure 6.10 and 

Figure 6.11). Forams are ubiquitous in the hemipelagites as well as other biogenic calcareous 
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materials. The silty grains can be up to 30 µm but they are dispersed within the finer grains and 

are not more than 30% of the material composition (Table 6.2 and Figure 6.10). Tunicate 

spicules is less common in hemipelagite facies and when present its structural pattern is 

different from those present within the contourite facies (Figure 6.12). The tunicate spicules 

recognised from hemiplegite is smaller in size (ca. 10 µm in diameter) when compared to those 

identified from contourites (ca. 20 µm in diameter). 

Turbidite facies show well aligned fabric that is parallel to bedding and oblique pattern (Figure 

6.13) but sub areas that are random are occasional present. Siliciclastic components dominate 

in the turbidite facies and they are associated with numerous platy like materials that are usually 

mica and clay platelets. Calcareous nanofossils (coccoliths) are not common within the 

turbidite facies and when they are present, they are usually less than 1%. Forams are not 

common components within the turbidite facies, but they were seen in some samples as part of 

the accessory components. Silt size particles in turbidite facies embedded within the matrix are 

finer than that of the contourites and the hemipelagites but show some level of uniformity and 

have closed contacts with each other which therefore impart grain-supported pattern. The silt 

size grains are generally not more than 15 µm and their percentage varies between ca. 6% and 

59 %.  
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Table 6.3. Microfabric and estimated composition by paticle area based on visual 

inspection using chart for visual estimation of percentage (Terry and Chilingar, 

1955).  

S/N 

 

 

 

Sample ID 

Sediment 

type Microfacric 

Coccolith 

(%) 

Mudclast 

(%) 

Pyrite 

(%) 

Forams 

(%) 

Silt 

size 

grains 

(%) 

1 

339-1387B-

2H1 032-034 Contourite 
Random 1 2 - 1 41.6 

2 

339-1387B-

2H1 128-130 Contourite 
Random 2 2 < 1 < 1 46.5 

3 

339-1390B-

2H4 7-9 Contourite 
Random 3 1 < 1 1 50.1 

4 

339-1390B-

2H5 22-24 Contourite Random 
2 2 <1 < 1 52.3 

5 

339-1387B-

2H5 67-69 Contourite 

Random- 

oblique 
3 3 - 1 42.2 

6 

339-1389A- 

6H1 28-30 Contourite Random 
7 2 < 1 < 1 29.9 

7 

339-1389A-

18X1 125-

127 Contourite Random 
5 2 < 1 2 46.1 

8 

339-1389A- 

28X5 130-

132 Contourite Random 
7 3 < 1 2 42.6 

9 

339-1389A- 

38X2 112-

114 Contourite Random 
2 2 1 1 47.3 

10 

339-1386C- 

17R1 46-47 Contourite Random 
10 1 2 3 30.6 

11 

339-1389E-

26R3 61-63 Contourite 

Random- 

bedding parallel 
5 3 1 2 39.1 
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12 

339-1389E-

35R5 60-61.5 Contourite Random 
7 2 2 3 46.4 

13 

339-1387C-

48R3 33-35 Contourite Random 
15 < 1 1 < 1 28.2 

14 

339-1389E-

47R2 22-24 Contourite 

Random- 

bedding parallel 
10 2 3 2 16.2 

15 

339-1387C-

56R1 8-10 Contourite Bedding parallel 
15 2 - 5 30.3 

16 

339-1389E-

57R3 12-13.5 Contourite Bedding parallel 
10 3 - 5 38.1 

17 

339-1389E-

66R1 18-21 Contourite Random 
15 3 < 1 2 38.1 

18 

339-1385A-

2H6 13-15 Heimelagite 
Random 10 < 1 <1 2 25.1 

19 

339-1385E-

2H5 74-76 Hemipelagite Random 7 
< 1 1 2 27.9 

20 

339-1385D-

2H6 115-117 Hemipelagite Random 
12 - - 1 40.6 

21 

339-1385A-

6H2 49-51 Hemipelagite Random > 50 
< 1 2 1 7.9 

22 

339-1385A-

7H6 54-56 Hemipelagite Oblique  
7 - - 7 18.1 

23 

339-1385E-

7H2 113-115 Hemipelagite Random 
 > 50 - 3 - 21.5 

24 

339-1385E 

10H2 80-82 Hemipelagite Random >50 
- - < 1 22 

25 

339-1385A-

14H2 30-32 Hemipelagite Random > 50 
- < 1 3 25.1 

26 

355-1457A-

8H1 38-42 Hemipelagite Random  15 
- < 1 5 23 

27 

355-1457A-

8H2 27-31 Turbidites Oblique  
< 1 < 1 1 2 58.7 
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28 

335-1457A-

17F1 124-128 

Turbidites 

Bedding 

parallel- 

Random 
< 1 < 1 < 1 - 56.6 

29 

355-1457C-

9R1 7-11 Turbidites Bedding parallel 
- - < 1 1 44.7 

30 

355-1457C-

18R2 6-10 Turbidites 

Random– 

bedding parallel 
- - <1 - 53 

31 

355-1457C-

29R1 99-103 Turbidites Bedding parallel 
- < 1 < 1 - 51.9 

32 

355-1457C- 

38R1 43-45 Turbidites 

Bedding 

parallel- oblique  
- < 1 - - 27.4 

33 

355-1457C-

38R2 124-126 Turbidites Bedding parallel 
- - < 1 - 28 

34 

355-1457C-

49R6 30-34 Turbidites Bedding parallel 
- - < 1 < 1 53.4 

35 

355-1457C-

61R3 11-15 Turbidites Bedding parallel 
< 1 < 1 - - 

6.6 

36 

355-1457C-

67R3 4-8 Turbidites Bedding parallel 
- <1 < 1 - 42.4 

37 

355-1457C-

71R4 63-67 Turbidites Bedding parallel 
< 1 - < 1 < 1 5.6 

38 

355-1457C-

83R6 5-6 Turbidites Bedding parallel - 
- < 1  < 1 35.1 

Note that the silt size percentage was quantitatively derived from grain size analysis through 

laser diffraction granulometry. Other features are from visual estimation based on average 

value derived from 4-6 large scale high resolution SEM images with approximate area of about 

0.65 mm by 0.42 mm.   
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Figure 6.8. BSE-SEM images of typical contourite facies showing their 

microfabric. In both A (sample 1) and B (sample 10) the fabric is chaotic, while A 

displays grain-supported fabric, B shows matrix supported. Mudclast associated 

with contourite facies are marked within the square boxes in both A and B. 

 

A 

B 
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Figure 6.9. BSE-SEM images contourite showing Tunicate spicules (Ts) in A (from 

sample 1) and B and Algal borings (Ab) in B.  

  

A 
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Figure 6.10. BSE-SEM image of siliciclastic dominated hemipelagites showing the 

microfabric in sample 18 (A) Random fabric (B) vertical burrow filled with pyrite 

and the grains here are obliquely oriented that are nearly perpendicular to the 

bedding. The relationship between the matrix and coarse-grain typified matrix-

supported fabric. Note that the direction of bedding is along the horizontal scale. 

Both Figure A and B are from different sub areas in sample 18. 
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Figure 6.11. BSE-SEM image for of coccoliths dominated hemipelagites (sample 

20) showing the random fabric in (A) and framboidal pyrite filled burrow in (B).  

The fabric in B shows nearly vertical grains and large forams. Both A and B are 

matrix supported.  

  

A 
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Figure 6.12. BSE-SEM image showing the the structure of tunicate spicules (Ts) 

found within hemipelagite (sample 20). Note that the structural pattern of the 

tunicate spicule here is different from those found within the contouritic facies. In 

hemiplagite facies, the spicules are longer than those found within contourites. 
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Figure 6.13. BSE-SEM images show typical microfabric of turbidite facies (A) 

Oblique parallel (B) Bedding parallel. Both SEM images show matrix supported 

fabric.  

  

A

A 
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6.2.4 Silt and Clay Orientation 

To reduce subjectivity resulting from visual interpretation,  microfabrics of the different 

facies were interpreted by constructing rose diagrams and using parameters such as circular 

variance, von Mises distribution parameter (kappa) and entropy parameter as complementary. 

Discussion on circular statistics parameters utilized here has been described chapter 5. 

The overall orientation patterns displayed in rose diagrams for the different facies are presented 

in Table 6.4 while the statistical parameters are presented in Appendix 3C.  

Contourite facies are typically random to semi random in orientation with ocassional parallel 

bedding pattern. One hundred and fifty rose diagrams were constructed for the contourite facies 

out of which about 42% of the rose plots indicate random orientation, 30% and 23% of the rose 

plots showed semi-random and parallel to bedding pattern respectively while the obique pattern 

is negligible (Figure 6.14).  

One hundred rose diagrams were constructed for the hemipelagites in which most of the plots 

show a combination of random orientation and oblique orientation of grains. Approximately 

43 % of these rose plots shows that hemipelagic facies are randomly oriented while 48% and 

9 % show oblique orientation and semi-random orientation respectively. In some cases, the 

oblique to bedding characteristics exhibited by the hemipelagites are nearly perpendicular to 

bedding plane (Table 6.4 and Figure 6.14).   

Turbidite facies show the most preferred orientation which is either oblique to bedding or 

parallel to bedding. Virtually all the rose diagrams constructed for the silt and clay size particles 

indicate preferred orientation while in some instances weak random orientation is not 

uncommon. Out of the ninety-six rose plots constructed for the turbidite facies, 14% are oblique 

parallel, 81% of the rose diagrams show bedding parallel, while negligible percentage show 

semi-random orientation. Beyond burial depth more 800 m, both the silt and the clay size 

particles for the turbidite facies exhibit preferred orientation that is bedding parallel. 
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Table 6.4. Rose diagrams showing orientation patterns for contourite, hemipelagite 

and turbidites. The arrow indicates the direction of the bedding. Contourites are 

generally random but can show parallel to bedding. Hemipelagites are 

characterised by a mixture oblique and random orientations while turbidite are 

dominantly parallel to bedding. 

 

Arrow indicates direction parallel to the bedding.  

OB= Oblique P= bedding parallel R= random orientation SR= Semi random 
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Figure 6.14. Percentage of orientation patterns for contourites, hemipelagites and 

turbidites facies. Contourite facies are characterised by a combination of random 

and semi-random orientation with ocassional parallel to bedding pattern. 

Hemipelagites display dominantly oblique and random orientation while 

turbidites are generally parallel to bedding but sometimes with oblique 

orientation. 

 

6.2.5 Mineralogical composition 

Synopsis of the mineralogical composition determined by EDX for the three sediment types i.e 

contourites, hemipelagite and turbidites is presented in Table 6.5.  

The carbonate mineral percentage is lowest in the turbidite facies (4 - 16.5%), followed by 

contourites (4 – 37%) while hemipelagites are the most carbonate dominated when compared 

to turbidites and contourites. In terms of clay minerals, turbidites have the highest percentage 

of clay minerals with an approximate average of about 76%, contourites has moderate clay 

mineral percentage (ca. average 59%) while hemipelagites contain the least amount of clay (ca. 

avaerage 50%).  

The silt index (mainly quartz plus feldspar content) is highest for the contourite facies (mean 

value ca. 24%) while both hemipelagites and turbidites contain average silt index of 14% and 

15% respectively. 

Contourites

Hemipelagites

Turbidites

0

0.5
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Table 6.5. Summary of the average mineralogical composition determined through 

energy dispersive X-ray analysis.  

Sample No Sample ID Sediment type Carbonate % Clay% *Silt index % Others % 

1 

339-1387B-

2H1 032-034 Contourite 
8.9 60.5 28.5 2.1 

2 

339-1387B-

2H1 128-130 Contourite 
9 60 30.5 0.4 

3 

339-1390B-

2H4 7-9 Contourite 
6.4 56.7 33.2 3.7 

4 

339-1390B-

2H5 22-24 Contourite 
4 56.5 29.8 9.7 

5 

339-1387B-

2H5 67-69 Contourite 
5.4 61.2 32.3 1.1 

6 

339-1389A- 

6H1 28-30 Contourite 14.7 73.6 

7 4.7 

7 

339-1389A-

18X1 125-127 Contourite 
8.9 56 30.5 4.6 

8 

339-1389A- 

28X5 130-132 Contourite 16.0 54.1 

20 9.9 

9 

339-1389A- 

38X2 112-114 Contourite 19.6 58 

20.1  

10 

339-1386C- 

17R1 46-47 Contourite 19.7 57.7 

15.3 7.3 

11 

339-1389E-

26R3 61-63 Contourite 
7.1 62.6 28 2.3 
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12 

339-1389E-

35R5 60-61.5 Contourite 
8.7 60.4 26.8 4.1 

13 

339-1387C-

48R3 33-35 Contourite 8.7 62.5 

25.4 3.4 

14 

339-1389E-

47R2 22-24 Contourite 
7.1 62.8 28.6 1.5 

15 

339-1387C-

56R1 8-10 Contourite 4.1 72.6 

18.2 5.1 

16 

339-1389E-

57R3 12-13.5 Contourite 
24.6 56 11.5 7.9 

17 

339-1389E-

66R1 18-21 Contourite 37.1 34.1 

24.1 4.7 

18 

339-1385A-

2H6 13-15 Hemipelagite 12.0 71.7 

13.5 2.8 

19 

339-1385E-

2H5 74-76 Hemipelagite 
11.8 61.6 22.2 

4.5 

20 

339-1385D-

2H6 115-117 Hemipelagite 
16.9 60.9 19.7 

2.5 

21 

339-1385A-

6H2 49-51 Hemipelagite 
80.7 8.4 9. 

1.9 

22 

339-1385A-

7H6 54-56 Hemipelagite 
82.9 

14.7 

- 2.4 

23 

339-1385E-

7H2 113-115 Hemipelagite 
69.1 13.7 9.8 

7.4 
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24 

339-1385E 

10H2 80-82 Hemipelagite 
17.9 57.5 21.5 

3.1 

25 

339-1385A-

14H2 30-32 Hemipelagite 12.1 76.1 

8.2 3.6 

26 

355-1457A-

8H1 38-42 Hemipelagite 
15.3 64 17.8 2.9 

27 

355-1457A-

8H2 27-31 Turbidites 
11.6 69.3 15.8 3.3 

28 

335-1457A-

17F1 124-128 Turbidites 
3.9 71.7 22.1 2.3 

29 

355-1457C-

9R1 7-11 Turbidites 1.5 78.7 

17.3 2.5 

30 

355-1457C-

18R2 6-10 Turbidites 2 80 

16.8 1.2 

31 

355-1457C-

29R1 99-103 Turbidites 3.5 62.5 

32.2 1.8 

32 

355-1457C- 

38R1 43-45 Turbidites 11.1 81.2 

7.1 0.6 

33 

355-1457C-

38R2 124-126 Turbidites 11.2 81.0 

6.1 1.7 

34 

355-1457C-

49R6 30-34 Turbidites 2.3 73.1 22.7 

1.9 

35 

355-1457C-

61R3 11-15 Turbidites 10.6 76.0 

9.9 3.5 
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36 

355-1457C-

67R3 4-8 Turbidites 
16.5 65.6 16 1.9 

37 

355-1457C-

71R4 63-67 Turbidites 
9.1 81.5 5.5 3.9 

38 

355-1457C-

83R6 5-6 Turbidites 
1.2 87.6 9.3 1.9 

* The silt index is the percentage of quartz plus that of feldspar. 

6.2.6 Petrophysical properties 

 The results on pore volume, porosity and specific surface area derived through LPNGA are 

presented in Table 6.6. The values of pore volume for contourites (0.021- 0.0318 cm3/g) and 

hemipelagite (0.0318 – 0.0478 cm3/g) are within a similar range, while that for the turbidite 

facies is wider (0.025 – 0.0616 cm3/g). Porosity and specific surface area follow a similar trend 

to the pore volume with respect to the three sediment types, but the mean porosity values for 

contourite, hemipelagite and turbidite facies are 11.08, 14.78 and 12.59% respectively. 

Variability in mean porosity values represent about 33% increase in value for that of contourite 

to hemipelagite and approximately 15% decrease in value from hemipalgite to turbidite. In 

terms of specific surface area, turbidite facies have the maximum value with an average of 

31.05, followed by hemipelagites which have a mean value of about 28.97, while the average 

specific surface area for the contourites stands at 26.83 

Plot of specific surface area against porosity indicate that about 50% of turbidite facies plot 

within similar area which can be differentiated from other sedimentary facies (contourites and 

hemipelagites) while both contourites and hemipelagites plot within a cluster as there is no 

unique boundary between them (Figure 6.15).  

