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1. INTRODUCTION 

The study of glacial environments, their dynamics, processes or sediments is a very 
complex field of science. Understanding the behaviour of glaciers is crucial to our 
understanding of the Earth's glacial history and associated climatic conditions. In turn, the 
knowledge of the glacial past may allow for a glimpse into the future. 

Glaciology is a very broad science incorporating a variety of studies related to glaciers. 
For a closer look at the range of available research areas in glaciology it is enough to browse 
through any textbook on the topic (Sugden and John, 1976; Menzics, 1995,1996). It is beyond 
the scope of this introduction to explain in detail every field of science within glaciology. It 
may, however, be necessary to see the importance of the work done for this thesis in the light 
of the current developments in earth sciences. Since the topic of the research may seem very 
specific, and of interest to but a limited group of specialists in the field of micromorphology, 
it is important to put it in a much broader perspective. 

One of the most hotly debated issues in earth sciences today is the theory of global 
warming. The interest of the global scientific community revolves around the issues of the 
risks associated with the warming of the atmosphere and whether the danger is real or 
exaggerated. Since the danger in question involves the melting of the icecaps as well as the 
disintegration of alpine glaciers, the interest of glaciologists is not unexpected. The effects of 
sea level rise due to glacial melting are now generally known. The debate concentrates on the 
question of whether the global wanning trend is a natural event or a man made phenomenon. 
To study the effects of human activities on the global climate it is necessary to investigate any 
and all records of climate change. Information may come from the studies of glacial ice or 
from the glacial record preserved in sediments. It is the second source that shall be considered 
here. If the extent of the ice caps and their dynamics could be derived from the sedimentary 
record, it would be possible to study the severity and the temporal extent of the past climatic 
events. Such record may be available if a study of the grounding line history of Earth's ice 
sheets was completed. The last remaining examples of the great continental ice sheets of the 
past can only be found at the Earth's poles. Of these the Antarctic ice sheet contains large areas 
of both, grounded and floating ice. If the boundary between the marine sediments and the 
subglacial sediments could be established and its movements traced in time and space, then 
it would be possible to draw conclusions regarding the extent of glacial ice caps in the past. 
The changes in the location of the grounding line could then be related to the size of the 
glaciers. It is therefore the differences in the diagnostic characteristics of marine and subglacial 
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sediments that are of utmost interest. Such characteristics are difficult to identify using the 

standard macromorphological methods. 

Studies of macromorphology are by necessity restricted to the qualitative and 

quantitative evidence visible with the naked eye. Genetically different sediments may appear 

identical at this large scale. It is therefore vital that sediments be analyzed microscopically as 

well as macroscopically. The use of an optical microscope to view soil samples was initiated 

by Kubiëna (1938) based on the premise that a true morphogenetic approach to soil studies 

could only be possible using microscopic evidence. This in effect was the result of frustration 

with the more indirect ways of measuring soil characteristics such as pores or mineralogy. The 

use of this approach revolutionized the study of soil sciences resulting in a number of 

micromorphologically related soil classification methods of which Brewer's (1964) was the 

first. The use of microscopes in observations of thin sections of glacial sediments is a much 

more recent development but it is this approach which holds most hope for identification of 

sedimentary facies (van der Meer. 1993). The use of micromorphology may allow to see and 

describe the morphogenetic differences in sediments otherwise indistinguishable. 

While working with thin sections, describing or interpreting, it becomes quite obvious 

that nearly all of the aspects of this type of research remain qualitative in nature. When reading 

descriptions provided by other authors the lack of quantitative characteristics often contributes 

to a degree of ambiguity. The terminology used to describe plasmic fabric strength, for 

example, allows for a very high degree of subjectivity. Therefore, there exists a need for an 

objective scale of plasmic fabric anisotropism strength/development which can then be applied 

to any sample. Such a set of fabric strength values could then be used to help identify processes 

under which the sediment studied was deposited. It is not very likely that a single value, or a 

set of values, regarding plasmic fabric alone can be used to conclusively identify the processes 

or environments involved but such values should no doubt be considered as a vital part in a 

broader set of diagnostic measurements. Similar scale values should be used to describe 

preferred orientation and the frequency of occurrence of oriented domains. Once a means of 

objective measurements is obtained the actual work of setting up identification ranges can 

commence. 

The need for a more accurate and universal set of descriptive characteristic units, 

applied in sedimentary facies studies, becomes even more pressing when the already existing 

body of research is considered. Up to now nearly all of the studies published concentrated on 

either qualitative analysis of thin sections from a given site (Sitler and Chapman, 1955; 

Dalrymple and Jim. 1984; Lagerlund and van der Meer, 1990; van der Meer and Laban, 1990; 
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van der Meer, 1992; van der Meer et al., 1983, 1984, 1990, 1992, 1994; Bordonau and van der 

Meer, 1994) or on general description and interpretation of various microfeatures (Ostry and 

Dean, 1963; Korina and Faustova, 1964; Wisniewski, 1965; Tchalenko, 1968; Clark, 1970; 

Foster and De, 1971; Maltman, 1977, 1987, 1988; Tovey and Wong, 1980; Love and 

Derbyshire, 1985; van der Meer, 1987, 1997;Feeser, 1988; Hiemstra and van der Meer, 1997). 

The results were very often based on the subjective observations and impressions of the 

authors. By their very nature these studies tended to be highly subjective and their accuracy 

or conclusions could sometimes be questioned. Although accepting their usefulness in 

classifications and pedogenetical studies, Lafeber (1967) questioned the usefulness of the 

descriptive studies in quantitative structural analysis of soils. The same may be said of thin 

section studies of glacial sediments. Quantitative studies should play a larger role in thin 

section observations and digital image analysis techniques should be utilized in order to 

improve the efficiency and accuracy of the measurements. 

The use of image analysis techniques in micromorphology can be justified in many 

ways. In one way or another, all forms of visual analysis are a form of image analysis. 

Evolution has refined the human brain into a form of image analyser. The eye is nothing more 

than an incredibly sophisticated analog image scanner. The multispcctral data available 

through the visible spectrum is scanned by the optical receptacles in the eye the same way as 

a digital camera or an image scanner. The information is then analysed by what is still the most 

powerful computer available. The brain can absorb, study and interpret the information 

available literally in a blink of an eye. Furthermore, the data gathered in this way can be very 

effectively stored and used to draw conclusion from or to reference, use and analyse later. As 

of yet the ability to learn is the one single weakness that the silicon based machine processors 

simply can not overcome. 

And yet the computer does have its own advantages. It "sees" more than the 16 shades 

of gray that the human eye/brain can effectively distinguish. It doesn't get bored or tired. It is 

not biassed in the same way as a human mind can be. It can use complicated mathematical 

formulas in a much more efficient way. It stores the "interesting" data as well as the "boring" 

bits. In short, it complements the mind like no other machine or tool. 

The use of new technologies to enhance the quality of visual studies is hardly a new 

concept. Galileo's telescope, van Leeuwenhoek's optical microscope, scanning electron 

microscope, satellite mounted sensors or the vaunted (if temporarily near-sighted) Hubble 

telescope. These are all examples of the way in which our ability to see is enhanced far beyond 

its usual range through the progressively more efficient technologies. With all this new visual 

information so readily available it should come as no surprise that there is a need for 
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progressively more advanced analytical techniques. 

This need for a better and faster data processing is the raison d'etre of the digital image 

analysis. The subject of thin section sample quantification is almost perfectly suited to the 

application of computer technology. Thin sections are essentially 2-dimensional slices of a 3-

dimensional medium. Any analysis using optical microscope, going back to Kubicna's (1938) 

work, is inherently limited in its spatial aspect. Many attempts at the 3-dimensional analysis 

have been made in the past and these will be discussed later in this thesis. What is important 

is that these approaches were never completely successful and yet the study of micropedology 

and micromorphology has continued to develop in spite of these apparent limitations. 

If the 2-dimcnsional analysis approach is sufficient then how can it be improved? It 

would appear that quantification is the answer. Without challenging the quality of descriptions 

and interpretations of an average visual thin section study it must still be pointed out that the 

descriptive characteristics used in one paper will only rarely be identical to those used in 

another. Here the problem rests with the qualitative and quantitative estimations of certain 

microfcaturc characteristics. To use an example, what is strong plasmic anisotropism to one 

viewer may not appear so to another. Quantitative techniques, such as point counting, are also 

highly inaccurate (McKeague et al.. 1980; 1981; Murphy, 1983), although the degree of 

accuracy varies with application and the targeted features. The essential limitation of the 

qualitative description is its subjective nature and this may not be easily overcome. Rather, an 

attempt must be made at creating a system of objective quantitative means of thin section 

description and study. 

What the other methods of quantification lack can be described in one word: continuity. 

No matter how efficient, all of the known techniques of thin section quantification extrapolate 

results from a measured sample. Extrapolation and generalization are unavoidable aspects of 

thin section research. Samples collected in the field must be taken from a statistically 

significant number of suitably distributed locations. Similarly, Kubicna tins must be used to 

collect a few significant samples within each location pit. Unavoidably some data will be 

omitted from the final study. Regrettably the data contained in the thin section sample itself 

will also have to be studied selectively - from a preset or randomly chosen list of locations. 

Even within those locations the measurements are taken at intervals. This further affects their 

overall accuracy. It can be said then that there are four separate stages of data loss due to 

discontinuity. This number increases to five if one considers the fact that the thin section 

shows only a thin 2-dimensional slice of the 3-dimensional block sample. The use of image 

analysis technology allows for the elimination of up to two of the discontinuity stages. 

Image analysis takes into consideration the entire area of the image studied. 
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Theoretically, any thin section can be scanned, from end to end, in a continual manner 

achieving a complete set of results for each sample. In practice the considerations of 

processing time and storage space require that only a set of sample images be used. But the 

images selected are studied completely. This in itself does not appear to be significant unless 

one considers that the data gathered through image analysis requires very little effort from the 

user. Significantly, it can also be very quick allowing for a larger number of sample images 

per thin section - up to a complete mosaic covering the entire surface. Finally, the 

measurements performed by the computer are completely unbiassed and can be replicated 

infinitely. Provided that a wide ranging set of quantitative standards can be established, the 

results gathered can be interpreted in the same way by any researcher. The image analysis 

technology does however require an initial investment of time and effort so as to establish the 

testing processes. The testing can usually be highly automated, often completely, but by its 

nature the glacial sediment thin sections are highly varied and they'll tend to require frequent 

modifications to the pre-existing procedures. An added advantage is that the procedures can 

be optimized to suit the needs of the research - maximizing the accuracy and speed. 

This thesis thus concentrates on one specific aspect of micromorphology. The topic of 

measurement and description of the anisotropic plasmic fabric in glacial sediments applies to 

only one facet of the micromorphological analysis. However, this work provides the 

foundation around which other methodologies can be built. In addition to analysing the plasmic 

fabric, the central methodology also considers some aspects of skeleton grains, porosity and 

applies the concepts of multispectral analysis. 

Skeleton grains, pores (or voids) and plasma (or matrix) are the three main components 

of both soils and sediments and these terms are used frequently in thin section descriptions. 

Brewer (1964) defines skeleton grains as individual mineral grains, siliceous and organic 

bodies, larger than colloidal size, which are stable and not readily translocated. Plasma 

includes all material of colloidal size, mineral and organic, which is capable of being moved 

or reorganised. Matrix is a general term referring to any material which encloses other 

identifiable features or materials (Brewer, 1964). In thin section studies, skeleton grains differ 

from plasma in that they can be clearly identified as 'visible individual bodies' within the 

undifferentiated mass of finely ground plasma. At the microscopic level of observations 

'matrix' and 'plasma' are therefore synonymous. Pores (voids) are air or water filled spaces 

between the solid components of sediments. Plasmic fabric is the arrangement of plasma in 

response to stresses. This arrangement can only be observed with cross-polarized illumination. 

Cross-polarizers allow light to pass through anisotropic crystalline minerals only. Plasmic 

fabric is a parallel arrangement (stacking) of anisotropic clay minerals producing the effect of 

optical birefringence (anisotropism). Contiguous bodies of similarly oriented birefringent 

plasma are known as plasma separations or domains (please see chapter 3.0 for a more detailed 
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description). 

The physical dimensions of the smallest identifiable skeleton grains, voids and plasmic 

fabric domains depend in part on the thickness of the thin section used. The accepted standard 

of 25 urn thickness of thin sections is derived from their original purpose of aiding in mineral 

identification. In practice the thickness of thin sections may vary slightly and thus affect the 

optical behaviour of individual minerals and plasma. Whenever the thickness of the thin 

section is known to be different from the standard it should explicitly stated. Most of the thin 

sections used in creation and testing of the methodology described in this thesis measured 20 

um in thickness. 

Strictly speaking, the idea of examining thin sections using image analysis techniques 

is hardly new. This will be shown in the subsequent chapters, which deal with the topic in 

some detail. To the best of the author's knowledge, the specific concept of using multispcctral 

analysis to measure the degree of anisotropism of the plasma has not been investigated in any 

specific referenced work. Yet, although the idea as shown in this work was completely 

original, the author can not fail to point out that the same approach has been suggested by 

FitzPatrick (1993). Although no specific references were made, FitzPatrick (1993) also 

indicated that the approach described has been successfully tested. The innovative nature of 

the ideas described in FitzPatrick's work can be gauged best by the fact that most of the image 

analysis related efforts at the time were still concentrating on gray scale images and object 

identification through thresholding. Any work incorporating GIS applications or multispcctral 

classifications to anything other than satellite imagery was still in its infancy. The author hopes 

that the methodology described and the results achieved can be considered a successful 

development of the concepts described by FitzPatrick, even if the work parallelled rather than 

stemmed from his research. 

The object of this thesis will be to create a method of quantitative description of 

plasmic fabric in thin sections and to apply this method in studies of specific glacial 

sedimentary environments. 

Although plasmic fabric is only an individual characteristic and therefore one of many 

factors to be considered when describing thin sections, it remains one of the more important 

ones. Plasmic fabric's importance relates back to the variety of information it can provide. The 

orientation and strength of the plasmic fabric can be directly related to the stress conditions 

within the sediment, rheology. pore water pressures, diagenesis, temperature conditions within 

the sediment and many other sedimentary conditions resulting in changes in plasma 

organization. 
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Up to now most of the efforts concentrating on the study of plasmic fabrics emphasized 
the qualitative aspects of data collection and interpretations. Plasmic fabric classifications were 
developed within the context of soil micromorphology classifications, rarely if at all describing 
preferred plasma orientation in terms of specific sizes, shapes or anisotropic intensity. This has 
the detrimental effect of being highly subjective and dependent on the conditions under which 
the plasmic fabric is studied. As an example, it is possible to interpret Brewer's unistrial 
plasmic fabric as masepic if viewed under sufficiently high magnifications. The need to 
quantify the subject of plasmic fabric has been noted and some work on subject has been done 
(Morgenstern and Tchalenko, 1967a,b; Tchalenko, 1968; Feeser, 1988). 

The future of the study of micromorphology appears to be closely linked with the use 
of image analysis. Image analysis techniques allow for image manipulation and enhancement 
aiding in the visual analysis of thin section samples. Like their larger scale satellite imagery 
equivalents, the thin section digital images can also be acquired using multispectral techniques 
allowing for display using alternate forms of illumination, such as ultraviolet light. 
Furthermore, the use of multispectral imagery can be used to quantitatively identify and 
interpret features found in thin sections. The ability of the computers to repeatedly execute 
whole series of commands allows for creation of analysis routines which can then be used on 
any number of samples. Such routines can be used to extract data or enhance imagery in 
identical way every time resulting in standardized results from each test. Such uniform results 
can be used to compare features of the same type located at different locations and identified 
or studied by different authors without the danger of confusion due to subjective nature of the 
study. 

The application of image analysis techniques should be considered individually for the 
different types microfeatures. The variety of features and their characteristics necessitates the 
development of individual procedures based on criteria which best satisfy the data 
requirements. This thesis is meant to initiate this process by designing an image analysis 
methodology for the study of plasmic fabrics in thin sections. The use of Geographical 
Information Systems will allow for the application of multispectral classification in object 
identification. In addition, the methodology will use the vector image based capabilities of the 
GIS programs - allowing for much more sophisticated measurements and analysis of shapes 
and shape related characteristics. It is hoped that this work will form a starting point for the 
future development of the technique. 
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THESIS OBJECTIVES 

The objective of this thesis will be the creation of an image analysis method for the 

study of plasmic fabrics in glacial sediments. As mentioned above, micromorphology allows 

for a very precise study of glacial sediments. Magnifications used in such studies shed light 

on sedimentary features previously invisible to the naked eye. Micromorphology therefore 

allows for diagnostic differentiation between superficially identical sediments. - facilitating 

more accurate interpretations of sedimentary facies history. However, most of the current 

research using micromorphological techniques concentrates on qualitative descriptions of thin 

sections. It is my contention that a more quantitative approach is necessary. Image analysis has 

been used to quantitatively study soils and it is therefore important to consider the possibility 

of its application in glacial sediments. 

The program used to run the routines created for this thesis (TNT-Mips v.6.0 and TNT-

lite) was selected because it satisfied the minimum requirements of the analysis. The 

requirements included ability to process colour images (rasters), multispectral classification 

algorithms, vector image analysis, general flexibility allowing for detailed variable settings and 

an ability to run macro routines. There are many other programs capable of fulfilling these 

requirements and should allow for the implementation of the principles outlined in this thesis -

albeit with some application specific modifications. 

Once the image analysis routine is created it will be tested using a selected set of thin 

sections. The samples chosen will include a wide range of plasmic fabric examples. They will 

also range in terms of degree of anisotropism. This range of samples is necessary to evaluate 

the method completely. The results will then be compared to the know descriptions of the thin 

section samples used. The similarities and differences found will be discussed further from the 

perspective of usefulness in glacial micromorphology and of the future technique development. 

The technique will involve routines detecting plasmic fabric, measuring its strength, 

overall anisotropism, density/frequency of plasmic fabric domains and their preferred 

orientation. The relationship between fabric domains, voids and skeleton grains will also be 

evaluated. 

Jongerius et al. (1972) ventured a prediction that some time in the future a complete 

means of image analysis based morphometry will be possible. Although the statement referred 

to soil thin sections it is hoped that a similar objective can be reached for glacial sediments thin 

sections. 

This project should be considered an initial stage in the process of creation of a more 
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complete set of data regarding not just plasmic fabrics but any other micromorphological 
features to be found in glacial sediments. Such data sets could then be used to compare and 
identify sedimentary samples from a variety of sites of known and unknown dcpositional 
history. It is hoped that this type of approach to glacial micromorphology studies in 
combination with techniques currently used could, in the future, lead to a better understanding 
of sedimentary records. 
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2. LITERATURE REVIEW 

2.1 Introduction 

This chapter of the thesis will delve into the history of the micromorphology and image 
analysis. The objective is to create a logical link between the subjective description based work 
and the objective, quantitative, image analysis based research. The chronology will attempt to 
show how the two approaches have steadily developed and how this progress leads us to the 
use of the newest technologies in the study of thin sections. Even more specifically, the review 
will look at the thin section studies of glacial sediments and what has been achieved so far. It 
will hopefully clearly illustrate the current state of research and how the methodology shown 
in this thesis fits within the greater framework of the micromorphology studies. 

Since the topic of the thesis is an application of image analysis in glacial 
micromorphology it is important to be able to link the technique and the discipline. First an 
attempt will be made at explaining the concepts of micromorphology. The emphasis will be 
placed on the general history and the techniques of micromorphological studies in soils and 
sediments. The section will also introduce some of the quantitative approaches to 
micromorphology and their applications. Finally, a brief examination of the current state of 
research involving plasmic fabric in glacial sediments will conclude the micromorphology 
section. 

The next topic will cover the various techniques of image analysis and their history as 
seen from the perspective of science applications. The emphasis will be on the many technical 
differences between the methods and how they affect the results. This part of the literature 
review will conclude with some examples of the use of image analysis techniques in sciences. 
The examples listed will be selected based on their similarity to the objectives attempted in the 
thesis. They will show how the methodology developed in other disciplines, especially soil 
science, may be used in glacial micromorphology studies. 

Once the previous two topics are completed a closer look at the use of image analysis 
in soil science will be presented. The combination of soil micromorphology and image analysis 
will be described in terms of history and the variety of applications. A special case of image 
analysis of plasmic fabrics in soils will be examined more carefully. The attempt will be made 
to relate the examples shown to the quantification topics presented and studied in the thesis. 
This will hopefully allow for an understanding of what can be gained from the application of 
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the very same techniques and methodologies to glacial sediment studies. 

The literature review chapter will conclude with a look at the history of the quantitative 

studies in glacial micromorphology. The emphasis will be on the image analysis techniques 

used to quantify data available from thin sections or SEM studies and will end with a listing 

of the known examples of quantitative and image analysis research applications used to deal 

with plasmic fabrics in glacial sediments. It will hopefully allow for a clear understanding of 

why this project was undertaken and where it belongs within the broad scope of the glacial 

micromorphology studies. 

2.2 Micromorphology 

The study of micromorphology has applications in a very wide range of sciences. In 

fact any field of study interested in microscopic size features deals with micromorphology. 

Geology, archaeology, soil zoology, botany, physics, metallography, civil engineering are all 

examples of fields of study currently employing micromorphological techniques. The 

objectives of the thesis concentrate on the applications of the micromorphology in glacial 

sedimentology. As such the concepts are very closely related to the ideas of pedology/soil 

science. Most of the descriptive terminology and techniques used in thin section creation trace 

their origin straight back to soil science. In this section the main focus will be on the visual or 

descriptive micromorphology. Without going into any image analysis related topic, the review 

will first concentrate on the history and the development of the soil micromorphology 

techniques. The second half will present the history and the general state of research in glacial 

micromorphology. 

2.2.1 Soil Micromorphology 

The study of soil micromorphology concerns itself with observations and 

interpretations of soil characteristics not visible with the naked eye. It is generally accepted 

that this body of science was initiated in late 1930's by Kubicna. Kubiëna's (1938) work first 

considered the concepts of soil fabrics and their analysis in undisturbed soil samples. The use 

of thin sections was also promoted. Brewer (1964) introduced several new concepts such as 

plasmic fabrics. Morpho-analytical, structured approach to soil thin section descriptions 

promoted by Brewer (1964; 1976) lead to a general shift within soil science. There were several 

refinements, mostly additions such as that of Jongerius (1964) or organic material related 
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Barratt (1969), Bal (1973) and Babel (1975). Jongerius and Rutherford (1979) and Bullock et 

al. (1985) attempted to further revise and simplify the growing body of terminology. The 

attempt at replacing plasma/skeleton concept with fine/coarse terminology, or birefringence 

fabric instead of plasmic fabric has not been entirely successful. 

In fact, FitzPatrick (1993) points out that the use of the term bircfringent fabric is incorrect as 

birefringence is a numeric concept rather than the visual phenomenon of matrix anisotropism 

and the two should not be interchangeable. FitzPatrick (1984) micromorphology of soils 

classification system attempted to replace the many relative terms with a set of clearly defined 

quantities. Although not generally accepted as a "definitive" classification system, FitzPatrick's 

(1984) work has a strong appeal to anybody with an interest in micromorphological data 

quantification. FitzPatrick (1993) proceeded even further with the development of quantitative 

approach by introducing the image analysis techniques - both as a general concept and some 

specific applications within some individual sub-disciplines. 

2.2.2 Soil Micromorphology Techniques 

The overriding purpose of micromorphology is to analyse undisturbed soil structure. 

For this reason it is of utmost importance to create a method of sample acquisition which 

would eliminate any possible sample disturbance while allowing repeated sample use and 

portability. There are currently a number of methods available for production of thin sections 

as described by Murphy, (1986). The basic issues of thin section production can be 

summarized as: Sampling and transportation factors, water removal, impregnation media, 

impregnation processes, thin section cutting and grinding. Although the procedure can be 

described generally, it is important to remember that individual needs of research often require 

modifications and adjustments to the method described below. Some different methods of thin 

section preparation can be found in Murphy (1986), Fox et al. (1993), Page and Richard (1990) 

(soil science), van der Meer, (1993a) (glacial micromorphology), Lee and Kemp (1992) 

(sedimentology), Tippkötter et al. (1986) (biological), Moran et al. (1989b) (general clay 

samples). However, the list of possible variations can be quite long and detailed. To list them 

all appears rather beyond the scope of this thesis but for more details the reader is directed to 

Bouma (1969). This book provides a comprehensive, if slightly dated, review of the various 

field and laboratory techniques in micromorphology. 
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Thin Section Preparation Techniques 

The general description of the preparation procedure is based on the method used at the 

University of Amsterdam Physical Geography and Soil Science Laboratory (FGB) as described 

in van der Meer (1993a). 

Sample collection is the first step in thin section preparation. There are several issues 

to be decided prior to sampling. The size of the samples taken is important as is their location 

within a more complex sedimentary sequence. Most often it is necessary to collect a larger 

number of samples if their selection is to be representative of the field situation. Each box must 

be labelled as to its location in the sequence, its top and preferably orientation direction. It may 

also be necessary or helpful to impregnate samples in the field. 

Individual samples should be collected by cutting sediments away from the sides of the 

Kubiëna tins rather than with the use of pushing force. Any space left in the sample boxes 

should be filled with loose material to protect the sample from the effects of vibrations during 

transport. The nature of the filler should be noted and it should probably be significantly 

visually different from the sampled material in order to minimize the subsequent confusion 

during description and interpretation stages. 

Each sample must undergo some form of a water removal procedure. Very often this 

can be achieved by simple room temperature air drying or. if necessary, oven drying. When 

required other water removal methods, such as acetone displacement (Bullock and Thomasson, 

1979; FitzPatrick, 1984; Murphy, 1986; Moran et al.. 1989b) or freeze-drying(for clay and 

sandy soils) (Ismail, 1975) should be considered. However, freeze drying could cause changes 

in pore size distribution (Thompson ct al., 1985; Jongcrius and Ileintzberger, 1975). This is 

most often associated with organically rich or clay rich samples which could undergo changes 

due to drying. For a more complete listing of the many water removal techniques please see 

Smart and Tovey (1982). 

Once completely dried the sample is immersed in a bath of acetone diluted unsaturated 

polyester resin. There are many other hardening media available, such as: epoxy (Page and 

Richard. 1990), crystic resin (Lee and Kemp, 1992 ) and methyl methacrylate (Van Vliet-

Lanoc, 1980) (see Tippkötter and Ritz (1996) for a comparative study). Extra additives, such 

as fluorescent (FitzPatrick. 1970; Altemüller and Van Vliet-Lanoe, 1990) or U V sensitive dyes 

(Lee and Kemp, 1992), may be introduced into the resin at this time. The sample is 

impregnated under vacuum. Nitrogen gas at a pressure is also added to speed up the process. 

The hardening of the sample takes approximately 6 weeks but the time may vary dramatically 

between the many different methods. Final curing in an oven (40 °C) for two or three days 

usually completes the process of impregnation. 