Table 6.6. Petrophysical properties contourite, hemipelagite and turbidite facies 

derived from LPNGA 

Sample No Sediment type Pore volume 

(cm3/g) 

Porosity 

(%) 

Specific 

specific 

surface area 

(m2/g) 
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1 Contourite 0.0302 10.45 27.84 

2 Contourite 0.0287 10.05 25.35 

3 Contourite 0.0210 7.42 17.18 

4 Contourite 0.0322 10.82 26.56 

5 Contourite 0.0222 7.72 17.50 

6 Contourite 0.0333 11.36 27.97 

7 Contourite 0.0350 11.86 28.5 

8 Contourite 0.0345 12.34 26.44 

9 Contourite 0.0331 11.65 30.44 

10 Contourite 0.0323 11.40 32.64 

11 Contourite 0.0463 17.96 28.90 

12 Contourite 0.0351 12.62 27.25 

13 Contourite 0.0248 9.65 28.69 

14 Contourite 0.0350 13.08 27.34 

15 Contourite 0.0376 10.05 32.92 

16 Contourite 0.0283 10.03 25.70 

17 Contourite 0.0282 10.05 24.90 

18 Hemipelagite 0.0369 13.00 25.36 

19 Hemipelagite - - - 

20 Hemipelagite - - - 

21 Hemipelagite - - - 
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22 Hemipelagite 0.0318 11.81 21.92 

23 Hemipelagite - - - 

24 Hemipelagite - - - 

25 Hemipelagite 0.0478 18.49 32.71 

26 Hemipelagite 0.0403 15.82 35.89 

27 Turbidites 0.0402 14.40 43.58 

28 Turbidites 0.0272 11.07 16.79 

29 Turbidites 0.0250 10.49 17.18 

30 Turbidites 0.0253 9.86 16.54 

31 Turbidites 0.0267 10.49 16.92 

32 Turbidites 0.0360 10.42 27.60 

33 Turbidites 0.0299 10.39 23.99 

34 Turbidites 0.0377 13.35 34.51 

35 Turbidites 0.0351 13.03 30.87 

36 Turbidites 0.0276 9.88 28.20 

37 Turbidites 0.0533 17.67 57.23 

38 Turbidites 0.0616 20.1 59.19 
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Figure 6.15. Cross plot of porosity against specific surface area. 50% of turbidite 

facies are distinctively differentiated based on this plot. However, both contourite 

and hemipelagites plot within similar region of the graph and are unlikely to be 

differentiated based on the cross plot. Note that the porosity for low-pressure 

nitrogen gas adsorption is not total porosity but meso-porosity. 

 

 

Porosity and permeability values generated through digital rock physics is presented in Table 

6.7. The average porosity and permeability value for contourite facies is 14.14 % and 9.38 µD 

respectively. The hemipelagite facies has an overall mean of 22.42% porosity and 47 µD 

permeability. The mean porosity value for tubidite facies show that the mean porosity value 

stands at 18.71 % while the average permeability is approximately 31 µD. Porosity versus 

permeability curve shows that hemipelagite are the most permeable muddy facies. Turbidite 

facies have intermediate permability values lying between contourites and hemipelagites 

permeability values while contourites are the least permeable among the three sedimentary 

types.  
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Table 6.7. Output of digital rock physics simulation of pore network. 

Sample No Sediment type Porosity 

(%) 

Absolute permeability 

(µD)  

1 Contourite 26.0 19.4 

2 Contourite 18.2 18.1 

3 Contourite - - 

4 Contourite - - 

5 Contourite 12.4 18.2 

6 Contourite 12.1 5.9 

7 Contourite 18.6 9.9 

8 Contourite 15.6 10.5 

9 Contourite 12.9 6.8 

10 Contourite 4.1 - 

11 Contourite 17.9 10.2 

12 Contourite 15.5 7.5 

13 Contourite 1.92 0 

14 Contourite 15.4 7.7 

15 Contourite 9.9 0.033 

16 Contourite 15.8 9.7 

17 Contourite 15.8 7.4 

18 Hemipelagite 24.6 48.0 
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19 Hemipelagite 20.1 25.7 

20 Hemipelagite 21.2 9.2 

21 Hemipelagite 24.7 129 

22 Hemipelagite 19.1 13.2 

23 Hemipelagite 22.3 34.5 

24 Hemipelagite 18.7 23.3 

25 Hemipelagite 31.3 127.9 

26 Hemipelagite 19.8 12.3 

27 Turbidites 11.3 1.3 

28 Turbidites 20.1 36.4 

29 Turbidites 19.1 30.7 

30 Turbidites 13.6 1.65 

31 Turbidites - - 

32 Turbidites 13.7 2.9 

33 Turbidites 14.3 4.3 

34 Turbidites 29.9 119.9 

35 Turbidites 12.2 0.52 

36 Turbidites 15.1 6.2 

37 Turbidites 7.9 .012 

38 Turbidites 12.2 1.9 
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Figure 6.16. Cross plot of porosity versus permeability. The plot shows overlap in 

porosity and permeability value for the three sedimentary facies, but hemipelagites 

are the most permeable while contourites are the least permeable and turbidite are 

fairly permeable. 
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The pore size distribution derived through digital rock physics shows that for contourites, 

hemipelagite and turbidites the distribution is unimodal. The pore size distribution for 

contourite facies is nearly symmetrical, while hemipelagite and turbidites are slightly 

negatively skewed. The modal pore size for contourite facies stands between 250 nm and 750 

nm. The modal pores for hemipelagites and turbidite facies is between 250 nm and 1000 nm.  
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Figure 6.17. Pore size distribution derived from digital rock physics (A) Contourite 

shows a relatively unimodal distributions on a log-normal graph and are nearly 

symmetrical (B) Hemipelagite portrays a unimodal distribution and slightly 

negatively skewed (C) Turbidite displays fairly unimodal distribution and are 

negatively skewed. 
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Plots of key parameters such as average grain size, porosity (derived from helium pycnometry), 

sedimentation rate and general microfabric against burial depths are presented in Figure 6.18 

to Figure 6.23. In all the sites, there is no obvious link between microfabric and depth, as there 

is no clear trend between the two parameters (Figure 6.18 to Figure 6.23). In the case of 

porosity, decrease in porosity along the depth profile was noticed from all the sites (Figure 6.18 

to Figure 6.23). However, in order to quantify the variation in porosity along burial depth, some 

statistical parameters were computed (Table 6.8). The computed statistics indicate low standard 

deviation for the porosity values, which is an indication of minimal dispersion of data around 

the mean value. The values of correlation coefficient when depth is compared against porosity 

through Pearson function suggest low (PCC< 0.5) to strong negative correlation (PCC =0.7-

0.9) exists between the two parameters. 

Recent studies aimed at characterising porosity-depth curve for deep-water sediments 

(Kominz, Patterson and Odette, 2011; Kominz et al., 2016) employ correlation coefficient (R) 

through regression analysis rather than the PCC. However, both coefficients give similar results 

(Table 6.8) except that the PCC has a further advantage, as a negative value indicates negative 

correlation between two varaibles while positive correlation coefficient suggests otherwise.   
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Table 6.8. Summary of statistical parameters for porosity changes with depth for 

all the six sites. The Perason correctaion coefficient indicates presence of negative 

moderate to strong correlation between depth (< 1 km) and porosity. 

Expedition Site Maxim

um 

depth 

(mbsf) 

Mean 

(vol. 

%) 

Median 

(vol. %) 

Range 

(vol. 

%) 

Standard 

deviation 

(vol. %) 

Pearson 

Correlation 

Cofficient 

(PCC) 

R 

Correlation 

coefficient 

399 1385 150 56.9 56.3 19.8 4.8 -0.83 0.83 

399 1386 520 45.7 45.6 52.3 5.6 -0.41 0.41 

399 1387 550 46.5 46.3 41.2 0.33 -0.44 0.39 

399 1389 980 45.3 44.9 65.3 0.34 -0.38 0.33 

399 1390 350 47.2 47.3 34.3 6.1 -0.68 0.70 

355 1457 1000 45.6 43.3 45.9 0.76 -0.81 0.81 
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Figure 6.18. Plot of average grain size, porosity (from IODP database), 

sedimentation rate and microfabric along the depth profile in site 1385. 
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Figure 6.19. Plot of average grain size, porosity (from IODP data), sedimentation rate 

and microfabric along the depth profile in site 1386. 
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Figure 6.20. Plot of average grain size, porosity (from IODP data), sedimentation 

rate and microfabric along the depth profile in site 1387. 

 

0

100

200

300

400

500

600

700

800

900

1000

0 5 10

D
ep

th
 (

m
)

Average grain size 

(phi)

Site 1387

0

100

200

300

400

500

600

700

800

900

1000

0 50 100

D
ep

th
 (

m
b

sf
)

Porosity

Site 1387

0

100

200

300

400

500

600

700

800

900

1000

0 20 40

D
ep

th
 (

m
)

Sedimentation rate

Site 1387 Microfabric 

 

 

 



 

244 

 

 

Figure 6.21. Plot of average grain size, porosity (from IODP data), sedimentation 

rate and microfabric along the depth profile in site 1389. 
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Figure 6.22. Plot of average grain size, porosity (Helium pycnometry), 

sedimentation rate and microfabric along the depth profile in site 1390. 
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Figure 6.23. Plot of average grain size, porosity (from IODP data), sedimentation 

rate and microfabric along the depth profile in site 1457. 
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6.2.7 Synchrotron X-ray powder diffraction 

Preferred orientation from synchrotron powder diffraction were inferred based on intensity 

variation along the Debye rings (Janssen et al., 2012). A diffraction image in which some 

minerals are indexed is presented in Figure 6.24. The diffraction images for contourite, 

hemipelagite and turbidite samples are presented in Table 6.9.  Virtually all the diffraction 

images for the contourite facies display lack of preferred orientation as accentuated by lack of 

azimuthal intensity variation except in one sub area in sample 1 where there is a slight intensity 

variation in the innermost Debye ring. The Debye rings for the turbidite facies show variation 

in intensity at the innermost Debye rings, which is an indication of preferred orientation. 50% 

of the diffraction images for the hemipelagites indicate some element of preferred orientation 

while the other 50% are characterized by random orientation. 

The prevailing crystallographic orientation in contourite facies is random, admixture of random 

and preferred orientation for hemipelagites as well as very strong preferred orientation for 

turbidites from the diffraction image. These results are consistent with grain orientation from 

the image analysis of the SEM images. 

 

 

Figure 6.24. Diffraction image from an area of 1 mm x 1mm of a 

turbidite sample with diffraction rings of illite-smectite, illite-mica and 

quartz indexed. 
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Table 6.9. Diffraction images for selected samples of contourites, hemipelagites 

and turbidites. The diffraction images for each sample represent analysis on three 

separate spots, in which each spot is about 1 mm X 1 mm and situated 1 mm apart. 

Countourites 

Depth 9m 

339-1387B-

2H1 32-34 

   

Countourites 

Depth 253 m 

339-1389A-

28X5 130-132 

 
  

Countourites 

Depth 943 m 

339-1389E 

66R1 18-21 

 
 

 

Hemipelagites  

Depth 8 m 

339-1385A 

2H6 13-15 

   

R R R 

R R R 

R R R 

R R P 
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Hemipelagites  

Depth 57 m 

339-1385A 

7H6 54-56 

 
 

 

Hemipelagites  

Depth 117 m 

339-1385A 

14H2 70-72 

 

  
  

Turbidites  

Depth 68 m 

355-1457A 

8H2 27-31 

   

Turbidites  

Depth 260 m 

355-1457C 

9R1 7-11 

  
 

P P R 

P P P 

P P P 

P P P 
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Turbidites  

Depth 985 m 

355-1457C 

83R6 5-6 

   

P= Preferred orientation R= Random orientation 

  

P P P 
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CHAPTER 7 –  DISCUSSION 

7 Discussion 

7.1 Introduction 

The overall aims of this research, as set out in Chapter 1, are to: (1) develop an improved 

methodology and workflow for the study of mudrock microstructure; and (2) document and 

compare the microstructural characteristics of different deep-water mudrock facies, and assess 

to what extent the depositional process is a causal factor in their microstructure. 

The new methodology and an appropriate workflow has been fully developed and discussed in 

Chapters 4 (Bankole et al., 2018b) and 5 (Bankole et al., 2018a) and are currently in press. 

That discussion, therefore, is only briefly summarised below. Two other publications, in which 

I made significant contribution are highlighted under list of publications. One of the published 

paper entails part of the workflow presented in chapter 5 on quantification of microporosity, 

but applied to carbonate rocks (Buckman et al., 2017) while the other is a methodology applied 

to mudrocks (Buckman et al., 2018).  

The main focus of this chapter is to discuss progress made towards the second principal aim. 

For this purpose, microstructure is considered in its three main components – grain size, 

microfabric, and petrophysical properties – and, for each of these, the differences between 

turbidites, contourites and hemipelagites are discussed. 

Microstructure is a specific characteristic of mudrocks that is believed to be influenced by a 

range of factors including: depositional environment, depositional processes, mineralogical 

composition, grain-size distribution, diagenetic history (cementation), sediment compaction 

(burial), and post-depositional deformation processes (other than compaction). Salient 

properties such as porosity, permeability and seismic anisotropy have been linked to the 

microstructural characteristics of rocks (Berge, Berryman and Bonner, 1993; Dvorkin and Nur, 

1996; Noiriel, Gouze and Bernard, 2004). There is currently much interest in understanding 

the microstructure of low permeability rocks, including mudrocks, due to the growing interest 

in their potential as seals for carbon-dioxide storage, as suitable repositories for nuclear waste, 

and as from unconventional reservoir rocks for the production of hydrocarbons (shale oil and 

shale gas). One aspect of mudrock microstructure of particular interest is that of clay mineral 

orientation (or microfabric) as it causes seismic anisotropy and also affects the elastic 

properties of the rocks (Kanitpanyacharoen et al., 2014; Wilkinson and Fenton, 2015).   
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The findings of this thesis contribute to these several important applications. 

7.2 Methodology 

This study has developed a new methodology for the fast, reliable and effective characterisation 

of microstructure in mudrocks, using a semi-automated image analysis of SEM images in 

backscatter mode. This is referred to as the automated image acquisition and analysis (AIAA) 

technique (Bankole et al., 2018a). It differs significantly from prior work in two respects: (1) 

it images relatively large areas by a process of automated acquisition and stitching and, (2) it 

incorporates multiple areas that are randomly selected from the sample. Both of these aspects 

help mitigate against relying on data from too small a sample area of a heterogeneous sediment. 

Good sample preparation techniques are the first important step, in order to ensure a high 

degree of polish and minimal sample disturbance. This can be by polished thin section or ion-

milling. The AIAA technique then has the following principal advantages: (a) a high degree of 

automation, which increases efficiency and reduces user-input and bias; (b) maximum area 

coverage by using automated tiling and stitching of images; and (c) the ability to derive high 

quality data on grain size, grain orientation, pore size and porosity at the same time. 

In Chapter 4 (Bankole et al., 2018b), the method is specifically used for grain-size analysis. 

This is the first application, known to the author, of the image analysis technique for grain-size 

measurement. It has all the advantages listed above, as well as being the only method that 

directly images and measures individual grains in mud-grade sediments. Between 35000 to 

45000 measurements are made in each of six subset images from one sample. This number of 

grains would be impossible to manage through manual measurement. Because this provides a 

direct means of visualising grains in mudrocks with respect to the whole sediment, the grain 

shape and context (grain fabric) can also be determined at the same time. Whereas, grain-size 

analysis by other techniques mainly involve bulk analysis of disaggregated samples and yields 

only the percentage of grains in each size class, without having knowledge about the 

morphology and the number of grains considered. 

There are, however, some clear disadvantages in the methodology developed for both 

microstructural and grain-size analysis. These include: (a) the requirement for very large 

datasets, typically up to many gigabytes per image, which need long scanning times and very 

large computer memory; and (b) there is always a need for higher-resolution instrumentation 

at the nano-scale, especially for micropore characterisation. 



 

253 

 

The grain-size technique has been compared with one of the most common grain-size analysis 

methods in current use – that of laser diffraction analysis. The two methods yielded closely 

comparable results for the majority of samples, which therefore provides a high level of 

confidence in the new technique proposed here. There are, of course, some differences, which 

would be expected in techniques that are measuring different grain properties – i.e. actual feret 

diameter of grains for AIAA versus a light-scattering parameter for laser diffraction. These 

have been further discussed in Chapter 4. 

Few other methods exist for microfabric determination, so that it is difficult to make any 

reliable comparison with the AIAA technique developed here. Recent work by Nishida (2016) 

uses the anisotropy of magnetic susceptibility as a proxy for the microfabric of muddy 

contourites in the Gulf of Cadiz. In this thesis, I have also attempted a completely new method 

of microstructural analysis using the European synchrotron facility in Grenoble, France. This 

used a highly focussed x-ray beam directed on a polished sample surface to produce an x-ray 

powder diffraction pattern. This revealed the orientation of crystallographic axes for the 

different minerals present, which could then be compared with results on grain orientation 

using the AIAA technique. Very preliminary results from this work appear to validate the 

AIAA study. This is discussed further in the microfabric section below (7.4). 

7.3 Grain size  

The original sample selection of mud-rich sediments has ensured that all are fine-grained, with 

mean size mostly in the fine silt to fine clay range (6-11 phi), with one or two medium silt and 

very fine clay sizes. An effort was made to select the finer mud-rich parts of contourite 

sequences from the Gulf of Cadiz cores, the upper mud-rich parts of distal turbidites from the 

Indus Fan cores, and normal slope hemipelagites with an admixture of terrigenous mud and 

fine bioclastics. There is, therefore, relatively little difference in the range of mean size for each 

of the three deep-water facies, although the hemipelagites are slightly finer-grained overall, the 

contourites slightly coarser grained, and the turbidites span the spectrum of both other facies. 

This allows for reasonable comparison to be made between the facies without any significant 

influence of grain size. 

The actual mean size of deep-water sediments is controlled by three principal factors: (a) 

sediment supply – i.e. the grain size distribution of the original source material; (b) distance 

from source – i.e. the distance travelled in the turbidity current or bottom current, or the 
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distance from shore for hemipelagites; and (c) current velocity – in that this affects the current’s 

capacity to transport and/or winnow sediment.  

Because both the turbidite and contourite facies sampled are closely associated with similar but 

coarser-grained facies (commonly in the same bed), neither the sediment supply nor the 

distance travelled are likely to exert significant control. Rather, it is the current velocity at the 

time of deposition and within that particular part of the depositing current that was most 

important. This is likely to have been very low for both types of current – i.e. around 10 cm/s 

or less (Brackenridge et al., 2018; Stow and Omoniyi, 2018). Hemipelagite grain size, by 

contrast, is controlled by sediment supply, including primary productivity of biogenic material, 

and by distance from source, for the wind-blown and surface-current transported terrigenous 

fraction. 

Cross plots of textural statistical parameters to differentiate between river, dune and beach 

environments has been in used for some decades (Friedman, 1961; Moiola and Weiser, 1968) 

but there is very little application of this approach to distinguish between deep-water sediments. 

Early work on distinguishing turbidites from contourites is reported by Stow (1979) and, more 

recently, Alonso et al. (2016)  and Brackenridge et al. (2018) have presented much recent data 

on grain-size characteristics from Gulf of Cadiz contourites, including some very interesting 

bivariate cross plots. The bivariate cross plots of average grain size versus sorting, kurtosis and 

skewness, presented in this thesis (Chapter 6), complement those of Brackenridge et al. (2018) 

and confirm that, in general, these textural statistical parameters are sensitive to depositional 

processes occurring within deep-water. The plot of mean size versus sorting (see Figure 6.5) 

shows a well-defined trend, albeit with some scatter, of improved sorting with decrease in mean 

size for all three facies types. Although this trend is noted by Brackenridge et al. (2018), these 

authors focus primarily on the coarse silt to sand facies and have little to say about the finer 

muds. They do suggest that low current velocity and extensive bioturbation has induced the 

very poorly sorted nature of the fine and medium silts. 

However, the controls on this trend, which includes all facies, must be more complex. The 

hemipelagites were deposited in the absence of current action and are intensely bioturbated 

throughout, whereas the turbidites were deposited by low velocity currents without significant 

bioturbation, and the contourites also show weak current action but with much bioturbation. It 

is therefore proposed that the mean-size/sorting trend observed is due to a combination of: (a) 

decreasing current velocity and hence lower carrying capacity for both contourite and turbidite 
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facies; (b) natural heterogeneity in the hemipelagites, in part caused by bioturbation, with areas 

dominated by only nannofossils and clays; (c) effective sorting within the fine-grained portion 

of a turbidity current; and (d) an effective lower limit to the grain size of weathered terrigenous 

particulates in natural systems. Based on the data in this thesis, such a limit may be around 13-

14 phi (0.125-0.063 microns).     

The skewness/mean-size cross plot also reveals a pronounced trend, in which the finer grain 

sizes show low or zero skewness (symmetrical size distribution) and the coarser grain sizes 

show increasingly fine to very fine skew. This pattern reflects deposition dominated by vertical 

settling for the finest sediments, and by increased, but still low, current velocity as the grain 

size increases. The kurtosis/mean size cross plot shows very little evidence of a systematic 

trend. Overall, the combination of the grain size statistical parameters provides useful 

information about depositional process as shown in Figure 7.1. However, it is less useful for 

differentiation between the three sediment types – contourites, hemipelagites and turbidites – 

because of significant overlap in the data points. There is some better separation between 

contourites and hemipelagites, which may be able to inform their distinction in some instances. 

However, it is believed there is a natural continuum between the two processes. 
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Figure 7.1. Cross plot of grain size agrainst sorting. The plot shows two end-

members (sand rich and mud rich) of grains size displaying better sorting 

while the silt grain size is poorly sorted. 

 

 

7.4 Petrophysical properties 

Characterisation of the petrophysical properties based on low pressure nitrogen gas adsorption 

(LPNGA) shows existence of weak correlation between specific surface area and average grain 

size in which specific surface area increases with decrease in grain size (Figure 7.2 A). It is 

well documented in the literature that specific surface area increases with decrease in the grain 

size and specific surface area has been considered as a proxy to grain size (Horowitz and Elrick, 

1987; Lowell et al., 2012). Apart from the grain size, previous works have shown that there is 

positive correlation between specific surface area and the total organic carbon content in 

addition to the smectite content (Kaufhold et al., 2010; Cao et al., 2015). In this study, the clay 

content was not routinely differentiated between the different clay minerals. However, limited 

shipboard analyses for both the contourite and hemipelagite cores show relatively little if any 
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smectite (Stow et al., 2013). Nevertheless, the results show that specific surface area increases 

progressively with the clay content (Figure 7.2 B). The specific specific surface area is higher 

in samples with higher clay content in comparison with the others due to the fine grain size and 

platy morphology of the clay minerals (Kuila et al., 2012) . 

Porosity value determined through LPNGA shows weak negative correlation (Pearson 

Correlation Coefficient (PCC) = 0.35) between grain size and porosity (Figure 7.3 A), whereas 

plots of grain size against porosity determined through digital rock physics show no correlation 

(PCC = -0.07) (PCC = -0.07) (Figure 7.3 B). The discrepancy between the two techniques is 

due to the fact that porosity values derived from LPNGA are mainly within the mesopore range 

(50 nm – 2 nm) and the technique is most accurate for measuring less than 200 nm diameter 

pores (Kuila et al., 2014; Bertier et al., 2016). On the other hand, digital rock physics utilizing 

high-SEM images as employed in this study yields results on porosity limited to the macropores 

(> 25 nm to > 1 µm). Hence, the technique misses significant number of pores within the 

mesopore range (50 nm – 2 nm) and the micropores (< 2 nm). 

Porosity measurement through LPNGA shows that samples with high clay contents, and 

correspondingly fine grain size, have higher porosity values, which is an indication that the 

measured pores are restricted to small pores. In fact, this result is in agreement with previous 

works. In which high content of clay is suggested to produce hight amount of mesopores 

(Chalmers, Bustin and Power, 2012; Kuila et al., 2012; Cao et al., 2015). 
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Figure 7.2. Plot of specific specific surface area against grain size (A) and clay 

content (B). There is a moderate negative correlation between specific surface 

area and grain size and a weak positive correlation between specific surface area 

and clay content. The correlation bettwen specific surface area and grain size and 

clay content indicate that both parameters clay and grain size have influence 

adsorption properties of the material. Note that the grain size in figure A 

decreases to the right of the x-axis. 
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Figure 7.3. Plot of average grain-size against porosity (A) Porosity values 

determined from low pressure nitrogen gas adsorption (B) Digital rock physics 

(DRP). Note the variation between the two correlations which is due to the fact that 

low pressure nitrogen gas adsorption is measuring the mesopores while macropores 

are measured by the DRP. 
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Infact, cross plots of porosity versus depth reveal that the porosity measured through LPNGA 

increases with depth whereas porosity measurement derived from DRP decreases with depth 

(Figure 7.4). The dissimilar trends between the two porosity measurements can be attributed to 

compaction effect, in which many macropores (both interparticle and intraparticle pores) in 

mudrocks are collapsed and reduced in sizes through cementation and compression. As 

compaction progresses, finer grained materials especially clay minerals and pyrites are 

squeezed within the pores spaces as this process eventually destroys or reduces the pore sizes 

(Loucks et al., 2012).  
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Figure 7.4. Cross plots of porosity against depth (A) LPNGA and (B) DRP. There 

is progressive increase in the porosity along the depth profile for porosity 

measurements through LPNGA while DRP shows an opposite trend. The 

discrepancy in both trends is due to destruction and reduction in size of the larger 

pore sizes along the depth profiles, resulting from compaction. 
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The petrophysical properties derived in this study (porosity, pore volume and surface area), 

using LPNGA technique and digital rock physics, show no very strong differences between the 

three deep-water sediment types. However, there is some indication from the cross plot of 

porosity versus permeability, which suggests that hemipelagites are the most permeable, 

followed by turbidites, whereas contourites have the lowest permeability values. This 

observation, coupled with microfabric analysis, in which hemipelagites show a combination of 

random and oblique microfabrics, suggests that permeability and pore connectivity is enhanced 

by a multi-directional orientation. A preferred orientation, as characteristic of the turbidite 

facies, has higher permeability restricted to the preferred bed-parallel orientation. Contourites 

have a less well-defined preferred bed-parallel alignment and less distinctive multi-directional 

microfabric, and therefore have the lowest permeability values (Figure 7.5). 

 

 

Figure 7.5. Schematic diagrams showing alignment of fine grain particles (i) Face 

to Face grain along a preferred orientation (ii) Face to Face and Edge to Edge 

indicating dual orientation directions (iii) Face to Face and Edge to Face indication 

a single preferred orientation direction (iv) Multiple Face to Face, Edge to Edge 

and Face to Face packets having multi-direction. Note that the multi-directional 

configuration is likely to enhance pore connectivity and permeability.  
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7.5 Microfabric 

7.5.1 General controls on microfabric 

Several different controls have been proposed for the origin and nature of microfabric in 

mudrocks, as reviewed in Chapter 2. In summary, these include:  

(a) Primary orientation of grains during deposition either as dispersed or flocculated 

particles, which may be linked to depositional process and/or environment (O'Brien, 

Nakazawa and Tokuhashi, 1980; O'Brien, 1987; O'Brien and Pietraszek-Mattner, 

1998); 

(b) Primary and secondary orientation of grains as a result of organic matter content of the 

sediment, whereby greater organic-matter content leads to greater fissility and parallel 

grain orientation (Odom, 1967; Moon and Hurst, 1984);  

(c) Primary and secondary orientation of clay minerals as a result of the silt content, with 

more silt leading to more random orientation (Day-Stirrat, 2014);   

(d) Re-orientation of clay minerals during the smectite to illite transformation (Ho, Peacor 

and van Der Pluijm, 1999; Aplin, Matenaar and van der Pluijm, 2003)  

(e) Re-orientation of grains as the result of mechanical compaction (Sintubin, 1994; Aplin 

et al., 2006), fault gouge (Solum and van der Pluijm, 2009), and low-grade 

metamorphsm (Jacob, Kisch and van der Pluijm, 2000).  

This study has focussed mainly on assessing the role of depositional processes in microfabric 

development of deep-water sediments, with a secondary comment on the role of mineralogy, 

grain-size (silt content), and burial compaction. 

7.5.2 Process controls: this study 

Over 340 measurements of microfabric have been documented (Chapter 6) and plotted as 

individual rose diagrams of grain orientation (Table 6.4) – 150 contourites, 100 hemipelagites 

and 96 turbidites. These clearly show two important points: firstly, visual observation of the 

rose plots coupled with quantitative statistical analysis provides robust data; and, secondly, the 

microfabric data derived from silt orientation is nearly always exactly the same as that for clay 

orientation, so that one can be used as the proxy for the whole sediment.  

They also reveal very distinct differences between the three facies types. Turbidites show a 

dominance of preferred orientation parallel to bedding (81%), with 5% semi-random and 14% 

preferred, oblique plots. Hemipelagites, by contrast, show a dominance of random (43%) and 
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semi-random (9%) orientations, but with 48% oblique orientation. Contourites lie somewhere 

between the two, having 26% preferred orientation parallel to bedding, 31% semi-random, and 

40% random. Only 3% are considered as oblique to bedding.  

These pronounced differences are interpreted as being due to the different depositional 

processes. The preferred microfabric in turbidites reflects deposition from a relatively low-

velocity and low-concentration turbidity current. Estimates of flow properties for such currents 

(Stow and Omoniyi, 2018) suggest velocity < 20 cm/s and concentration between 25-250 mg/l. 

The actual rate of sedimentation would be geologically instantaneous – with deposition 

occurring over a few days for a 10 cm mud turbidite. Many of the oblique orientation plots for 

the turbidites are only slightly deviated from parallel to bedding and may therefore reflect slight 

draw-down at the edge of the core due to the coring process. The very few semi-random plots 

might be influenced by draped fabric around coarser silt grains. Some minor bioturbation is 

also possible but was not observed in the cores studied. 

Hemipelagic sedimentation have been proposed to result from very slow sedimentation, 

augmented by pelletization (Stow, 1985b) Subsequent research focused on trace fossils in 

hemipelagites (Uchman and Wetzel, 2011) as well a recent study focused on porosity 

characteristics in deep-water mudrocks have identified pellets within them (Slatt and O'Brien, 

2011). However, in the current study no pellet was observed through thin-section petrography 

and scanning electron microscopy. The reason for the lack of pellets in hemipelagites remains 

an enigma but one possibility is bacterial degradation (Bąk et al., 2014) 

The random microfabric of hemipelagites, and complete absence of a preferred bedding 

parallel fabric, reflects deposition in the absence of any current influence, and results from 

ultra-low-concentration settling through the water column mainly as flocs and possibly as 

pellets. The rate of sedimentation is more or less uniformly very slow, and has been calculated 

as 11 cm/ky for the study site on the basis of very careful dating (Stow et al., 2013). The co-

dominance of an oblique microfabric, often highly oblique to bedding and with more or less 

distinct grain alignment, is believed to result from bioturbation (Figure 7.6). Distinctive large-

scale burrowing and overall bioturbational mottling is a notable feature of the study cores, and 

of hemipelagites in general. The oblique microfabric observed is therefore considered to be a 

secondary preferred alignment, which is at various oblique angles or nearly vertical to bedding, 

in some cases, and which is caused by burrowing organisms that align the grains along the 

length of the burrow, particularly along the cavity walls. Because hemipelagites are more 



 

265 

 

ubiquitously bioturbated and characterised by large scale burrows compared to contourites, the 

oblique orientation is more common in them compared to the latter. 
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Figure 7.6. Burrows imparting preferred orientation directions on grains in 

hemipelagite facies (A) Sample 1 subset 2 (B) Sample 11 subset 5. Note the oblique 

orientation close to the burrows and rather chaotic fabric away from the burrows. 
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The mixed microfabric in contourites is a close mix between the turbidite and hemipelagite 

microfabric styles – part preferred, part semi-random and part random. This indicates 

deposition from low velocity and very low-concentration bottom currents, which would tend 

to produce a preferred to weakly-preferred microfabric, together with an overprint of 

bioturbation, which yields the random to semi-random microfabric. Flow properties for such 

bottom currents, based on data synthesised by (Stow et al., 2008), are likely to be in the order 

of flow velocity 10-15 cm/s and concentration between 0.02-0.2 mg/l. The rate of 

sedimentation is considered to be more or less uniformly slow, and has been calculated as 

mostly between 25-40 cm/ky for the study sites on the basis of careful dating (Stow et al., 

2013). Two samples are from a site with sedimentation rates of 100 cm/ky. With the slower 

rates of sedimentation, bioturbation is continuous throughout, although it is not generally quite 

as intense nor large-scale as for hemipelagites (Stow et al., 2008; Wetzel, Werner and Stow, 

2008). At the higher rates of sedimentation, there is evidence in the cores that some primary 

lamination has been preserved and that bioturbation is not as intense. However, within the 

contourite facies, there is no clear link between the rates of sedimentation and microfabric.  

The null hypothesis set up in Chapter 1 (section 1.4) that ‘there is no significant difference in 

microstructure among the various fine-grained sediment facies in deep-water’ is therefore 

refuted. Marked differences do exist and those differences are due to depositional process. A 

further null hypothesis set up in Chapter 1, that ‘variation in sedimentation rate does not cause 

modification in mudrock microstructure’ is also refuted. Sedimentation rate affects the nature 

and degree of bioturbation in the different facies and hence the nature of the microfabric. This 

is true for the large differences in rate between turbidites, contourites and hemipelagites, but is 

not seen for subtle rate changes within the contourite facies. 

7.5.3 Other controls: this study 

Grain size: The grain size analysis data have been documented in Chapter 6 and discussed 

above (section 7.3), especially with regard to the information they provide with respect to the 

nature of deep-water depositional processes. With regard to the potential grain size influence 

on microfabric, there appears to be no systematic correlation between the two. The mean grain 

size classes represented in the studied samples include fine silt, very fine silt, coarse clay and 

medium clay, and across this spectrum of grain sizes there is an irregular variation between all 

the microfabric types observed. This is true both for all facies taken together and for each facies 

separately. For example, the data for contourites are shown in Table 7.1. 
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Table 7.1. Correlation of mean grain size class with microfabric 

Microfabric Fine Silt 

Contourites (%) Hemipelagites (%) Turbidites (%) 

Parallel bedding 12.5 - 50 

Semi-random 42 - - 

Random 33 - - 

Oblique 12.5 - 50 

 Very fine Silt 

Parallel bedding 36 0 97.5 

Semi-random 31 16 2.5 

Random 31 48 - 

Oblique 3 36 - 

 Coarse clay 

Parallel bedding 21 - 66 

Semi-random 28 3.5 3 

Random 49 44 - 

Oblique 2 52.5 31 

 Medium clay 

Parallel bedding - - 87.5 

Semi-random - - 12.5 

Random - - - 

Oblique - - - 

 

The null hypothesis set up in Chapter 1 (section 1.4) that ‘variation in grain-size has no 

significant effect on microstructure of fine-grained sediments’ is therefore upheld. 