The sample is then cut and placed on a glass slide. The sample is finely ground to 
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approximately 20 urn in thickness and covered with a glass cover. In some cases, such as when 

the emphasis of the research is on the micro or plasmic fabrics, the thin section may be bathed 

in mild acid solution in order to remove carbonate material (Wilding and Drees, 1990). In that 

case there is a need for a duplicate thin section. This is almost necessary for any type of 

carbonate rich material which may be left too thin and weak following the acid treatment. This 

method of carbonate removal will also not be effective on dolomites since their dissolution in 

acid takes longer. The thickness of the slide may vary as will the use of the cover glass. 

Bresson (1981) proposed the use of ultrathin thin sections in TEM studies. The thickness of 

each section approached 1000 Angstrom (0.1 urn). The size of the thin section may also vary 

but there are three predominant size types: mammoth (150x80 mm), Kubiëna (80x60 mm) and 

petrographic (28x48 mm). 

Soil Micromorphology Analysis Techniques 

Currently there are many commonly used techniques for microscopic data analysis. 

There is very little to be gained, at this point, by describing every single methodology. 

However, there are many complete reviews of these techniques. These include: Bouma (1969), 

Rutherford (1974), Bisdom et al. (1990) and Douglas (1990). 

Micromorphometry is a significant sub-discipline of the microscopy concentrating on 

the quantitative studies. This work, although technically not image analysis, forms the basis 

for many of the image analysis techniques. Image analysis is in fact simply another tool in 

micromorphometry. There are many different older techniques such as: line measurement, 

point counting, drawing and weighing, planimetry, photometry. Dclgado and Dorronsoro 

(1983) in their review of the progress in image analysis of soils also mention a Zeiss particle 

size analyser - an early form of image analysis application. For an accurate list of references 

related to the other micromorphometry techniques please see Delgado and Dorronsoro (1983). 

The body of work in micromorphometry is very extensive and this is not the appropriate forum 

to go through the complete listing. Only a few of the most relevant and helpful papers, those 

relating almost directly to the thesis, will be discussed below. 

Overall Content 

Overall content of certain materials and features, such as voids, matrix and skeleton 

grains, will be looked at in this thesis. This is why some of the issues concerning estimation 

of the overall content in 2-dimensional space had to be reviewed. The issue of pore space 
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estimation and clay content estimation has been considered quantitatively by Murphy and 

Kemp (1984). The estimates of the overall clay content were found to be excessive while the 

opposite was true for voids. This was found to be an inherent problem of thin section estimates 

as any combination of voids overlapping clays/matrix would be treated as clay/matrix for the 

purposes of visual content estimates. The critical value is the thickness of the thin section as 

any voids of diameter lower than the thickness of the thin section will tend to disappear and 

not be evaluated. Material with a high percentage of micropores (< 20 um in diameter) will be 

affected the most. The significance of this finding can not be overstated considering that most 

diamictons contain some clay within their matrix and may be compacted - resulting in their 

porosity being predominantly within the micropore range. FitzPatrick (1993) discussed the 

concept of porosity estimates from the perspective of the illumination effects and concluded 

that the use of ultraviolet illumination allowed for most accurate results. 

Illuvial clay content was similarly quantified. Miedema and Slager (1972) measured 

the overall content of illuvial clays by point counting techniques. Of significance was the use 

of representative percentages of the overall area to express the degree of illuviation. McKeague 

et al. (1978) also used point counting techniques to estimate illuvial clay content. The study 

involved a soil sample and included measurements at three different magnification settings. 

Both studies were a good example of the early quantitative approach to soil/sedimentary 

structure morphometry. McKeague et al.( 1980) studied the accuracy and reliability of this 

method for illuvial clay content estimation and found significant differences in results. The 

tests showed that the differences based on observer error and multiple viewing arrangements 

resulted in a significant variance of the final results. The results varied anywhere between 39 

and 64 % for the same sample! Clearly the data thus obtained can only be treated as highly 

subjective. 

Murphy (1983) combined the estimates of both illuvial clays and pore spaces in thin 

sections. This was done in order to establish the effectiveness of such combined studies and 

to estimate their accuracy. The results showed that the estimates varied strongly between voids 

and clays. Pore estimates tended to be fairly accurate while the results of illuvial clay 

measurements varied between tests. This was attributed, in part, to the difficulty of locating 

illuvial clays among the many soil constituent materials. Since cross-polarized illumination 

was necessary, the orientation of each thin section studied was also highly important. Also the 

presence of weathered mica, glauconite, argillaceous rock, iron, ferrigenous or 

ferrimanganiferous mottling could result in an underestimation of illuvial clays. Strongly 

orientated plasmic fabrics (an example of in-masepic plasmic fabric was used) will affect the 

results. When compared to the porosity estimates it was found that more thin section samples 

are needed for illuvial clay measurements and that these estimates may be improved if more 

points were to be used (12 000 point grid!). In comparison, only macroporosity estimates (120 
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urn) caused problems and these could be improved using multiple thin section studies. 

Similar conclusions were reached by McKeague et al. (1981) while attempting to 

estimate the overall effectiveness of quantitative evaluations of soil horizons. The authors 

concluded that the results achieved using the standard point counting methods are not 

comparable when independent operators are involved. The only way to improve the results is 

to create a set of uniform guidelines which can then be used to improve the quality and 

therefore consistency of the independent results. 

Size Distribution 

Grain size distribution data provided from thin section analysis has been proven 

accurate under certain conditions. There is a general agreement that the 2-dimensional analysis 

of 3-dimensional objects - especially in terms of axial lengths and sizes - tends to be 

inaccurate. Friedman (1958) established that there is a linear relationship between data 

obtained from thin sections using point counting methods and using sieving techniques. 

Therefore it is possible to derive sieve-size distributions from thin sections. The results were 

limited to very fine materials which had to be well sorted. Grains which had their optic axis 

parallel to the microscope were excluded from the measurements but this did not seem to affect 

the results. It is interesting to note that the author of this thesis used the same approach to long 

axis and its significance in phi-size measurements of skeleton grains as Friedman (1958). For 

a more detailed explanation please see chapter 5.2. 

Plasmic Fabric 

The orientation of clay minerals has also been considered in the thin section studies. 

Lafcber (1967) attempted the quantification of 3-dimensional fabrics using a petrographic 

microscope with a rotating stage. The results were then graphically represented using equal 

area spherical projections. The method required multiple stage orientation positions, repeated 

orientation readings, and magnifications of up to 300 times. Even then the measurements of 

individual platelets are impossible and the procedure only works on domains of uniformly 

aligned platelets. 

The use of rose diagrams to show the plasmic fabric patterns has also been attempted. 

Hill (1970) used the 2-dimensional method to illustrate plasmic fabric in soils from Tobago. 

The study used magnifications of 200 times and used Brewer's (1964) soil classification 

system. The results showed that the 2-dimensional approach seems sufficient when plasmic 
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fabric classification is concerned (although the final conclusions were limited to the vo-insepic 

fabric found). In other words, when the 2- dimensional space of a thin section is concerned it 

is enough to limit the results to the same coordinate plane. 

Chiou et al. (1991) proposed a method for quantification of the so-called clay fabric. 

This is not the same as plasmic fabric but rather a form of microfabric. The fabric was analysed 

using TEM and point counting techniques. Each particles orientation value was measured 

directly and plotted on a histogram or a rose diagram. This approach only needs approximately 

300 grains to produce reliable results. 

2.2.3 Glacial Micromorphology 

Micromorphology of glacial sediments is a field of research developed on the 

foundations of soil micromorphology. It incorporates both quantitative and qualitative aspects 

of the micro level glacial sedimentology. By providing the very detailed view of the features 

found in glacial sediments and linking it to the ice physics, glacial processes and diagenesis 

it fits very closely under the umbrella of the glacio-sedimentological paradigm. The studies 

involving micromorphology show that no two sediments are exactly the same and therefore 

underscore the highly varied nature of glacial environments. 

Glacial micromorphology is generally thought of as a fairly broad subject incorporating 

SEM, TEM and thin section studies. The study of individual grains done using the SEM 

techniques attempt to derive glacial history of the sediment from the shape morphology of 

skeleton grains, or more specifically quartz grains. Although technically micromorphology, 

this type of research does not fit within the scope of the thesis. For more information on SEM 

studies please see Mahaney, (1995) and Whallcy (1996). 

Glacial Micromorphology Research 

The body of research incorporating thin section analysis of glacial sediments is now 

fairly extensive. There arc several sources which can provide an accurate listing of previously 

published papers. A good starting point is the work of van der Meer (1993,1996) which clearly 

presents the history and the progression of the development of this technique. The subsequent 

listing will concentrate on the most recent publications and their significant contributions. 

The most recent work in glacial micromorphology concentrates on the studies of 

subglacial sediments. Even more specifically the emphasis is on glacial diamictons and their 
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identification. The technique appears most suitable for the type of study in that it allows for 

a very careful analysis of the micromorphic features. These types of features are not visible to 

the naked eye but often vary between different diamictons - suggesting different depositional 

and postdepositional history of what would otherwise be considered visibly identical units. If 

there is a common thread in most of the present research then it is the need to establish the 

links between the various micromorphic features and the many types of depositional 

environments. Menzies (1998) proposed a classification system for microstructures commonly 

found in subglacial sediments. The classification initiated the process of matching subglacial 

processes with their microscopic evidence in order to identify sediments resulting from specific 

subglacial depositional conditions. The results seemed to indicate that no single microfeature 

can be used as diagnostic of a specific subglacial environment. Rather, it is a combination of 

presence and frequency of the various features which might be used in sediment classification. 

In an ironic twist, it is the diamictons which are now starting to show the most structural 

complexity of all the known types of glacial sediments. Diamictons used to be considered 

homogenous, massive and therefore not overly complex sediment type. Their appearance was -

generally - linked to subglacial conditions allowing for stratigraphic conclusions on the 

presence of ice sheet and, most commonly, deposition by lodgement or melt-out processes. The 

variety of microfeatures tends to indicate that the subglacial depositional processes are 

substantially more complex. The micromorphic evidence shows that the deformablc bed 

(deforming subglacial debris layer) conditions are far more prevalent than previously 

considered. 

The short listing below is meant as a general overview of some of the studies currently 

undertaken using thin sections. The listing shows only the most recent projects which 

concentrated on the study of sediments through glacial micromorphology. 

The deformablc bed conditions were found to be present in diamictons forming drumlin 

fields (Menzies et al., 1997) and Antarctic glacial sediments (Zaniewski, 1996; 1997). Hiemstra 

and van der Meer (1997) considered the mechanics of quartz grain crushing in subglacial 

sediments. More specifically the work attempted to link thin section evidence of crushed grains 

to the process of subglacial shearing commonly found in deformable beds. Hiemstra and 

Rijsdijk (in press) followed up with a laboratory study of microstructures in clays. The object 

of the study was to find out the effects of an increasing triaxial pressure on the microstructures 

of the clays. The results confirmed that skclsepic plasmic fabric can be the result of rotational 

movement of skeleton grains. Also, a combination of turbatcs and shear planes indicate plastic 

deformation. Van der Meer (1997) looked at the general sediment movement mechanics as 

evidenced by micromorphic rotational structures found in subglacial tills. 

The use of thin sections also plays a role in establishing the history of the Antarctic ice 

27 



sheets. Van der Meer et al. (1998) studied two samples from the Sinus Core diamict samples 

(Antarctica) and compared them to a larger set of thin sections in order to establish their 

sedimentary origin. The samples were found to be indicative of temperate glacial conditions 

and no diatoms were observed within the matrix, indicating a subaerial rather than glacimarine 

origin of the sediments. Thin sections studies have also been used to establish the presence of 

grounded ice basal tills within a sequence of glacimarine sediments off the coast of Antarctica. 

Cape Roberts Project-1 cores have been thin sectioned and studied by van der Meer and 

Hiemstra(1998). 

Similar work using deep sea cores was done by Carr (1999) in order to clarify the 

chronology of the glacial advance in the southern North Sea area. The results also showed the 

presence of grounded ice sediments intermixed with glacimarine sediments indicating a 

gradual advance culminating in completely grounded ice overriding marine sediments. 

2.2.4 Plasmic Fabrics arid Glacial Micromorphology 

Most of the work concerning plasmic fabric has been done by soil scientists and soil 

engineers. Those studies can often be applied to glacial micromorphology since their emphasis 

was often on the mechanics of plasmic fabric formation. 

Before any work regarding plasmic fabrics related to glacial micromorphology can 

begin it is necessary to consider plasmic fabrics as studied in soil science. Several systems of 

soil micromorphology classifications have been produced resulting in a variety of ways in 

which plasmic fabrics can be described or identified (Brewer, 1976; FitzPatrick, 1984; Bullock 

et al., 1985). Such a wide range of classifications can lead to confusion and descriptive 

ambiguity. For the purposes of the thesis it is therefore necessary that a new system of plasmic 

fabric identification be created. This may appear to be compounding the problem but the new 

classification is not meant to initiate a new set of rules and nomenclature for description of the 

plasmic fabric patterns but only to summarise, combine and whenever possible, clarify the 

existing systems. The terminology used within this work will stay true to the original soil 

science concepts whenever possible but glacial micromorphological nomenclature will be used 

to replace soils science terms if suchglaciological terminology does exist. 

As is the case for other microfeatures, previous studies had concentrated on qualitative 

aspects of plasmic fabric description limiting the quantitative aspects of research to shear 

mechanics and forces involved (Korina and Faustova, 1964; Wisniewski, 1965; Morgenstern 

and Tchalenko, 1967c; Tchalenko, 1968; Clark, 1970, Foster and De, 1971; Maltman, 1977, 
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1987, 1988; Tovey and Wong, 1980; Hiemstra and Rijsdijk, in press ). Subsequently there 
exists a large body of work coneerning all aspects of plasmic fabric recognition, morphology 
and interpretation (Dalrymple and Jim, 1984; Jim, 1990 ). Information gathered allowed for 
a compilation of a number of plasmic fabric classifications (Brewer, 1976; FitzPatrick, 1984; 
Bullock et al., 1985). 

2.3 Image Analysis 

Image analysis and image processing developed along with the growth of computer and 
television technologies. There are several accepted techniques of analysing digital imagery. 
These include now fairly outdated TV image analysis systems, Zeiss particle analyser, 
computer based image analysis software and a significant variant of the latter, the 
Geographical Information Systems software. These systems represent a gradual development 
of the concept of image analysis and show progressively more effective means of feature 
detection, measurement, data extraction and data presentation. The subsequent text is a general 
summary of the various approaches to image analysis. For a more detailed study of image 
analysis techniques the reader is directed to Jensen (1986) and Lillesand and Kiefer (1987). 

2.3.1 Computer Image Analysis Techniques 

TV Image Analysis Systems 

TV Image Analysis Systems (TVIAS) rely on a detector link between a TV monitor 
displaying the image, fed through a closed circuit camera or some other form of picture 
gathering, and the analysing computer. This type of system is best suited for measurement of 
features displaying high contrasts from the background such as pore spaces (Delgado and 
Dorronsoro, 1983). TVIAS were able to measure some rudimentary feature characteristics such 
as number, area or perimeter which could then be manipulated by the computer to provide 
some idea of shape characteristics. 

Quantimet Image Analysing Computer was one of the first practical applications of 
computer technology to image analysis (Jongerius et al. 1972). Quantimet -B equipment 
provided a mix of TV image technology and computer analysis. A detector unit was the link 
between the image and the computer. The detector was essentially scanning the monitor image 
and sending the relevant information to the analysing computer. The resolution used allowed 
for a 500 000 pixels per viewing area (Bullock and Thomasson, 1979). This is a significant 
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number since it exceeds the resolution of the standard 640by480 SVGA display mode available 
on most computers and digital video cameras. However, the latest technology allows for pixel 
numbers exceeding 1.3 million and it is this type of picture which was used in the thesis. 
Feature detection was based on the contrast between the object of interest and the background. 
The method allowed for detection and measurement of objects such as pore spaces but was 
limited to measuring their number, total area, perimeter and length allowing for a minimum 
of shape characteristic definition. Due to the limited amount of information provided it was 
necessary to devise mathematical methods of data analysis that would allow for a more 
complex means of interpretation and classification. Jongerius et al. (1972) devised a method 
of A/P ratios which rendered the results of Quantimet analysis far more useful than initially 
perceived. 

Bullock and Thomasson (1979) made a point of comparing the early Quantimet -B 
results to those obtainable through standard water retention techniques. The results were of 
course only applicable to the studies of pore spaces but the general advantages and 
disadvantages of the image analysis system arc worth quoting in order to get a better view how 
the situation has changed since. The main advantage of the Quantimet computer analysis lies 
with its quantitative approach. The standard qualitative studies can still be done using the thin 
sections available but it is now also possible to establish feature distribution patterns, type, 
shape, orientation and "irregularity" on an individual void basis - something almost impossible 
using the standard approach. The testing and data gathering take only minutes but provide a 
very large set of data. 

One of the disadvantages mentioned by Bullock and Thomasson was the 2-dimensional 
nature of the analysis - a highly limiting factor in volumetric studies. It would appear that the 
criticism levelled against the computer technology seemed rather misdirected in that the 
problem lies with the thin section techniques in general. Still, through the use of serial sections 
and inventive use of statistical formulae it is possible to minimize the negative impact of the 
2- dimensional studies. The second criticism of the technique also only applies to thin sections 
in that once created they preserve their features almost permanently without the possibility of 
modifications. This is significant when the conditions found in the sediment or soil change due 
to variance in moisture content, temperature or overburden pressures. 

Current image analysis technology often allows for a very high rate of sequential data 
being entered - resulting in a time series of images. The continuity of the images is of course 
limited but it is not limited to a single sample field. The last limitation, that of minimum 
feature size useful in image analysis can also be overcome only as far as the limitations placed 
on it by the thickness of the thin section. It is the thickness of the thin sections which decides 
the minimum useful object size. The resolution of the image and the magnification used can 
be modified so that if another method of sample preparation is available, such as ultrathin thin 
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sections (Bresson, 1981) then the minimum practical size decreases dramatically. 

Quantimet 720 imaging computer was a later model of the Quantimet-B. Jongerius 
(1973) indicates that the transition from Quantimet B to 720 occurred in 1971. It retained a 
similar combination of TV image and autodetection link. The system analysed the displayed 
image by dividing each of 720 horizontal scan lines into 920 pixels. Each pixel is assigned a 
value based on its gray scale intensity. This information is then fed by the detector into the 
analysing computer. Murphy et al.(1977) used this type of setup to derive orientation and 
shape characteristics of pore spaces in addition to their number, true sizes/area and perimeters. 
The derivation of the shape and orientation information was a major advance in the field of 
image analysis. Ringrose-Voase and Bullock (1984) applied the Quantimet 720 computer to 
automated pattern recognition of pore types. This work also produced an automated pattern 
recognition program which could be linked with the analysing computer. The technique was 
furthered by Ringrose-Voase (1987) who developed a more complete approach to quantitative 
descriptions of macrostructures. This work was also limited to void spaces and did not extend 
into other features. Although Quantimet 720 did not contain any capabilities for multispectral 
analysis Jongerius (1974) proposed a method for measurement of argillans and papules based 
on combining results of two separate tests - viewing the same sample field but using different 
illumination types. If not strictly multispectral analysis the method did use the central precept 
of that technique. 

Delgado and Dorronsoro (1983) introduced Zeiss Micro-Videomat system as another 
form of TVIAS. This system scanned entire 625 lines of a TV image using an 'electrical spot' 
detector (Delgado and Dorronsoro, 1983). The system was capable of direct measurement of 
the area, intercepts and the total number of features of interest. 

The main strength of TVIAS was its ability to analyse individual images in less than 
a second for Zeiss (Delgado and Dorronsoro, 1983) or a few minutes for Quantimet B (Bullock 
and Thomasson, 1979) while providing a substantial amount of accurate data. They also 
provided information on the shape and orientation of the features studied - in addition to size 
distribution and total content. 

Some of the weaknesses inherent in TVIAS included inability or difficulty of 
discriminating between features of similar optical properties such as cutans and plasma 
separations. Furthermore, problems of optical distortions, low resolutions or geometric 
distortions associated with some camera scanning technologies were also found - notably with 
the Micro-Videomat system (Delgado and Dorronsoro, 1983). Another type of error 
encountered resulted from the signal noise associated with diffused boundaries of some objects 
at low detection levels (Delgado and Dorronsoro, 1983). The 'halo' distortion could be 
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considered a more serious problem as only a few objects in nature consist of sharp boundaries. 
TVIAS systems using chord lengths and numbers were also restricted to being able to measure 
the size of objects no larger than 10 percent of the horizontal size of the monitor (Delgado and 
Dorronsoro, 1983). 

Image Analysis Software 

The main difference between the early TVIAS systems and a true image analysis 
program is the bonafide digital nature of the image being analysed. It allows the processor to 
manipulate the image prior to data collection. Some image processing, such as filtering or 
overlays, is only possible with the image analysis programs. Early image analysis computers 
such as Quantimet simply did not have such capabilities. 

Tovey et al. (1990) used image analysis techniques to measure microfabric orientation 
from SEM backscattered imagery. The method was further developed by Tovey and Dent 
(1997). Ehrlich et al. (1984) proposed a similar approach to the study of voids in rocks. In all 
cases there was a need to analyse and/or modify the source imagery. Each pixel in the source 
image had to be analysed as a member of its '•neighbourhood" and not just as a stand alone 
value. This can be performed through filtering "windows"or arrays, which scan each section 
of the source image and assign a new value to the output image. The value could be an 
average, minimum or maximum of its neighbourhood. This is only a simple example but many 
more sophisticated filtering techniques do exist. 

The intensity grading technique developed by Tovey et al. (1990) and Tovey and Dent, 
(1997) was a form of edge detecting filter commonly used in image enhancements. 

A more conventional application of image analysis techniques was presented by Ross 
and Ehrlich (1991) in the study of micro fabrics in sedimentary rocks. The images were 
obtained via a video camera mounted on a petrological microscope. The RGB (red, green, 
blue) colour images are sliced into three layers. Each layer consists of gray scale brightness 
values. These layers are then converted into a binary mask. The masks arc the result of a 
thresholding procedure which creates the binary picture of voids and matrix. Size, shape, 
connectivity of features, fracture toughness and clay microstructure can be evaluated. The 
complexity of the structure is measured using a normal 'opening' filter (a combination of 
erosion/dilation filter cycle). After every 'opening' cycle there is some loss of object pixels in 
the binary picture. The difference between the original and the product is measured and the 
procedure is then repeated with the product of the previous cycle becoming a new source 
image. This repeated manipulation of the image is only possible with the real image analysis 
programs. 
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A simple but effective example of the image analysis application was presented by 
Bhatia and Soliman (1991). The focus of the research was on the microfabric of granular soils 
and their geotechnical engineering properties. The system used simple gray-scale imagery of 
fairly low spectral resolution of only 64-gray level intensities (as opposed to the de facto 
standard of 256 levels). Object definition was achieved through the usual method of gray level 
segmentation. This automatically implied the need for high quality imagery - especially in 
terms of contrast. The method was able to measure directly orientation angles and size ratios 
using a system of vertical test line intersects and boolean (overlaying) image processing. 

Geographical Information Systems 

There are numerous examples of Geographical Information Systems programs. These 
programs tend to be very similar to the older image analysis applications but introduce several 
new aspects such as integrated database analysis and multispectral classification systems. The 
approach was developed due to a need to store, display, manipulate and analyse the numerous 
remotely sensed digital images currently available. 

Despite the apparent incompatibility of the small scale images for which the programs 
were designed and the large scale thin section imagery, the use of GIS applications carries a 
number of advantages for micromorphologists. FitzPatrick (1993) recognized the place of the 
GIS in the analysis of thin section imagery. It was the multispectral aspect of feature 
recognition which FitzPatrick found to be of most interest to micromorphologists. There are 
references to the use of multiple illumination sources throughout the text. 

Zaniewski (1994) and White and King (1997) working independently showed that the 
use of even a simple and inexpensive GIS program, like the IDRISI system developed at Clark 
University, could prove of high value to soil scientists. Zaniewski (1994) developed a routine 
for testing of several porosity characteristics through IDRISI. The testing showed that although 
not always accurate the program could perform a number of more or less complicated 
measurements. The findings were clearly supported by White and King (1997). This latter 
work compared a more expensive, and older, image analysis program to IDRISI and found that 
the GIS application was at least as good as the competition. The methodology used filters but 
did not incorporate the multispectral analysis. Rather a univariate approach was used with pore 
spaces being defined based on preset gray level threshold values. 

Interestingly enough apparently no attempt has been made to incorporate the object 
based imagery comprised of points, lines and polygons into micromorphological image 
analysis. This appears to be a significant omission as it is essentially the vector based aspect 
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of many GIS applications which makes them superior to the standard pixel-based programs. 

2.3.2 Image Analysis Applications in Sciences 

Image analysis has found an application in nearly every branch of science. The 

experience and techniques developed in those fields can, and should, be used in glacial 

micromorphology studies. The many research objectives described in the examples below can 

be used almost directly in the studies of glacial sediments. Bisdom et al.( 1990) stated the need 

to cross the interdisciplinary boundaries in order to exploit the advances made in other research 

areas. The statement applies not only to soil micromorphology but also to glacial 

micromorphology. Bisdom et al. (1990) indicated a wide range of sciences, from computer 

science to medicine, which could prove beneficial to the development of micromorphology. 

The thesis is an example of this interdisciplinary approach to solving the problems encountered 

in image analysis of glacial sediments. The primary contributor to the development of the 

methodology described is of course soil science. The three examples listed below also proved 

useful in developing the technique and were therefore deemed relevant enough to be described 

briefly. 

Structural Geology 

Bons and Jesscll (1996) argued that the use of image analysis routines could be of 

utmost usefulness in microstructural analysis. This work concentrated on the application of 

straight forward image analysis techniques on thin and polished sections. There was no attempt 

at multispectral classification. However, the work showed that the image analysis techniques 

could be used to extract information on many topics - amongst them: area estimates, 

orientations, fracture and porosity analysis. All of these topics are also discussed in the thesis 

as they appear rather fundamental to glacial micromorphology. 

Petrology 

Ehrlich et al. (1984) proposed the use of image analysis techniques in the study of 

reservoir pore complexes. This approach does not vary significantly from any of the soil pore 

studies. Some image manipulation techniques, such as "opening" filters, are discussed. This 

is a pure image analysis methodology but it is limited to the gray level detection technique. 
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The use of dyes is proposed in order to enhance the process of gray scale segmentation. The 

term 'Total Optical Porosity' is used to distinguish between 'true' porosity and the image 

analysis derived values. 

A slightly more complex process of image analysis in pctrological studies was 

proposed by MacDonald et al. (1985). This work emphasized the quantification of 3-

dimensional networks and did require specialized programming skills. The samples were 

acquired using impregnation with Wood's metal, followed by thin sectioning. The results were 

then photographed in order to produce a series of parallel orientated photomicrographs. These 

were subsequently digitally segmented (using thresholding techniques) into voids and solids. 

Goodchild and Fueten (1998) showed another example of image analysis application 

in petrology. Petrographic studies require fairly accurately defined mineral grain boundaries. 

Using rotating stage and multiple images of the same overall sample field it was possible to 

delineate individual mineral grains. The raw results were further improved by subsequent 

spatial filtering used to close and thin the grain boundaries. 

Geotechnical Engineering 

Bhatia and Soliman (1991) presented an example of an image analysis application in 

granular soils. More specifically the emphasis was on the engineering properties of the type 

of material. The objective was to measure orientation and porosity related characteristics. 