Mineralogy: The three dominant components present in all facies examined in this study are 

carbonate (biogenic and detrital), clay minerals, and quartz. Minor feldspars, heavy minerals, 

and lithic grains also occur in very low amounts.  Comparison of mineralogy with microfabric 

shows no systematic trends, either within a single facies type or across all facies. For example, 

the carbonate percent ranges between 4-83% for all facies, and 12-83% for hemipelagites. But, 

regardless of the carbonate content, hemipelagites show the same admixture random and 
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oblique microfabric. The same lack of correlation is true for the contourite facies, with a 

carbonate range of 4-37%. 

The null hypothesis set up in Chapter 1 (section 1.4) that ‘mineralogical composition does not 

affect mudrock microstructure’ is therefore upheld. 

Burial depth: The burial depths from which samples were analysed for microfabric ranges from 

8-985 m below seafloor. Those sediments recovered from near the surface are soft and 

unconsolidated, whereas those from 700m and below are hard, compact and semi-consolidated. 

Certain horizons even above 700 m are cemented as hard rocks, but samples from these were 

not included in this study. It is therefore reasonable to assume that any pronounced effects of 

compaction and consolidation on microfabric would be evident in the deeper samples. In 

particular, one might anticipate a high degree of preferred grain alignment with bedding as an 

effect of compaction. 

However, the two contourite samples closest to the surface (within 10 m below the seafloor) 

show 87% strongly-preferred orientation that is parallel to the bedding, whereas the two 

deepest samples (at 763 m and 808 m depth below seafloor) show only 45% preferred, bed-

parallel orientation. There is no systematic variation between these upper and lower samples.  

Hemipelagites are characterised by dominantly random and oblique orientations at all depths, 

whereas turbidites show mostly preferred bed-parallel microfabric at all depths. However, in 

the case of the turbidites, the samples below 750 m show > 95% preferred bed-parallel fabric, 

whereas the samples above 150 m show 40% preferred bed-parallel and 60% preferred oblique 

to bedding. These oblique fabrics are mostly well aligned and only slightly oblique to bedding, 

so that they may be a result of core-margin bending during retrieval. 

As earlier described in chapter 1 (section 1.5), mudrock microstructure entails the summation 

of all observations made on mudrocks at a nanometre to micrometre scale, which includes the 

relationship among grains (microfabric), grain orientation and alignment, pore shape and 

morphology, porosity and its connectivity, mineralogical composition and other small micron 

to submicron features that are present in them (e.g. microfractures and microbioturbation). The 

results presented in this study reveal no systematic variation in microfabric and grain size along 

the depth profile (Figure 6.18 - Figure 6.23). However, for each of the sites, there is systematic 

decrease in the total porosity values with increasing depth and Pearson correlation coefficient 

indicating low to strong correlation between the two parameters. Therefore, overall, the null 
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hypothesis set up in Chapter 1 (section 1.4) that ‘burial depth and physical compaction have 

no tangible effect on the microstructure of fine-grained sediment at depths less than 1000 m’ 

is therefore refuted.   
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7.5.4 Towards a microfabric model for deep-water sediments 

Very few previous studies have specifically addressed the microfabric of deep-water sediments 

(O'Brien, Nakazawa and Tokuhashi, 1980; Stow and Tabrez, 1998) and these demonstrate 

rather inconclusive results. O'Brien, Nakazawa and Tokuhashi (1980) suggest turbidites are 

characterised by randomly oriented clays due to clay flocculation within more concentrated 

turbidity currents, whereas hemipelagites have a more preferred clay orientation. This 

conclusion is supported by Stow and Tabrez (1998, Table 3), who further report that contourites 

may show parts with particle clusters (random fabric) and parts with a more aligned fabric, 

where not bioturbated. They further report on 30 samples of hemipelagites from the Oman 

margin that were examined for microstructure. These results are rather mixed, but mostly 

indicate a random fabric. 

These early studies utilised broken surfaces in combination with scanning electron microscopy, 

which had rather poorer resolution at the micron-scale than today’s instruments. However, 

retrieving information on mudrock microstructures from broken surfaces is elusive and is no 

more recommended (Schieber, 2014), and the routinely higher resolution that can be achieved 

today should permit more definitive observations.  

Two more recent studies have reported no difference between microfabric of turbidites and 

hemipelagites, and that both facies are characterised by random orientation (Ochoa, Wolak and 

Gardner, 2013; Kase et al., 2016). Most recently, a single study by Nishida (2016) presented 

results on microfabric from the Gulf of Cadiz contourites, which indicate that these contourites, 

in general, have a sub-parallel clay microfabric (Nishida, 2016).  

The results presented in this thesis represent the most detailed study to date, using 38 samples 

of mud-rich contourites, hemipelagites and turbidites, and a total of 346 high-resolution SEM 

images of microfabric. Furthermore, the study has pioneered a new methodology, utilising 

semi-automated image acquisition and analysis of multiple, large, high-resolution SEM images 

from randomly selected areas of the selected samples.  It is also supported by synchrotron X-

ray powder diffraction images from which there is remarkable consistency between the results 

from both techniques.  

In the data presented here, the microfabric of deep-water mudrocks is interpreted as closely 

linked to the depositional process coupled with modification by syn-depositional and early 

post-depositional bioturbation processes. The grain size, mineralogy and depth of burial appear 
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to have little effect, certainly for burial depths of less than 1 km as examined for this thesis. 

The depositional controls are threefold: flow velocity, sediment concentration, and 

sedimentation rate. These are illustrated in Figure 7.7 with respect to the microfabric type found 

in turbidites, contourites and hemipelagites. 

 

 

Figure 7.7. Microfabric model for deep-water fine-grained sediments. 

Hemipelagites are associated with no current flow and very low sedimentation 

rate (< 10 cm/ky) and their typical microfabric is random to oblique. Contourites 

are characterised with mixed fabric (random, semi-random and parallel to 

bedding), the sedimenation rate is also low and associated with low flow 

concentration. Turbidites are typically bedding parallel associated with very 

rapid semimentation. 
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In muddy turbidity currents, with low to moderate velocity and low sediment concentration, 

clay flocs and silt grains become progressively more concentrated as they settle out of 

suspension towards the seafloor. The randomly-oriented clay fabric within the flocs, now much 

more concentrated near the base of the flow, is then broken up by flow shear as final deposition 

occurs through the benthic boundary layer. This leads to the preferred bed-parallel microfabric 

(Figure 7.8). In more silt-rich muddy turbidity currents, it is shear sorting through the benthic 

boundary layer that has been invoked for the origin of alternating silt-mud laminae (Stow and 

Bowen, 1978; Stow and Bowen, 1980). But the same flow shear process will operate to yield 

a preferred microfabric. The actual rate of deposition is very rapid – i.e. hours to days. 

Bottom currents, in the process of depositing muddy contourites, have slightly lower flow 

velocity and much lower levels of sediment concentration than muddy turbidity currents. The 

same flow shear process will operate as sediment settles through the benthic boundary layer, 

thereby yielding a preferred bed-parallel microfabric, but this is likely to be less pronounced 

than in turbidites (Figure 7.8). In particular, the lower concentration of flocs passing through 

the boundary layer at any one time will result in less particle interference and, therefore, a 

microfabric somewhere between parallel and semi-random. The rate of sedimentation is low, 

so that bioturbation is continuous throughout deposition and disruption of the fabric will occur 

to a greater or lesser extent, yielding a partially random and semi-random microfabric. 

Hemipelagic sedimentation occurs in the absence of current activity and with a very sparse 

distribution of flocs and particles in the water column. Without flow shear, the default 

microfabric is random. The rate of sedimentation is mostly still lower than for contourites and 

the bioturbation is more intense and continuous (Figure 7.8). Rather than making an already 

random fabric more random, the burrowing activity can serve to re-align clay (and other) 

particles, yielding a preferred oblique or semi-preferred microfabric that is typically inclined 

to the bedding.     



 

274 

 

 

Figure 7.8. Diagramatic scheme showing development of microfabric in deep-

water for fine grained sediments. In hemipelagic sedimentation, there is zero 

flow and sediments settle down thorugh vertical setting. The resultant product is 

a random fabric with extensive bioturbation. Contourites are produced by weak 

flow and as the flocculated sediments transit from the boundary layer towards 

the viscous sub-layer, the flocs are dispersed with grains partially aligned and 

distortion is caused by bioturbation. Turbidites are associated with high 

turbulence and the flocs break up as it transit between boundary layer to the 

viscous sub-layer due to shearing, which results into well aligned grains with 

little bioturbation. 
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CHAPTER 8 –  SUMMARY, KEY FINDINGS, FURTHER WORK AND 

CONCLUSION 

8 Summary, Key findings, Further work and Conclusion 

Mudrocks are ubiquitous in all sedimentary environments including continental, marginal and 

deep-marine environments. They make up more than 60% of the Earth’s sedimentary record 

and they hold significant information about the history of the Earth. Mudrocks being the 

general name for fine-grained sedimentary rocks without recourse to their inorganic and 

organic carbon content. In petroleum systems, mudrocks are well established as source rocks, 

seal and recently due to technological advancement in drilling, they are noted as 

unconventional reservoirs.  

The aim of this research is twofold: (i) Development of methodologies for determining 

mudrock microstructure and (ii) application of the developed methodology to fine grained 

sediments from the deep-water setting (contourites, hemipelagites and turbidites). 

8.1 Methodology 

Technological advancement in scanning electron microscopy has advanced knowledge on 

mudrock, but development of fast and cost-effective techniques to study their microstructure 

is still emerging. In this research, two methodologies were developed: (i) grain size 

measurement of mudrocks through automated scanning electron microscopy; and (ii) 

automated imaging analysis of mudrock microstructure. 

8.1.1 Drying technique for microstructural studies 

Induced micro-fractures related to drying techniques are present in samples subjected to freeze 

drying, critical point drying, room temperature drying, oven drying and low viscosity resin 

impregnation. The intensity of the micro-fractures varies from one technique to the other. Low 

viscosity resin impregnation showed minimal sample damage. Although, critical point drying 

is commonly recommended for microstructural study of mudrocks (Schieber, 2014), the current 

study suggests that the critical point drying technique produces conspicuous artificial micro-

fractures especially when dealing with semi-consolidated mudrocks. Few earlier studies on 

fine-grained sedimentary rocks had shown that particle breakage accompanies critical point 

drying (Lin and Cerato, 2014). For semi-consolidated mudrocks, low viscosity resin 

impregnation is recommended for getting rid of the pore fluid. The procedure involved is 

passive, in that the sample is not physically dried, but pore water is removed through ordinary 
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fluid displacement. The process is inexpensive and does not require any sophisticated 

equipment, but it is unsuitable for partially dried samples. 

8.1.2 Grain size analysis of Mudrocks from SEM images 

In chapter 4, the developed methodology for grain size measurement using scanning electron 

microscopy is presented and has been accepted for publication (Bankole et al., 2018b). The 

methodology is fast, robust, precise, economical, reliable and suitable for analyzing 100 nm to 

100 µm (i.e. clay to very fine sand size particles). The methodology benefits from automated 

acquisition of SEM images and stitching, which produces relatively large area high-resolution 

SEM images. Measurement of grain size as presented in chapter 4 was based on percentage 

Feret diameter and it was compared with laser diffraction granulometry. For most of the 

parameters deduced including grain size statistical parameters (mean, kurtosis, skewness and 

sorting), clay, silt and sand percentages, the technique compares well with the laser diffraction 

granulometry, but with some small disparities. 

8.1.3 Automated imaging analysis of mudrock microstructure 

Scanning electron microscopy is one of the commonly used techniques for studying 

microstructure in mudrocks. Widespread practice in scanning electron microscopy involves 

manual acquisition and stitching of SEM images, which are usually limited in area. The 

methodology on automated image analysis on microstructure presented in Chapter 5 is 

currently in press (Bankole et al., 2018a).The methodology is unique and different from 

previous studies on mudrock microstructure via scanning electron microscopy in that the SEM 

images are relatively large, and are acquired through automated tiling and stitching. It employs 

multiple randomly selected areas within polished thin-section and ion-milled samples. These 

diminish any inaccuracy that might result from relying on data from too small an area, as 

mudrocks are noted to be highly heterogeneous. The methodology reduces human bias and 

applies supervised machine learning segmentation. The methodology highlights the varying 

measurements that can be deduced effectively through scanning electron microscopy, which 

include: grain size, porosity, pore size distribution, particle orientation (silt and clay size 

orientation) and mineralogy.  

Significant outcomes from the chapter include, similar orientation direction for both silt and 

clay size particles and incorporation of statistical analysis together with visual observation from 

rose diagrams to yield unbiased and better interpretation that is devoid of human subjectivity. 

With respect to mineralogical analysis, energy dispersive x-ray analysis (EDX) displays 
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significant differences in mineralogy of a given sample at two different resolutions. It is also 

in poor agreement with whole rock X-ray diffraction techniques. 

Overall the technique presented is reliable for analyzing mudrock microstructure, but a good 

sample preparation is required. The principal disadvantages of the technique include: data 

acquisition time, very large images running to several gigabytes, high storage computer 

memory, and lack of resolution at few nano-scales to capture the missed meso-pores and micro-

pores.  

The field of electron microscopy is still advancing, especially with the recent development of 

multi-beam scanning electron microscopy, which utilizes 61 to 91 beams and detectors 

(Crosby, Eberle and Zeidler, 2016) to produce large area images with a throughput of more 

than one order of magnitude at a very high speed (Eberle et al., 2015). Hence, further 

refinement of the technique with multi-beam high resolution scanning electron microscopy, 

with appropriate handling of the data, will yield equally robust data in a still shorter time.  

Although the automated process developed yields reduced run-time and helps to avoid user 

subjectivity, there is often a need to complement the automated process with visual judgement 

in order to serve as a quality check and produce reliable results. 

8.2 Microstructural Characteristics of Deep-water Mudrocks. 

In chapter 6 results of different microstructural properties including grain size, mineralogical 

composition and petrophysical properties were presented to differentiate between contourites, 

hemipelagites and turbidites. The discussion of the results was presented in chapter 7.  

The chapter reveal two significant points that are applicable to mudrock microstructure in 

general: (i) orientation analysis through visual judgement of rose diagrams coupled with 

statistical analysis provide unbiased and reliable data; and (ii) orientation of silt size particles 

is generally closely comparable to that of clay particle orientation, so that one can be used as a 

reliable proxy for the other. More specifically, with respect to deep-water fine-grained 

sediments, the contribution also gives a new insight to their microstructure and differs 

significantly from previous works. It shows that turbidites are generally characterised by 

preferred parallel to bedding orientation, produced by a rapid sedimentation from turbulent 

suspension and flow shear during deposition through the benthic boundary layer. 

Hemipelagites, by contrast, show random or oblique orientation, which is suggested to be 

associated to the absence of current influence and a strong bioturbation effect. The oblique 
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orientations, which are mostly at high angle and nearly perpendicular are considered as 

secondary alignments resulting from burrowing. Contourites, on the other hand, show part 

alignment resulting from low concentration bottom currents coupled with weaker flow shear, 

and part random orientation imparted by bioturbation. Hence, the conclusions reached as 

against the null hypothesis set in chapter 1, section 1.4 are: 

1. Microstructure of deep-water fine grained sediments is linked to depositional processes and 

sedimentation rate. 

2. Based on the available data, variation in grain size yields no tangible difference in mudrock 

microstructure. 

3. Mineralogical variation does not produce significant difference in the microstructure of 

mudrocks. 

4. There is a link between burial depth and microstructure of fine grained sediments in the 

deep-water at burial depths less than 1000m, especially the porosity (but not the microfabric). 

8.3 Recommendations for Future work 

The research work presented in this thesis attempted to answer some questions related to 

microstructural characteristics of mudrocks using samples from deep-water settings. The 

research is believed to be the first of its kind to specifically focus on the microstructure of deep-

water facies, and differs significantly from previous work in terms of methodology, results and 

interpretations. It is hoped that the findings presented in this research will lead to new ways of 

thinking about deep-water facies microstructure. Future areas that need to be researched to 

throw more light on deep-water mudrocks and mudrocks in general are highlighted below: 

1. One of the problems that is paramount to mudrock study is the proliferation of 

terminologies. There is lack of standardised terminologies among mudrock researchers 

and this has a negative effect on comparing research on similar topics. As the 

publication on mudrock increases, there is a growing confusion in terminologies. It is 

necessary that mudrock terminologies are standardised so that uniform terms are used 

by both the industry and academia. 

2. Future work on mudrock microstructure should employ higher-resolution electron 

microscopy, with still larger area of coverage than presented in this work. The high-

resolution, large-scale reveals a more representative area, which in turn reveals greater 
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information on microstructure. Taking advantage of high-resolution electron 

microscopy, such as multi-beam scanning electron microscopy, will provide larger data 

sets, which would be more representative, acquired at a shorter time than using single 

beam scanning electron microscopy. 

3. Hemipelagites have a wide range of composition ranging from siliciclastic dominated 

to biogenic materials. Additional work to understand the difference in microstructure 

of the two end-members of hemipelagites will give an insight about hemipelagic 

sedimentation processes. 

4. In this research, digital rock physics have been using stochastic simulation to determine 

flow properties; porosity and permeability. The technique involves relatively small 

areas (100 µm2 to 2500 µm2). There is need for future work to compare results derived 

from digital rock physics with other experimental methods. 

5. A general microstructure of deep-water fine-grained sediments have been presented but 

the samples analysed have not been buried to beyond 1 km. At such burial depths, 

mechanical compaction is not intense. There is need for future work to address the 

effect of greater mechanical compaction (i.e. greater burial depths) on the different 

sediments types from the deep-water setting. Previous studies have recognized that fine 

grained turbidites facies are of four types namely:  silt, mud, biogenic and disorganized 

turbidites (Stow, 1985b). Fine grained contourites and hemipelagites are also likely to 

be of varying types, hence, detail microstructural studies of the sequence of beds 

belonging to each facies types is recommended.  
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Ternary plot of grain-size distribution (Modified from, Shepard, 1954) based on 

Feret diameter percentage for the various image subsets analysed and laser 

Sample 10 Sample 9 

Sample 11 Sample 12

ample 4 

Sample 14 Sample 13 

Sample 15 Sample 16 
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diffraction granulometry. The ternary plots are for sample 9 to 16 respectively. 

Image analysis subsets are in grey while laser diffraction results are plotted by a 

black cross. The plots indicate grain-size data from each subset within a sample, 

although there is subtle variation among the subsets however grain-size 

composition for the varying subsets in each sample form a cluster.  
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Grain-size distribution curves to compare the resulting distribution from laser diffraction 

granulometry and image analysis technique described herein. 
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Plots of percentage of grain-size within different phi classes for laser diffraction 

granulometry vs image analysis based on Feret diameter. Note that the average feret 

diameter from the subsets of SEM images per sample was used. 
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Empirical Q-Q plots for pore size distribution for Sample 1 to 7
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Contour maps showing variation in porosity for subsets in sample 1 to 7 
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Summary of the grain size results obtained from laser diffraction (LSD) granulometry. The data were analysed with  using Gradistat software 

(Blott and Pye, 2001) and the staistical parameters were calculated based on Folk and Ward (1957) grain-size statistical description. 

S/N Sample ID 

Sediment 

type 

Depth 

(m) 

Mean 

size (phi) 

Sorting 

(phi) 

Skewness 

(phi) 

Kurtosis 

(phi) 

Mean 

size Sorting Skewness Kurtosis 

1 

1386A 2H2 

32-34 Contourite 5.62 7.28 2 0.13 0.95 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

2 

1390A 2H2 

90-92 Contourite 6.02 8.26 2.09 0.11 0.87 M. Clay 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

3 

1387B 02H1 

006-008 Contourite 8.96 7.2 2.05 0.18 0.9 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

4 

1387B 02H1 

032-034 Contourite 9.22 7.57 2.01 0.14 0.91 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

5 

1387B 02H1 

128-130 Contourite 10.18 7.31 1.96 0.16 0.92 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

6 

1390B 2H4 

007-009 Contourite 13.67 6.17 2.43 0.37 0.86 Fine Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed Platykurtic 

7 

1390B 2H4 

40-42 Contourite 14 6.12 2.35 0.45 0.92 Fine Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed Mesokurtic 

8 

1390B 2H4 

088-090 Contourite 14.48 6.35 2.41 0.43 0.8 Fine Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed Platykurtic 
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9 

1390B 2H5 

22-24 Contourite 15.32 6.23 2.4 0.43 0.83 Fine Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed Platykurtic 

10 

1387B 02H5 

067-069 Contourite 15.57 7.59 2.19 0.15 0.87 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

11 

1390A 3H2 

133-135 Contourite 15.94 6.76 2.23 0.14 0.79 Fine Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

12 

1390B 2H5 

094-096 Contourite 16.04 5.96 2.48 0.44 1.06 

Medium 

Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed Mesokurtic 

13 

1387B 02H5 

127-129 Contourite 16.17 6.56 2.2 0.22 0.84 Fine Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

14 

1386A 3H3 

30-32 Contourite 16.61 7.3 2.02 0.09 1 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Mesokurtic 

15 

1386A 4H2 

130-132 Contourite 25.6 6.67 2.08 0.22 0.88 Fine Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

16 

1390A 5H3 

82-84 Contourite 34.15 7.27 2.09 0.1 0.88 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

17 

1386A 5H3 

50-52 Contourite 35.81 7.78 1.97 0.13 0.91 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

18 

1389A 

06H1 028-

030 Contourite 42.58 8.17 1.89 0.06 0.83 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 
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19 

1390A 6H2 

100-102 Contourite 44.1 7.94 2.06 0.13 0.89 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

20 

1390A 7H3 

125-127 Contourite 55.15 7.5 2.02 0.08 0.88 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

21 

1386A 7H3 

101-103 Contourite 55.31 8.03 1.96 0.17 0.94 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

22 

1390A 8H1 

110-112 Contourite 61.7 7.59 2.08 0.08 0.9 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Mesokurtic 

23 

1386A 8H3 

44-46 Contourite 64.25 7.58 1.78 0.11 1.03 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

24 

1390A 9H3 

85-87 Contourite 73.88 6.94 2.17 0.02 0.84 Fine Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

25 

1390A 

12X5 70-72 Contourite 99.8 7.54 2.12 0.07 0.85 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

26 

1390C 12H1 

110-112 Contourite 100.5 7.73 2.06 0.23 0.97 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

27 

1387A 

14X3 117-

119 Contourite 117.27 8.52 2.04 0.07 0.9 

Coarse 

Clay 

Very 

Poorly 

Sorted Symmetrical Mesokurtic 

28 

1390C 14H2 

20-22 Contourite 120.01 7.61 2.01 0.07 0.89 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

29 

1387A 

15X1 52-54 Contourite 123.12 8.35 1.98 0.12 0.91 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 
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30 

1387A 

16X4 113-

115 Contourite 137.7 8.39 1.8 0.18 0.9 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

31 

1389A 

18X1 125-

127 Contourite 150.75 7.5 2.16 0.21 0.78 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

32 

1390C 18H2 

82-84 Contourite 158.7 8.3 1.76 0.24 0.9 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

33 

1390B 18H3 

100-102 Contourite 159.8 8.37 1.77 0.2 0.88 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

34 

1386A 

19H1 135-

137 Contourite 161.85 7.39 2.13 0.02 0.96 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Mesokurtic 

35 

1390B 19H7 

70-72 Contourite 173.54 7.61 1.94 0.15 0.9 

V.Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

36 

1386A 

23X2 130-

132 Contourite 188.11 8.09 2.02 0.14 0.88 

Coarse 

Clay 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

37 

1389A 

28X2 064-

066 Contourite 247.44 8.24 2 0.13 0.85 

Coarse 

Clay 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

38 

1389A 

28X5 130-

132 Contourite 252.6 7.32 2.38 0.09 0.75 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

39 

1387A 

29X3 72-74 Contourite 259.47 7.16 2.02 0.1 0.93 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

40 

1390A 

30X7 74-76 Contourite 274.02 7.9 1.87 0.06 0.89 

V. Fine 

Silt 

Poorly 

Sorted Symmetrical Platykurtic 

41 

1390A 

35X3 28-30 Contourite 316.22 7.69 1.94 0.09 0.89 

V. Fine 

Silt 

Poorly 

Sorted Symmetrical Platykurtic 
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42 

1389A 

38X2 112-

114 Contourite 343.62 7.32 2.22 0.21 0.85 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

43 

1389E 9R2 

30-32 Contourite 398.5 7.36 2.04 0.12 0.89 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

44 

1389E 10R1 

100-102 Contourite 407.3 8.31 1.82 0.16 0.92 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

45 

1389E 11R1 

108-110 Contourite 416.98 6.6 2.26 0.13 0.77 Fine Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

46 

1389E 13R3 

80-82 Contourite 438.9 8.32 1.88 0.19 0.88 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

47 

1389E 14R3 

027-029 Contourite 447.97 8.91 1.9 0.12 0.8 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

48 

1389E 15R1 

98-100 Contourite 455.28 6.85 2.26 0.07 0.8 Fine Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

49 

1389E 17R4 

20-22 Contourite 478 7.99 2.06 0.19 0.9 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

50 

1389E 20R 

55-57 Contourite 505.35 7.23 2.32 0.17 0.88 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

51 

1389E 22R3 

58-62 Contourite 524.38 8.38 1.75 0.23 0.88 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

52 

1389E 23R3 

118-122 Contourite 534.43 7.6 2.03 0.07 0.88 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 
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53 

1389E 24R3 

85-87 Contourite 543.95 7.14 2.24 0.04 0.88 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

54 

1389E 25R3 

48-52 Contourite 553.28 7.99 2.24 0.12 0.84 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

55 

1389E 26R3 

061-063 Contourite 563.01 7.78 2 0.14 0.81 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

56 

1389E 27R2 

117-119 Contourite 571.67 7.39 2.03 0.14 0.88 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

57 

1389E 33R3 

099-101 Contourite 630.59 8.51 1.81 0.18 0.83 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

58 

1389E 

34R397-99 Contourite 640.27 8.49 1.84 0.12 0.83 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

59 

1389E 35R2 

48-50 Contourite 647.98 8.19 1.91 0.16 0.87 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

60 

1389E 35R5 

60-61.5 Contourite 652.62 6.97 2.5 0.24 0.72 Fine Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

61 

1389E 37R5 

50-53 Contourite 670.93 8.4 1.86 0.21 0.82 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

62 

1389E 47R2 

022-024 Contourite 762.82 7.28 2.3 0.17 0.78 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

63 

1389E 57R3 

012-013.5 Contourite 860.22 7.6 2.24 0.07 0.9 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Mesokurtic 
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64 

1389E 66R1 

018-021 Contourite 943.68 7.99 2.19 0.06 0.91 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Mesokurtic 

65 

1457B 02H6 

036-038 Hemelagites 10.9 11.93 0.67 -0.09 0.96 

V. Fine 

Clay 

Moderately 

Well 

Sorted Symmetrical Mesokurtic 

66 

1457B 05H2 

010-012 Hemelagites 33.32 12.27 0.49 -0.08 1.06 

V. Fine 

Clay 

Well 

Sorted Symmetrical Mesokurtic 

67 

1457A 

07H1 093-

095 Hemelagites 57.13 9.36 1.52 0.27 0.84 

Medium 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

68 

1457A 

07H1 140-

142 Hemelagites 57.59 9.34 1.61 0.21 0.89 

Medium 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

69 

1385D 1H3 

80-82 Hemipelagite 3.82 8.18 1.67 0.17 0.88 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

70 

1385E 2H5 

72-74 Hemipelagite 7.76 7.63 2.44 0.07 0.99 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Mesokurtic 

71 

1385A 

02H6 013-

015 Hemipelagite 9.13 8.23 1.88 0.18 0.91 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

72 

1385A 3H2  

41-43 Hemipelagite 12.91 8.18 1.9 0.19 0.88 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

73 

1385A 3H2 

110-112 Hemipelagite 13.3 8.15 1.81 0.21 0.9 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

74 

1385A 5H3 

114-116 Hemipelagite 13.6 8.33 1.84 0.2 0.88 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

75 

1385E 3H3 

62-64 Hemipelagite 14.14 8.57 1.9 0.17 0.8 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 
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76 

1385D 2H6  

115-117 Hemipelagite 15.6 7.64 1.95 0.15 0.9 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

77 

1385D 3H2 

44-46 Hemipelagite 18.34 8.52 1.86 0.17 0.87 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

78 

1385E 4H3 

82-84 Hemipelagite 23.83 7.8 1.9 0.15 0.93 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

79 

1385D 

04H4 94-96 Hemipelagite 31.31 7.77 2.21 0.1 0.97 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

80 

1457B 05H2 

044-046 Hemipelagite 33.66 10.02 2.31 -0.52 0.62 

Fine 

Clay 

Very 

Poorly 

Sorted 

Very Coarse 

Skewed 

Very 

Platykurtic 

81 

1385D 5H4 

41-43 Hemipelagite 40.32 8.53 1.79 0.17 0.9 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

82 

1385A 6H2 

36-38 Hemipelagite 41.36 8.99 1.57 0.23 0.88 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

83 

1385D 6H3 

118-120 Hemipelagite 46.09 8.05 1.91 0.18 0.89 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

84 

1385E 7H2 

111-113 Hemipelagite 51.11 8.27 1.57 0.09 0.97 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

85 

1385A 7H2 

136-138 Hemipelagite 51.86 8.99 1.62 0.23 0.89 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

86 

1385A 

07H5 042-

044 Hemipelagite 55.42 8.89 1.75 0.12 0.91 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

87 

1385A 

07H6 054-

056 Hemipelagite 57.04 8.74 1.95 0.09 0.94 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

88 

1385E 9H2 

122-124 Hemipelagite 67.17 8.49 1.81 0.19 0.87 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 
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89 

1385E 10H2 

74-76 Hemipelagite 76.24 8.06 1.5 0.13 0.93 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

90 

1386A 9H5 

100-102 Hemipelagite 77.35 7.77 1.97 0.19 0.92 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

91 

1385A 

10H3 80-82 Hemipelagite 81.31 8.44 1.77 0.19 0.89 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

92 

1385A 

11H3 115-

117 Hemipelagite 91.15 8.13 1.51 0.16 0.92 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

93 

1385D 

11H3 124-

126 Hemipelagite 93.67 8.66 1.81 0.11 0.86 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

94 

1385A 

12H2 19-21 Hemipelagite 98.19 7.93 2.18 0.09 1.07 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Mesokurtic 

95 

1385D 

12H2 90-92 Hemipelagite 101.3 7.8 1.9 0.12 0.97 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

96 

1385D 

12H2 96-98 Hemipelagite 101.36 8.1 2.03 0.19 0.94 

Coarse 

Clay 

Very 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

97 

1385D 

13H3 125-

127 Hemipelagite 112.69 8.83 1.81 0.16 0.79 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

98 

1385A 

14H2 030-

032 Hemipelagite 117 8.42 1.87 0.19 0.89 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

99 

1385D 

14H2 62-64 Hemipelagite 120.02 8.06 1.96 0.22 0.91 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

100 

1385E 15H2 

34-36 Hemipelagite 122.34 8.19 1.86 0.19 0.91 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 
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101 

1385E 17H1 

66-68 Hemipelagite 138.76 8.61 1.83 0.21 0.84 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

102 

1385D 

16H4 38-40 Hemipelagite 141.83 8.26 1.85 0.23 0.89 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

103 

1457C 24R2 

041-043 Hemipelagite 406.81 7.7 1.88 0.05 0.79 

V. Fine 

Silt 

Poorly 

Sorted Symmetrical Platykurtic 

104 

1386C 17R1 

046-047.5 Hemipelagite 510.56 8.21 2.08 0.15 0.84 

Coarse 

Clay 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

105 

1457C 35R1 

033-035 Hemipelagite 512.04 8.5 1.9 0.01 0.89 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 

106 

1457C 35R1 

97.5-99.5 Hemipelagite 512.68 10.97 0.87 -0.05 1.07 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

107 

1457C 45R2 

054-056 Hemipelagite 610.67 8.96 1.75 0.07 0.98 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

108 

1457C 45R2 

085-087 Hemipelagite 610.98 10.73 0.89 0.04 0.97 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

109 

1457C 45R2 

089-091 Hemipelagite 611.02 8.64 1.81 0.05 0.98 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

110 

1457C 45R2 

127-129 Hemipelagite 611.4 10.86 0.84 0.05 0.97 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

111 

1457C 46R2 

026-028 Hemipelagite 620.07 8.42 1.79 0.02 0.96 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

112 

1457C 46R4 

081-082 Hemipelagite 623.62 9.28 1.76 -0.01 0.96 

Medium 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

113 

1457C 50R2 

126-128 Hemipelagite 659.93 8.46 1.87 -0.01 0.95 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

114 

1457C 50R4 

069-071 Hemipelagite 662.37 10.73 0.87 0.05 0.96 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

115 

1457C 51R2 

124-126 Hemipelagite 669.64 10.73 0.88 0.04 0.97 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 
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116 

1387C 48R3 

033-035 Hemipelagite 734.53 8.04 1.72 0.1 0.93 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

117 

1387C 56R1 

008-010 Hemipelagite 808.08 8.17 1.96 0.18 0.87 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

118 

1457C 22R3 

079-081 Hemipelagite 389.41 7.65 1.79 -0.04 0.83 

V. Fine 

Silt 

Poorly 

Sorted Symmetrical Platykurtic 

119 

1457C 24R2 

029-031 Hemipelagite 406.69 10.84 0.82 0.06 0.97 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

120 

1457C 24R3 

109-111 Hemipelagite 408.89 8.38 2.01 -0.02 0.83 

Coarse 

Clay 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

121 

1457C 24R4 

141-143 Hemipelagite 410.37 8.29 2.04 0 0.81 

Coarse 

Clay 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

122 

1457C 45R2 

045-047 Hemipelagite 610.58 10.76 0.88 0.03 0.95 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