Through the use of simple gray level imagery they were able to extract orientation values, pore 

size distribution, porosity, void ratio, orientation intensity (uniformity or strength of fabric) and 

preferred orientation. Some of these values had to be derived from the raw data via simple 

boolean arithmetic and a few mathematical equations. The strength of the method was that it 

required very little in terms of equipment and time while providing relatively fast and accurate 

results. These were then also presented to show the method's effectiveness. The technique 

could, of course, be applied in other fields of study. 

2.4 Soil Micromorphology and Image Analysis 

The use of image analysis in soil micromorphology has now been considered for almost 

40 years. Jongerius (1974) in his review of the developments in soil micromorphometry refers 

to Jongerius (1963) work involving Zeiss Particle Analyser and Kubiëna (1967) work with 

structure photograms. Quantimet 720 image analysing computer was also mentioned. It is the 

micromorphometry of soils which stood to gain the most from the fast quantitative approach 
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provided by the image analysis techniques. It was also easily the most suitable sub-discipline 

of soil micromorphology to have used the early image analysis techniques. The applications 

of the simple early programs extended into measurements of areas, shapes and the frequency 

or perimeter of selected features. These subjects formed the core of the early quantitative 

attempts at soil classification. 

2.4.1 History of Image Analysis in Soil Micromorphology 

It was only recently that the study of thin sections using image analysis techniques 

received more serious consideration (Mermut and Norton, 1992; Terribile and FitzPatrick. 

1992). The use of image analysis became popularized during the late 70's and 80's. Protz et al. 

(1987) produced one of the early reviews of the progress in the field of soil research related 

to image analysis. The review proposed a system of interrelating work done at the various 

scales - ranging from satellite imagery to electron etching. The development of the approach 

closely correlated with the improvements in the computer technology. Initial work 

concentrated on simple analysis of TV signals and gray scale intensity images. The use of 

scanned micrographs also offered a means of image acquisition and analysis (Love and 

Derbyshire, 1985). In 1993. FitzPatrick suggested the use of GIS software and multi-

illumination techniques in soil micromorphology. At the same time the use of univariate black 

and white imagery was the norm. FitzPatrick (1993) observed that for any multi-feature studies 

the use of colour was absolutely necessary. Currently the work using image analysis techniques 

usually involves multilayer colour images, multispectral image classifications, thousands of 

levels of brightness intensity and highly sophisticated software capable of image enhancement, 

modification, as well as quantification (Terribile and FitzPatrick. 1992; Protz et al.. 1992; 

Tovcy et al., 1992b; Terribile et al., 1997; VandcnBygaart and Protz, 1997; VandcnBygaart 

et al., 1997). High resolution imagery is now also available and there is some evidence that it 

will further strengthen the argument for the use of image analysis in micromorphology (Acott 

etal. 1997). 

Image analysis allows for objective as well as subjective studies of images. Images can 

be analysed repeatedly. Measurements taken from digital images tend to be acquired faster and 

more accurately than any work done manually. Subjectivity of the measurements is minimized. 

In addition, multispectral image classification allows for a more efficient identification of 

features of interest, such as pore spaces, various minerals, illuvial clays or plasmic fabric. For 

a very good review of the history of the image analysis, and the development of feature 

recognition techniques in soils applications the reader is directed to read Terribile et al. (1997). 
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2.4.2 Applications of Image Analysis in Soil Science 

Jongerius et al. (1972) wrote one of the first papers to recognize the effectiveness of 
image analysis in the studies of pore spaces in soils. The results indicated that the Quantimet 
B computer was very effective at measuring total porosity as well as individual pore 
characteristics and their spatial distribution. 

Murphy et al , (1977a,b) also used Quantimet equipment in studies of voids. With the 
help of fluorescent dyes or high contrast photography it is possible to separate voids from 
translucent minerals such as quartz. The methodology described by Murphy et al. (1977a) 
differed from those previously used in being able to measure and graph orientation 
information. The orientation measurements, as well as some shape related characteristics, were 
derived from the data measured directly from the image. 

The work was furthered by Bullock and Thomasson (1979). The results of this effort 
generally show that there is a significant advantage in the use of image analysis. Although 
limited by the essentially 2-dimensional nature of thin sections the study found that the actual 
image analysis process was very rapid and provided information not usually available through 
standard techniques such as water retention. The size distribution and the shape related 
characteristics were the most significant examples of these. The image analysis part of the 
project was done using the Quantimet-B computer and was therefore limited to the gray level 
segmentation of voids. This process was aided by the use of a fluorescent dye. The areal results 
were statistically related to 3-dimensional data through methods devised and tested by Chayes 
(1956) and Anderson and Binnie (1961) but there was a need for the presumption of isotropic 
shapes (cf. Bullock and Thomasson, 1979). Another presumption, that of circular cross section, 
was needed to convert area information into diameter values. The paper clearly shows the 
usefulness of the method in spite of its limitations. In a related effort, Walker and Trudgill 
(1983) found the use of image analysis highly promising in the study of pore space geometry 
and connectivity. It was found however that the 2-dimensional image will tend to 
underestimate connectivity. 

Ismail (1975) produced the first major attempt at a complete feature characterization 
using image analysis techniques. Using Quantimet 720 image analysing computer Ismail 
analysed shape, size and pattern distribution of voids in soils. The method incorporated the use 
of thin section images. In an interesting modification of the pre-existing techniques Ismail used 
multiple exposures of the same thin section area to identify the voids. By using cross-polarized 
and plain light images together it was possible to separated translucent skeleton grains from 
voids. This is in essence a simple application of the multispectral classification principles. 

Ringrose-Voase (1990) also looked at the study of pores using image analysis. Here 
the effort concentrated on the use of chords (lines) to measure the size of individual pore 
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spaces and overall porosity. The size was indicated by the length of the chord/void 

intersection. Another approach to the image analysis of pores is the automated pattern 

recognition. Here a series of predefined shapes are compared to individual pore shapes found 

in the sample field and then assigned to one of a number of classes. The approach was used 

effectively by Ringrose-Voasc and Bullock (1984). However, some degree of limitation was 

acknowledged in that a continuous pore coverage is very likely to appear discrete in a 2-

dimensional thin section space. Ringrose-Voase and Bullock (1984) suggested the use of 

stereology to derive 3-dimcnsional data from thin sections. 

FitzPatrick (1993) proposed a multi-illumination technique of pore space detection 

which best fits the ideas presented in this thesis. While indicating that the best approach to this 

type of analysis is through GIS applications, FitzPatrick proposed the use of mica and gypsum 

plates together with cross-polarized light as a way of separating voids clearly. In addition, 

some image analysis tests were performed on images (gray scale) captured under plain, cross-

polarized, circularly polarized light and UV illumination. The images were then segmented 

into voids and solids, and the porosity values were measured. The results show that for most 

part the images were inaccurate when used to measure porosity. Only ultraviolet illumination 

was found to be effective. However, UV light is only effective at highlighting voids against 

solids and provides very little other information. In this it provides an excellent illumination 

source for a multispectral analysis. 

Finally, White and King (1997) used GIS application to study frost affected soils. The 

study concentrated on porosity data comparisons. The findings can be applied to any project 

involving analysis of porosity. 

Macroporosity was another aspect of soil micromorphology suitable for image analysis. 

Moran ct al. (1989a) proposed a less time consuming method of macroporc analysis. The 

technique involved an in-the-field impregnation using epoxy resin and an image analysis 

procedure. The use of a dye was necessary in order to enhance pore detection during gray scale 

segmentation. Filtering was also applied to the image prior to the data extraction. This idea was 

further developed through a statistical analysis and 3-dimcnsional interpretations (McBratney 

and Moran, 1990). The result was a much more complete picture of the macropore structure. 

Singh et al. (1991) showed an example of the image analysis application in porosity 

studies on pores larger than 1.6 mm in diameter. The method is a hybrid of the manual and 

automated techniques. The pores are first preserved using plaster of Paris. A series of 

photographs of hand drawn outlines of the pores are then taken. These are scanned and 

analysed using both AutoCAD and image analysers. 

Image analysis techniques involving multispectral classification, shape and orientation 
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of void spaces have also been devised and tested. VandenBygaart and Protz (1997) introduced 

the concept of the minimum representative elemental area (REA). The REA value is the 

minimum sample area which may be used in order for the results to be representative of the 

overall sample. The REA for soils of silty/loamy texture and when the resolution allows for 

a 12.5 urn pixels or smaller was set at 2 by 2.5 cm, with 4 by 5 cm sample fields providing a 

safety factor. These findings were then applied in a practical study of pores and porosity in 

tilled soils and found to be very effective (VandenBygaart et al., 1997). This was also one of 

the few examples of multispectral analysis using a specific type of multispectral classification 

algorithm (in this case K-means method). The results obtained included area, perimeter, 

orientation, equivalent pore diameter and a shape factor characteristic (circularity) for each 

void. Interestingly enough the orientation aspect of the study seemed to lack any preselection 

and all of the voids were analysed for their orientation. 

Studies of soil microfabric have also been performed using image analysis techniques. 

Initially photogrammetry was used to establish the orientation of individual particles (Tovey 

and Wong, 1974). A new and interesting approach was suggested by Tovey et al. (1990), 

Smart et al. (1991), Tovey (1991) and Tovey and Dent (1997). The idea was derived from the 

work of Unitt (1975). The Intensity Grading Technique (a sophisticated form of edge detection 

filter) used an image analysis program in conjunction with SEM imagery. The method is 

interesting in that the use of SEM on thin sections was rejected by FitzPatrick (1993) as the 

surface of the thin sections was too flat. The use of SEM had a twofold effect on the 

methodology: only gray scale images were available as a source and the texture of a thin 

section was the key to detecting the orientation of individual pixels. The method essentially 

looked at each pixel and assigned a directional value to each based on the brightness value of 

its neighbours. These values were then used to produce a rose diagram for each image studied. 

The main advantage lay in the fact that there was no need for a multispectral analysis or 

thresholding of each image. However the method can only be applied to SEM images of 

polished thin sections - no slip cover. It is also very limited in the scope of measurements it 

can obtain. It can only be used to measure orientations of solid objects such as skeleton grains. 

An indirect way of measuring argillan and cutan content was suggested by Jongerius 

(1974). The work involved Quantimet 720 analysis of two images showing the same area but 

illuminated in two different ways. The resulting visual differences were then interpreted to 

produce the argillan content. 

The idea of calcium carbonate quantification through image analysis was explored by 

Mermut and Dasog (1986). Size, shape, distribution and orientation of carbonate glaebules was 

measured from thin sections. The results included the systematic drawings representing the 

location and distribution of the carbonate nodules. This approach to calcium carbonate 
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detection and measurement was further developed by Bui and Mermut (1989). Using staining 
techniques it proved possible to detect the presence and to quantify the amounts of carbonates 
in thin sections. The method used a fairly simple technique of gray scale segmentation to 
produce a binary map of carbonate content. The analysis was performed on the binary mask. 
Although limited in scope at the time, today the same technique could be used much more 
effectively. The combination of colour imagery, differential staining and multispectral 
classification techniques should be quite effective at distinguishing not just between carbonates 
and non-carbonates but also between the various types of carbonate material, as was suggested 
by Bui and Mermut (1989). 

Plasmic Fabric Applications 

Some work on image analysis of plasmic fabrics had already been done - using SEM 
imagery (Toveyetal., 1992a). standard video camera equipment (Love and Derbyshire, 1985; 
Dorronsoro, 1994) and a photometer (Greene-Kelly and Mackney, 1970). Because of the often 
differing emphasis in the research some of this work can not be applied directly to glacial 
sediments studies. The use of SEM as the main source of digital images (Tovcy et al.. 1992a) 
meant that the classification performed could only use gray scale intensity values from a single 
image. This is quite acceptable when the features of interest, such as clays, can be easily 
distinguished from the background. The emphasis on measurement of orientation based on 
individual clay particles also necessitated the use of high magnification and therefore 
minimized the area actually analysed. This is not acceptable when working with plasmic fabric 
patterns. For example, although a large magnification study could allow for an accurate 
measurement of the basic orientation direction of the clay particles, it would be useless as a 
tool for a larger scale preferred orientation measurement and pattern recognition. At high 
magnification it would be quite possible to see strong fabric without being able to see if it is 
related to any other feature, such as skeleton grains or pore spaces. Due to this limitation the 
importance of plasmic fabric strength could be misinterpreted. The identification of additional 
features of sediments must therefore be undertaken at some point in the analysis, be it image 
analysis or conventional visual examinations. In quantitative studies using image analysis 
techniques this may be impossible with the use of a single gray scale source image 
(FitzPatrick, 1993). The reason for it lies in the fact that in a single image any number of 
different features may appear to be identical when displayed in gray scale. For example, some 
quartz minerals and void spaces can appear indistinguishable when viewed under crossed 
nicols until the stage is rotated (FitzPatrick, 1993). This necessitates the use of multiple images 
in thin section image analysis. FitzPatrick (1993) indicated that there was some success in 
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multispectral image analysis of plasmic fabrics. However, no references were provided. There 
was also an emphasis on the use of circularly polarized light as the source of illumination in 
the studies of plasmic fabric. 

Dorronsorro's (1994) use of graphic design software for measuring purposes appears 
fairly accurate but slow. Features which could not be differentiated digitally were quantified 
using measuring grids. The use of multiple images and image classification could make the 
results much more reliable and likely faster. 

The rapid developments in the field of image analysis carried with them many new 
problems and methodological complications. The issues of magnification, resolution, image 
capture, enhancement, measurements add more variables into the study of voids and soil 
porosity. For a careful review of the possible complications and a few words of caution the 
reader is directed towards Thompson et al. (1992). Nearly all of the issues discussed in that 
paper had to be considered in this thesis and many of the suggested solutions were 
incorporated into the individual methodology chapters. The issues raised by Thompson et al. 
(1992) continue to remains relevant today. 

2.5 Glacial Micromorphology Quantitative Studies 

2.5.1 History of Image Analysis Related Quantitative Studies 

There are very few examples of image analysis related work in glacial sediments in 
general ( Dowdeswell, 1982; Smart et al., 1991; Zaniewski, 1994; Hiemstra et al., in press). 
Not surprisingly most of the quantitative approach concentrated on the SEM based studies of 
glacial sediments. A large portion of this work focussed on textural studies and, more 
specifically, SEM derived quartz grain related investigations. 

2.5.2 Techniques 

The image analysis methodology as applied in SEM studies differs from the digital 
image analysis described earlier. In its developmental origin the SEM related research 
techniques closely parallel the use of multispectral analysis techniques in soil 
micromorphology and glacial micromorphology. As shown in the introduction it should not 
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be discounted since it does concern the analysis of images and introduces a number of 

quantitative techniques into what was previously a very qualitative study. The use of 

stereoscopy in SEM studies was derived from the techniques developed for aerial 

photogrammetry while the methodology described in this thesis was based on techniques first 

applied to satellite imagery. 

The field of SEM related research has been in development for many years. However, 

the image analysis techniques as described earlier have only been introduced recently. 

Whalley( 1978) provides a review of the early SEM techniques. The review includes some of 

the earlier references to computerisation. This is not surprising since equations used to measure 

features in SEM imagery (stereology based calculations) are naturally suited towards 

computerization. Tovey (1978) called for the use of automation in SEM stereoscopic studies 

in order to speed up the calculations and suggested the possible application of computer data 

processing. Dowdeswell (1982) showed the practical applications of Fourier shape analysis 

techniques on micrographs of quartz grains. Although no digital imagery was used, the method 

certainly fits the criteria of image analysis and quantification since the data analysed had to be 

digitized from the photomicrographs. 

2.5.3 Applications of Image Analysis in Glacial Studies 

As mentioned above, Dowdeswell (1982) showed one of the earlier applications of 

loosely defined image analysis. The SEM data used had to be digitized and analysed 

mathematically before any conclusions were made. The technique attempted to quantify shape 

characteristics of quartz grains using Fourier shape analysis. This is a complicated, calculation 

intensive technique, not made any easier when the shapes analysed show high shape 

complexity. The use of computer technology allowed for a more complete approach in that the 

use of a larger number of samples was possible. However, only a small number of samples was 

used - severely limiting the final conclusions (Dowdeswell, 1982). The results did show that 

there were significant differences between subaerial and subglacial quartz grains. Caution was 

advised when comparing results from texturally different samples. Secondly, before 

interpreting results from other, perhaps more similar environments, the author suggested that 

more research was necessary. 

In an attempt to show the feasibility of image analysis in glacial sedimentary studies, 

Zaniewski (1994) proposed a practical application of IDRISI GIS to pore studies. The thesis 

showed that even a very simple program can be used to analyse thin section imagery. Although 
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lacking specialized tools, IDR1SI proved capable of measuring shape characteristics, gathering 

size frequency data and, to a small degree, orientation information. The results confirmed the 

soundness of the concept and provided a solid springboard for this thesis. 

2.5.4 Plasmic Fabric Studies Using Image Analysis/Quantitative Approach in Glacial 

Micromorphology 

Previous work on the subject of plasmic fabric analysis provided some solutions to the 

problem of quantification (Morgenstern and Tchalcnko, 1967a,b). However, this type of work 

was often limited to the creation of mathematical formulae and theories of formation and 

mechanics (Tchalenko, 1968; Feeser, 1988). Feeser (1988) did attempt to make the connection 

between clay fracturing patterns and glacial processes involved. The study was based on 

measurements of actual fracture and clast fabrics in glacially tectonized clays. 

Several known plasmic fabric classifications exist as part of a larger system of soil 

micromorphology classifications (Brewer, 1976; FitzPatrick, 1984; Bullock et al., 1985) (see 

section 3.3). Due to the lack of a glacial micromorphology classification system, it is necessary 

to base this thesis, at least partially, on the soil science principles of description and 

identification. 

2.6 Conclusions 

Experience has shown that the use of image analysis has a wide scope of applications. 

The advantages listed earlier make this approach to quantification and morphometry a very 

accurate and efficient approach. Once the limitations of the technique are established and in 

some way dealt with it maybe quite reasonable to expect the results to be comprehensive and 

reproducible. One of the main problems with any qualitative smdy or description is the lack 

of uniformity between results obtained by different observers. Such a lack of consistency 

severely limits any attempt at classification or generalisation. The image analysis techniques 

will hopefully allow for an improvement in this respect. 

Although in itself a complicated and often finicky process, image analysis quickly 

found its way into the mainstream of scientific research. The similarity between soil 

micromorphology and glacial micromorphology allows us to believe that the application of the 

same principles, as is already the case with most of the terminology, will allow us to deal with 

glacial sediment thin sections in the very same way it is done with soil thin section. It would 
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allow us to gain from the body of research already completed and well tested. The use of GIS 
techniques such as multispectral classification can be used to further the cause of image 
analysis but has up to now been treated only rarely. It is one of the objectives of this thesis to 
test the use of this type of classification on thin sections. 

The main objective is to create a method of quantification of plasmic fabric. The 
literature research shows that techniques used to quantify plasmic fabrics are rare and in many 
cases not suitable for use in image analysis. As such the approach proposed in this thesis is 
very novel and may suffer from some teething problems. This is further compounded by the 
problems of nomenclature and classification which permeate the field in respect to plasmic 
fabrics. The issue of plasmic fabric classification warrants its own chapter and will be 
discussed separately. It is the hope of the author that most of the problems encountered will 
be either solved or identified as future development issues. 
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3. PLASMIC FABRIC DIAGNOSTICS 

3.1 Introduction 

The main purpose of this thesis is to create a quantitative - image analysis based -

method for analysis of plasmic fabrics in glacial sediments. One objective of the thesis should 

be the creation of a set of diagnostic criteria for plasmic fabric recognition. These criteria 

should be based on an established and proven set of descriptive characteristics. 

It is the main aim of this chapter to define just such a set of plasmic fabric diagnostic 

criteria. The first step to be undertaken is the selection of the plasmic fabric patterns currently 

studied in glacial micromorphology and the identification of their diagnostic features. In 

addition, each form of plasmic fabric will also be described in terms of sedimentary or 

defonnational conditions, processes and diagenetic conditions with which it is known to be 

associated. 

The system of classification used in this thesis will use some previously established 

terminology - such as plasmic fabric names - but it will avoid the use of terms which might 

have a different meaning or connotations in glacial studies (e.g. striations). It is hoped that the 

new classification will simply build on the experience of the previous research in soil science. 

At the same time the objective for this chapter calls for a clearly stated set of diagnostic 

characteristics of plasmic fabrics in glacial sediments creating a need for some revision and 

clarification of the current classification methods. A short note about the various classification 

methods can also be found in section 2.2.1 

Although descriptive and based on previous plasmic fabric interpretations, the 

subjective component of the new classification system is necessary before any objective 

description criteria can be identified. The necessity is derived from the fact that the current 

subjective studies of sedimentary facies in thin sections are based on subjective classification 

methods. Therefore, the current interpretations of sedimentary processes or conditions are 

associated with, and based on, a number of established subjective criteria such as plasmic 

fabric patterns. In the future it may be possible to move away from the subjective terminology 

and use quantified characteristics of micromorphic features as means of descriptions. Currently 

it is necessary to seek compromise by quantifying the qualitative. 

If a high degree of accuracy in pattern identification is to be achieved it is necessary 
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that each description of individual types of plasmic patterns must be as complete as is currently 
possible and should encompass the maximum number of possible permutations of the given 
fabric patterns. This does not mean that the quantitative analysis will be all encompassing but 
only that the data extracted will be more likely to be significant. The summary of diagnostic 
features will include characteristics which make identification and differentiation of plasmic 
fabrics possible. This list will then be used in subsequent chapters to create a set of objective 
criteria to be used in image analysis. 

Before the work of studying plasmic fabrics can begin there are several additional 
comments to be made. Some issues, such as the methodology of observation, should be 
discussed before proceeding any further. 

When studying plasmic fabric in thin sections preference should be given to the use of 
circularly polarized light rather than cross-polarized. The use of cross-polarized illumination 
automatically implies a degree of subjectivity in terms of colour intensity and possibly areal 
extent of plasma separations. This is mostly because each individual image only captures one 
stage orientation angle. Depending on the stage position objects possessing preferred 
orientations may or may not show until the stage is rotated - forcing the need to take a number 
of images at different stage positions. The use of cross-polarized light may be preferred when 
looking at some plasmic fabrics such as bimasepic or trimasepic where the dominant preferred 
orientation direction may be more easily identified and measured individually. For some 
examples of plasmic fabric patterns the choice of circularly polarized light may be entirely 
inappropriate. For example, kinking plasmic fabric (see section 3.4) would not be 
distinguishable from omnisepic plasmic fabric. Whenever appropriate, a comment will be 
made as to the expected differences between these viewing options for a plasmic fabric type. 

Another point of note is the plasmic fabric forms definitions and nomenclature in 
general. Essentially there arc two main plasmic fabric aspects to be looked at: the strength and 
direction of plasma arrangement (basic orientation) and the overall pattern of the plasmic 
fabric (preferred orientation). Jim (1990) defines the basic and preferred orientations as: 

Basic orientation - formation of plasma separations by clay mineral stacking. 

Preferred orientation - alignment of plasma separations with respect to each other. 

The definitions differentiate between the degree of plasmic fabric development and the 
pattern, or shape, of the development. In this part of the thesis, the emphasis will be on the 
preferred orientation aspect of plasmic fabrics while the concept of basic orientation and its 
measurement will be considered in the methodology and the results sections. The separation 
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is necessary since the strength of basic orientation (optical anisotropism) has little effect on 

the preferred orientation patterns and then only as far as making them more or less visible. 

Since the strength of basic orientation may be indicative of specific genetic conditions it 

should and will not be ignored. The strength can be thought of as the product of the physical 

size of a domain, its area, and the clarity (uniformity) and brightness of the visible 

anisotropism. However, the analysis of basic orientation (plasmic fabric strength) falls outside 

the scope of this part of the thesis section and can be found in section 5.3. 

3.2 Plasmic Fabric 

Plasma is defined by Brewer (1976) to be all material of colloidal size, i.e. smaller than 

2 microns in diameter, which is not bound up in skeleton grains but can be "soluble". The term 

"soluble" indicates any material which is not consolidated but docs not necessarily dissolve 

in water. Plasma may contain both amorphous and/or crystalline material as well as organic 

matter. Plasmic fabric is the form, or the arrangement of plasma. Similar units of plasma can 

be referred to as domains. Some domains show high degrees of anisotropism due to particles 

of anisotropic plasma having a highly uniform basic orientation. Anisotropic domains can also 

be referred to as plasma separations and are always associated with crystalline anisotropic clay 

minerals. Strongly birefringent plasmic material generally shows a much higher degree of 

uniformity in basic orientation. This is not always true since some masking agents (isotropic 

materials) can affect anisotropism without changing the actual basic orientation of the material 

(Diagram 3.1). Although some anisotropism can be the result of sedimentation, it is generally 

accepted that the strength of development of anisotropic plasma separations is a direct result 

of the amount of available clay and the stresses acting on the sediment (van der Meer, 

1993a,b). Furthermore, the direction of the stress fields is also thought to be reflected in the 

direction of the plasma separations. (Greene-Kelly and Mackncy, 1970; van der Meer, 

1993a,b). 

3.3 Glacial Plasmic Fabric Types 

Van der Meer (1993a) uses Brewer's (1976) classification of plasmic fabric in order to 

describe some of the plasmic fabric patterns known to be associated with glacial sediments. 

Although devised for soil science, Brewer's nomenclature uses terminology based on shapes, 

patterns and relationships of plasmic fabric and soil features. Presuming that the same 

conditions can be observed in glacial sediments nothing prevents this classification system 
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Diagram 3.1. Z*A£s diagram illustrates the effects of clay mineral stacking and masking agents on plasmic fabric 
strength. Under cross-polarizers situation A would show highest birefringence intensity. In case B the stacking 
is not nearly as uniform resulting in weakening of the optical anisolropism of the plasma. Case C presents a 
situation where isotropic minerals mix with anisotropic clay platelets and act as a masking agent. This would 
also result in weakening or even complete blocking of birefringence. Case D presents a situation where an 
opaque object completely blocks illumination resulting in plasma appearing black (asepic). Voids inherit the 
optical characteristics of the impregnating medium used to create the thin section - most often translucent and 
isotropic. 

from being used in glacial sedimentology. Based on review of literature in glacial 

micromorphology it seems that at least some of the plasmic fabrics mentioned by Brewer 

appear to play little role in glacial sediments. These will only be mentioned briefly in the last 

section of this chapter but will not be discussed in any detail. In addition, some new types of 

plasmic fabrics may have already been added to the growing body of glacial sedimentology 

features. For this reason it is important to identify and work only with plasmic fabric patterns 

relevant to the type of thin sections analysed. 

A summary of known plasmic fabric patterns can be found in Table 3.1. The table lists 

plasmic fabrics according to Brewer's (1976) classification and includes main points of the 

general descriptions as given in Brewer, (1976), FitzPatrick, (1984) and Bullock, etal.( 1985). 

In addition to the three main soil micromorphology classification systems, a few additional 

references to some of the plasmic fabrics were added when these were initially described in 

the context of glacial sedimentology (Korina and Faustova, 1964). 