123 

1457C 45R2 

076-078 Hemipelagite 610.89 8.73 1.79 0.02 0.99 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

124 

1457A 

01H3 013-

015 Turbidites 2.34 7.52 1.84 0.2 0.86 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

125 

1457A 

01H3 050-

052 Turbidites 2.72 7.33 1.85 0.12 0.85 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

126 

1457A 

01H3 052-

054 Turbidites 2.74 7.41 1.74 0.11 0.84 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

127 

1457A 

01H3 097-

099 Turbidites 3.19 6.79 1.77 0.33 0.95 Fine Silt 

Poorly 

Sorted 

Very Fine 

Skewed Mesokurtic 
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128 

1457A 

01H7 028-

030 Turbidites 8.17 8.14 2.12 0.04 0.79 

Coarse 

Clay 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

129 

1457A 

02H2 039-

041 Turbidites 9.11 9.47 1.81 -0.04 0.79 

Medium 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 

130 

1457A 

02H2 123-

125 Turbidites 10.61 8.09 1.78 -0.01 0.9 

Medium 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

131 

1457A 

02H2 143-

145 Turbidites 11.65 7.9 1.87 0 0.85 

V. Fine 

Silt 

Poorly 

Sorted Symmetrical Platykurtic 

132 

1457A 

02H6- 054-

056 Turbidites 14.7 8.07 2.17 0.03 0.83 

Coarse 

Clay 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

133 

1457B 05H2 

034-036 Turbidites 33.56 7.43 1.75 0.13 0.88 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

134 

1457B 05H2 

079-081 Turbidites 34.01 9.31 1.83 0.05 0.69 

Medium 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 

135 

1457B 05H2 

142.5-144.5 Turbidites 34.64 9.67 2.14 -0.32 0.73 

Medium 

Clay 

Very 

Poorly 

Sorted 

Very Coarse 

Skewed Platykurtic 

136 

1457A 

07H3 025-

027 Turbidites 59.4 7.95 2.06 0.07 0.8 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

137 

1457B 08H2 

016-018 Turbidites 61.88 10.98 1.37 -0.23 1.37 

Fine 

Clay 

Poorly 

Sorted 

Coarse 

Skewed Leptokurtic 

138 

1457B 08H2 

82-84 Turbidites 62.54 11.22 1.35 -0.26 1.62 

V. Fine 

Clay 

Poorly 

Sorted 

Coarse 

Skewed 

Very 

Leptokurtic 
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139 

1457B 08H2 

102-104 Turbidites 62.74 7.61 2.65 0.45 0.6 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed 

Very 

Platykurtic 

140 

1457B 08H2 

137-139 Turbidites 63.09 10.4 1.16 -0.1 1.03 

Fine 

Clay 

Poorly 

Sorted 

Coarse 

Skewed Mesokurtic 

141 

1457A 

08H1 038-

042 Turbidites 66.11 7.28 2.25 0.51 0.68 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed Platykurtic 

142 

1457A 

08H1 130-

132 Turbidites 67 7.98 1.77 0.02 0.86 

V. Fine 

Silt 

Poorly 

Sorted Symmetrical Platykurtic 

143 

1457A 8H2 

027-031 Turbidites 67.52 8.36 1.95 0.15 0.82 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

144 

1457B 09H5 

104-106 Turbidites 76.6 7.44 1.69 0.28 0.95 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

145 

1457A 

10H1 107-

109 Turbidites 85.76 7.85 1.72 0.1 0.87 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

146 

1457A 

11H3 110-

112 Turbidites 98.32 7.48 1.84 0.26 0.85 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

147 

1457A 

12H5 013-

015 Turbidites 108.62 9.79 1.28 0.15 0.87 

Medium 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

148 

1457A 

12H5 053-

055 Turbidites 109.01 7.37 1.71 0.16 0.91 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

149 

1457A 13F3 

016-018 Turbidites 114.38 7.37 1.72 0.15 0.89 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

150 

1457A 13F3 

101-103 Turbidites 115.23 7.05 1.82 0.26 0.89 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 
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151 

1457A 17F1 

020-022 Turbidites 130.62 7.39 1.87 0.23 0.84 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

152 

1457A 17F1 

083-085 Turbidites 131.25 7.31 1.7 0.15 0.87 

FV. ine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

153 

1457A 17F1 

124-128 Turbidites 131.64 6.94 1.82 0.28 1.05 Fine Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

154 

1457A 17F1 

138-140 Turbidites 131.8 7.31 1.76 0.14 0.86 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

155 

1457A 19F2 

050-052 Turbidites 142 10.15 1.08 0 0.92 

Fine 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

156 

1457A 19F2 

139-141 Turbidites 142.89 7.16 1.8 0.28 0.96 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

157 

1457B 21F1 

05-07 Turbidites 143.66 6.63 1.9 0.35 0.91 Fine Silt 

Poorly 

Sorted 

Very Fine 

Skewed Mesokurtic 

158 

1457B 21F2 

072-074 Turbidites 145 7.02 1.87 0.27 0.89 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

159 

1457B  

23F1 010-

012 Turbidites 153.11 9.5 1.89 0.11 0.6 

Medium 

Clay 

Poorly 

Sorted 

Fine 

Skewed 

Very 

Platykurtic 

160 

1457B  

23F1 103-

105 Turbidites 154.04 10.03 1.34 0.02 0.87 

Fine 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 

161 

1457B 25F1 

103-105 Turbidites 163.39 7.41 1.81 0.29 0.9 Fine Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

162 

1457B 29F1 

009-011 Turbidites 181.3 7.23 1.81 0.26 0.98 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

163 

1457B 29F1 

120-122 Turbidites 182.32 7.21 1.86 0.3 0.92 

V. Fine 

Silt 

Poorly 

Sorted 

Very Fine 

Skewed Mesokurtic 

164 

1457B 31F1 

045-047 Turbidites 191.07 7.76 1.84 0.1 0.82 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 
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165 

1457B 31F1 

111-113 Turbidites 191.73 9.22 1.59 0.07 0.8 

Medium 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 

166 

1457B 33F1 

132-134 Turbidites 191.73 9.92 1.33 0.08 0.87 

Medium 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 

167 

1457B 33F1 

013-015 Turbidites 200.13 5.47 1.59 0.33 1.45 

Medium 

Silt 

Poorly 

Sorted 

Very Fine 

Skewed Leptokurtic 

168 

1457B 33F1 

078-080 Turbidites 200.72 5.43 1.55 0.33 1.66 

Medium 

Silt 

Poorly 

Sorted 

Very Fine 

Skewed 

Very 

Leptokurtic 

169 

1457C 06R1 

052-054 Turbidites 230.94 8.07 1.86 0.35 0.82 

Coarse 

Clay 

Poorly 

Sorted 

Very Fine 

Skewed Platykurtic 

170 

1457C 08R1 

080-082 Turbidites 250.62 8.26 1.91 0.18 0.84 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

171 

1457C 09R1 

007-011 Turbidites 259.61 7.68 1.99 0.3 0.87 

V. Fine 

Silt 

Poorly 

Sorted 

Very Fine 

Skewed Platykurtic 

172 

1457C 10R1 

092-094 Turbidites 270.14 10.03 1.35 0.01 0.88 

Fine 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 

173 

1457C 18R2 

006-010 Turbidites 348.37 7.13 1.78 0.27 1.03 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Mesokurtic 

174 

1457C 24R2 

014-016 Turbidites 406.69 8.04 1.8 -0.01 0.84 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 

175 

1457C 24R2 

107-109 Turbidites 407.47 7.69 1.95 0.07 0.83 

V.Fine 

Silt 

Poorly 

Sorted Symmetrical Platykurtic 

176 

1457C 29R1 

099-103 Turbidites 454.53 7.24 2.14 0.32 1.04 

V. Fine 

Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed Mesokurtic 

177 

1457C 38R1 

043-045 Turbidites 541.25 8.27 1.83 0.22 0.87 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

178 

1457C 38R2 

124-126 Turbidites 543.56 8.33 1.77 0.05 0.99 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

179 

1457C 38R2 

126-128 Turbidites 543.56 8.22 1.84 0.18 0.89 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 
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180 

1457C 40R2 

5.5-7.5 Turbidites 561.57 8.45 1.76 0.06 1.01 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

181 

1457C 40R2 

042-044 Turbidites 561.95 7.18 1.87 0.22 0.86 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

182 

1457C 44R1 

089-091 Turbidites 599.91 8.31 1.7 0.03 1.02 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

183 

1457C 46R4 

047-049 Turbidites 620.28 10.68 0.89 0.01 0.98 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

184 

1457C 46R4 

064-066 Turbidites 620.45 8.69 1.74 0.06 1.04 

Coarse 

Clay 

Poorly 

Sorted Symmetrical Mesokurtic 

185 

1457C 49R6 

030-034 Turbidites 625 8.6 1.93 0.11 0.81 

Coarse 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

186 

1457C 58R2 

006-008 Turbidites 736.07 8.13 3.61 -0.55 0.64 

Coarse 

Clay 

Very 

Poorly 

Sorted 

Very Coarse 

Skewed 

Very 

Platykurtic 

187 

1457C 58R2 

016-018 Turbidites 736.17 6.53 2.08 0.28 0.87 

Fine  

Silt 

Very 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

188 

1457C 60R1 

144-146 Turbidites 755.66 10.48 0.88 0.07 0.96 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

189 

1457C 60R2 

30-32 Turbidites 756.02 5.8 2.36 0.34 1.07 

Medium 

Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed Mesokurtic 

190 

1457C 61R3 

011-015 Turbidites 758.29 9.17 1.6 0.13 0.84 

Medium 

Clay 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

191 

1457C 64R1 

020-022 Turbidites 766.37 10.38 0.9 0.07 0.94 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

192 

1457C 65R1 

069-071 Turbidites 803.41 6.37 2.2 0.33 0.81 Fine Silt 

Very 

Poorly 

Sorted 

Very Fine 

Skewed Platykurtic 
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193 

1457C 65R2 

108-110 Turbidites 805.22 10.49 0.88 0.07 0.95 

Fine 

Clay 

Moderately 

Sorted Symmetrical Mesokurtic 

194 

1457C 67R3 

004-008 Turbidites 824.83 7.66 1.94 0.17 0.78 

V. Fine 

Silt 

Poorly 

Sorted 

Fine 

Skewed Platykurtic 

195 

1457C 71R4 

063-067 Turbidites 866.07 9.5 1.65 -0.03 0.88 

Medium 

Clay 

Poorly 

Sorted Symmetrical Platykurtic 

196 

1457C 83R6 

005-009 Turbidites 984.77 7.98 2.02 -0.02 0.76 

V. Fine 

Silt 

Very 

Poorly 

Sorted Symmetrical Platykurtic 

 

Note that rows containing turbidite samples are coloured in yellow, contourites in blue, hermiturbidites in brown and hemipelagites in white. 
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SEM micrographs of the different deep-water mudrock facies 

Sample 1- Contourites (Depth 9m), subset A-D 
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Sample 2- Contourites (Depth 10m), subset A-D 

  

  

 

Sample 3- Contourites (Depth 14 m), subset A-D 
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Sample 4- Contourites (Depth 15 m), subset A-D 

  

  

 

Sample 5- Contourites (Depth 16 m), subset A-D 
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Sample 6- Contourites (Depth 42 m), subset A-F 

Table 8.1 
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Sample 7- Contourites (Depth 151 m), subset A-F 
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Sample 8- Contourites (Depth 253 m), subset A-D 

Table 8.2 

  

  

 

Sample 9- Contourites (Depth 343 m), subset A-D 
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Sample 10- Contourites (Depth 510 m), subset A-D 

  

  

 

Sample 11- Contourites (Depth 563 m), subset A-D 
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Sample 12- Contourites (Depth 653 m), subset A-D 
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Sample 13- Contourites (Depth 734 m), subset A-E 

Table 8.3 
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Sample 14- Contourites (Depth 763 m), subset A-E 
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Sample 15- Contourites (Depth 808 m), subset A-F 

Table 8.4 
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Sample 16- Contourites (Depth 860 m), subset A-E 
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Sample 17- Contourites (Depth 943 m), subset A-E 
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Sample 18- Hemipelagite (Depth 8 m), subset A-E 
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Sample 19- Hemipelagite (Depth 10 m), subset A-F 
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Sample 20- Hemipelagite (Depth 15 m), subset A-F 
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Sample 21- Hemipelagite (Depth 50 m), subset A-F 

  

  

  

  



 

342 

 

Sample 22- Hemipelagite (Depth 57 m), subset A-E 
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Sample 23- Hemipelagite (Depth 60 m), subset A-F 
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Sample 25- Hemipelagite (Depth 80 m), subset A-E 
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Sample 26- Hemipelagite (Depth 117 m), subset A-D 

  

  

 

Sample 27- Turbidites (Depth 66 m), subset A-D 
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Sample 28- Turbidites (Depth 132 m), subset A-D 

  

  

 

Sample 29- Turbidites (Depth 260 m), subset A-D 
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Sample 30- Turbidites (Depth 348 m), subset A-D 

  

   

Sample 31- Turbidites (Depth 455 m), subset A-D 
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Sample 32- Turbidites (Depth 541 m), subset A-D 

     
 

  
Sample 33- Turbidites (Depth 543 m), subset A-D 
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Sample 34- Turbidites (Depth 655 m), subset A-D 

  

  

Sample 35- Turbidites (Depth 766 m), subset A-D 
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Sample 36- Turbidites (Depth 825 m), subset A-D 

  
 

  
 

Sample 37- Turbidites (Depth 866 m), subset A-D 
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Sample 37- Turbidites (Depth 866 m), subset A-D 
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Circular statistical parameters 

Sample 1. Contourite, depth: 9 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa 

Entropy 

1 (silt) 0.26 44.60° 4.93 0.05 -2.51 -0.10 0.62 2.79 

1 (clay) 0.28 46.24° 6.16 0.02 0.57 0.01 2.37 2.81 

2 (silt) 0.33 51.02° 11.46 0.08 -1.77 -0.19 0.42 2.85 

2 (clay) 0.38 56.42° 22.90 0.05 -0.71 -0.15 0.29 2.86 

3 (silt) 0.23 41.27° 3.52 0.04 -4.61 0.24 0.76 2.76 

3 (clay) 0.28 46.93° 6.78 0.03 -2.32 0.03 0.54 2.82 

4(silt) 0.22 40.47° 3.13 0.04 -4.63 -0.37 0.79 2.74 

4 (clay) 0.28 46.37° 6.30 0.03 -2.42 -0.13 0.56 2.81 

 

Sample 2. Contourite, depth: 10 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa 

Entropy 

1 (silt) 0.22 40.03° 3.17 0.03 -6.15 -0.45 0.81 2.74 

1 (clay) 0.25 43.30° 4.48 0.02 -3.79 -0.17 0.67 2.78 

2 (silt) 0.25 43.50° 4.54 0.05 -3.59 -0.22 0.67 2.78 

2 (clay) 0.26 44.17° 4.78 0.02 -2.93 -0.09 0.64 2.79 

3 (silt) 0.24 42.37° 3.98 0.04 -4.04 -0.16 0.71 2.77 

3 (clay) 0.27 44.98° 5.30 0.02 -2.75 -0.07 0.61 2.80 

4(silt) 0.25 43.77° 4.64 0.04 -3.32 -0.12 0.66 2.79 

4 (clay) 0.27 45.60° 5.70 0.02 -2.55 -0.12 0.59 2.80 

 

Sample 3. Contourite, depth: 14 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa 

Entropy 

1 (silt) 0.27 45.06° 5.66 0.06 -3.48 0.11 0.61 2.80 

1 (clay) 0.34 52.34° 13.09 0.04 -1.28 0.29 0.38 2.85 

2 (silt) 0.34 52.55° 13.54 0.12 -1.36 0.29 0.38 2.85 

2 (clay) 0.33 51.75° 12.29 0.05 -1.29 0.15 0.40 2.85 

3 (silt) 0.32 50.12° 9.55 0.09 -1.33 0.37 0.44 2.83 

3 (clay) 0.31 49.62° 9.24 0.04 -1.59 0.24 0.46 2.83 

4(silt) 0.32 50.25° 10.42 0.09 -1.79 -0.12 0.44 2.84 

4 (clay) 0.38 56.36° 22.55 0.06 -0.96 0.25 0.29 2.86 
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Sample 4. Contourite, depth: 15 m 

ID 

Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 

1 (silt) 0.28 46.48° 6.70 0.06 -3.22 0.22 0.56 2.81 

1 (clay) 0.32 50.74° 11.23 0.03 -1.76 0.04 0.43 2.84 

2 (silt) 0.27 44.99° 5.39 0.05 -3.10 0.33 0.61 2.83 

2 (clay) 0.30 48.56° 8.55 0.03 -2.25 0.06 0.49 2.80 

3 (silt) 0.27 45.70° 6.19 0.06 -3.55 0.16 0.58 2.83 

3 (clay) 0.31 49.76° 9.53 0.03 0.30 0.30 0.45 2.83 

4(silt) 0.22 40.54° 3.21 0.04 -4.78 0.08 0.79 2.81 

4 (clay) 0.28 46.49° 6.44 0.03 -2.45 0.00 0.56 2.74 

 

Sample 5. Contourite, depth: 16 m 

ID 

Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 

1 (silt) 0.25 43.14° 4.63 0.04 -5.20 -0.34 0.68 2.78 

1 (clay) 0.36 54.19° 17.14 0.03 -1.36 0.19 0.34 2.86 

2 (silt) 0.28 46.61° 6.47 0.05 -2.58 0.37 0.55 2.81 

2 (clay) 0.30 48.30° 7.81 0.02 -1.73 0.16 0.50 2.82 

3 (silt) 0.26 44.92° 5.72 0.05 -4.40 0.11 0.61 2.80 

3 (clay) 0.33 51.01° 11.02 0.02 -1.56 0.34 0.42 2.84 

4(silt) 0.22 40.43° 3.14 0.03 -4.88 0.51 0.80 2.74 

4 (clay) 0.27 45.71° 5.74 0.02 -2.46 0.19 0.58 2.80 

 

Sample 6. Contourite, depth: 42 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.39  56.93° 24.95 0.0947 -0.67 0.03 0.28 2.87 

1 (clay) 0.48 65.17° 84.78 0.0622 -0.16 -0.02 0.15 2.88 

2 (silt) 0.33 51.73° 12.9 0.0735 -1.83 0.03 0.4 2.85 

2 (clay) 0.4 58.37° 30.6 0.0398 -0.55 -0.04 0.25 2.86 

3 (silt) 0.36 54.03° 17.38 0.0845 -1.36 -0.03 0.34 2.86 

3 (clay) 0.43 60.83° 43.6 0.0481 -0.35 0.03 0.21 2.87 

4(silt) 0.36 53.93° 16.54 0.0802 -1 -0.06 0.34 2.87 

4(clay) 0.48 65.43° 89.7 0.0663 -0.25 0.06 0.15 2.88 

5(silt) 0.34 51.85° 12.38 0.0705 -1.16 0.04 0.4 2.85 

5 (clay) 0.44 61.54° 48.67 0.0495 0.03 -0.33 0.2 2.86 

6(silt) 0.26 44.24° 5.1 0.0452 -3.65 -0.03 0.64 2.794941 

6 (clay) 0.36 53.99° 16.59 0.0293 -0.94 0 0.34 2.86 
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Sample 7. Contourite, depth: 151 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa 

Entropy 

1 (silt) 0.36 53.92° 16.10 0.14 -0.96 0.24 0.35 2.85 

1 (clay) 0.39 56.66° 24.53 0.12 -0.07 -0.07 0.29 2.87 

2 (silt) 0.32 50.70° 10.86 0.09 -1.50 -0.05 0.43 2.84 

2 (clay) 0.41 58.46° 30.18 0.07 -1.00 0.18 0.25 2.87 

3 (silt) 0.29 46.99° 7.28 0.09 -3.21 -0.08 0.54 2.83 

3 (clay) 0.40 58.00° 27.71 0.10 -1.17 0.22 0.26 2.87 

4(silt) 0.24 42.49° 4.15 0.05 -4.47 0.24 0.71 2.77 

4 (clay) 0.35 52.99° 14.89 0.03 -1.65 -0.09 0.37 2.87 

5(silt) 0.57 74.09° 396.71 0.47 -0.13 -0.02 0.07 2.88 

5 (clay) 0.59 76.36° 584.85 0.23 -0.18 0.05 0.06 2.89 

 

Sample 8. Contourite, depth: 253 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.3 48.56° 8.56 0.0553 -2.25 0.02 0.49 2.83 

1 (clay) 0.38 55.91° 22.22 0.026 -0.93 0 0.3 2.87 

2 (silt) 0.35 53.53° 16.18 0.082 -1.32 0.05 0.35 2.87 

2 (clay) 0.41 58.83° 33.63 0.0328 -0.71 -0.03 0.24 2.87 

3 (silt) 0.28 45.99° 6.21 0.05 -2.89 -0.01 0.57 2.81 

3 (clay) 0.44 62.00° 52.85 0.0376 -0.37 0.01 0.19 2.88 

4(silt) 0.42 59.71° 37.57 0.1149 -0.51 0.01 0.23 2.87 

4 (clay) 0.45 62.54° 56.91 0.0486 -0.55 -0.08 0.19 2.88 

 

Sample 9. Contourite, depth: 343 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.25 43.30° 4.57 0.0378 -4.08 0.05 0.67 2.78 

1 (clay) 0.31 49.54° 9.71 0.025 -2.05 0.01 0.46 2.84 

2 (silt) 0.29 47.46° 7.37 0.0483 -2.44 0.15 0.52 2.82 

2 (clay) 0.36 53.72° 16.33 0.0318 1.16 0.07 0.35 2.85 

3 (silt) 0.31 49.10° 8.99 0.0521 -1.95 0.01 0.47 2.85 

3 (clay) 0.35 52.93° 14.63 0.0256 -1.22 0.07 0.37 2.84 

4(silt) 0.32 49.88° 9.92 0.0598 -1.81 -0.1 0.45 2.84 

4 (clay) 0.38 56.07° 22.7 0.0389 -0.92 -0.01 0.3 2.87 
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Sample 10. Contourite, depth: 510 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.59 76.66° 635.94 0.5278 -0.05 -0.02 0.06 2.88 

1 (clay) 0.61 78.84° 968.64 0.2116 -0.07 -0.01 0.05 2.88 

2 (silt) 0.48 65.50° 91.86 0.2027 -0.28 0.03 0.15 2.88 

2 (clay) 0.6 77.08° 685.21 0.1791 -0.12 -0.02 0.05 2.88 

3 (silt) 0.54 71.43° 245.22 0.3304 -0.08 -0.02 0.09 2.88 

3 (clay) 0.68 86.21° 4267.36 0.4631 -0.02 0 0.02 2.88 

4(silt) 0.59  76.66° 635.94 0.5278 -0.05 -0.02 0.06 2.88 

4 (clay) 0.61 78.84° 968.64 0.2116 -0.07 -0.01 0.05 2.88 

 

Sample 11. Contourite, depth: 563 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 

1 (silt) 0.24 42.34° 4.05 0.05 -4.39 -0.19 0.71 2.82 

1 (clay) 0.33 51.68° 12.65 0.04 -1.55 0.02 0.40 2.85 

2 (silt) 0.32 50.36° 10.13 0.09 -1.32 0.01 0.44 2.84 

2 (clay) 0.37 54.87° 19.02 0.05 -0.98 -0.06 0.32 2.86 

3 (silt) 0.37 54.88° 19.30 0.12 -1.17 0.07 0.32 2.86 

3 (clay) 0.37 54.91° 19.34 0.05 -1.04 0.00 0.32 2.86 

4(silt) 0.30 48.46° 8.24 0.08 -2.01 -0.06 0.49 2.83 

4 (clay) 0.33 50.84° 11.24 0.04 -1.62 0.04 0.42 2.85 

 

Sample 12. Contourite, depth: 653 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa 

Entropy 

1 (silt) 0.68 86.85° 4646.17 2.17 0.08 -0.04 0.02 2.88 

1 (clay) 0.57  74.87° 452.64 0.26 -0.16 -0.02 0.07 2.89 

2 (silt) 0.55 72.42° 284.42 0.49 -0.27 -0.05 0.08 2.88 

2 (clay) 0.54 71.47° 243.37 0.21 -0.24 -0.06 0.09 2.89 

3 (silt) 0.45 62.35° 56.31 0.22 -0.53 -0.01 0.19 2.88 

3 (clay) 0.48 65.34° 90.24 0.13 -0.31 -0.02 0.15 2.88 

4(silt) 0.50 67.25° 120.38 0.32 -0.30 0.07 0.13 2.87 

4 (clay) 0.52  69.38° 175.82 0.17 -0.20 0.01 0.11 2.89 
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Sample 13. Contourite, depth: 734 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.39 57.29° 26.27 0.0961 -0.69 -0.1 0.27 2.87 

1 (clay) 0.49 66.31° 105.11 0.0505 -0.25 -0.01 0.14 2.88 

2 (silt) 0.53 70.52° 206.87 0.2748 -0.07 -0.05 0.1 2.88 

2 (clay) 0.57 74.82° 443.32 0.1427 0 -0.01 0.07 2.89 

3 (silt) 0.54 71.20° 226.73 0.3389 -0.35 -0.04 0.09 2.88 

3 (clay) 0.6 77.22° 701.36 0.2804 -0.04 0.03 0.05 2.89 

4(silt) 0.45 62.84° 60.01 0.1664 -0.56 0.01 0.18 2.89 

4 (clay) 0.58 75.48° 509.25 0.2318 -0.07 0.03 0.06 2.89 

5(silt) 0.61 78.49° 880.5 0.6753 -0.15 0.02 0.05 2.89 

5 (clay) 0.64 81.54° 1634.18 0.2538 -0.04 0.02 0.03 2.89 

 

Sample 14. Contourite, depth: 763 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.26 44.69° 5.36 0.06 -3.43 0.00 0.62 2.79 

1 (clay) 0.32 50.73° 11.00 0.04 -1.57 0.03 0.43 2.85 

2 (silt) 0.38 55.95° 21.53 0.14 -0.81 -0.17 0.30 2.87 

2 (clay) 0.40 58.11° 30.17 0.08 -0.70 -0.01 0.26 2.86 

3 (silt) 0.29 47.52° 7.28 0.07 -2.15 0.03 0.52 2.82 

3 (clay) 0.31 49.62° 9.53 0.04 -1.75 -0.01 0.46 2.84 

4(silt) 0.23 41.91° 3.83 0.05 -4.43 -0.03 0.73 2.77 

4 (clay) 0.29 47.20° 7.09 0.03 -2.40 -0.11 0.53 2.83 

5(silt) 0.22 40.24° 3.27 0.05 -5.89 -0.08 0.80 2.74 

5 (clay) 0.31 49.33° 9.27 0.04 -1.92 0.02 0.47 2.84 

 

Sample 15. Contourite, depth: 808 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.31 49.46° 9.2 0.0605 -1.7 -0.15 0.46 2.83 

1 (clay) 0.37  54.71° 18.86 0.033 -1.09 -0.04 0.33 2.86 

2 (silt) 0.23 41.02° 3.49 0.0348 -5.11 -0.3 0.77 2.75 

2 (clay) 0.3 48.70° 8.21 0.0218 -1.63 -0.01 0.49 2.83 

3 (silt) 0.26 44.23° 5.07 0.0441 -3.66 -0.15 0.64 2.79 

3 (clay) 0.34 52.14° 13.36 0.0275 -1.43 0.03 0.39 2.85 

4(silt) 0.21 39.18° 2.85 0.0288 -6.26 -0.15 0.85 2.72 

4 (clay) 0.32 50.04° 9.86 0.013 -1.49 -0.03 0.45 2.83 

5(silt) 0.24 42.93° 4.32 0.0371 -4.06 0.14 0.69 2.77 

5 (clay) 0.33 51.30° 11.58 0.0145 -1.27 -0.03 0.41 2.84 

Sample 16. Contourite, depth: 860 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 
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1 (silt) 0.28 46.16° 6.18 0.0635 -2.57 -0.12 0.57 2.81 

1 (clay) 0.32 50.41° 10.47 0.0313 -1.56 0.04 0.44 2.82 

2 (silt) 0.26 44.37° 4.85 0.0469 -2.82 0.29 0.63 2.83 

2 (clay) 0.25 43.33° 4.15 0.0129 -2.62 0.04 0.67 2.75 

3 (silt) 0.24 42.22° 3.95 0.0373 -4.21 -0.02 0.72 2.76 

3 (clay) 0.37 54.78° 19.05 0.0219 -1.14 -0.06 0.33 2.86 

4(silt) 0.28 46.08° 6.32 0.0482 -2.96 0.06 0.57 2.81 

4 (clay) 0.39  56.61° 24.71 0.0245 -0.95 -0.02 0.29 2.87 

 

Sample 17. Contourite, depth: 943 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.33 50.83° 11.05 0.0708 -1.48 -0.03 0.42 2.85 

1 (clay) 0.46 63.69° 68.84 0.0519 -0.32 -0.02 0.17 2.88 

2 (silt) 0.44 61.31° 47.86 0.1527 0.47 0.05 0.2 2.88 

2 (clay) 0.53 70.01° 195.47 0.0987 -0.19 -0.01 0.1 2.89 

3 (silt) 0.38 56.32° 22.98 0.1 -0.74 -0.02 0.29 2.87 

3 (clay) 0.44 61.35° 48.55 0.0442 -0.51 0.04 0.2 2.89 

4(silt) 0.5 67.58° 127.77 0.243 -0.32 0.03 0.12 2.88 

4 (clay) 0.61 78.71° 940.93 0.1793 -0.07 0.02 0.05 2.89 

 

Sample 18. Hemipelagite, depth: 8 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.34 52.44° 13.46 0.0723 -1.12 0 0.38 2.850301 

1 (clay) 0.43 61.16° 47.55 0.0442 -0.53 0.01 0.21 2.878526 

2 (silt) 0.29 47.14° 7.22 0.0617 -2.69 -0.02 0.53 2.82 

2 (clay) 0.43 60.37° 42.35 0.0407 -0.59 0 0.22 2.88 

3 (silt) 0.48 65.86° 96.97 0.3094 -0.24 0.02 0.14 2.88 

3 (clay) 0.6  77.42° 737.08 0.1831 -0.08 0.01 0.05 2.89 

4(silt) 0.2 38.33° 2.63 0.0362 -7.17 -0.04 0.89 2.71 

4 (clay) 0.32 50.62° 10.86 0.0222 -1.6 -0.03 0.43 2.85 

5(silt) 0.32 50.18° 10.55 0.067 -2.01 0.08 0.44 2.84 

5 (clay) 0.46 63.58° 68.5 0.0476 -0.38 0 0.17 2.88 
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Sample 19. Hemipelagite, depth: 10 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis Cir. skewness Kappa Entropy 

1 (silt) 0.42  59.42° 35.76 0.1625 0.12 -0.64 0.23 2.67808802 

1 (clay) 0.43  60.35° 42.08 0.1056 0.02 -0.6 0.22 2.677717601 

2 (silt) 0.36  53.86° 16.42 0.1089 -0.1 -1.06 0.35 2.640115193 

2 (clay) 0.39  57.29° 26.74 0.0769 0.04 -0.76 0.27 2.686395433 

3 (silt) 0.35  53.51° 16.13 0.1058 -0.07 -1.4 0.36 2.64905582 

3 (clay) 0.42  59.68° 37.46 0.0901 0.02 -0.52 0.23 2.68302784 

4(silt) 0.38  56.31° 21.97 0.1162 -0.32 -0.86 0.29 2.67677533 

4 (clay) 0.45  62.87° 59.22 0.1048 -0.1 -0.3 0.18 2.688119258 

5(silt) 0.28  46.64° 6.77 0.0642 -0.05 -2.8 0.55 2.602869236 

5 (clay) 0.35  53.28° 15.01 0.0591 -0.02 -0.99 0.36 2.651830491 

6(silt) 0.26  44.87° 5.6 0.0633 -0.16 -3.79 0.61 2.653100133 

6(clay) 0.37  54.91° 19.51 0.0669 0.04 -1.15 0.32 2.710439151 

 

Sample 20. Hemipelagite, depth: 15 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 

1 (silt) 0.32  50.45° 10.45 0.0857 -0.17 -1.57 0.43 2.68 

1 (clay) 0.43  61.21° 47.87 0.0941 0.01 -0.54 0.21 2.70 

2 (silt) 0.29  47.73° 7.8 0.0798 -0.02 -2.59 0.52 2.63 

2 (clay) 0.36  54.14° 17.4 0.0691 0.1 -1.3 0.34 2.69 

3 (silt) 0.36  53.76° 16.55 0.11 -0.09 -1.44 0.35 2.68 

3 (clay) 0.41  58.41° 31.23 0.0771 0.08 -0.71 0.25 2.69 

4(silt) 0.26  44.55° 5.12 0.0575 -0.1 -3.11 0.63 2.65 

4 (clay) 0.33  50.97° 11.62 0.0482 -0.01 -2.1 0.42 2.68 

5(silt) 0.44  61.55° 48.98 0.1855 0.08 -0.42 0.2 2.70 

5 (clay) 0.47  64.68° 80.87 0.1261 0.01 -0.3 0.16 2.71 

6(silt) 0.49  66.46° 107.42 0.2652 0.03 -0.31 0.14 2.71 

6(clay) 0.53  70.16° 196.45 0.1872 0.06 -0.21 0.1 2.72 
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Sample 21. Hemipelagite, depth: 50 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis Cir. skewness Kappa Entropy 