Currently at least one other type of plasmic fabric, not described by Brewer (1976) is 

known to exist in glacial sediments. Kinking plasmic fabric, although not mentioned in 

Brewer( 1976) was described by FitzPatrick (1984) and is therefore listed in the Table 3.1. It 

was first observed and reported by van der Meer (1982) in glacial sediments. Since then 

several other papers in glacial micromorphology describe this form of plasma orientation 
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Plasmic Fabric ,,„-,.> 
Brewer (1976) 

Type 
FitzPatrick(l984) 

random extinclion pattern, 

Argillasepic recognizable plasma domains, mostly isotropic matrix 

clay sized 

Silasepic 

Insepic 

Mosepic 

random extinction pattern, no clay-

aggregates 

clusters of preferred ("striated") 

orientation within randomly oriented 

matrix 

well developed insepic plasmic fabric 

preferred orientation of striated plasma 
Vosepic 

parallel to voids 

Skelsepic 

Masepic 

Bimasepic -
Multisepic 

Lattisepic 

Omniscpic 

Unistrial 

Kinking 

preferred orientation of striated plasma 

parallel to skeleton grains 

plasma separation zones consisting of 

"striated" orientations parallel to the 

general orientation of the zones. 

plasma separations aligned in two or 

more dominant preferred orientation 

directions 

elongated, short, discontinuous 

domains, oriented at about right angle 

to each other 

no single predominant preferred 

orientation direction but all plasma is 

oriented 

masepic fabric but longer domains. 

Discussed only in terms of 

consolidated material. 

not described 

isotropic matrix 

small and discontinuous 

anisotropic flecks 

larger anisotropic flecks 

anisotropic aureoles 

anisotropic aureoles 

continuous anisotropic zone or a 

set of anisotropic lines 

variegated anisotropic zones. 

irregular set of orientated zones 

of plasma 

reticulate anisotropic zones 

variegated anisotropic zones 

anisotropic lines 

zigzag or herring bone pattern, 

related to argillan coating fabrics 

Bullock etal. (1985) 

stipple-speckled" 

stipple-speckled' 

stipple-speckled 

mosaic-speckled 

porostriated b-fabric 

granostriated b-fabric. 

bircfringent halo 

monostriatcd. parallel striated 

cross-striated b-fabric, sets of 

bircfringent streaks, not 

perpendicular to each other. 

intersecting 

reticulate striated, must be 

right angled 

random striated b-fabric 

unistrial plasmic fabric of 

Brewer. (1976) 

not described 

Others 

scaly microstructure. 

(Korina &Faustova, 

1964) 

conchoidal texture 

(Korina & Faustova, 

1964) 

conchoidal texture 

(Korina & Faustova, 

1964); 

microfoliation (Sitler 

& Chapman, 1955); 

haloes (Wisnicwski. 

1965) 

perpendicularly 

fibrous reticulate 

(Korina & Faustova. 

1964): 

lattice (Wisniewski, 

1965) 

Table 3.1. A summary of the known plasmic fabric patterns and some of the original classifications references. 

' Note: Asepic plasmic fabrics should not be identified as identical to insepic plasmic fabrics. This appears to be 

the case for Bullock et al. 1985 classification system. 
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(Menzies and Maltman, 1992; van der Meer, 1993; Bordonau and van der Meer, 1994) 

necessitating its inclusion in this research project. 

Several terms used in soil micromorphology and plasmic fabric classification systems 

may not be appropriate when used in glacial sedimentological studies. For example. Brewer 

(1976) refers to "striated orientation" when describing preferred orientation in plasma 

separations. The terms striation and striated refer to a very specific set of glacial features and 

processes. The appearance of plasmic fabric "striations" and clast striations may be similar but 

the genetic processes involved are not at all same. For this reason term "striated" should not 

be used when referring to plasmic fabric patterns. Similarly, the term "domains" as used in 

Menzies and Maltman (1992) refers to individual visually different units of sediment often 

found in thin sections. Brewer (1976) used this term to describe zones of similarly oriented 

plasma. The ambiguous use of the tenn "domain" may lead to confusion in understanding 

verbal descriptions. In this work the terms "zones" "sub-units and "units" will be used to refer 

to visually different zones of thin sections. The term "domain" will only be used in reference 

to previous plasmic fabric pattern descriptions. 

3.4 Diagnostic Characteristics of Plasmic Fabric Patterns 

This section of the chapter concerns the summary of the known visual aspects of 

plasmic fabric patterns and a listing of their "diagnostic" features. Diagnostic features represent 

not just the shape, size or orientation of plasma separations but also their relationship to other 

sedimentary features to be found in glacial sediment thin sections. It is important to state that 

the recognition of certain plasmic fabrics patterns may only be possible when a strong and 

unique relationship between orientated plasma and other features can be established. A good 

example of this relationship would be skclsepic plasmic fabric and skeleton grains. Before any 

computer work can begin it is vitally important to identify the most important recognition 

characteristics of each type of plasmic fabric. 

The subsequent set of descriptions will aim to create just such a list of unique qualities 

for each of the described plasmic fabric patterns. The application of confirmed diagnostic 

characteristics listed should be applied following a positive identification of oriented plasma 

separations in thin sections and will be explained is the subsequent chapters. The patterns 

analysed will coincide with the list defined in Table 3.1. 
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3.4.1 Argil/asepic Plas mie Fabric 

This type of fabric can be simply described as lacking any visible plasma separations. 

The plasma of this type of fabric consists mostly of clay sized material. Random extinction 

pattern (or flecked matrix pattern) and recognizable plasma domains should also be observed 

(Brewer, 1976). 

FitzPatrick (1984) simply refers to this type of plasmic fabric as "isotropic matrix" 

without being more specific. 

Bullock et al. (1985) "stipple-speckled" classification must be put to question since 

argillasepic plasmic fabric can not show anisotropism while at the same time "speckles" are 

defined as small equant bodies of birefringent plasma domains. 

Argillasepic plasmic fabric pattern may be found in undisturbed marine sediments, not 

affected by iceberg scour (Lagerlund and van der Meer, 1990; Hiemstra, 1999). Flow tills (van 

der Meer, 1987; Menzies and Zaniewski, in prep) have also exhibited this type of plasmic 

fabric. The lack of plasmic fabric pattern may be the result of relatively low stress depositional 

conditions but a possibility of visible anisotropism masking by amorphous agents (ex. calcium 

carbonate) should not be excluded unless chemical testing indicates otherwise. 

When identifying argillasepic plasmic fabric, the lack of plasma separations is an 

important characteristic. The matrix may show some domains but there should be no evidence 

of anisotropism when viewed under cross- or circular-polarizers. This is an idealized situation 

of course. It docs not account for a highly variable nature of plasma where asepic plasma often 

closely coexists with sepic domains. This may result in some image overlap. To account for 

this it is best to accept that a small percentage of anisotropic domains may be present even in 

an otherwise asepic plasma. FitzPatrick (1993) defined 'rare anisotropic areas' where 

anisotropism frequency drops below 2 %. 'Very rare anisotropism' value was listed as less 

than 0.5 % ). In this thesis, optical anisotropism frequency of less than 2% and the 

predominantly clayey matrix (more than 50% clay sized material) should be treated as 

diagnostic in argillasepic fabric recognition. (Colour plate 1) 

3.4.2 Silasepic Plasmic Fabric 

This type of plasmic fabric also lacks visible plasma separations. The matrix should 
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consist mostly of silt sized material and must have a random extinction pattern (Brewer, 1976). 

Both of the asepic plasmic fabrics are referred to as "stipple-speckled" plasmic fabrics 

by Bullock et al. (1985) but this, as explained above, must be considered as inaccurate. 

FitzPatrick (1984) did not differentiate between asepic plasmic fabrics. 

Silasepic plasmic fabric can be found in undisturbed glacial marine sediments 

(Lagerlund and van der Meer, 1990) and flow tills (van der Mcer, 1987; Menzies and 

Zaniewski, in prep.). The conditions for this type of plasmic fabric formation are generally the 

same as those of argillasepic plasmic fabric. 

There is very little difference between argill- and silasepic plasmic fabrics. If most of 

the matrix material contained in a sedimentary unit appears to be silt (more than 50% of the 

matrix consists of silt sized material) and plasma separations are rare or very rare (less than 

2% optical anisotropism frequency of the matrix) then the fabric should be classified as 

silasepic. (Colour plate 2) 

3.4.3 Insepic Plasmic Fabric 

Insepic plasmic fabric differs from the asepic plasmic fabrics in that plasma separations 

can be observed within the matrix. These domains of preferred orientation or "striated 

orientation" appear as individual clusters within a randomly oriented matrix (Brewer, 1976). 

When viewed under cross-polarized conditions this type of fabric will likely increase in 

frequency but the distribution pattern should remain largely the same. 

FitzPatrick (1984) refers to this type of fabric as anisotropic flecks. Flecks (or domains) 

should be small and discontinuous with diffuse or sharp boundaries. There should be no 

preferred orientation pattern for the domains. 

Bullock et al. (1985) calls this type of plasma arrangement "stipple-speckled" plasmic 

fabric. Here, also, plasmic fabric definition refers to small bodies of oriented plasma, 

"cquidimentional or slightly prolate" in shape. 

This type of plasmic fabric was found to be present in "ground moraine" material by 

Korina and Faustova (1964) and was referred to as scaly microstructure. 
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Based on these descriptions insepic plasmic fabric can be described as essentially the 
simplest type of a sepic plasmic fabric. The development of plasma separations is only 
minimal in terms of areal extent. The critical value is tentatively set at 125 urn2 based on 5 
pixel minimum (at 25 unrVpixcl) used to define oriented shapes (see chapter 5.4). Matrix 
appears speckled with small clusters of orientated plasma. The individual clusters should not 
have any general preferred orientation direction nor should there be any overall pattern 
for the plasma separations. (Colour plate 3) 

3.4.4 Mosepic Plasmic Fabric 

According to Brewer (1976) this type of plasmic fabric appears to be a very well 
developed example of insepic plasmic fabric. Domains of "striated" plasma separations often 
appear to nearly overlap but do not have a general overall orientation or pattern. Thin zones 
of flecked plasma separate these individual domains of oriented clay minerals. 

This type of fabric can also be classified as large anisotropic flecks (FitzPatrick, 1984). 
FitzPatrick (1984) therefore distinguishes between mosepic and insepic plasmic fabrics based 
only on the size of the plasma separations. Here again no preferred orientation pattern can be 
distinguished, nor is there a relationship between the domains and any other soil material. 

Bullock et al. (1985) calls this type of fabric "mosaic-speckled" plasmic fabric. Here 
the difference appears to be the fact that individual domains of plasma must be in contact with 
each other. This is different from Brewer's (1976) classification in being much more explicit 
about the difference between the two types of plasmic fabrics. 

This type of plasmic fabric pattern can be described as a variant of insepic plasmic 
fabric. Since the size of the orientated domains is a measure of plasmic fabric development it 
can be said that the mosepic plasmic fabric is essentially a well developed insepic plasmic 
fabric. This type of description is not well suited towards quantitative description or 
identification. It is therefore necessary to clarify and synthesize the various definitions into a 
more logical and rigid set of diagnostics that even a computer would understand. 

A mosepic plasmic fabric is as a set of equidimentional unorientated anisotropic 
plasma domains. It differs from the insepic plasmic fabric in two ways: the individual 
clusters of plasma may occasionally be found in contact with each other forming a 
"checker board" pattern within a visibly isotropic matrix; individual domains appear larger in 
size. Although in current studies the size difference appears poorly defined, presumably due 

55 



to the infinite range of potential sizes, a single finite value must be stated explicitly. Presently 

this author choses to use a value of 125 ^m or more in area for each anisotropic domain as 

the defining quality for mosepic plasmic fabric (see insepic p.f.). 

One final note. The fact that mosepic plasmic fabric domains are often in contact with 

each other will not significantly affect the computer based diagnostics. If such situation arises 

the combined domains will be treated as a single domain of a size larger than 20 urn and, 

presumably, of no defined overall direction. Even if a slight preferred orientation is established 

for the whole combined unit, its shape characteristics and size will likely exclude it from being 

classified as any of the "orientated" plasmic fabrics. 

3.4.5 Vosepic Plasmic Fabric 

This type of plasmic fabric is closely associated with void spaces within sediments. 

Although matrix appears predominantly flecked some striated plasma separations should be 

observed in relation to the sides of the voids. The orientation of the striated plasma is 

predominantly parallel to the voids (Brewer, 1976). This type of fabric along with the skelsepic 

plasmic fabric are also known as "surface related" fabrics (Blokhuis et al., 1990). 

In FitzPatrick (1984) this arrangement of plasma domains is known as anisotropic 

aureoles. In this case the diagnostic features appear to be the shape of the overall pattern and 

its relation to voids. Individual domains forming the aureoles can be both, continuous and 

"striated", they can vary in thickness around the void and they can either surround the void 

only partially or completely. 

Bullock et al. (1985) calls this type of fabric "porostriated b-fabric" and describes it as 

a birefringent fabric formed as a result of plasma separations being orientated parallel to the 

surface of the void. 

Korina and Faustova (1964) identify this type of plasmic fabric as "conchoidal texture" 

when found in "ground moraine" sediments. 

In clayey soils this type of plasmic fabric appears closely related to swelling. In fact 

the frequency of occurrence appeared to increase with depth in vertisols (Blokhuis et al. 1990). 

The same authors also indicated a temporal factor with an increase in the frequency of vosepic 

domains with time. Retallack (1997) indicated that although often associated with pedogenic 

processes, vosepic plasmic fabric can also be a result of filling in of voids during burial. 
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In this case the relationship between orientated domains and the voids is the key 

diagnostic. Plasma separations must be located in the immediate vicinity (subcutanic) of the 

void and must represent at least 40% of all the domains. The domains may be continuous or 

discontinuous around the void. They should however be oriented parallel to the surface of 

the void. There should also be a limit in terms of the distance that an orientated plasma 

domain may extend away from the surface of the void. This is tentatively set at 25 um. It 

should be indicated that the method does not differentiate between argillans (diagenetic 

structures) and plasma in general. Argillans often exhibit strong birefringence and would be 

classified as birefringent plasma. To exclude argillans from the vosepic plasmic fabric 

evaluation procedure would require an a priori knowledge of their existence and of the 

location of the void walls. The division between matrix and argillan based anisotropism will 

not be attempted in this thesis. (Colour plate 4) 

3.4.6 Skelsepic Plasmic Fabric 

Brewer (1976) describes this type of plasmic fabric as evidenced by plasma separations 

occurring subcutanically - aligned parallel - to the surfaces of skeleton grains. The remainder 

of the plasma, further away from the core skeleton grain, should be randomly oriented. Plasma 

separation orientation appears predominantly parallel to the surface of the skeleton grain. 

FitzPatrick (1984) also calls them anisotropic aureoles without making any 

differentiation between the surface related plasmic fabrics. 

Bullock et al.(1985) refers to skelsepic plasmic fabric as "granostriated b-fabric". This 

type of fabric can be associated with any resistant fabric unit such as mineral grains or nodules. 

Bullock et al.(l 985) also describe this type of fabric as a birefringent halo around individual 

grains. 

This type of plasmic fabric was also referred to as conchoidal texture, when first 

identified in glacial sediments by Korina and Faustova (1964), and haloes by Wisniewski 

(1965). 

It is generally thought that the skelsepic plasmic fabric is a result of rotational 

movement sediments - especially rolling skeleton grains within a clay dominated matrix (van 

der Meer, 1987, 1996; Retallack, 1997). Laboratory studies appear to confirm these findings 

(Hiemstra and Rijsdijk, in press). Subsequent alignment of plasma parallel to the surface of the 
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rotating skeleton grains results in the skelsepic pattern. This explanation also finds support in 

the common combination of turbate structures and skelsepic plasmic fabric in glacial 

sediments. Basal tills frequently contain examples of skelsepic plasmic fabric (van der Meer, 

1987. 1990, 1996; van der Meer and Laban, 1990; van der Meer et al., 1983). 

It should be noted that Jim (1990) , Dalrymple and Jim (1984) and Retallack (1997) 

point to isotropic stresses due to wetting/drying cycles as capable of creating skelsepic plasmic 

fabrics. This direct relationship between clay swelling, depth and the development of skelsepic 

plasmic fabric is also supported by Blokhuis et al., (1990). The same authors also indicate an 

increase in the presence of skelsepic plasmic fabric domains with time - possibly linked to the 

number of shrink-swell cycles. The issue of swelling cycles is important as water removal by 

air drying, while causing some shrinking, also happens to be a very common method of sample 

preparation in glacial micromorphology. Retallack (1997) also indicates that the movement of 

grains during thin section preparation maybe responsible for some skelsepic domains. Greene-

Kelly and Mackney (1970) however found no evidence that consecutive wetting/drying cycles 

have any effect on the overall plasma anisotropism in clays. Their studies showed preexisting 

skelsepic and unistrial domains which were not enhanced, enlarged or modified due to 

wetting/drying cycles. Hiemstra and Rijsdijk (in press) indicate that thin skelsepic domains 

around irregular grains should not be treated as indicative of rotational movement. 

Skelsepic plasmic fabric can be described as cither, continuous to discontinuous 

plasma domains surrounding skeleton grains. Domains should appear parallel to the 

surfaces of the skeleton grains. A limit as to the distance away from the edge of the core grain 

that the plasma separations may extend while remaining identified as skelsepic in nature is set 

to 25 um. For a fabric to be classified as skelsepic at least 40% of all the domains should fit 

within the 25 urn zones. As the critical value selected is based on visual thin section 

description experience it may undergo future modifications if necessary. The defining aspect 

of this type of fabric is predominantly its proximity to the core grain. However, since only 

domains which fit completely within each critical zone are considered they will act as a defacto 

filter (see section 5.5.2). (Colour Plate 5) 

3.4.7 Masepic Plasmic Fabric 

Streaks of uniformly oriented plasma domains. Domains are often discontinuous and 

dispersed uniformly. The appearance of streaking can be explained by the alignment of smaller 

plasma domains or flecks. Some or all of these flecks can be at least partially elongated. Their 
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longest axis orientation when combined with their general linear alignment results in the 

appearance of unidirectional orientation of plasma. The length (or size) of the flecks seems to 

vary without affecting the identification. 

Brewer (1976) describes masepic plasmic fabric as a zone or zones of "striated" 

plasmic fabric. Plasma separations are independent of any soil features such as skeleton grains 

or pore spaces. There can be a number of zones of uniform basic orientation but the 

relationship between zone orientation may be random. 

FitzPatrick's (1984) classification generally refers to strial fabrics as anisotropic lines. 

When a number of similarly oriented zones of plasma can be observed the plasmic fabric 

pattern is described as a continuous zone. The masepic plasmic fabric as defined by Brewer 

(1976) would fit somewhere in between the two definitions. 

Bullock et al. (1985) refers to this plasmic fabric as monostriated where plasma 

separations occur in distinct individual streak patterns but parallel striated where a number of 

similarly oriented streaks of birefringent plasma occur in sets of parallel lineations. 

Where plasma domains appear orientated in one direction, such as masepic plasmic 

fabric or unistrial plasmic fabric, the direction tends to indicate shearing displacement in the 

sediment. In masepic plasmic fabrics this tends to appear in form of shear bands or zones (van 

der Meer, 1993). 

For this type of fabric to be recognised, a pattern of orientated plasma separations must 

be observed. Plasma separations may occur in continuous or discontinuous zones which should 

be fairly large so that an idea of the preferred orientation direction may be gained. 

Furthermore, the orientation direction should be very similar for most of the observed 

domains. At least 15% of the non-skelsepic/vosepic domains should be measured for 

orientation. These domains must then be evaluated for preferred orientation. One way to 

establish the nature of the plasmic fabric pattern is by way of visual examination of the rose 

diagram. This approach may prove misleading unless the rose diagram used is drawn with 

extreme care and using appropriate techniques (Wells, 2000). In addition, visual examination 

moves away from the objective principles of this thesis. Instead the decision regarding the 

preferred orientation direction is based on the orientation frequency distribution of the 

domains. Masepic fabric can be identified when orientation measurements cluster in one 

dominant direction. This can be recognized when one (and only one) of the following 

conditions has been detected: 
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a) 2 5 % of all the measured orientations fit within a single 30° class interval or, 

b) 2 0 % of all the measured orientation fit within a single 20° class interval or. 

c) 1 5 % of all the measured orientations fit within a single 10" class interval. 

The diagnostic values are explained in more detail in section 6.5.5. The critical values 

are based on testing experience but like the other critical values is tentative only and may 

undergo change when tested in practice. (Colour plate 6) 

3.4.8 Bimasepic/Trimasepic Plasmic Fabrics 

These types of plasmic fabrics are essentially a variation of masepic plasmic fabric. If 

plasma separations within zones of oriented matrix align in two distinct directions the plasmic 

fabric is known as bi-mascpic or two directional masepic plasmic fabric. Trimasepic plasmic 

fabric involves three dominant preferred orientation directions (Brewer, 1976). These types 

of fabric are sometimes referred to as subcutanic types of plasmic fabric (Blokhuis et al., 

1990). Subcutanic fabrics also include masepic and unistrial patterns. 

Bullock et al. (1985) calls this type of fabric "cross-striated b-fabric". It can be defined 

by "two sets of bircfringent streaks, not perpendicular to each other, intersecting". It is 

important to note that only one set of streaks at a time can be seen under cross-polarizers at any 

given stage orientation. The stage must be rotated before the second set of streaks can be 

observed. 

These types of plasmic fabric pattern arc referred to as variegated anisotropic zones in 

FitzPatrick (1984). Variegated anisotropic zones are essentially a set of individual 

multidirectional zones of orientated plasma. FitzPatrick (1984) does not apparently consider 

the number of unique orientation directions as significant and subsequently no specific names 

were given to each type. 

For diagnostic recognition purposes bimasepic or trimasepic plasmic fabrics should be 

treated as a combination of two or more masepic plasmic fabrics. Essentially a zone of matrix 

may be described as bi/trimasepic if more than one dominant direction of preferred orientation 

may be found. Bimasepic or trimasepic plasmic fabric can be identified if conditions described 

in masepic plasmic fabric definition (see above) are found true in more than one preferred 

direction. (Colour plate 7) 
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3.4.9 Lattisepic Plasmic Fabric 

This is a variation of the bimasepic plasmic fabric. Here the plasma appears mostly 

unoriented. However, some plasma separations can be observed. These are elongated, short 

and discontinuous while their domains appear oriented in two distinct directions at an 

approximately right angle to each other. This results in a lattice like appearance of the matrix 

(Brewer, 1976). 

This type of plasmic fabric is known as reticulate striated under Bullock ct al.(1985) 

classification. Here, also, the difference between cross-striated and reticulate striated lays in 

the angle at which the streaks intersect but in this case the definition clearly indicates 90 

degrees as diagnostic. 

FitzPatrick (1984) refers to lattisepic plasmic fabric as reticulate anisotropic zones. 

These are defined as zones of oriented plasma orientated in two dominant directions normal 

to each other. 

Korina and Faustova (1964) refer to examples of this type of plasmic fabric to be found 

in "ground moraine" sediments as perpendicularly fibrous reticulate plasmic fabric. 

Jim (1990) generally described the process of lattisepic plasmic fabric formation as a 

rotational in nature. The rotation of skeleton grains tended toward ellipsoid and resulted in the 

box like arrangement of plasma. 

Lattisepic plasmic fabric is commonly found in basal tills (van der Meer, 1990; van der 

Meer et al., 1983). Menzies and Maltman (1992) have also found lattisepic fabric in subglacial 

sediments. 

Based on these descriptions and definitions it should be reasonable to accept that the 

major diagnostic characteristic to be used in the recognition of lattisepic plasmic fabric should 

be the relationship between the two dominant preferred orientation directions. In other words, 

plasma should be organized into zones of bimasepic plasmic fabric. The angle of intersection 

between the two dominant direction should be 90° (+/-100). In practice the value may range 

away from the perfect value stated. (Colour plate 8) 
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3.4.10 Omnisepic Plasmic Fabric 

This type of plasmic fabric exhibits a very complex pattern of striated plasma 

separations. No single predominant preferred orientation can be observed but all of the plasma 

shows some orientation (Brewer, 1976). 

This is similar to Bullock's etal. (1985) random striated b-fabric. This type of plasmic 

fabric can be described as an irregular pattern of discontinuous streaks of birefringent plasma. 

The streaks frequently intersect each other at various angles and show successive extinction 

with stage rotation. 

Variegated anisotropic zones of FitzPatrick (1984) fit the description of omnisepic 

plasmic fabrics closest. This type of plasmic fabric can be described as a number of domains 

of plasma strongly orientated but lacking a predominant preferred orientation pattern. 

Diagnostic recognition of this type of plasmic fabric should be based on the nearly 

infinite range of preferred orientation directions for the zones of plasma separations. As in 

case of masepic plasmic fabric, a minimum of 15% of oriented domains should be present 

(exclusive of vo/skelsepic domains). If no obvious preferred orientation pattern is found 

(masepic, bimasepic, trimasepic) then orientation pattern should be tested further. When tested 

for directional frequency at each 5° class centre, no values should fall below: 

a) 10% of all the measured orientations for the 30° class intervals or, 

b) 4 % of all the measured orientations for the 20° class intervals or, 

c) 1% of all the measured orientations for the 10" class intervals. 

The critical diagnostic values used are tentative only. They are based on observed 

frequencies found during the preliminary testing procedures of known omnisepic plasmic 

patterns. (Colour plate 9) 

3.4.11 Un is trial Plasmic Fabric 

This type of plasma arrangement occurs most commonly in clay rich sediments. It is 

also referred to as discrete shears (Maltman, 1987; Menzies, 1990; Menzies and Maltman, 

1992). Discrete shears appear in cross-polarized light as strongly anisotropic streaks of 

oriented clay. Unlike masepic plasmic fabric, unistrial fabric streaks appear to have a very well 

defined length and be continuous. Since discrete shears can be attributed to a slip along a plane 
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of weakness, theoretically at least they are of only a very limited width. In practice discrete 

shears' widths can be measured in tens of microns. The preferred orientation of the unistrial 

plasmic fabric appears to vary from shear to shear. Discrete shears can be straight or 

curvilinear. Discrete shears can cross cut each other at any angle. 

Brewer (1976) did not exclusively mention the unistrial plasmic fabric but its 

description would place it under masepic plasmic fabric category. 

FitzPatrick (1984) refers to unistrial plasmic fabrics as anisotropic lines. Anisotropic 

lines generally occur in the matrix as a set of thin layers of sheared clay plasma. In glacial 

sediments they are generally found within matrix. 

Unistrial plasmic fabrics are generally thought to be a result of shearing, as shown in 

experimental studies (Foster and De, 1971; Maltman, 1977, 1987; Tovey and Wong, 1980; 

Smart and Tovey, 1981). They have been found in basal tills (van der Meer, 1987,1990,1996; 

van der Meer and Laban, 1990; van der Meer et al., 1983) and in glaciotectonized sediments 

(van der Meer et al., 1994). 

Blokhuis et al. (1990) linked their existence in some young clayey soils to swelling 

under confined volume conditions - resulting in unistrial plasmic fabric orientation angle of 

approximately 45 degrees. In glacial sediments angles other than 45 degrees may reflect the 

effects of horizontal shearing induced by the overriding ice sheet. In an earlier study, Greene-

Kelly and Mackney (1970) observed no apparent link between wetting and drying and unistrial 

domain formation. 