1 (silt) 0.29  46.96° 7.11 0.0765 -0.19 -3.05 0.54 2.81 

1 (clay) 0.34  52.47° 13.84 0.0425 -0.05 -1.32 0.38 2.86 

2 (silt) 0.36  53.87° 16.09 0.0892 0.07 -0.86 0.35 2.85 

2 (clay) 0.35  53.51° 15.99 0.0461 -0.02 -1.21 0.35 2.86 

3 (silt) 0.41  58.78° 31.99 0.1662 -0.07 -0.46 0.25 2.87 

3 (clay) 0.39  56.73° 24.35 0.0735 -0.03 -0.71 0.28 2.87 

4(silt) 0.44  61.53° 49.54 0.179 -0.06 -0.51 0.2 2.88 

4 (clay) 0.42  60.20° 40.77 0.0753 0.04 -0.57 0.22 2.88 

5(silt) 0.4  57.68° 27.47 0.1292 0.07 -0.57 0.27 2.87 

5 (clay) 0.41  58.59° 31.49 0.068 0 -0.51 0.25 2.87 

6(silt) 0.27  45.60° 6 0.0581 0.17 -3.27 0.59 2.81 

6(clay) 0.3  48.02° 7.86 0.0307 0.1 -2.23 0.51 2.82 

 

Sample 22. Hemipelagite, depth: 57 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.41 59.09° 34.57 0.1192 -0.59 -0.02 0.24 2.87 

1 (clay) 0.46  63.18° 62.65 0.0355 -0.54 0.07 0.18 2.87 

2 (silt) 0.54 71.88° 267.98 0.3378 -0.14 -0.03 0.09 2.89 

2 (clay) 0.59 76.22° 587.19 0.1004 -0.09 -0.02 0.06 2.89 

3 (silt) 0.2 38.68° 2.69 0.038 -6.65 -0.39 0.88 2.73 

3 (clay) 0.37 54.95° 19.33 0.0186 -0.99 0.01 0.32 2.86 

4(silt) 0.23 41.39° 3.6 0.0452 -4.65 0.02 0.75 2.75 

4 (clay) 0.39 57.11° 26.46 0.0241 -0.87 0.02 0.28 2.87 

5(silt) 0.21 39.60° 2.98 0.0545 -5.93 -0.17 0.83 2.73 

5 (clay) 0.35 53.44° 15.75 0.0238 -1.2 -0.07 0.36 2.85 
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Sample 223 Hemipelagite, depth: 60 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 

1 (silt) 0.45  63.02° 61.4 0.2129 0.07 -0.52 0.18 2.71 

1 (clay) 0.46  63.58° 68.22 0.106 0.01 -0.36 0.17 2.69 

2 (silt) 0.46  64.03° 72.11 0.2134 -0.07 -0.42 0.17 2.71 

2 (clay) 0.45  62.84° 59.31 0.1014 0.11 -0.37 0.18 2.69 

3 (silt) 0.57  74.51° 427.21 0.5055 -0.02 -0.07 0.07 2.73 

3 (clay) 0.55  72.65° 302.43 0.2401 -0.01 -0.21 0.08 2.71 

4(silt) 0.49  66.53° 104.88 0.3057 -0.03 -0.47 0.14 2.72 

4 (clay) 0.48  65.73° 93.09 0.1759 -0.04 -0.17 0.14 2.70 

5(silt) 0.4  58.24° 30.78 0.144 -0.05 -0.78 0.26 2.69 

5 (clay) 0.44  61.78° 51.99 0.0928 0.02 -0.49 0.2 2.69 

6(silt) 0.28  46.61° 6.97 0.0662 -0.04 -3.22 0.55 2.62 

6(clay) 0.34  52.05° 13.53 0.0475 -0.01 -1.66 0.39 2.67 

 

Sample 24 Hemipelagite, depth: 80 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis Cir. skewness Kappa 
Entropy 

1 (silt) 0.23  41.08° 3.57 0.0433 0.04 -5.27 0.77 2.54 

1 (clay) 0.27  45.51° 5.9 0.0359 -0.08 -3.13 0.59 2.59 

2 (silt) 0.25  43.89° 4.96 0.0528 -0.02 -4 0.65 2.57 

2 (clay) 0.33  51.69° 12.51 0.0505 -0.13 -1.53 0.4 2.63 

3 (silt) 0.32  50.56° 11.02 0.0734 0.02 -1.82 0.43 2.67 

3 (clay) 0.35  52.82° 14.73 0.0516 -0.07 -1.59 0.37 2.67 

4(silt) 0.24  42.37° 4.13 0.0639 0.48 -5.04 0.71 2.56 

4 (clay) 0.3  48.00° 7.9 0.0498 -0.08 -2.3 0.51 2.61 

5(silt) 0.33 51.35° 12.07 0.0819 0.06 -1.59 0.41 2.61 

5 (clay) 0.37  54.61° 18.19 0.0579 0 -0.93 0.33 2.67 

6(silt) 0.18  36.42° 2.11 0.0367 0.04 -8.52 0.99 2.45 

6(clay) 0.22  40.15° 3.23 0.027 -0.05 -5.9 0.81 2.51 
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Sample 25 Hemipelagite, depth: 117 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.37 54.68° 18.37 0.0699 -0.98 -0.1 0.33 2.86 

1 (clay) 0.42 60.09° 39.57 0.0287 -0.49 -0.05 0.22 2.87 

2 (silt) 0.26 44.83° 5.41 0.0396 -3.33 0.12 0.62 2.80 

2 (clay) 0.38 55.73° 21.5 0.0226 -0.95 0.07 0.3 2.86 

3 (silt) 0.3 48.81° 8.86 0.0517 -2.29 0.11 0.48 2.83 

3 (clay) 0.42 59.59° 37.62 0.0285 -0.65 0.02 0.23 2.87 

4(silt) 0.32 49.93° 9.82 0.0562 -1.61 0.05 0.45 2.84 

4 (clay) 0.39 56.64° 24.28 0.0223 -0.78 -0.02 0.29 2.86 

 Sample 26 Turbidite, depth: 66 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa 

 

1 (silt) 0.16 34.21° 1.73 0.04 -12.12 0.34 1.12 2.63 

1 (clay) 0.29 47.29° 7.10 0.03 -2.46 -0.31 0.53 2.82 

2 (silt) 0.19 36.74° 2.32 0.05 -9.68 -0.04 0.98 2.68 

2 (clay) 0.30 48.07° 8.14 0.03 -2.64 -0.14 0.50 2.83 

3 (silt) 0.17 34.48° 1.77 0.04 -11.75 -0.70 1.11 2.63 

3 (clay) 0.28 46.73° 6.76 0.03 -2.74 -0.21 0.55 2.82 

4(silt) 0.17 35.27° 1.97 0.04 -11.13 0.02 1.06 2.65 

4 (clay) 0.30 48.02° 7.63 0.03 -1.88 0.04 0.51 2.82 

Sample 27 Turbidite, depth: 68 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 

1 (silt) 0.15 32.12° 1.37 0.03 -14.79 0.25 1.26 2.58 

1 (clay) 0.22 40.15° 3.12 0.01 -5.28 -0.08 0.81 2.74 

2 (silt) 0.12 28.80° 0.98 0.02 -22.29 0.31 1.52 2.47 

2 (clay) 0.19 37.69° 2.40 0.02 -7.16 -0.11 0.93 2.70 

3 (silt) 0.18 36.28° 2.14 0.04 9.41 -0.16 1.00 2.68 

3 (clay) 0.24 1.96° 3.80 0.02 -4.19 -0.12 0.73 2.77 

4(silt) 0.15 32.66° 1.51 0.03 -15.41 -0.38 1.22 2.60 

4 (clay) 0.23 41.33° 3.59 0.02 -4.75 0.02 0.75 2.76 

5(silt) 0.16 34.00° 1.66 0.04 -11.82 0.17 1.13 2.62 

5 (clay) 0.22 40.33° 3.27 0.04 -5.68 -0.14 0.80 2.75 

 

Sample 28 Turbidite, depth: 132 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 
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1 (silt) 0.11 27.37° 0.86 0.02 -28.18 -0.35 1.65 2.43 

1 (clay) 0.17 35.52° 1.94 0.02 -9.72 0.01 1.05 2.66 

2 (silt) 0.12 28.73° 1.01 0.02 -24.41 0.46 1.53 2.48 

2 (clay) 0.19 36.75° 2.22 0.02 -8.57 0.07 0.98 2.69 

3 (silt) 0.10 26.79° 0.85 0.02 -33.44 -0.05 1.71 2.42 

3 (clay) 0.17 34.96° 1.85 0.02 -10.72 0.30 1.08 2.65 

4(silt) 0.22 40.08° 3.18 0.04 -5.79 0.06 0.81 2.74 

4 (clay) 0.29 47.12° 7.17 0.04 -2.63 -0.02 0.54 2.82 

 

Sample 29 Turbidite, depth: 260 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.28 46.34° 6.54 0.0397 -2.92 -0.08 0.56 2.81 

1 (clay) 0.42 59.54° 36.11 0.0436 -0.46 -0.06 0.23 2.82 

2 (silt) 0.27 45.29° 5.68 0.0362 3.05 0 0.6 2.80 

2 (clay) 0.36 54.51° 17.63 0.0303 -0.81 0.01 0.33 2.85 

3 (silt) 0.15 32.13° 1.37 0.0183 -14.72 0.05 1.26 2.57 

3 (clay) 0.28 46.64° 6.47 0.0193 -2.25 0.01 0.55 2.81 

4(silt) 0.18 36.02° 1.99 0.0219 -8.44 -0.05 1.02 2.66 

4 (clay) 0.3 48.31° 7.96 0.0215 -1.87 -0.02 0.5 2.82 

 

Sample 30 Turbidite, depth: 348 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.27 45.44° 5.86 0.0401 -3.18 0 0.59 2.80 

1 (clay) 0.34 52.48° 13.52 0.0334 -1.1 -0.01 0.38 2.85 

2 (silt) 0.3 48.02° 7.98 0.0487 -2.37 -0.07 0.51 2.82 

2 (clay) 0.37 55.47° 20.32 0.0425 -0.81 0.07 0.31 2.86 

3 (silt) 0.28 46.63° 6.74 0.0444 -2.76 -0.03 0.55 2.81 

3 (clay) 0.36 53.75° 16.19 0.0388 -1.03 0.01 0.35 2.82 

4(silt) 0.28 46.44° 6.61 0.044 -2.86 -0.05 0.56 2.81 

4 (clay) 0.36 54.05° 16.8 0.0399 -0.97 0 0.34 2.85 

 

Sample 31 Turbidite, depth: 455 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.17 34.90° 1.78 0.0225 -9.98 -0.23 1.08 2.6 

1 (clay) 0.29 47.77° 7.5 0.0236 -2.08 -0.03 0.51 2.82 

2 (silt) 0.17 34.47° 1.69 0.0221 -10.14 -0.11 1.11 2.63 

2 (clay) 0.29 47.13° 6.87 0.0227 -2.17 0.13 0.54 2.81 

3 (silt) 0.17 34.81° 1.74 0.0226 -9.67 -0.01 1.09 2.64 

3 (clay) 0.28 46.87° 6.63 0.0226 -2.15 0 0.54 2.81 

4(silt) 0.17 35.28° 1.82 0.0234 -8.95 -0.14 1.06 2.64 

4 (clay) 0.3 48.45° 8.16 0.0266 -1.91 0.01 0.50 2.83 
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Sample 32 Turbidite, depth: 541 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.18 35.89° 1.99 0.0228 -9.02 -0.01 1.02 2.66 

1 (clay) 0.29 47.16° 6.88 0.0197 -2.17 -0.19 0.53 2.82 

2 (silt) 0.17 35.38° 1.86 0.0219 -9.26 0.31 1.05 1.05 

2 (clay) 0.28 46.79° 6.62 0.0189 -2.34 -0.22 0.55 2.81 

3 (silt) 0.19 37.58° 2.35 0.0244 -7.08 -0.1 0.93 2.69 

3 (clay) 0.29 47.29° 7.14 0.0188 -2.31 0.01 0.53 2.82 

4(silt) 0.19 37.02° 2.13 0.0228 -6.63 -0.11 0.96 2.68 

4 (clay) 0.29 47.64° 7.46 0.0192 -2.23 -0.05 0.52 2.82 

Sample 33 Turbidite, depth: 543 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.26 44.01° 4.94 0.0354 -3.67 -0.04 0.65 2.79 

1 (clay) 0.34 52.49° 13.77 0.0245 -1.25 0.02 0.38 2.85 

2 (silt) 0.26 44.11° 4.87 0.0359 -3.28 0.02 0.64 2.79 

2 (clay) 0.35 53.52° 15.67 0.0268 -1.04 0 0.35 2.85 

3 (silt) 0.27 45.74° 5.83 0.0375 -2.57 -0.06 0.58 2.81 

3 (clay) 0.34 52.39° 13.71 0.0243 -1.34 -0.02 0.38 2.82 

4(silt) 0.27 45.70° 5.86 0.0373 -2.71 -0.09 0.58 2.80 

4 (clay) 0.34 52.41° 13.56 0.0223 -1.22 -0.01 0.38 2.85 

Sample 34 Turbidite, depth: 655 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.26 44.29° 4.92 0.0356 -3.09 -0.1 0.64 2.79 

1 (clay) 0.35 53.25° 14.48 0.0275 -0.76 -0.08 0.36 2.84 

2 (silt) 0.27 45.16° 5.48 0.0375 -2.82 -0.03 0.6 2.80 

2 (clay) 0.37 55.07° 19.05 0.03 -0.77 -0.01 0.32 2.86 

3 (silt) 0.23 41.59° 3.59 0.031 -4.14 0.1 0.74 2.76 

3 (clay) 0.35 53.17° 14.6 0.0288 -0.9 0 0.36 2.85 

4(silt) 0.2 38.34° 2.53 0.0265 -6.28 -0.19 0.89 2.70 

4 (clay) 0.32 50.09° 9.89 0.0252 -1.47 -0.06 0.44 2.81 

 

Sample 35 Turbidite, depth: 766 m 

ID 

Cir. 

variance STD Dispersion Std error Cir kurtosis 

Cir. 

skewness Kappa Entropy 

1 (silt) 0.32 50.15° 9.86 0.0493 -1.34 0.01 0.44 2.83 

1 (clay) 0.37 54.92° 19.06 0.0278 -0.93 -0.03 0.32 2.86 

2 (silt) 0.34 52.05° 12.83 0.0577 -1.23 0.11 0.39 2.82 

2 (clay) 0.39 56.56° 24.01 0.0314 -0.8 0.04 0.29 2.86 

3 (silt) 0.36 54.13° 17.05 0.0661 -0.99 -0.04 0.34 2.85 

3 (clay) 0.39 56.57° 24.13 0.032 -0.81 0 0.29 2.86 

4(silt) 0.28 46.39° 6.34 0.0405 -2.44 0.06 0.56 2.81 

4 (clay) 0.35 53.27° 15.33 0.0246 -1.16 -0.01 0.36 2.82 
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Sample 36 Turbidite, depth: 825 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 

1 (silt) 0.12 28.86° 0.98 0.02 -22.09 -0.23 1.52 2.47 

1 (clay) 0.17 35.47° 1.90 0.02 -9.40 0.01 1.05 2.66 

2 (silt) 0.12 29.52° 1.06 0.03 -20.83 -0.10 1.46 2.50 

2 (clay) 0.19 36.81° 2.33 0.02 -9.53 -0.11 0.97 2.69 

3 (silt) 0.12 29.26° 1.01 0.02 -20.45 0.29 1.48 2.49 

3 (clay) 0.16 34.20° 1.66 0.02 -10.82 0.10 1.12 2.63 

4(silt) 0.11 28.20° 0.94 0.02 -25.03 0.12 1.58 2.46 

4 (clay) 0.15 33.12° 1.51 0.02 -12.89 0.10 1.19 2.60 

 

Sample 37 Turbidite, depth: 866 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 

1 (silt) 0.12 29.18° 1.02 0.02 -21.54 0.41 1.49 2.49 

1 (clay) 0.16 34.09° 1.62 0.01 -10.68 0.05 1.13 2.63 

2 (silt) 0.09 5.12° 0.65 0.02 -33.78 0.01 1.89 2.33 

2 (clay) 0.15 33.00° 1.46 0.01 -12.48 -0.11 1.20 2.60 

3 (silt) 0.12 28.38° 0.98 0.02 -25.93 0.54 1.56 2.47 

3 (clay) 0.17 34.60° 1.71 0.01 -10.02 0.14 1.10 2.64 

4(silt) 0.06 20.85° 0.41 0.02 -60.64 -1.16 2.51 2.11 

4 (clay) 0.11 27.56° 0.84 0.01 -24.65 0.23 1.64 2.43 

 

Sample 38 Turbidite, depth: 985 m 

ID 
Cir. 

variance 
STD Dispersion Std error Cir kurtosis 

Cir. 

skewness 
Kappa Entropy 

1 (silt) 0.09 24.31° 0.59 0.03 -37.30 0.17 1.99 2.30 

1 (clay) 0.11 27.59° 0.80 0.01 -22.06 0.02 1.63 2.42 

2 (silt) 0.09 25.40° 0.63 0.02 -28.95 -1.41 1.86 2.33 

2 (clay) 0.11 27.94° 0.85 0.01 -22.47 -0.92 1.60 2.43 

3 (silt) 0.07 22.43° 0.49 0.03 -48.70 -0.86 2.25 2.18 

3 (clay) 0.10 26.27° 0.71 0.01 -27.39 -0.17 1.77 2.37 

4(silt) 0.09 24.94° 0.65 0.02 -36.38 -0.57 1.91 2.32 

4 (clay) 0.10 26.28° 0.73 0.01 -28.85 0.01 1.76 2.38 
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