For the sake of diagnostic recognition it may be necessary to differentiate 

mathematically between masepic, bimasepic or lattisepic plasmic fabrics and unistrials. The 

unistrial plasmic fabrics should have a much higher L:W axis ratio (tentatively 20:1) for 

their plasma separation zones as they are generally continuous and thin. Also important to note 

is the fact that unistrial plasmic fabrics generally appear as strongly anisotropic, indicating 

strong basic orientation, as well as having well defined boundaries. The shape characteristics 

of the plasma domains must be considered critical since differentiation based purely on a 

preferred orientation may result in misidcntification as other subcutanic plasmic fabrics. 

(Colour plate 10) 
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3.4.12 Kinking Plasmic Fabric 

This type of fabric was observed in glacial sediments (van der Meer, 1982, 1987, 

Menzies and Maltman, 1992; Bordonau and van der Meer, 1994) but was not described in 

Brewer (1976) or Bullock et al. (1985). FitzPatrick (1984) briefly mentioned this type of 

plasma arrangement. 

Kinking plasmic fabric can be described as consisting of a "herring bone" or "tiger 

skin" pattern of extinction bands in clay rich sediments. Kink bands appear very highly 

anisotropic. The extinction bands are oriented to each other at high angles. This type of 

plasmic fabric is often restricted to individual lenses of clay rich material within coarser 

matrix. 

Kinking plasmic fabric is generally associated with very strongly sheared, compressive, 

zones within clay rich bands found in glacial tills (van der Meer, 1985,1993). Examples of this 

type of plasmic fabric found in glacial sediments can be found in van der Meer (1982, 1987), 

Menzies and Maltman (1992) and Bordonau and van der Meer (1994). Experimental testing 

on strongly sheared clays also resulted in kinking plasmic fabrics (Tchalenko, 1968; Foster and 

De, 1971; Maltman, 1977; Smart and Tovcy, 1981). 

This type of fabric should be recognized by the strength of anisotropism and the high 

frequency and width of the extinction bands. Also, the dominant preferred orientation direction 

between the extinction bands should be at a near right angle (Colour plate 11). It is possible 

that under circularly polarized light settings this type of plasmic fabric would be 

undistinguishablc from a strongly developed masepic plasmic fabric. 

3.5 Other Types of Plasmic Fabric 

3.5.1 Undid ic, Isotic and Crystic Plasmic Fabrics of Brewer, (1976) 

These rare types of plasmic fabrics appear to have little relevance to glacial sediments. 

Undulic and isotic plasmic fabrics both appear isotropic at low magnifications (isotic plasmic 

fabric is a true isotropic plasmic fabric). Crystic plasmic fabric, Bullock's et al. (1985) 

crystallytic b-fabric, appears unique in that it consists of visible crystal of soluble plasma 

fractions. An example of this type of fabric has been observed in the Lund diamicton in 

Varpinge, Sweden (van der Meer, pers. comm.) Its significance remains questionable as the 

fabric described can also be treated as omnisepic. 
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None of the three fabrics will be considered by this thesis. Low magnifications used 
in glacial micromorphology make proper identification of these three types of plasmic fabric 
difficult. At the same time their relevance to glacial sediment studies is dubious. 
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4. IMAGE CLASSIFICATION 

Image classification is a mathematically complex process of converting simple numeric 

data provided by the digital imagery into a smaller set of uniform object classes. This is a 

crucial stage in an image analysis routine insofar as it is responsible for creation of the features 

to be analysed. The raw data provided by an initial image can be analysed visually and in terms 

of colour patterns and frequency distributions of the pixels. However, this data can not be used 

to measure or otherwise quantify individual contiguous features within the image as those 

features are not spatially defined. They may be visually different from each other, the same 

way in which they are visually distinguishable under the microscope, but their actual 

individual characteristics and extents are not recognisable by the computer. The classification 

routine converts all pixels of a similar spectral appearance into a single class. There could be 

any number of classes defined by the classification routine. The degree of complexity depends 

on several factors: project objectives, degree of accuracy required, variety of features found 

in a sample field, visual resolution, user preferences. Due to the highly differentiated nature 

of the many thin section images the number of classes used is often limited by the needs of the 

project. It should be presumed that not all of the different objects within a sample field can be 

expected to be individually identified. For practical reasons many similar objects may have to 

be grouped together into larger classes (such as different mineral grains classed as "skeleton") 

or may be left altogether unidentified. The importance of each group of features must be 

recognized before the start of a classification routine. This facilitates higher accuracy as it 

allows the analysis to concentrate on a few well defined objectives. 

4.1 Sample Preprocessing 

Before proceeding with the image classification it is necessary to first select and 

prepare the sample images to be analysed. This task should be standardized if consistency of 

the results is to be achieved. It is the aim of this part of the thesis to identify and describe the 

steps necessary to achieve a degree of uniformity in digital sample preparation. 

4.1.1 Considerations 

Any thin section can consist of a number of visual units. The units are delineated based 

on their appearance and do not always relate directly to the various formational or depositional 
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environments. The visual differences may entail variance in colour, texture, structures, 

distribution of skeleton grains or plasma. Within each of the units a number of various plasmic 

fabrics may be observed. This is expected as most depositional and deformational process can 

be expected to produce a variety of features. Each unit should therefore be described as a 

listing of the plasmic fabrics present. In addition each individual plasmic fabric domain should 

be described in terms of its areal extent (indicating predominance) and the degree of colour 

intensity (basic orientation strength). 

For consistency it is necessary to first identify individual visual units in each thin 

section. These should then be analysed separately. 

For each test the same set of constant values should be used. This is primarily with 

regards to the brightness and filter settings for the microscope and the video/digital camera. 

4.1.2 Image Acquisition 

There arc a number of different ways of acquiring digital images. The methods 

described below refer to the most common means of image acquisition in small scale studies. 

The preferred way of image gathering involves capturing digital pictures using a live video 

camera link between the source of imagery and a video capture board. Alternate means of data 

acquisitions are possible through the use of computer image scanners. This form of image 

acquisition replaces live signal digitization with a still picture (micrograph) scanning. Both of 

the methods, live video camera link to the video capture board and the micrograph scanning, 

can be used to acquire images from SEM, TEM, optical microscopes or any other type of 

device where the source of data is a 2-dimensional image. 

Live video feed allows for a faster and more direct image manipulation and acquisition 

but requires the use of a capture board which introduces its own limitations. Image scanners 

work with the photographs of the subject. In addition to any possible optical distortions 

inherent in the photo development processes, the scanner may introduce its own errors and 

may adversely affect the smallest resolution of the digital image. The main advantage of this 

form of image acquisition lies in the fact that an already existing, and often readily available, 

body of micrograph samples can be used as a source of raw data. A degree of caution is needed 

when working with previously printed photographs. The process of printing may result in 

errors from incorrect ink mixing or colour matching. If done correctly, however, printed 

images may be treated as accurate renditions of the original scenery. 

For this study of plasmic fabrics in thin sections a petrographic microscope was used 

as a primary viewing source. A number of different viewing conditions were used: plain light, 

cross polarized light and a gypsum wedge superposition. Colour plate 12 shows an example 
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of a single thin section area of study as seen under the above mentioned conditions. The variety 

of image sources was necessary in order to facilitate the multispcctral classification procedure. 

Each image analysed was obtained using a video camera but, if available, the use of scanned 

photographs may also provide the necessary imagery. The effect of the digitisation processes 

on the size and resolution of the data images can be seen in diagram 4.1. 

Diagram 4.1. Diagrammatic representation of the digitisation process. The left image is an analog image 
showing a "true"spatial definition of each object. Following digitisation the original image is divided into a 
number of smaller squares, (picture elements, or pixels). Each pixel of the new image is assigned a value (colour) 
based on the analog dat a from the original image. In this case the decision was based on the area! extent of each 
colour within a given pixel. The most dominant colour was selected. Most digitisation routines use more 
sophisticated methods of colour selection where a value selected for each new pixel is calculated using a specific 
algorithm. This diagram also shows the weakness of low resolution imagery. It should be obvious that the digital 
image does not preserve the original shape nor spatial extent perfectly. The accuracy of the reproduction is 
closely related to the resolution - inverse relationship with the pixel size. 

For the purpose of consistency the cross-polarized images should always be acquired 

with all of the void spaces appearing completely black. At the same time it is important to 

rotate the stage so that the maximum number of plasma separation domains are visible. The 

emphasis of this thesis dictates that this factor overrides the importance of identifying skeleton 

grains. The skeleton grains' spectral definition can be sacrificed if the needs of the plasmic 

fabric definition so require. This does not imply that there will be a significant loss of 

information concerning skeleton grains - rather that they will be less clearly distinguished from 

the background. This is fairly obvious visually but makes little difference in image analysis. 

In the end all the skeleton grains will be identified with some possible loss of edge definition. 

When working with the gypsum wedge, void spaces should appear violet in colour. The 

brightness of each exposure should be set to a relatively low value so that there are very few 
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Diagram 4.2. The two histograms show the difference between 
an overexposed (top) and underexposed (bottom) images. Each 
histogram shows the frequency of occurrence of each pixel value 
within their respective images. Overexposed image shows a spike 
at the 255 pixel value indicating that the brightest values in the 
picture are over represented. The very same coverage, when 
underexposed, shows a normal frequency distribution curve. 
With an increase in brightness of the image comes an automatic 
increase in the values of all of the pixels. This translates into a 
general frequency distribution shift towards the right. In 
practice this results in a severe loss of data for many of the 
brightest areas of the picture. Theoretically the ultimate 
distribution curve should be centred around the 128 value. 

0 0 40 411 (J (I 

0 0 40 4(1 0 (I 

50 40 30 30 40 0 

50 40 30 30 40 50 

0 0 40 4(1 40 50 

20 0 40 40 I) 0 

Contrast Stretching Algorithm 

0 0 204 204 0 (I 

0 0 204 204 0 0 

255 204 153 153 204 0 

255 204 153 153 204 255 

0 0 204 204 204 255 

102 0 204 204 0 0 

Diagram 4.3. This is a simple diagram representing a simple 
contrast stretching routine. The values in the original image are 
modified so that the new range takes a full advantage of the 255 
possible range values. The new file could be a temporary display 
coverage or it can be made into a permanent digital coverage of 
its own. The images on the right side of the diagram show the 
visual representation of the data on the right. The contrast 
stretching routine taken from Lillesand andKiefer (1987). 

continuous white spots. If brightness 

was to be set too high then large 

portions of the coverage would show 

up as pixel values equal to 255. By 

overexposing it is likely that the 

value distribution curves will be 

skewed towards the upper end of the 

spectrum (Diagram 4.2). This in turn 

will mean the loss of vital 

information for any objects of high 

brightness. By setting the brightness 

value lower it is possible to gather a 

maximum range of light intensity 

values from the entire coverage 

without sacrificing the data. Most 

pixels in an image, even if apparently 

black, contain brightness values of 

more than 0. Even if the difference is 

not visible with the naked eye it is 

quite recognisable by the computer. 

Such low brightness values can also 

be increased later without a loss of 

information. Diagram 4.3 illustrates 

an example of a contrast stretching 

routine used to enhance dark images 

and preserving the integrity of the 

data. 

4.1.3 Data Storage Formal 

Each image was stored as a 

"24-bit" raster map of 512 by 512 

pixels in size. The use of "256-

colour" formats (8-bit), such as GIF, 

is not acceptable for the purposes of 

image analysis. The difference in the 
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way in which colour data is stored for 
both of these formats is shown in 
diagram 4.4. Since the 24-bit images 
store measured intensity values of the 
red, green and blue wavelength return 
signals, they can be used in image 
processing. Essentially, when two 
values in any adjacent rasters are 
compared, the difference between the 
two can then be directly related to an 
underlying differences in the material 
being studied. The same can not be 
said for the 8-bit imagery since a value 
in each raster refers to a single colour 
as selected from a palette of colours 

Diagram 4.4. Illustration of the difference between 256-cohur s p e c i f l c t o t h e particular picture. Each 
and 24bit colour data storage and display. The 256-colour format 
uses a look-up table (LUT) to assign a numeric value to each pixel palette is created individually during 

in an image based on the original colour. The LUT for each fae process of image scanning and SO 
image is different. Each one is created during the process of . 
digitization or data conversion (if original stored in a different l l changes for every digital picture. 
format). The value of each colour in the LUT is more or less This means that if two pixels were 
random and so otherwise similar colour may be represented bv . . . . 
completely different colour values. In the 24-bit format each compared within an image, even if 
colour is described as a combination of brightness within red. their appearance was similar they may 
green and blue wavelengths of the visible light spectrum. Each , , , , • , 

. , . . J u ,i L j JL fl, 1 t c be assigned values which are very 
pixel is represented by three numbers, ranging from 0 to 255, ° J 

representing light intensity. There are over 16 million possible different. Furthermore, two pixels 
numeric combinations resulting in a very large variety of possible r e p r e S ent ing identical material but 
colours. The same colour in different pictures is always 
represented using the same combination of the three values. ' shown in different coverages will not 

be likely to have the same palette 
values. The difference in values between different coverages make image analysis of such data 
at least unreliable, if not completely spurious. 

4.1.4 Sample Image Selection 

The choice of sample fields to be analysed should be made with regards to the needs 
of the research project. The number and the location of each sample field varies and it is 
presumed that an appropriate representative sample is collected. If at all possible, an attempt 
should be made to minimize the number of necessary sample fields. This can be achieved in 
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a number of ways. A representative sample may be selected where the location of each sample 
field will be based on random or ordered pattern. Bisdom et al. (1990) suggest the use of a 
randomly drawn set of fields and lots. Field locations are selected at random and measured at 
low magnifications. Each field is then divided into lots which are further analysed using higher 
magnifications. If only low magnification studies are attempted then a complete thin section 
sample field may be possible presuming high enough resolution settings (upwards of 1.4 
million of pixels). For example, if a standard thin section is considered (size 5 x 7.5 cm), and 
that the sediment sample covers almost all of the section, if the field of view for an image is 
25 mm wide then only 6 images will be necessary to cover the entire sample area. With 
sufficiently high image resolution (1200 x 1000) each pixel will be approximately 21 urn in 
width (an area of 446 unr). With smaller sample area the number of images necessary may 
decrease even further. 

4.1.5 Importation 

The process of image importation is usually made easy by the use of automated 
routines built into the image analysis software. There is little need for a detailed explanation 
of these routines. Data importation/conversion is a highly technical procedure involving 
decoding of the original format, reading of the header information and scanning of the image 
data followed by the rewriting of the same information using a different set of rules. In some 
cases, but only rarely, is it possible to use a generic graphics format imagery (such as "TIFF" 
or "Windows Bitmap") in the image analysis application without the necessity of importation. 
However, most programs use their own proprietary graphics format in the analysis routines and 
will therefore necessitate such conversion. 

4.1.6 Calibration 

In order to reliably depend on the accuracy of the future results it is absolutely 
necessary to accurately calibrate and reference the samples following their importation. This 
process requires the establishment of the size of the individual pixels. This is possibly the most 
efficient way of identifying the size of an image. Even if the initial magnification of an image 
is known the actual magnification as seen on the screen will change. This can be completely 
software independent and may be based purely on the size and resolution of the screen picture 
elements (pixels). However, the scale can be accurately inferred from the knowledge of the 
size of individual pixels. If, for example, an image is known to contain pixels 5 urn in diameter 

72 



then this one value will remain 

eonstant. Even if the whole image is 

enlarged the number of pixels in it 

will remain same; it will retain its 

original pixel dimensions. 

The pixel size measurement 

can be performed with a simple stage 

micrometer. First, a digital picture is 

taken for every objective setting 

used. The image should contain at 

least partial view of the micrometer 

scale. In most cases the entire scale 

will be visible (if .01 mm micrometer 

is used). The size of each pixel can 

then be easily established based on 

the number of pixels per unit of 

distance as marked on the micrometer. Plate 4.1 shows an example of two images collected 

using different magnification settings. Both pictures contain the same number of pixels but 

their individual size varies. Subsequently they represent differently sized area within the 

original thin section. The information contained also shows the 1 to 1 scale representation of 

each sample field further underscoring the need for lower magnification values and higher 

pixel resolutions of the scanning equipment. 

Plate 4.1. Comparison of the sample field she between 4X (right) 
and I OX (left) magnified images. Actual size of each image on a 
thin section is shown below each picture/black square represent 
thin section area at IX). 

Once the size of each pixel is established it may be necessary to embed this information 

in each of the newly imported images. Not every program will require it but this option should 

be available. The information, once stored, can then be used by various measuring subroutines 

to gather accurate spatial data for each object inf the sample field. The information should also 

be automatically inherited by any images resulting from the manipulation of the original 

sample field. Any scale changes, smaller area extractions or overlays resulting in a creation of 

a new coverage should automatically modify the original calibration information as necessary. 

4.2 Image Classification Methodology 

The decision as to which pixels belong to which class is based not on a single colour 

or gray scale image but rather on a series of spectral bands. This is necessary since some 

objects appear identical when viewed under a single type of illumination. For example, in plain 
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light void spaces and quartz grains can be quite indistinguishable. However, under cross-

polarized light the crystalline nature of quartz allows it to be differentiated from the voids. If 

the two types of imagery are to be combined there would be no difficulty in distinguishing the 

two types of material. 

The result of image classification is a single coverage showing the various types of 

material contained in the sample. Each type of material is represented by a single class value 

and it can be assigned its own colour to show up more clearly when displayed on the screen 

or in print. The process of classification is the essential first step of image analysis. Some 

results and statistics are made available immediately upon completion of the routine. The 

content of each material within the image (shown as a percentage of the total sample field 

area), co-occurrence data (showing statistics regarding direct contact between pixels belonging 

to different classes) and mean brightness and standard deviation values of each class within 

each band used for classification, are just some of the data available immediately. However, 

any analysis of individual features cannot be attempted at this point as they are not treated by 

the computer as individual entities within each class. In fact, all the skeleton grains, for 

example, are considered by the computer as one or more groups of pixels representing an entity 

called "skeleton" and having the same attribute value "X". Any analysis of this entity would 

therefore always result in information concerning all of the "skeleton" without any regards to 

its individual components. 

The accuracy of all of the measurements taken in an image analysis routine depends 

directly on the precision of the classification method. Without a reliable and accurate method 

of classification any further analysis cannot be considered sufficiently reliable. It is therefore 

imperative that such a routine is devised carefully and that it takes into consideration the 

specific needs of the project - here glacial sedimentology and thin sections of glacial 

sediments. 

This part of the thesis will undertake to create and explain a classification subroutine 

most suitable for use in the analysis of glacial sediments. The method has to be general enough 

to be useful on computer platforms other than the one used by the author. At the same time, 

the importance of this stage in the analysis cannot be overstated and it must therefore be 

considered in detail. It is hoped that these two objectives can be achieved simultaneously. 

4.2.1 Previous Work 

The basic principles of multispectral image analysis form an integral part of what is 
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known as Geographical Information Systems (GIS) (Jensen, 1986; Richards, 1986; Lillesand 

and Kiefer, 1987; Cracknell and Hayes, 1991). GIS generally incorporates fields such as 

remote sensing, digital image analysis and database management. GIS applications are used 

in small scale studies of landscapes, natural resources management or human geography 

studies. As such they appear to have very little in common with image analysis of large scale 

imagery such as thin sections of glacial sediments. However, previous work showed that even 

the simplest of GIS programs are fully capable of dealing with very small sample fields - both 

theoretically (Zaniewski, 1994 - unpublished BSc. Thesis) and in simple practical applications 

(Protz et al. 1992; White and King, 1997, Hiemstra et al., in prep.). 

For any application dealing with digital imagery, be it GIS or image analysis programs, 

it is necessary to define the various objects and to create a topology for the images tested. The 

topology (or the information regarding the relationships between individual objects in a 

coverage) can only be created following a translation of what is essentially a 2-dimensional 

set of random values into a scries of classes/objects. This objective can be reached in a number 

of ways. The most common way would be by manipulation of gray scale images. There are 

several methods available (Lillesand and Kiefer, 1987). These are very common and a simple 

way of identifying the various features in digital imagery but rely exclusively on single images 

and are therefore limited by the contrast differences. Multispectral image classification 

methods tend to be a lot more accurate and far more sophisticated in their interpretation of the 

raw data. The use of multispectral image classification was developed for use in GIS to take 

the advantage of available variety of satellite imagery. The techniques and methods of such 

classifications arc numerous and vary in their complexity, accuracy, applicability and 

availability. A number of GIS textbooks include descriptions of some of the main techniques 

involved ( ex. Lillesand and Kiefer, 1987). 

Until recently the use of multispectral image classification routines in large scale 

imagery has only been tried in soil science studies theoretically. Some practical applications 

have been suggested and tested. Terribile et al.( 1997) summarise the results and list some of 

the most current advances. For more detailed listing please refer to the literature review chapter 

of this thesis. 

Work involving image analysis of thin sections of glacial sediment samples has also 

been done (Hiemstra, et al., in prep.) but this is still a new technique and the use of 

multispectral image classification has not yet been attempted. 
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4.2.2 Classification Routines' General Descriptions 

There are many different multispectral classification techniques to chose from. They 

differ from each other in the actual algorithms used to process the source data but they all work 

on the same general principle. This principle recognizes the fact that the different landscape 

features, such as vegetation, soil or water, can be differentiated based on their spectral 

signatures. In other words they are visibly different from each other. The difference between 

similar features may not be obvious in the same coverage. However, a set of coverages 

showing the same landscape under different spectral conditions is very likely to produce the 

right combination of data to positively identify the different features. In a typical GIS 

application the set of coverages used would consist of satellite/airborne images gathered 

through specialized scanners. These detectors are usually geared towards a specific narrow 

range of radiation spectrum - such as infra-red (IR), visible green or ultra-violet (UV). Each 

coverage shows the same geographical location but the picture itself may look radically 

different. The multispectral classification techniques were created to analyse this multi-layer 

data and to produce a single segmented image showing the distribution of the various 

landscape features. Each landscape feature is defined by a spectral signature - a combination 

of intensity values expected for this class from each of the coverages. Each pixel in the 

coverage is then compared to the spectral signature and assigned a class based on its similarity 

to any of the defined signatures. The spectral signature definition and the basis for the class 

decision is where the multispectral analysis algorithms vary the most. There are also two main 

types of analysis - supervised and unsupervised. The supervised analysis requires some prior 

knowledge and the class signatures must be defined prior to the commencement of the routine. 

Unsupervised classification techniques simply analyse the data and separate the landscape into 

a user defined number of classes. The decision as to which class represents what type of 

material is made after the classification is completed. In either type of method some user input 

is necessary. 

The principle of multispectral analysis can be applied in micromorphology in the same 

way as in small scale GIS applications. In this thesis the difference lies primarily in the 

coverage imagery used. More specifically in the type of illumination used. The sensor is a 

digital camera scanning in the visible range of the spectrum. Each coverage shows the same 

area of a thin section but the illumination settings change. Even if the differences in appearance 

are fairly subtle a computer should be able to detect them. The classification algorithms can 

thus be used to classify the multi-layer data available from thin sections. 

Before the choice of an appropriate classification method can be made it is important 
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to establish some of their theoretical strengths and weaknesses. The methods vary in the way 

the computer deals with the source data. The results are therefore different and affect the 

accuracy, output data format and the processing time. 

Table 4.1 presents the summary of the routine testing procedure performed on some 

of the known classification techniques. The time indicated represents the processing length and 

does not include training site preparation, file and option selection or post-classification 

procedures. It should also be noted that the test was run using a classification routine included 

in a single GIS application (TNT-lite, v.5.8) and may not closely reflect the results obtainable 

from other programs. Similarly, the optional distance image may not always be available in 

other programs. TNT-lite is also unusual in not allowing a certain percentage of all classified 

pixels to be left unclassified in some of the most commonly used techniques, such as 

Maximum Likelihood. This option may yet be incorporated into the future developments of 

Name 

Simple One Pass 

Clustering 

K Means 

Fuzzy C Means 

Type 

unsupervised 

Optional 

Distance Image 

yes 

unsupervised yes 

unsupervised yes 

Minimum 
, unsupervised , yes 

Distribution Angle 

ISODATA 

Classification 

Self-organizing 

Neural Network 

Adaptive Resonance 

unsupervised 

unsupervised 

unsupervised 

yes 

yes 

yes 

Minimum Distance 
supervised yes 

to Mean 

Processing 

Time 

14 sec 

lmin. 22sec 

24 min. 

31 sec 

1 min. 8scc 

35 sec 

1 min. 55 

sec. 

1 min. 45 

sec. 

Notes 

Simple decision rule. Needs uniform but 

distinct classes. Colour plate 13c.d 

References 

Lillesand and 

Kiefer(1994) 

Works best on materials showing low degree Tou and Gonzalez 

of spectral variance. (1974) 

Works well with low variance classes. 

Colour plate 13b 

Similar to K Means. More flexible class 

definitions. 

Neural network concept. Class definition 

very flexible. Continuous adjustments. 

Similar to the previous entry but new classes 

can be added when necessary. 

Quick and simple class definition. Effective 

in small, poorlv defined (heterogenous) 
13 sec . . 

samples such as thin section imagery. Colour 

plate 13f 

Maximum . 
supervised yes 19 see 

Likelihood 

Stepwise Linear supervised no 

Suits Maximum . 
supervised no 

Relative 

10 sec 

12 

Cannon, et al., 

(1986) 

Jensen (1994): 

Tou and Gonzalez 

(19-4) 

Carpenter and 

Grossberg(1988) 

Jensen (1996); 

Lillesand and 

Kiefer(l994) 

Most common method. Most effective on Lillesand and 

smooth (homogenous) training sites. Kiefer(I994) 

Requires Gaussian distribution of probability 

for all of the features in a sample field. , Johnston (1978) 

Covariance matrices should be equal. 

Allows unclassified areas. Colour plate I3e 
Wagner and Suits 

(1980) 

Table 4.1. A .summary of the classification techniques testing. Fora more detailed explanation please see the body 

of the text. 
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the program. The test involves basic default values for each classification routine and was 

therefore not necessarily optimized for speed and accuracy. The time information provided is 

for comparisons only and should be considered variable. For each unsupervised classification 

method 15 classes were chosen while the supervised method used the equivalent of 5 classes. 

The number of classes and the relationship between the two values will be explained later in 

this chapter. The same 4 source images were used in each classification tested. Colour plate 

13a shows a section of the overall sample field (initially 640 by 480 pixels in size) as viewed 

between cross-polarizers. The descriptions presented below show each classification 

routine's basic operational logic and strengths/weaknesses in more detail than available from 

the table. The descriptions also include recommendations for use with glacial sediment thin 

sections whenever possible. 

Simple One-Pass Clustering is an unsupervised classification method. It contains a simple 

decision rule algorithm based on the "distance" away from a mean value for each class defined 

by the routine. It is a quick method of classification but it suffers from a high degree of 

inaccuracy under certain circumstances. This is so because the method does not take into 

account the variability within classes. This means that it is best suited to classification of 

sample fields where different classes of material have radically different mean values and 

fairly 

1 ow standard deviation values. This is equivalent to having thin section images containing 

distinct but uniform colours for each class of material. The results of this classification process 

also include the 'distance' raster displaying the variance of the source data away from class 

means. Each pixel in the classified image is evaluated based on how well it fits within the class 

into which it was assigned. The distance away from the class centre is then stored in the 

"distance' raster. Lower values represent better fit (closer to the class mean) for each evaluated 

pixel. Darker images tend indicate less confusion in class assignments. The process ran for 

approximately 44 seconds - including source file selection. Colour plate 13c shows a section 

of the resulting image while 4.3d is the distance raster. Note that the general dark appearance 

of the distance image shows that the pixels shown generally fit well within the class parameters 

defined by the routine. (Lillesand and Kiefer, 1994) 

K Means is an unsupervised classification method. This particular method was used by 

VandcnBygaart et al. (1997) to identify pore spaces. It is similar to the Simple One-Pass 

Clustering method in its use of minimum squared distance to mean as decision rule. However, 

the mean values for each class undergo adjustment during each iteration of the process. This 

may be a time consuming procedure since an iteration loop will continue until either a specific 

percentage of all the classes achieves a user-set minimum distance to the mean or the user-set 
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maximum number of iterations is reached. The flexibility of the method allows for the user-set 
values to be highly variable - facilitating the use of variables minimizing the procedural time. 
Like the Simple One-Pass Method, this technique works best on materials showing low 
spectral variance. Distance raster was also provided. It took approximately 1 minute and 52 
seconds to complete the routine. (Tou and Gonzalez, 1974) 

Fuzzy C Means is an unsupervised classification method. This method was designed for 
classification of objects with irregular boundaries of mathematical sets. The main strength of 
this method is that it may be used to classify highly variable imagery, such as thin section 
sample fields as it is able to better classify those pixels showing two or more types of material 
(i.e. boundaries between units and classes(Cannon, et al., 1986). Distance raster is be 
obtainable. The process ran for over 25 minutes. 

Minimum Distribution Angle is an unsupervised method. A series of vectors are created based 
on the values from each of the source images. There is a vector for every location in the 
coverage image. Classes are assigned based on clusters of similarly oriented vectors. Each 
iteration of the classification process modifies the extents of the clusters and therefore 
redefines the extents of each class. The process of refinement continues until a user-set 
variable value for accuracy or number of iterations is reached. This method is similar to the 
K-Means technique and it also works well with low spectral variance imagery. Distance raster 
is available. The routine was completed in under 1 minute and 40 seconds. Colour plate 13b 
shows a subsection of the resultant classification image. Note the differences between view b 
and c (the difference in colour is not important since they are assigned on more or less random 
basis - rather it is the distribution and appearance of the different classes which should be 
compared). These indicate the degree of variance expected when using various classification 
systems. 

ISODATA Classification is an unsupervised method similar to the K-Means technique but 
capable of removal, unification and separation of classes if necessary. Initial class centres are 
based on a sample testing area classes. However, these centres are then modified during the 
processing of the imagery. This method allows for a number of user-set variables resulting in 
a highly flexible approach to classification. (Tou and Gonzales, 1974; Jensen, 1996). Distance 
raster is included. The process was completed in 1 minute and 5 seconds. 

Self-organization Neural Network is an unsupervised method based on the concept of neural 
nets. A smaller subsection of the image is used to define a random set of classes which are then 
applied to the values of the pixels in the same sample area. Each of the cells in the sample area 
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is compared to the class node values and the nodes are adjusted so that they fit the sample 

raster values closer. All of the neighbouring nodes are also adjusted. The process of network 

creation continues until all user-set conditions are met resulting in the completion of the class 

definition routine. Every pixel in the classified sample field is then assigned to one of the 

feature classes defined earlier. The distance raster can be created. The test ran for 

approximately 3 minutes. 

Adaptive Resonance is an unsupervised method also utilizing the neural network principles. 

Although similar to Self-organization method in class definition routine, this method avoids 

some of the traps of the previous technique - mainly there is no "re-training'* of the feature 

classes during the later stages of class definition. If a new spectral pattern falls too far from the 

already established class centres then a new centre is created. With the use of user-set variables 

it is possible to increase the accuracy at the cost of time and vice-versa. (Carpenter and 

Grossberg, 1988). The distance raster is also available. Time to run: 2 minutes and 15 seconds. 

Minimum Distance to Mean is a supervised classification method. This is a very quick and 

simple classification method. It is suitable for use in thin section imagery as it works well 

where the training sites are small or poorly defined (heterogenous). Since thin section objects 

often vary significantly even if belonging to the same class, this method may be used 

effectively in image analysis of (glacial) sediments (Jensen, 1996; Lillcsand and Kiefer, 1994). 

The distance image can be created and the overal 1 process runs for approximately 15 seconds. 

This does not include the training site creation routine which can be quite lengthy. A sample 

of the results can be viewed in Colour plate 13f. 

Maximum Likelihood is a supervised classification method. This is one of the most commonly 

used classification methods. Each pixel of the sample field image is assigned to the most likely 

class based on its spectral signature. The likelihood is based on the presumption of Gaussian 

distribution of probability of all features occurring in a given sample field. (Lillesand and 

Kiefer, 1994). The accuracy of the results is partly based on the homogeneity of the training 

sites. If heterogenous the training classes would be much better used by the Minimum Distance 

to Mean classification. Not including preparation time the process takes approximately 20 

seconds. Distance image is also created. 

Stepwise Linear is a supervised classification technique. This is a fairly complicated method 

using statistical means (discriminant functions) to identify the differences between the various 

classes as defined in the training sites. To avoid problems it is necessary to work with raster 

band images which contain normally distributed values within each class. In addition. 

80 



covariancc matrices should also be equal (Johnston, 1978). Not including preparation the 
routine runs for nearly 10 seconds. 

Suits Maximum Relative is a supervised method. For each of the training sites a composite 
brightness value is calculated from the raster bands used in the classification. The brightness 
value is then used to define a ratio of the values in each of the raster bands to the composite 
brightness value. A mean value and a standard deviation is calculated in order to create a 
spectral definition of each of the classes. Each of the pixels in the sample field is then 
compared to the known classes and if appropriate it is assigned to them. In the image analysis 
program used by the author (TNT-Lite, v.5.8) this is the only classification method which 
allows for a portion of the image to be left unclassified. Classification uncertainty allows for 
some of the more rare material found in some thin sections to be left out of the results rather 
than being forced into one of the predefined classes. This is of very high importance when 
dealing with images as variable in content as those showing soils or sediments. The user 
specified standard deviation multiplier value allows for a modification of the class sizes 
correspondingly increasing and decreasing confidence level and the number of unclassified 
pixels (Wagner and Suits, 1980). The distance raster is again available while the process runs 
for approximately 15 seconds - not including training site definition. The sample image shown 
in Colour plate 13c shows a large black area indicating that a large portion of the material 
found in the initial image was not defined by the training sites and could not therefore be 
classified. This can be rectified with the use of additional training site definitions or 
introduction of new classes. 

4.2.3 Classification Routine Selection 

The variety of features and material often found in sediment thin sections increase the 
complexity and difficulty of the multispectral classification. The requirements of an accurate 
supervised classification specify the need for a well defined set of training sites. Well defined 
sites means not just the quality of the sample sites but also their completeness. Without all of 
the various materials being individually defined as distinct classes the final classification 
procedure may result in incorrect assignment of some portions of the sample field. 

The alternate way of dealing with this issue is by using an unsupervised classification 
method. This avoids entirely the training site definition stage but it does include complications 
unique to this group of classification techniques. To achieve accurate results with an 
unsupervised classification it may be necessary to exaggerate the number of actual classes 
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known to exist in each image. For example, if a known number of mineral types is 5 then in 

order to accurately classify the sample field it is necessary to ask for at least 15 different 

classes to be identified. Unsupervised classification involving large numbers of classes can be 

a slow process. The results are often splintered and the final classification routine does not 

identify each class. Rather it is the user that has to identify the various groups of pixels. K-

means method has been used effectively in pore studies (VandcnBygaart et al., 1997) showing 

that the unsupervised techniques can be applied. 

There was only one alternative in TNT which allowed for a compromise. The Suits 

Maximum Relative supervised classification method allows for a number of pixels to be left 

unclassified if their spectral characteristics fall far enough from the class centres. The value 

of this can not be overstated. 

First, it allows classification of images based on a single class definition - for example 

anisotropic clay domains. This is not possible under other methods since all of the pixels in the 

source imagery would be placed in the one and only class. With no alternative class defined 

and no provision for unclassified pixels there would simply be no choice. 

The second advantage of SMR is the fact that not all of the different classes in the 

image have to be represented by training sites. This minimizes the time required to define these 

training sites and allows the user to concentrate on specific types of material. 

The third strength of the method, from the perspective of thin section analysis at least, 

rests in the fact that the accuracy of the method depends in large part on the user. The ability 

to define the degree of error acceptable in the project, in form of the Standard Deviation 

Multiplier (user-set variable), allows for some control over the amount of undefined space in 

each sample field. If the value of the SDM is set high enough only the most "unfit" pixels will 

remain unclassified. If the SDM is low then only the pixels fitting best will be classified. 

Colour plate 13e shows a good example of this effect with most of the picture being left 

unclassified. 

These benefits arc in addition to the basic simplicity of the method allowing for quick 

classification and at the same time no apparent loss of accuracy. 

An optional approach could be the use of the "distance1' imagery in selecting only the 

best fitting pixels. Providing that the distance image is created, it may be possible to create a 

binary mask showing only those portions of the image which fit well within the calculated 

class limits. The mask (a binary image containing only '0' and ' 1' values) could then be applied 

to the classified image in order to exclude some of the pixels from any future analysis. The 

precision of the classification could then be adjusted by changing the critical "distance" value 

and therefore by changing the shape and size of the mask. The one obvious drawback of this 
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approach lies in the additional procedural step required to complete the classification. 

However, boolean overlays (involving at least one binary image) tend to be the simplest and 

fastest of all image processing routines and would therefore not take much time. 

4.2.4 Classification Procedure 

Following successful completion of the data gathering and importation stages (section 

4.1) of the method it is now possible to proceed with the classification of the images. Each set 

of the classified images will be dealt with individually and the procedure will have to be 

repeated each time a new image is analysed. 

Training Data Set Creation 

Using some form of raster editing or area delineation option it must be possible to 

outline the individual sample areas for each of the different types of materials of interest. It is 

not necessary to identify all of the various materials. However, care should be taken so that the 

training sites selected reflect accurately the type of material they are meant to represent. In 

some cases, anisotropic plasma training sites may have to be defined as small domains and 

even individual pixels. 

Even though the plasmic fabric domains only show form anisotropism if consisting of 

certain anisotropic clay minerals (such as kaolinite), the emphasis of the classification must 

be on identifying all of the zones of the sample field containing clay sized material - regardless 

of its mineral composition. No matter how good the resolution and the magnification, each 

pixel in the image is actually showing a composite picture of the approximately 20 u.m worth 

of thin section material thickness. Within that 20 micron thickness it is possible to have clay 

minerals, voids and other material - all intermixed and therefore creating the appearance of 

plasma. When studying plasma it is therefore easier to identify its extent exclusively. Other 

objects found in the image may have to be identified as well so that those non-plasma zones 

may be excluded from future analysis. In practice this means that the analyst should be familiar 

with the thin section and the material it contains. Most likely quartz grains and void spaces will 

have to be identified. Similarly, any other material observed may also have to be identified if 

it is present in observable quantities and sizes. 

When using cross-polarized imagery and/or gypsum wedge superposition it is 

necessary to take into account their visual effect, when outlining sample areas. This is in part 

related to the fact that some materials will vary in appearance under gypsum wedge or crossed 
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nicols. The differences are not subtle. For example, mineral grains will change hues and 

brightness based on their axis of orientation. Each major class of material may have to be 

classified as two or more categories. For plasma this usually means "anisotropic matrix" and 

"isotropic matrix". The isotropic material will have to be treated as non-bircfringent material 

even if there is a possibility of it just being at extinction. Circularly polarized illumination 

eliminates this ambiguity by highlighting nearly all of the anisotropic zones (basal cut crystals 

being the exception). In fact, whenever possible circularly polarized light should be used to 

measure plasmic fabric characteristics. This is of utmost importance - especially in overall 

anisotropism and preferred orientation measurements (FitzPatrick, 1993). 

For this project, the following sample classes were identified in all of the samples 

studied: voids, anisotropic plasma separations and isotropic plasma, crystalline material (4 

types) and amorphous/opaque minerals - the skeleton. If necessary, other classes such as 

additional mineral types, organic material or matrix staining could be added. There were 

several reasons for the choices: 

Crystalline material comes in many different forms that often vary in their colour. This 

requires specific training site definitions when performing general sample field classification 

as described here. When the classification routine is concluded it may be possible to reassign 

the different types of crystalline material into a single class. This information could then be 

used, in combination with amorphous minerals, to identify areas of matrix, to look for 

skelscpic plasmic fabric or to produce a rudimentary grain size analysis. 

The patterns of visual anisotropism are the main topic of interest of this thesis. It is 

therefore absolutely necessary to accurately identify both anisotropic and isotropic plasma. 

They should be identified separately since they do exhibit different colour characteristics when 

viewed under cross-polarizers or gypsum wedge. 

Voids are a major part of any sediment or soil. As such they should be identified and 

may be of use in identifying vosepic plasmic fabric but also so that it is possible to better 

outline the areas of matrix or to differentiate between sediments. 

Additional classes can be introduced when the existing selection does not offer 

sufficient variety. Under certain circumstances, additional types of mineralogies, organic 

materials, carbonate fossils may appear in the sample fields studied, necessitating their 

classification. These classes would be added to the initial minimum set of features listed 

earlier. 

When selecting the sample training sites for each image it is necessary to be able to see 

the image. The definition of the training sites is done using a mouse pointer, drawing lines 

and/or points superimposed on the original picture. The display of this background (reference 
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image) can be controlled in a number of ways. The simplest choice allows for the use of a 

single gray scale image. This however rarely allows for sufficient feature definition. It is of 

utmost importance that the classes for which the training sites arc being selected are clearly 

visible. The second option for background display is to use a composite colour image. 

Composite colour image consists of three layers (24-bit image): red, green and blue. It is 

necessary to identify a single 8-bit image to be used as a '"source" image for each of the three 

layers. This allows for a manipulation of the reference image. When composite colour option 

is selected it is possible to chose any of the 9 raw images (PR, PB, PG, XR, XB, XG, WR, WB, WG) 

available following importation as sources for the new reference picture. This is a very flexible 

process. By mixing and matching the 9 original images it is possible to create unique, if 

temporary, background colour images best suited for each step of the training site definition 

process. This allows for the selection of the optimum combination (up to 504 possible variants) 

of spectral bands for each of the materials tested. It is possible to display each sample field so 

that individual classes of material appear at their maximum contrast to the rest of the image. 

Once an optimum combination of spectral bands is known it should be used to enhance the 

appearance of each class during the training site definition. Table 4.2 shows combinations of 

images used in this project when displaying the major classes of materials. 

Class type 

Voids 

Crystalline 

Crystalline (option) 

Anisotropic Plasma 

Isotropic Plasma 

Amorphous / Opaque 

Red Band 

xR 

xR 

wR 

x„ 

wR 

1', 

Green Band 

X0 

xG 

w« 
x(i 

PG 

x, 

Blue Band 

wB 

w„ 

wB 

x„ 

PB 

wR 

Resultant Colour 

Navy Blue 

Variable 

Variable 

Yellow. Golden Yellow. 

Golden Brown 

Brown 

Black 

Table 4.2. The table shows possible combinations of coverages when attempting to visually identify certain types 

of material. This information may be of help when defining training sites. 

Once the optimum viewing conditions are selected and the sample field is displayed 

on the screen the actual work of sample definition can begin. Each training site(s) should be 

selected so that it best represents the optical properties/appearance of the material to be 

classified. The general location and the extent of at least some examples of the different types 

of material should be known prior to the training site definition. Once the image is displayed 

the sample pixels should be chosen (larger number of pixels is better) for each class. Either 

individual pixels or zone of pixels can be selected - based on preference and image conditions. 
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If necessary, the background image can be changed to better suit the requirements of 

identifying the remainder of the classes. The changes to the reference image (background 

image for the drawing of the training sites) do not affect the location and class assignments of 

the training sites already completed. Colour plate 14 shows an example of the finished training 

site map. 

Spectral Band Selection 

The process of classification will be performed on a limited number of spectral bands. 

Although all nine (red, green and blue bands for plain, cross-polarized and gypsum wedge 

images) of the spectrum bands arc available and could theoretically be used in the 

classification routine it is neither necessary nor practical. It may in fact be counterproductive 

and result in a longer procedural time without any substantial benefits in the form of increased 

accuracy. The number of spectral bands and their content may change from application to 

application. It depends on the material studied and its spectral qualities. For this thesis there 

was a need to clearly identify several types of material: voids, plasma, quartz grains while the 

emphasis is on anisotropic plasma domains. The selection of the spectral bands was made 

based on those criteria. 

The number of bands used could change between applications. A choice of 3 or 4 bands 

had to be made to maximize the effectiveness of the procedure. This is possible if the bands 

chosen represent spectral data of highest contrast between the different features of interest. 

There are several criteria which could be used to select the four bands. The choice 

could be made based on prior knowledge or experience. As an example, if the main topic of 

interest was the identification of all the pore spaces in a given sample field, the use of UV 

illumination in combination with UV sensitive dye could produce an image with sufficient 

contrast between void and non-void pixels to satisfy the requirements of classification. This 

approach to band selection is however limited to the few situations where the variety of 

materials and the number of classes of interest are small. 

For this thesis each of the 9 possible coverages were compared with the others using 

an image correlation measurement module in TNT. For each pair of images tested a correlation 

value was given, a line of best fit was calculated, and the correlation pattern was temporarily 

displayed on the screen. The objective of the tests was to identify 4 bands which were least 

alike to each other. Once all 36 tests were performed a decision was made as to which set of 

image bands could be used most efficiently. The decision was based on the observed 

differences in correlation values with maximum variance being preferred. Plate 4.2 shows a 
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X R a s t e r : HI631_X_r Hinimin: 4 Haxinun 255 
Hean: l i l . 8 Hedian: 100 node: 73 Host: 3100 

Y R a s t e r : M631_X_g lUnimm: 6 Haxinun 255 
Hean: 1 0 4 . 3 Hedian: 94 node: 82 Host : 4565 

C o r r e l a t i o n : 0.9729571 Haxinun: X=255 Y=254 Count=658 
Regress ion l i n e : Y = 0.896441 • X • 4 .013531 

graphic example of the correlation 

statistics used. Table 4.3 shows the 

results of the correlation tests. 

A value of 1 indicates 

maximum correlation between two 

images while a result close to 0 

indicates virtually no correlation. As 

an example, if a pair of images were 

taken, both showing the same sample 

field but one being more strongly 

illuminated then the correlation value 

would be very close to 1. This is 

because for every location within the 

sample field a value of the pixel in 

one image could be predicted very Plate 4.2. The diagram shows an example of correlation statistics 
calculations and the graphic representation of the relationship 
between two selected images. In this case the correlation value is accurately based on the value of a 
y ^ ^ a m ^ ^ a ^ ^ t m l n ^ ^ ^ U k ^ ^ i x c ] m m e s c c o n d { ffi h e r 

provide any significant additional information. I hey are simply " " 

too much alike. illumination essentially means that 

each raster value in the brighter 

image always contains values higher than the equivalent raster in the darker image. 

Tabic 4.3. Raster correlation values for sample R. 745(1). Highlighted values represent correlation numbers for 

the coverages selected in this project. 
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In this thesis the author chose the following set of spectral bands: the red bandwidth 

of the cross-polarized images (XR), blue and red bandwidth of the plain light images (PB and 

PR) and the green bandwidth of the gypsum wedge superposition images (WG). Even though 

some correlation values appear high, the correlation values for the remaining spectral bands 

justified their selection. For example, correlation value for bands P(i and PR is very high (80%), 

however, the values for PR and the remaining two bands (WG, XR) are sufficiently low (0.20, 

0.35) to justify the use of this spectral band. 

Although the selection did work for the Suits Maximum Relative classification 

technique it may be necessary to use fewer or different coverages for other classification 

methods. Any changes or additions should be made only if there is a reason to believe that they 

will substantially improve the accuracy of the final result. 

Image Classification 

Once the training site map is completed, the final stage of the classification subroutine 

can commence. 

There are several variables which have to be set every time the process is ran. First the 

module asks for the choice of raster bands to be used in the analysis. In this thesis the choices 

always include the four spectral bands identified in the previous section (XR, PB, PR, WG). The 

order of selection does not affect the classification routine. 

Training site file should be identified. ""Standard deviation multiplier" value may also 

be changed at this point. The value reflects the accuracy of the results. The higher the value 

the more flexible the decision rule becomes. Higher values may have to be used when working 

on images of glacial sediments because there is a high degree of variance within each class of 

material. This allows for some of the marginal rasters being included in their appropriate class. 

At the same time, higher SDM values minimize the number of unclassified areas. The default 

value of 2.0 works fine when there is little material of unknown types and little variance within 

each type. In thin sections of glacial material the use of a more generous 3.0 value is suggested 

and in some cases even 4.0 or 5.0 may be used if sufficient degree of variety is observed. This 

may allow for most of the "marginal'* zones of plasma, minerals and others to be classified as 

such and not being excluded. By changing this variable it is possible to control how thorough 

the classification procedure is in assigning class values to all the pixels in each coverage. The 

adjustment to the SDM value may have to be made following completion of the classification 

routine if the accuracy assessment indicates such a need. If so it may be necessary to repeat the 

procedure. 
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At this stage of the procedure it is not necessary to make any other changes to the 

default values. The procedure may take approximately a minute to run. Once completed the 

resulting image(s) can then be further analysed. 

4.2.5 Classification Results 

The primary product of the classification routine is a map showing the distribution of 

the features of interest. This is a visual representation of the classification information. By 

itself it can be used to make a qualitative assessment of the sample field based on a much 

clearer view of the sample. It is also the raw source of information to be used in the follow up 

subroutines. Colour plate 13c shows an example of the completed distribution map. 

In addition to the class map, the routine also calculates the fitness of each pixel within 

the class to which it was assigned. This is known as a "class distance" distribution map and 

shows the general quality of the classification (Colour plate 13d). Each pixel value in this 

image is assigned a value between 0 and 255 based on the distance away from the class centre 

for that pixel (or a negative value if unclassified). Dark pixels (low values) show that the 

information contained in the 4 spectral band images, at the location tested, fits comfortably 

within the class limits set up by the routine (based on the training sites selected). Bright cells 

show marginal fit of the pixels within their respective class. In case of the SMR method, white 

pixels (255) show that the pixels fit only barely into one of the defined classes. An ideal 

classification routine should appear very dark. In practice however it will contain a mix of the 

different levels of gray. Overall brightness of the image gives a very general cue as to the 

quality of classification routine. 

In addition to the maps, a number of temporary output statistics are calculated during 

the process and are available for display afterwards. These temporary files may be saved as 

text files if necessary. However, if not preserved the information contained in them is lost 

when the classification module is closed. 

Classification Output Statistics provide information regarding the overall content of the class 

map. It contains several bits of valuable information. Class count indicates the number of 

pixels of each class to be found in the sample field (this is also expressed as a percentage of 

the total area). 

A table cross listing each of the coverages and each of the classes is provided to 

express the mean values and standard deviations. This information could be used to compare 

class values within each coverage between different coverages. 
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The distance between class centres is also provided. This is a Euclidean distance as 

measured in a multidimensional space defined by the number of processed rasters. Higher 

values indicate increasing degrees of separation between the different class means. Small 

values generally indicate less difference between classes. The numbers arc expected to 

decrease along with an increased number of classes. There does not appear to be any benefit 

in further analysis of this information. 

Finally, a covariance matrix is provided for each class. A table cross lists each of the 

spectral bands and shows the degree of correlation between the bands for each of the classes. 

Low values, near zero, indicate that there was little correlation between intensity values of the 

particular class in spectral bands compared. High values, positive or negative, indicate that 

there was a strong relationship between those coverages. This information is useful for the 

analysis of the classification procedure but may not be of much value to the rest of the analysis 

method. 

Classification Training Statistics mostly provide information identical to that contained in the 

output statistics file. However, in this case the statistics concentrate on the training sites 

defined prior to the classification process. These statistics arc also only useful when trying to 

identify problems with classification routines or perhaps when trying to improve the method. 

There are two notable differences between the two sets of statistics. The second set contains 

information on the number of pixels in all of the training sites for each of the classes. For 

accuracy of the class definition it may be necessary for this value to exceed by 10 to 100 times 

the number of spectral bands used in the classification (Lillesand and Kiefer, 1987). For 

example, in this thesis it is necessary to have at least 40 pixels in all of the training sites for 

each of the classes selected. If necessary, a number of pixels in the training site may be 

reduced to as little as one more than the number of spectral layers used (Jensen, 1986). 

In addition, in this set of statistics a tabic of confusion matrix is provided. Since 

training sites are used only for the purpose of class definition, they too have to be classified. 

An insight into the consistency and accuracy of the training sites can be garnered from this 

table. The confusion matrix indicates the degree to which pixels in the training sites where 

assigned into other classes. A high degree of confusion can be expected when the materials 

classified are highly similar. This would result in percent values of less than 100 %. In such 

cases the table may be used to identify the conflicting materials and the training sites may have 

to be redefined (Table 4.4). 
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Class 

Amorphous 

Crystalline( 1) 

Crystalline(2) 

Crystalline(3) 

Cryslallinc(4) 

Plasma 

Voids 

Amorphous 

114 

0 

0 

0 

0 

2496 

0 

Crystall. 

(1) 

0 

7469 

46 

0 

3 

0 

0 

Crystall. 

(2) 

0 

199 

1086 

64 

1 

0 

0 

Crystall. 

(3) 

0 

305 

236 

3436 

3 

0 

9 

Crystall. 

(4) 

0 

133 

0 

421 

1353 

0 

0 

Plasma 

23 

8 

0 

0 

0 

10152 

11 

Voids 

0 

6 

18 

607 

Unknown 

0 

1905 

15 

110 

0 1 

28 

10226 

41 

1 

Accuracy 

(%) 

83.21 

74.5 

77.52 

"4.OS 

99.41 

79.83 

99.8 

Table 4.4. Training sites confusion matrix. All values except accuracy are in "pixels". Note that anisotropic 

plasma is not included. No visible plasma separations were observed in the sample Mi. 626(1). 

Co-occurrence Statistics contain information regarding the relationship between pixels 

belonging to the different material types. This type of information may prove very useful in 

so far as it provides information regarding the degree of contact between the different 

materials. Two tables are provided of which the normalized Co-occurrence matrix has more 

relevancy since it accounts for the differences in the overall contents of the different classes. 

When pixels belonging to two classes are in contact no more often than expected by random 

chance the resulting table value is 0. In practice this means any value near 0. If the number is 

high and positive then the two materials are in contact more often than expected. When high 

negative values are found the relationship is reverse. In situations where the table shows values 

for the same class the numbers actually indicate "purity" of the material. High values indicate 

very high degree of homogeneity (compactness) of the material. Low values or negative values 

indicate heterogeneity of the material. 

All this information has implications for the analysis method. It is also important in 

evaluating the results of the classification routine. Before the task of data extraction can 

proceed it may be necessary to adjust the variables and/or training sites. There are several 

things to consider when evaluating the classification procedure. The three statistical data files 

should be saved for future analysis if the information contained in them appears to indicate 

satisfactory results. Two of the things to consider would be: Percentage of sample field left 

unclassified and training site accuracy percentage. 

There should be no more than 20 % (and probably best under 10 %) of the unclassified 

cells in the entire sample field. If more than 20 % of the sample field is left unclassified than 

the results of future data analysis will not contain information regarding more than a fifth of 

the entire sample field which has to be considered wasteful and lacking completeness. One 
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way to lower this value is by increasing the Standard Deviation Multiplier but the higher the 

value the more likely it is to result in misidentification of certain cells. This would be more 

detrimental to the accuracy of the overall procedure than leaving those same cells unclassified. 

An alternative way of improving the results would be by redefining the training sites. 

Following an inspection of the classified map it should become apparent if there are any large 

areas of contiguous cells left unclassified. These areas should then be closely scrutinized and 

assigned to an existing class or a new class should be created. 

Similarly a minimum of 80% or higher accuracy should be expected from the training 

sites. Any values less than 80% indicate that more than a fifth of those training sites were 

classified as something different. This usually indicates an overlap in training site definitions 

which lead to serious ambiguities. There are exceptions to this rule. Sometimes different 

classes representing similar or same types of material will overlap (plasma and anisotropic 

plasma for example). In those cases the overlap in training site definition is not surprising or 

detrimental. This is especially true when the objects divided into separate classes during the 

classification process arc to be later combined into a single class - ex. Crystalline material in 

Table. 4.4. 

The classification procedure should be continued until satisfactory results are achieved. 

It may also be necessary to repeat the classification procedure if there is any additional 

information which was not extracted initially. If the classification routine was to be organized 

differently from the above method (with the use of unsupervised classification method, for 

example) then it is possible to extract other types of information as required by the problem 

researched. Only then will the information contained in the class map be of use in the later 

stages of the analysis. The final decision on how to classify images must be left up to the 

individual user as it is closely linked to the analysis application attempted. 
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5. IMAGE ANALYSIS 

Following the conclusion of the classification process the actual job of image analysis 

can commence. The data available at this point is still fairly raw and requires some 

modification prior to a more detailed analysis. The modifications may include some 

corrections of the classification errors. In addition, some housekeeping tasks must be 

performed before any further processing can take place. A quick summary of the post-

classification tasks, which may have to be undertaken, will be described in the first part of this 

chapter. Since those tasks may differ in detail between various specific analysis sub-routines, 

the section will only briefly describe the general methodology. Subsequent sections of this 

chapter will delve deeper into the actual image analysis operations and will concentrate on the 

details of the individual tasks. The methodology chapter should contain a complete set of 

descriptions and explanations of sub-routines necessary to complete plasmic fabric image 

analysis. 

5.1 Post-Classification Processing 

As a result of the classification routine the data provided in the source imagery was 

converted to a spatially defined group of features in each coverage. However, this information 

may not be entirely correct and may require changes. Some of these changes may be performed 

immediately, based on the previous knowledge, and should be completed right after the 

conclusion of the classification routine. It is more appropriate to make such changes while 

paying attention to the individual topics of analysis. For this reason the details of the 

classification correction will be explained within subsequent sections of this chapter. 

Also, any mask creation routines, raster to vector conversions and attribute 

measurements which may be completed from the raw classified coverage would generally be 

done at this stage. However, the attribute extraction procedures should only be performed for 

those image analysis sub-routines which do not demand refined classification results. 

This set of initial processing sub-routines should allow for an orderly flow of the entire 

methodology. Any additional processing of the classified image should be performed at the 

time when the need for such a modification is confirmed. However, to better explain the need 

for these tasks, their theory and methodology, each process will be explained in a greater detail 

in the later sections. 
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5.2 Grain Size Analysis 

There are several reasons why grain size analysis is included in this thesis. The 

information, if displayed in the form of a cumulative curve can be used to describe the general 

textural content and maturity of the material shown. In addition, once the size of each of the 

skeleton grains found is measured it becomes a selectable attribute. This in turn means that 

skeleton grains may be selected and analysed based on their size. If no plasmic fabric is 

detected, this textural information can be used to differentiate between the asepic plasmic 

fabrics. The ability to divide skeleton grains into size classes may also prove useful when 

shape characteristics and orientation information arc extracted. The ability to exclude certain 

size fractions of skeleton grains is invaluable since only the larger grains may be analysed for 

shape and orientation characteristics. 

The objective of the grain size analysis is to describe each sample field analysed in 

terms of general textural units. In this thesis, the major textural groups will be: plasma/matrix, 

silt-sized, sand-sized and gravel-sized material. The results will be displayed in form of 

percentiles representing spatial, 2-dimensional, areal frequency of occurrence. 

5.2. J Grain Size Analysis Fundamentals 

There are several ways of measuring the size of individual skeleton grains. The concept 

of measuring volumes of individual grains will not be discussed here as its application extends 

into the realms of 3-dimensional space. By its very nature, thin section studies are, for the most 

part, limited to 2-dimensions. Grain size distribution information can also be gathered through. 

but is not limited to, settling velocity experiments and sieving. Mechanical means of grain size 

analysis necessitate the use of loose sample material. Since these methods tend to be accurate 

and standardized it may be necessary to collect such loose samples - either into a sample bag 

or as a loose block - in addition to Kubiëna tins. The loose sample has the added advantage of 

being available for testing of other sedimentary characteristics such as clay mineralogy or 

organic content while blocky samples can be used in porosity measurements. 

However, the availability of such sample material can not be presumed. A very good 

example of such situation may be where thin section samples come from cores. In most cases 

such samples can not be disturbed or sediment sample may not even be available in the 

minimum volume required. It may be necessary to perform grain size analysis using the thin 

sections available and the information will therefore be fairly limited. 
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The most obvious limitation of thin section information is its 2-dimensional nature. 

Thin section thickness usually limits the third dimension to approximately between 20-30 

microns (20 urn in this thesis). It does not however eliminate the depth information altogether. 

It is therefore necessary to incorporate this aspect of thin section information into the analysis. 

There is a need for establishing some ground rules prior to extraction of information 

with regards to grain size analysis: 

It is necessary to point out that any results gathered through this method can only be 

considered as accurate for the spatial extent of individual thin sections. The information should 

not be used to draw any conclusion as to the actual grain size analysis of the material studied. 

The sample itself is too small to accurately reflect the general state of the sediment studied. 

This is especially true for glacial sediments which often exhibit a high degree of microfeaturc 

heterogeneity. The significance of the result with regards to the entire sample may be enhanced 

by an increase in the number of sample fields tested. 

The information gathered in this way can be treated as an accurate reflection of the 

texture observed in the thin section. It is essentially the same information as can be acquired 

via visual microscopic analysis of the thin section. However, the image analysis method 

provides a much more objective data set. For example, when a plasmic fabric is described as 

silasepic, it is the subjective decision of the observer that the plasma material seen contains a 

majority of silt sized material. The same conclusion can be derived objectively through the use 

of digital image analysis and can be accurately reproduced. 

The smallest individual grain size observed in thin sections can not be stated 

specifically. It is important to note that the delimiting factor is not the magnification or the 

resolution of the video camera but rather the thickness of the thin section. For a translucent 

object to be seen under a microscope (in a thin section) the light must be able to traverse its 

thickness. Opaque material such as an irregular mass of very finely ground plasma can mask 

the individual translucent skeleton grains. Although it is difficult to be specific as to the 

strength of this masking effect, it can be said that even a very thin cover of plasma will result 

in a marked decrease in mineral visibility. It should therefore be perhaps presumed that any 

individual skeleton grain observed will have one of its dimensions exceed the above mentioned 

thin section thickness of 20 microns. The reverse is true for the truly opaque skeleton grains. 

Their thickness is nearly impossible to estimate since even a very thinly cut mineral of this 

type would block the light completely. This means that the conclusions as to the size of such 

mineral grains can be based on 2-dimensional analysis only. 

Brewer (1976) refers to plasma as any material finer than 2 um in diameter. This is an 

ideal definition since colloidal material of this size is too fine to be observed on individual 

basis in thin sections. A more practical definition of plasma (matrix) refers to it as any material 
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thinner than the thickness of the thin section (van der Meer, 1993). Using this definition 

anything smaller than 20 um in diameter must therefore be treated as plasma - regardless of 

its actual composition. As calibrated for the magnifications used in this thesis (1 OX objective) 

plasma translates to material smaller than one pixel in diameter for Brewer's definition, or 4 

pixels for van der Meers . Obviously one pixel is the smallest screen unit of area. Any object 

of this size is of little value to the analysis as it might represent nothing more than a quarter 

of the thickness of the thin section at any given location and therefore be an average of the 

overall appearance. Since only objects thicker than 20 urn have a chance of being observed as 

individual units (not mixed with other material) it was decided that any skeleton grain 

identified as such during the classification stage would then be treated as plasma unless its 

diameter exceeded 20 urn (silt or sand). Subsequently, silt is defined as "skeleton'* grains of 

maximum diameter between 20 and 63 urn. Although Bullock et al.. (1985) lists 50 urn as the 

boundary between silt and fine sand, the 60 urn critical value is also acknowledged. In this 

thesis anything above 63 urn will be considered as sand. The 63 um diameter value for sand 

is based on the Udden-Wentworth Grade Scale (After Pettijohn. Potter and Siever, 1973). 

The categorization of texture in terms of pixels will, of course, depend on the 

magnification and the resolution of the digital image. The size of each pixel must therefore be 

established prior to any application of image analysis. 

For the purposes of the grain size definition in image analysis it should also be stated 

that the grain size analysis results are relative to the thin section only. If so, it may be possible 

to state that the skeleton grain 2-dimcnsional definitions should be treated as if they represent 

the maximum projection area for each skeleton grain. In this case the measurement of the 

longest chord through this maximum projection area provides the diameter information. This 

method was also used by Friedman (1958) in one of the earliest attempts at texture 

measurements from thin sections. The longest diameter values were converted into phi classes 

and could then be plotted using size distribution curves. Friedman also used the "frequency by 

number" approach rather than cumulative area or volume. This is understandable considering 

the difficulty of measuring area or volume to obtain representative fractions. This thesis will 

use the combination of phi-size classes and cumulative area derived frequency values. An 

alternative way of obtaining diameter data was suggested by Bullock and Thomasson (1979) 

through conversion of the area to diameter but only when a circular cross-section can be 

presumed. 

Some silt-sized material can be expected to be found in most thin section samples. 

When described it is generally treated as representing the matrix and not the skeleton grains. 

This thesis deviates from this de facto convention only as far as calculations of the texture 

information are concerned. The silt-sized material will initially, and only then, be treated as 

% 



proxy skeleton grains - regardless of their diameter. This is necessary in order to differentiate 

between silt- and clay-sized material. However, once this part of the methodology is 

completed, any identifiable skeleton grains smaller than 20 urn and their associated attributes 

will be combined with the clay-sized material and treated as plasma. 

5.2.2 Image Preparation 

The objective of this part of the methodology is to create an accurate map of all the 

skeleton grains with an emphasis on an accurate re-creation of their areal extents and the 

preservation of their general shape. The result should be a simple binary '"skeleton" map. 

The first step of this subroutine involves making modifications to the previously 

classified images. This is an important step in 

the entire methodology as it allows us to fully 

define the skeleton grains. The need for the 

modification of the original exists for a couple 

of reasons. When classifying the image it was 

more accurate to divide the pixels into a 

number of classes of minerals. The objects 

classified in this manner often varied in colour 

only and actually represented the same type of 

mineral (Plate 5.1). This could be the result of 

varying thickness of the thin section, a slight 

internal chemical/crystal variation of the 

mineral itself or the orientation of its optical 
Plate 5.1. Image shows the results of a classification „„• « n . . * *i i ±. • *.•« 

r i , . . , ; . , • axis. Whatever the case may be it is still routine performed on a sample image taken from thin J 

section Mi.626. White areas represent voids, dark important to identify as one all of the pixels 
gray indicates plasma and the remaining shades of b e l o n g i n g t 0 a s i n e l c s k e I e t o n grain. The 
gray show amorphous mineral grains, other opaque 
material, and the various types of crystalline mineral second reason for modification exists because 
grains. This is an uncorrected image. j t j s vitally important to identify skeleton grains 

consisting of a high variety of different 

mineralogies. Sedimentary, igneous and 

metamorphic rocks all exhibit this characteristic. To the computer these rocks appear to be no 

more than a set of smaller tightly packed minerals. As such they could be measured 

97 



individually without regard to their actual 

combined size. This would no doubt affect any 

1^ subsequent measurements based on skeleton 

grains. 

It is therefore necessary to find a way 

of differentiating between closely packed, 

individual, skeleton grains and individual 

consolidated groups of mineral grains. 

Although the use of automated means is 

< « possible (described below), the often 

subjective nature of this type of work requires 

a more flexible approach. 
TV. f *• 

Plate 5.2. Vector file showing skeleton grains. Black 

zones indicate "holes" or "islands" (Mi.626). Another important issue to consider 

here is the concept of "hole filling". When 

working with raw classified images it is not 

unusual to find some classes of material being completely surrounded by others. In matrix 

supported rock types or sediments it is the plasma which completely envelopes the individual 

skeleton grains. When a similar situation occurs within individual skeleton grains the final 

classification of the "holes'' or "islands" is left up to the user (Plate. 5.2). The complications 

in question relate back to the issue raised earlier. A small hole in a skeleton grain may 

inadvertently be measured and added to the final results of the texture analysis. 

In this study the author believes in minimizing the number of holes in the skeleton 

grains. Even if the classification routine results in such features, they may be treated as noise. 

Certainly, any solid material found within the limits of a larger skeleton grain should be treated 

as an integral part of the grain. Any small body of soft sediment found under similar 

circumstances must also be considered as noise. Such classification may be the result of 

thinness of the skeleton grain (plasma shows through translucent material) or the shape of the 

grain (plasma accumulates within a crack or fold of a skeleton grain). If these "islands"were 

to be identified as separate material then any subsequent shape/size analysis would result in 

a high degree of confusion, distortion and ultimately spurious conclusions. 

A related issue involves the so-called "illegal" objects. Any feature located at the edge 

of the image must be considered incomplete in that its outline may extend beyond the 

boundaries of the said image. In such a case any measurements of the illegal object will not 

reflect its true condition. The potential for an estimate distortion grows with an increase in the 

overall size of the feature(s). Diagram 5.1 shows this situation and the potential effects on the 

final results. The complicating factor in this otherwise straight forward problem lies in the fact 
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Diagram 5.1. This simplified example attempts to show the effects of "illegal objects " on the size distribution 
curves. The top diagram shows a stylised thin section. The two squares in the middle indicate two separate image 
sample fields to be analysed for size distribution patterns. The four smaller squares below represent the selected 
sample field areas and their respective cumulative area curves (2- dimensional equivalent of cumulative weight 
ratios). Black shapes represent the illegal objects. For both sample fields the pattern of distribution appears 
to be distorted - showing increase in the importance of the smaller diameters. 

that the smaller features are more likely to be contained entirely within the picture. The 
relationship between size of a feature and its chance for being selected as legal are inversely 
proportional. Consequently a decision must be made as to what is more accurate - texture 
analysis with illegal objects included or without them. For this thesis it was concluded that the 
lesser of the two evils is to exclude the illegal objects. Without them the larger skeleton grain 
fraction maybe under represented but maintaining illegal objects actually results in an inherent 
decrease in the large grain fraction while at the same time increasing the frequency of the 
smaller fraction. The relationship is better explained in Diagram 5.1. 

The correction of the initial classification procedure may also be undertaken at this 
point. Although the previously described changes may be treated as corrections they do amount 
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to only superficial changes. The rectification may require a more fundamental change in the 

original classification image. The decision regarding these corrections should be based on the 

prior knowledge - not unlike the previously mentioned steps. An example of such a correction 

could be the replacement of an artificial ghost stone image with pixels representing skeleton. 

Such a ghost stone would no doubt be listed as a void but an experienced researcher may be 

able to recognize the pattern 

associated with this situation and to 
3 have it rectified. Obviously such 
5 5 . 5 5 4 5 5 5 J 

* *_*[s corrections may only be performed 
4 > 4 "n,"''J ' 4 ' 4 ~ j ~ 4 

3 4 5 5 4 4 5 5 on limited bases and not every 

incorrectly labelled pixel can be 

adjusted. Time constraints must be 

•«.«»< taken into considerat ion. However , 

t ime permitt ing, such corrections 

should be performed to further 

improve the quality of the data. 

4 5 5 5 4 

I 1 
4 

Diagram 5.2. a) Simple schematic showing the process of class 
values reassignment. This is a fully automated process requiring 
only minimal user input. Any changes requested are made to all 
the pixels containing the selected value, h) The last stage, binary 
conversion, may he performed in order to create a binair mask. 

In general there are a number 

of ways of making editing changes to 

the classified images. There are two 

approaches significantly logical and 

efficient to be described. Other 

means althougheffective may prove 

tediously slow and do not necessarily result in more accurate results. It is possible to make 

quick and, more or less, automatic changes to the classified images through some form of 

automatic replacement routine. Using such a routine it is possible to change pixel values for 

any one class to a new class value. These are wholesale changes and any modifications made 

are applied to all the pixels in the image (Diag 5.2a). Although a mask can be applied to limit 

the changes to just specific areas of an image it is often not an option - especially in cases 

where no accurate mask exists. The approach can be quite effective when no complications, 

such as artificial ghost stones or porous lithorelics, are encountered. For a mask to be 

completed it is also necessary to convert an 8-bit image into a binary image by simply 

changing all non-zero values to 1 (Diag. 5.2b). This last step must be performed to complete 

the map of skeleton grains. 

An alternate approach is through a generic interactive pixel "painting" module where 

the changes to the original classified image are performed by hand. The image is displayed on 

the screen allowing for manipulation of objects as small as individual pixels. More often than 
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not the changes are performed on 
groups of pixels allowing for a 
slightly faster completion. The 
biggest advantage of this method is 
the additional degree of control 
exercised by the researcher. The 
changes can, for example, be limited 
to just one area requiring correction 
and not the entire image (Diag. 5.3). 
Once the corrections are completed 
the image should be converted to a 
binary mask file. Plate 5.3 shows an 
example of a fully corrected 
classified image. 

5.2.3 Vector Data Preparation 

Diagram 5.3. A simplified diagram showing the process of 
manual class reassignment. This is a more interactive version of 
the automatic reclassification process. Any changes requested 
are made only to those pixels selected by the user. Additional 
pixels may also be selected and changed as is necessary. Note 
that following the second manual correction three new cells were 
added to the original set. 

Plate 5.3. Corrected classified image (Mi. 626). 

At this stage it becomes 
necessary to make further changes to 
the binary map of the skeleton 
grains. Although it is often possible 
to make changes to display, and 
extract data from raster based images 
in many pixel based image analysis 
programs, the true strength of the 
image analysis software comes from 
the application of object oriented 
vector files. Each raster file contains 
information regarding individual 
pixels - their location and the value 
they contain. This is not at all well 
suited towards more complex forms 
of digital analysis or data extraction. 
In contrast, each vector file contains 
a much broader selection of 
information. In addition, this 
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IDS 2 
AREA = I 
ILLEGAL = 0 
ISLAND = 1 

ID- 3 
AREA = 3 
ILLEGAL = I 
ISLAND - 0 

I !)•--• 7 
AREA 3 
ILLEGAI 0 
ISLAND-!) 

II> 4 
AREA - 1 
ILLEGAL =0 
ISLAND- I 

to» i information is often contained in an 
AREA = 20 

ILLEGAL-o easy to manipulate and modify 
ISLAND 0 H r „ : . 

database format. Each object (such as 

individual skeleton grains) is treated 

as an individual and is therefore 

described separately from the others. 

Information regarding the location of 

object and its boundaries is provided 

in addition to more complex 

characteristics (Diag. 5.4). A simple 

conversion from a raster file to a 

vector file automatically results in 

some calculations of some such 

characteristics. It may be necessary 

to verify the integrity of the new 

vector file and correct any obvious 

translation mistakes. The topology 

(relationship between vector objects 

in a coverage) of each vector file is a 

complicated relationship and should 

best be corrected using automated 

means. The errors corrected so are 

usually very small but significant 

enough to create problems during 

data extraction. Additional information regarding each of the polygons can be calculated using 

other modules. The strength of an image analysis program can be gauged by the variety of 

options available. In this thesis the emphasis is on polygon objects and so it is their 

characteristics which play the major role in data extraction. The basic information for each 

polygon should include its area, "A" axis length, roughness of the boundary, internal islands, 

shape characteristics and the "illegal object" flag. At this point in the methodology, it is the 

area of each grain and its longest dimension which are of utmost interest. If there are any 

islands contained in the original binary raster file (black holes contained within a unit of white 

pixels) these would be transferred to the vector file. These islands would be marked as being 

contained within a larger polygon. Similarly, each of the grain polygons would also contain 

information regarding the number of islands it contained. The information could then be used 

to eliminate islands from future calculations. Islands related information is acquired and stored 

during the raster-to-vector conversion. It should be noted that the units used to measure the 

ID-- 5 
IDS 6 AREA 2 
,\R}.-,\ 3 ILLEGAI. 0 
ILLEGAL - 1 ISLAND-0 

ISLAND = 0 

Diagram 5.4. Sample vector file attributes. Each polygon is 
described in terms of Id number (unique for each polygon), area 
(value measured and shown in specified units), illegal object flag 
(1= illegal object. 0=legal object), and island flag (I—island 
polygon. ö=non-island polygon). The type and number of 
attributes attached and measured changes from application to 
application but generally contains a core of constant values. 
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polygons are based on the original 

raster file units as calibrated durins 

%/ | *%"T y \ • the sample preparation routines prior 

« n • j \- . , ^ u - ^ s to classification. The scale of the 

[«( j ^ o /» / \ \ 5* image should also be preserved 

during the conversion. 

This part of the routine results 

in a new vector file showing all of 

the objects contained in the original 

binary map of the skeleton grains 

(Plate 5.4). This is accompanied by a 

set of attributes describing each of 

the objects (Table 5.1). 

Plate 5.4. Vector file showing the skeleton grain outlines in 
sample Mi. 626. 
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1.93399965 
3.33333326 

3.39989927 
3.33333927 
3.99993927 
3.99999927 
3.99999927 
3.99399927 
3.39999927 
3.99993928 
3.99339928 
3.99399928 
3.93399928 
3.33339928 
3.99399928 
3.99993928 
3.99333328 
3.39333928 
3.33333328 
3.39999928 

3.99399923 
3.39993923 
3.99333923 
3.39333923 

* 6.828425*7 
7.33333756 

7.33333756 
7.33333756 
7.33999757 
7.99399757 
7.99933757 
7.33933757 
7.99333757 
7.33333757 
7.33333757 
7.33399757 
7.93999758 
7.93999758 
7.93933758 
7.33333758 
7.33999758 
7.33339758 
7.93999758 
7.33333758 
7.39333758 
7.33339758 
7.99999758 
7.33339758 
7.93333758 

5.2.4 Grain Size Based Polygon 

Selection 

Once the new vector file is 

created and the necessary attributes 

acquired it becomes possible to 

identify and separate grains of 

:£SSSS interest. The selection can be based 
322.33333333 0.66666667 

187.50000000 W . ~ . , ., M l 
406.50000000 412.50000000 o n a n y o t t h e a t t r i b u t e s d e s c r i b e d o r 
163.50000000 408.50000000 

£ 3 2 S - S 2 2 S o n a c o m b i n a t i o n o f t w o o r m o r e 
3O1.5O0O0O0O 406.50000000 . . . . . 

™ - ? ^ ^ Ï^^ÜÜÜÜS a t t r i b u t e s . A n d s o i t i s p o s s i b l e t o 

s e l e c t a n d d i s p l a y o n l y t h e i s l a n d 

ïffliwooëöoö p o l y g o n s . I t i s a l s o p o s s i b l e t o 
154.50000000 532.50000000 
101.50000000 Ï30.50000000 
331.50000000 328.50000000 
113.50OOO00O 327.50000000 

222.50000000 353.50000.»». 
255.50000000 350.50000000 
284.50000000 346.50000000 

64.50000000 S38.5O0O0OOO 

d i s p l a y i s l a n d s w h i c h h a v e a n a r e a 
113.50000000 3Z/.5UOOOOOO , . -> , , . . 

321.50000000 larger than 16 unr . The object or 

this part of the thesis is to allow for 

140.50000000 31S.50WM1HI 
155.50000000 313.50000000 
427.50000000 305.50000000 

33.50000000 277.50000000 , . . . . . . , . . 
277.50000000 s e l e c t i o n o t t h e s i l t a n d s a n d s i z e d 
273.50000000 

s k e l e t o n g r a i n s . I n p r a c t i c e t h i s 

m e a n s d i v i d i n g t h e s k e l e t o n v e c t o r 

file i n t o t w o n e w files. T h e d e c i s i o n 

s h o u l d b e b a s e d o n t h e c r i t i c a l v a l u e 

Table 5.1. Sample image ofa file attributes table for a vectorfile. ... . 
This set of values is an extracted portion of a larger group of values. t l l e i n t 0 t w o n e w t l l e s - ' h e decision 
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( hord I S.4I7 en Chord \ S. 105 i ( hord B 6 538 cm 

of "maximum dimension" (longest 

chord) = 63 um (Diag. 5.5). Any 

polygon contained in the vector map 

of the skeleton grains which had its 

maximum dimension larger than 63 

urn would be selected for the "sand" 

vector map. Any polygons containing 

values of less than 63 um would be 

classified as silt. 

Any island polygons are removed 

from the process by only selecting 

those polygons with "Island" markers 

set to null (indicating "not island") . 

Using the so called "query" 

files it is possible to quickly and 

simply automate this part of the 

Diagram 5.5. Schematic diagram showing the concept of chord p rocedure . The query f i l e essent ia l ly 
distances. A series of'straight lines are drawn through each , , x, . . . . . . . 
polygon and their lengths are compared with each other. c h e c k S t l l C 0 n 8 i n a l V e C t 0 r f l , e S 

Through this application it is possible to identify the longest a t t r ibute tables and selects the 
chord which can then he labelled as an "A" axis value in any „ „ i « , „ „ L • i. r.. .1 
, . , , , . , . polygons which tit the preset criteria. 
future applications. •* ° r 

Different vector files can be analysed 

using the same query file any number of times. The query files are generally simple to create 

ASCII (simple DOS character) files which can be modified virtually without limits. 

The process should be concluded with the creation of a new vector file out of an 

existing one based on some preset criteria. In this case the criteria are taken from the various 

query files designed earlier. When completed, this part of the methodology should produce two 

files describing all silt and sand sized skeleton grains (Plate 5.5). 

Chord I f 200 cm Cliiwd D 5 149 cm Chord ( i 12*' cm 

*>'! 

/ : * t 

' ^2 -x 

\~1 
.J 

eD*ö 0^5p*v' 
A— c> &« f 

Plate 5.5 
sized materia 

It is also important to note 

that following the conclusion of the 

grain size analysis the silt vector file 

should be further reduced to only 

those skeleton grains which are larger 

than 20 um in diameter - dissolving 

the remaining polygons and joining 
Two vector files showing polygons representing silt them with the "plasma'Vector file. 
tal (left) and sand sized material (right) (Mi. 626). 

) 
J 

- — J S 
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5.2.5 Textural Content Calculations 

The conclusion to this section of the procedure can be achieved in two ways. Both sand 

and silt files should be analysed individually to calculate the percentage of the total area 

covered by both types of textures. For the analysis of the asepic plasmic fabric it is the silt 

sized material information which is more crucial since the content of silt-sized material as 

compared to clay-sized (plasma) defines the difference between argill- and silascpic plasmic 

fabric. However, both percentage values should be calculated for future reference. The 

percentage value can be gained by dividing the total area covered by all the polygons in each 

of the vector files by the total area of the sample field. The information regarding the total area 

for each file can be gained through the use of attribute files. The area information should be 

contained in one of the attribute tables already created. Size data can be summarized for all of 

the polygons using a statistics package following data exportation into a spreadsheet or a 

database program. Once the sum of all areas is known it can be simply divided by the total area 

of the sample field. 

Based on the information available from the sample image used in this section the 

results indicate that the sample contained approximately 1.58 % of silt sized material. Plasma 

material finer than silt (proxy clay-sized) occupied approximately 39.9 % of the sample field. 

The plasma information comes directly from the original classification report file. The initial 

general observations of the sample image presented here indicated no presence of plasmic 

fabric domains. The asepic plasmic fabric can then be further classified as argillasepic. 

5.3 Plasmic Fabric Strength Measurements 

The approach to quantifying the strength of plasmic fabric undertaken in this thesis 

concentrates on the visual aspects of plasmic fabric. Plasmic fabric, as seen with the naked eye 

appears to have a fairly distinct, if broad, visual definition. When viewed between cross-

polarizers domains of uniformly oriented anisotropic clay particles tend to show as a distinct 

pattern of interference colours. In general these colours tend to range between yellow, gold and 

orange. This is in distinct contrast to the unoriented plasma or oriented isotropic clay minerals. 

These tend to appear dark brown to black. Digital imagery used to show this type of material 

uses light intensity values to represent the colours as scanned during image capturing. These 

intensity values are stored as basic raster images representing red, green and blue wavelengths 

of the visible light. The key to fabric strength measurements rests in the ability to separate 

those areas of the image showing anisotropism from those which do not. Once identified, the 
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combination of the values contained in the three colour bands may then be used to measure 

specific "strength" characteristics of the anisotropism. 

5.3.1 Plasmic Fabric Strength Definition 

The idea of quantitative plasmic fabric strength evaluation stems from the longstanding 

tradition of referring to plasmic fabric patterns as ranging from weak to very strong. These 

qualitative evaluation methods appear sufficient for most general studies of thin sections. They 

are however highly subjective. 

Consistency may be achieved by an individual thin section interpreter based on 

experience and familiarization with plasmic fabrics. The expertise may even be transferred 

between researchers working in direct contact. Because of the subjective nature of this 

evaluation method it is not very likely that individual research workers, studying different 

sample groups, will arrive at the same estimate standards of strong or weak plasmic fabrics. 

For example, strong plasmic fabric as observed in sediments rich in carbonates may not be 

nearly as impressive when viewed in the context of samples containing mostly anisotropic clay 

minerals. At the same time it may actually reflect a much higher uniformity of basic orientation 

of plasmic materials. 

Some of the other factors which may have to be considered when detecting and 

measuring the strength of the plasmic fabrics include magnification, thickness of the thin 

section, illumination intensity, texture, mineralogy and birefringence masking. Some of these 

factors relate directly to the individual thin section material and can not be controlled. Texture, 

anisotropic clay mineral content or carbonate content can not be controlled but do have an 

effect on the plasmic fabric appearance. The effect of these factors on the birefringence should 

be considered during the interpretation stages. The remaining factors can and should be 

controlled to minimize variance and allow for more accurate comparisons. The thin section 

thickness should be set to approximately 20 urn (as is the case in this thesis) otherwise the 

effects of the increase or decrease must be accounted for in the final results. Similarly, the use 

of similar magnifications must be considered. This may affect the shape definition of each 

plasma domain more than its basic orientation uniformity but the variable should also be made 

fairly constant or at least clearly indicated. Illumination is also of vital importance as brighter 

settings tend to produce stronger appearing plasmic fabrics. This is a difficult issue to resolve 

since it is rather hard to set a uniform value to light intensity. It may not, however, be 

necessary to be exact. If the guidelines for classification image acquisition arc followed 

(section 4.1.2) a degree of uniformity can be achieved. The criteria may not be final but the 

minimum standards specified will allow for comparisons between different research setups. 
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The aim of this section is to create an objective method of measuring plasmic fabric 

strength. This aim does not, however, imply that image analysis can solve the problems created 

by masking or differential clay content. The relationships between plasmic fabric strength and 

the factors mentioned previously are of such high degree of complexity that any attempt at 

complete quantification would be well beyond the scope of this thesis. Since the interaction 

of masking agents and clay mineralogies is closely intertwined it would not be enough to 

simply restrict such studies to one type of clay mineral (ex. kaolinite (Morgenstern and 

Tchalenko, 1967; Clark, 1970; Foster and De, 1971;Tovey and Wong, 1980)) or one type of 

masking agent. The combined effect would have to be considered and its quantitative effect 

on the plasmic fabric would have to be measured and stated for a wide range of variable 

values. Research would be much better served by a series of independent projects, the results 

of which could then be combined. There is, however, at least one major stumbling block before 

any such work can proceed. Specifically, it is the way in which the visible aspect of plasmic 

fabric can be measured. It is here that the use of image analysis provides its greatest advantage 

- and other complications. 

As mentioned earlier in the image acquisition section of the thesis (4.1.2) there is the 

additional problem derived from the technological imperfections of the apparatus used in 

picture creation. Live video cameras, photographic cameras, scanners, film, print paper, 

microscope lenses all introduce a degree of variance. Even if the equipment used is of the same 

brand and quality, the age difference may affect its performance. No two image acquisition 

setups are identical. Therefore a degree of variance of results may be expected between 

different hardware configuration. It may however be possible to minimize the variance by 

eliminating some of the intermediate stages of image acquisition. For example, using a live 

video link avoids the general variability inherent in photographic camera lenses, lighting 

conditions, film quality, print quality, and finally, scanner quality. The distortions are 

minimized to those of the charge coupled device used to scan the source (thin section) and 

possible lense flaws of the microscope itself. The CCD devices may be considered fairly 

consistent - within the same brand of video camera - while any lens flaws not already observed 

and corrected will probably not be of any significance in the scanning process. The final 

variable of concern is the lighting of the thin section. Any variance in the brightness of the 

light will result in the plasmic fabric strength measurements being different for the same 

domain. Frequently the quality of the light bulb (or its age) means that the brightness of the 

illumination can be observed changing constantly. Although not a big concern in visual 

descriptions and interpretations of thin sections, where data consistency is vital every attempt 

must be made to stabilize the lighting conditions. 
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The standard technique of thin section analysis involves initial visual description of the 

various features and structures that can be observed with the naked eye as aided by the 

microscope. This by its very nature restricts the data to the visual aspect. No information can 

be garnered unless it can be seen, or indirectly suggested, by visible evidence. The use of 

cross-polarized and gypsum wedge imagery is seen as an additional help in distinguishing 

certain other aspects of the sediments studies - such as plasmic fabric. It is therefore the visible 

plasmic fabric and its pattern which are then described and interpreted. However, both the 

strength of the plasmic fabric and the pattern may be poorly defined making accurate 

classification difficult. It is also possible to find that some fabrics are not easy to classify and 

ambiguous results are possible. The process may be aided by the use of computer imagery. 

This is not to say that the digital image makes visual interpretation unnecessary or inferior. In 

fact, without sufficient high degree of spatial and spectral resolution it may actually be more 

productive to evaluate thin sections visually. Image analysis can be useful in cross-matching 

the cross-polarized, gypsum wedge, and plain light views to create an accurate picture of 

feature distribution in each thin section image. It may also be used to quantify the strength of 

plasmic fabric for each of the pixels contained in the image. This translates to approximately 

262 244 bits of information for an average 512 by 512 sized image. 

Only with a single means of quantifying plasmic fabric, as observed in thin sections, 

will it be possible to compare plasmic fabrics from different samples and locations. In this 

project the emphasis is strictly on creating such a means and applying it to anisotropic plasmic 

fabric only. The method uses simple calculations performed on digital images containing 

plasmic fabric related information. This is a way of evaluating the strength of anisotropism. 

For several reasons it is still a very rudimentary method. It should not be used to compare 

values between different thin sections unless utmost care is taken in minimizing variance in 

microscope settings such as illumination strength, gypsum wedge thickness or cross-polarized 

light bundle orientation. As stated earlier, this is not at all difficult to achieve for individual 

microscope users but may be more difficult if the results are gathered by a number of different 

image capturing setups. 

Plasmic fabric strength as measured in this project should be seen as a product of two 

variables: visible anisotropism intensity and uniformity. These two values should be 

calculated for each plasmic fabric domain. Their combination can then be used to produce a 

single indicator value for each domain. 

The degree of overall anisotropism will also be measured and reported as a percent of 

the overall area occupied by the plasma separations. The results could be improved with the 

use of circularly polarized light whenever possible since it is the only form of illumination 
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capable of presenting complete 

anisotropism regardless of stage 

orientation (FitzPatrick, 1993). This 

issue will be discussed later in the 

Future Developments (chapter 7). 

Plasmic fabric domain as 

defined in the subsequent method 

refers to a set of contiguous rasters 

representing anisotropic plasma. 

Contiguous rasters are any two or 

more rasters in direct contact with 

each other. For this methodology 

direct contact means "side by side" 

rather than "corner to corner" (Diag. 

Diagram 5.6. Domain decision rule. Pixels of uniform shade 5.6). The best way to explain the 

belong to the same domain. Corner to corner contact squares are choice of contact rule would be by 
not considered adjacent. 

stating that: any two pixels in contact 

via "comer to corner" option are 

more likely to represent two 

individual domains in contact rather 

than two parts of the same domain. 

Any single pixels representing 

plasma separations are considered to 

be individual domains. 

X(, 

BIV 

Diagram 5.7. Birefringence Index Value. Empty pixels represent 
areas containing no plasmic fabric. 

Birefringence Intensity Value 

Birefringence Intensity Value 

(BIV) is a very simple product of 

addition of two digital slices - Cross-

polarized red and green images (XR 

and XG). (Diag. 5.7) From practical 

observations of images containing 

plasmic fabrics it was found that the 

effect of the blue spectral band on the 
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colour/intensity of the interference colours was of no visual significance. Colour plate 15 
shows an example of plasmic fabric as seen between cross-polarizers. One side shows a 
complete 3 layered image (RGB values are all correctly represented) while the other shows 
only 2 layers (Blue layer values have been reset to 0). The omission of the blue layer values 
appears to have no negative effect on the appearance of the plasmic fabric. It does in fact 
eliminate some of the ambiguity resulting from unrelated materials visible in the sample. 
Elimination of either green or red layer values (setting cell values to 0) results in occasional 
disappearance of plasma domains. Therefore it is the red and green layer values which are of 
most importance in defining the brightness and hue of plasmic fabric. Investigation of the 
individual pixel values for anisotropic and isotropic plasma appears to confirm these initial 
findings. This is not surprising considering that the colour yellow is a product of two primary 
colours - red and green. The intensity of plasmic fabric yellow/gold colour is therefore linked 
to the values contained within the red and green layers of the cross-polarized imagery. 
FitzPatrick (1993) also indicates that based on presence and the amount of iron the interference 
colours could range from gray to white and yellow to red. If such conditions are found the two 
preselected bands will also be found to be appropriate since all of those colours are effectively 
represented by the mix of the two colour bands selected. 

Theoretically values for BIV can range from 0 to 510 (0,255 x 2). It is therefore 
necessary to change the file format 
from 8-bit images to 16-bit images 
when calculating BIV. When 
measuring BIV it is necessary to 
concentrate only on areas belonging 
to plasma. This requires the use of a 
plasma mask derived from 
classification. The result is a 
combination of the XR and XG files 
where values range from 0 to 510. 
Those pixels containing 0 values do 
not belong to plasma or occasionally 
(nearly impossible) show particularly 
opaque zones of plasma. For the 
remainder of the image the values 
contained in each pixel reflect the 
degree of birefringence - which 
forms the source of raw data for the 
subsequent plasmic fabric strength 

Plate 5.6. BIV image fur a section of the Mi.631 sample. Gray 
scale display is necessaty to allow for a degree of contrast 
required to display a 16-bit image. Values in the image vary from 
0 in the black to 510 in the white zones. Each value reflects the 
degree of basic orientation strength. 
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analysis (Plate 5.6). 

It was found that the critical BI value dividing isotropic from anisotropic plasma falls 
approximately around 250. This is a conservative observed value and as such is highly 
subjective. The low number should be considered since it is better to err on the side of caution 
and include domains of no birefringence/low birefringence rather then have them entirely 
excluded. It may be necessary to change the boundary value in the future if a more accurate 
set of criteria can be devised. For the purpose of this thesis however, the critical value is found 
to be sufficient and will be used in future analysis. 

Birefringence Uniformity Measurement 

The second aspect of plasmic fabric strength has to be the uniformity of appearance. 
This is referring to the homogeneity of appearance of individual plasma domains. The 
foundation of the method described here rests on the fact that the plasmic fabric domains 
appear stronger if there is little variance within them. This is of secondary importance to the 
actual average brightness of the individual domains. The homogeneity of each domain must 
therefore be directly tied to the BIV values as described earlier. 

Coefficient of Variation is a basic statistical method of measuring homogeneity. The 
value is reflected as a percentage. Its magnitude is inversely related to the degree of 
homogeneity. 

CV = ( i ) * 100 % 
X 

where s is the standard deviation and x is the mean of the sample tested. The resulting % value 
can be derived straight from the information provided from BIV calculations. The value has 
an added benefit of being unit independent and therefore easily and directly comparable to any 
other CV value calculated. 

The mean value can be derived for each domain by simply including data from every 
pixel contained in such a domain (Diag. 5.8). Similarly, statistical analysis of the same data 
should result in the standard deviation value. Coefficient of Variation value by itself is not 
sufficient to express the degree of strength of plasmic fabric and should be incorporated into 
a new unit which would reflect both the mean and the standard deviation. However, it is more 
than sufficient to express the uniformity of each domain tested. 
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Plasmic Fabric Strength 

Plasmic Fabric Strength value can be 

expressed as: 

PFS = BIV * Homogeneity 
Vector B IV 

where BIV is a mean value, for each domain, as 
derived from data contained in the BIV file. 
Homogeneity is expressed as a percentage and is 
the same as Coefficient of Variability. It can then 
also be expressed as: 

PFS = B/V(250-510) * CV(0-100) 

where the values in the brackets represent the range of possible values. The range for BIV is 
based on the critical BIV value of 250 which separated anisotropic plasma from isotropic 
plasma. Since PFS values are meant for plasma separations only, there is a need for exclusion 
of isotropic plasma. Although values for isotropic plasma can be measured using the same 
technique, the results should be considered as meaningless since any BIV value below 250 
tends to be too dark to represent anisotropic domains. It is important to remember that even 
though isotropic plasma appears very dark, and often black, it is highly unlikely to be 
represented in the XR and X(1 layers as 0. In practice these values are often found in ranges of 
100 to 300. 

Since the relationship between PFS and CV values is inverse it is therefore necessary 

to modify the equation so as to make the relationship direct: 

PFS = BIV * — 
CV 

To finalize the equation it is necessary to consider the possibility of CV value being 
equal to zero. Although unlikely for any large domains it does occur very often for small ones, 
as any single raster domain must have a perfect homogeneity. One way to avoid the problem 

I, 
Diagram 5.8. The Birefringence Intensity Value 
for each domain is defined by the mean BIV value 
of its component pixels. 
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Domain Number 

Diagram 5.9. The chart shows the difference in PFS values as a result of equation modifications. Note 
that the unmodified PFS line and the PFS(a) line effectively overlap showing the effectiveness of the 
modification. 

would be by excluding any single celled domains. This is not advisable in a situation where 

a possibility of moscpic or insepic plasmic fabrics exists. Insepic plasmic fabric in particular 

must be thought of as a scatter of very small individual domains. The removal of single pixel 

domains from the calculations could result in a significant misidcntification of the plasmic 

fabric pattern by underestimating the frequency of the small domains. 

At the same time the inclusion of CV values equal to zero would result in PFS values 

being undefined. The following modification avoids the problem: 

PFS = BIV * (—!—) 
cv - \' 

The increase in the Coefficient of Variability by addition of one has a twofold effect 

on the equation. The most obvious one is the elimination of the possibility of undefined PFS 

values associated with standard deviation values equal to 0. The increase in the magnitude of 

the denominator of the homogeneity side of the equation obviously decreases the potential PFS 

value. However, since the decrease affects all of the domains to be evaluated it essentially 

results in an overall downward shift of the PFS values as compared to unmodified PFS values 

(Diag. 5.9) without in any way affecting their relationship to the BIV and homogeneity. The 

shift could be decreased by lowering the adjustment value from 1 to smaller fraction (such as 

0.01 as shown in Diag. 5.9). However, the use of 1 has an additional advantage. When the 

uniformity of a domain is measured to be 0 % (perfect homogeneity) then the value of the PFS 

will be calculated to be exactly the same as its mean Bl value - restating mathematically that 

there is no negative effect on the plasmic fabric strength when its appearance is perfectly 

smooth. 

113 



Ü 40(1 

un 3 0 0 

— 

- PES Value 

B1V 

- St. Deviation 

. .r... _,.. 

7 
/ 

_ _ _ _ / 

1 2 .? 4 6 7 X 9 10 11 12 I.? 14 15 16 17 IS 19 20 21 

Domain Number 
Diagram 5.10. The curves show the relationship between BIV, standard deviation and the PFS 
value calculated. 

5.3.2 Plasmic Fabric Strength Display 

The resulting range of possible PFS values starts at minimum of 6.10 (BIV=250, 

s=100) and can reach the maximum of 510 (BIV = 5 1 0 , s=0). An example of just such a 

distribution can be seen in diagram 5.10. The data in the plot was modified by addition of one 

minimum value point and one maximum value point to indicate the maximum possible extent 

of the line. The remaining values arc however true examples of measured PFS values for a 

sample image obtained from thin section Mi.631. One note of caution is necessary here. A 

corrected version of the strength distribution data may be necessary since all of the single pixel 

domains will automatically reach the maximum PFS value. They will therefore tend to skew 

the plasmic fabric strength results. More specifically, plasmic fabric types exhibiting large 

numbers of small domains (insepic) will tend to show very high overall plasmic fabric 

strength. This is so because the average value calculated would be based on a large number of 

maximum PFS readings where any other plasmic fabric pattern consisting of a few large 

domains would suffer from a lack of single pixel domains. The anomaly can and should be 

accounted for when calculating overall average plasmic fabric strength value for each image. 

The results of this methodology will include the "corrected PFS" values. 

An example of the calculations can be seen in Table 5.2. The results are best calculated 

and displayed in a spreadsheet form - necessitating the process of data exportation. Using 

spreadsheets it is possible to further manipulate the data and to display the results in other 

forms or relationships. Diagram 5.10 shows the relationship between the mean BI values, 
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standard deviations and the PFS values for the domains shown 

in Table 5.2. 

Other relationships between PFS and plasma domains 

will be presented in the next set of sections as the plasmic 

fabric image analysis extends into other domain 

characteristics. 

The results of this part of the methodology can be used 

in conjunction with other measurements to better define the 

state of plasmic fabric in an image. On their own they provide 

a unique mathematical signature for each image tested. The 

results can be used to compare plasmic fabric magnitude 

distribution between different images, thin sections, Kubiëna 

samples, stratigraphic layers or localities. It is, of course, 

necessary to consider the size of the sample to be used, but 

provided a significant number of images can be collected it 

may be possible to apply the results to some larger scale 

studies. It is important to reiterate the fact that the strength of 

plasmic fabric as measured using the method described does 

not account for any of the complicating factors described in the introduction. It merely gives 

a representative value of the plasmic fabric strength as observed. It is, however, the first step 

on the way to a better understanding of plasmic fabric strength as indicative of sedimentary 

genesis conditions within a variety of environments. 

Mean 
i 

250 
358 
357 
364 
353 
349 
338 
340 
385 
374 
335 
352 
351 
376 
354 
334 
339 
361 
338 
410 
510 

S.D. 

100 
51 
37 
48 
37 
29 
23 
25 
50 
20 
32 
43 
40 
28 
17 
17 
35 
18 
36 
0 
0 

CV PFS 

40.000 6.10 
14.246 23.48 
10.364 | 31.41 
13.187 j 25.66 
10.482 1 30.74 
8.309 ! 37.49 
6.805 43.31 
7.353 140.70 
12.987 | 27.53 
5.348 ! 58.92 
9.552 31.75 
12.216] 26.63 
11.396 | 28.32 
7.447 j 44.51 
4.802 1 61.01 
5.090 | 54.85 
10.324 | 29.94 
4.986 ! 60.31 
10.651 29.01 
0.000 1410.00 
0.000 510.00 

Table 5.2. Sample of Plasmic 
Fabric Strength calculations. 
Based on an extracted section of an 
image taken from thin section 
Mi.63I 

In practice the brightness and colour of the interference colours are only partially due 

to the uniformity of basic orientation. There are many complicating factors which must be 

considered when analysing plasmic fabrics. The first issue to be considered is the overall 

texture of the material studied. Sediments containing fewer clay minerals will naturally be less 

inclined to show strong plasmic fabric. The mineralogy of the clay also plays a role. Not all 

clay minerals arc optically anisotropic (for example allophane). Their uniform basic orientation 

would not show up in the form of plasma separations. Other factors, such as birefringence 

masking, also play a major role in plasmic fabric recognition. Carbonates, organic materials, 

oxides and hydroxides of iron, aluminum or manganese will all act as masking agents. 

Masking typically means dispersing and overpowering of interference colours resulting from 

cross-polarized illumination of uniformly oriented anisotropic clay minerals. If sufficient 

amounts of masking agents exist within the samples studied there may not be any visible 
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evidence of plasmic fabrics while the actual structure of the plasma may still be uniformly 

oriented. These complicating factors essentially mean that any analysis of visible plasmic 

fabric may not completely reflect the true degree of basic plasma orientation. 

5.4 Domain Size Analysis 

The ability to mathematically describe "attributes" of objects is one of the fundamental 

strengths of image analysis. Such descriptions can be performed repeatedly and cover all of 

the features observed in the image. This could of course be also done using other, non-digital, 

methods but computers allow for the process to be much more efficient. In this case, efficiency 

refers not just to the speed and accuracy of the measurements but above all to a high degree 

of selectivity allowed. Through attribute manipulation it is possible to select only those objects 

which fit within a more or less narrowly defined set of specifications. This selection could be 

based on type, size, colour characteristics, brightness, shape, user preference or their 

combination. The degree of flexibility allows for the analysis to be performed on all of the 

features in an image, be limited to just a few, or even to consider a single object. The size of 

the features is in fact one of the fundamental attributes with which objects are selected for 

further analysis. As an example, when studying soil characteristics related to water drainage 

or availability of water to plants, only a subset of voids may be analysed as some of the 

smallest pore spaces play little or no role in these processes. 

5.4.1 Domain Size Discussion 

There arc several reasons for identifying the size of individual domains. Selection of 

objects allows for exclusion of features which are of no interest to the project or are to be 

analysed later or for different characteristics. In case of plasmic fabric analysis it may not 

always be necessary to use all of the previously identified domains. Although the classification 

routine may detect hundreds or even thousands of individual domains of plasmic fabric, only 

a few warrant shape analysis. The selection of the acceptable subset is based predominantly 

on size. 

Ringrose-Voase and Bullock (1984) proposed that a 50 pixel minimum should be set 

for any objects which were to be analysed for shape characteristics. The same authors treated 

features smaller than 10 pixels in size as "noise'" (Plate 5.7). Their work concerned pore spaces 

and their shapes, and unlike plasmic fabric domains, features smaller than 10 pixels could be 
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Plate 5.7. The image shows the difference between "noise" 
(black), "intermediate " (dark gray) and "shape significant" I light 
gray) features - as defined in Ringrose- Voase and Bullock (1984). 

B) 

C) l ; i 

Diagram 5.11. The diagram illustrates the effectiveness of an increasing 
image resolution on shape approximation, a) is the original smooth oval 
shape. This "real" image is rendered to bitmap using h) 7x7, c) 14x14 
and cl) 2Hx2H pixel resolution. The differences in the appearance of the 
bitmap shape clearly illustrate the problem of pixelation and the 
relationship with the image resolution value. 

dismissed without a significant effect 

on the overall results. 

This can not be done with 

plasmic fabric domains. Even the 

smallest of the domains are of 

significance. Certain types of plasmic 

fabrics, such as insepic, essentially 

consist of a large number of evenly 

distributed, equant in shape, small 

domains. If the smallest pixel size is 

2 urn in size then the 10 pixel 

minimum set by Ringrose-Voase and 

Bullock would reject domains 

ranging in size of up to 40 um2 as 

noise. Similarly, objects smaller than 

50 pixels in size would include 

anything up to 200 um2. Obviously, 

at lower magnifications the size of 

the "insignificant" features would 

further increase (at 5 um per pixel 

this would result in the noise being 

approximately 250 um2 in area - as is 

the case in the example shown in 

Plate 5.7). 

R i n g r o s e - V o a s e and 

Bullock's main concern appeared to 

be the reliability of the shape related 

measurements with respect to the 

pixelation effect. This is a valid 

concern for any image analysis 

routine. The argument centres around 

the fact that any real "analog" shape 

found in nature can only be 

approximated in a raster based image 

(Diag. 5.11). Whenever a digital 

raster image is acquired the features 

shape and b o u n d a r i e s are 
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approximated resulting in distortion. The only way to make things more accurate, without any 

change to the scale, is to increase the resolution (number of pixels per image) of the scanning 

device (Diag. 5.11). By increasing the magnification, and focussing on a smaller area, it is 

possible to increase the quality of shape definition by making the objects studied larger 

allowing for more pixels. This solution comes at a cost of loss of area of sample field. When 

studying thin sections of glacial sediments it is the relationship between the various 

components of each thin section which is of greatest value and therefore the required 

magnifications tend to be small (2X, 60X). With higher magnifications the area studied tends 

to decrease in size to the point of looking at individual features and losing the overall idea of 

their interrelation. 

Subsequently, there is little point in trying to decrease the size of individual pixels. As 

it stands right now, the smallest pixel size used in this project (2 urn) and the largest picture 

size (556x465) at the best possible resolution(640x480) produce a sample field area of only 

approximately 1 mm2. The resolution and the picture size mean that the individual noise 

specks, as defined by Ringrosc-Voase and Bullock (1984), represent 0.004 % of the total 

sample field, as opposed to the original study's 0.002 %. The second number is based on the 

500000 pixel resolution of the Quantimct image analysis system used in the earlier work. 

Similarly, 50 pixel bodies originally represented approximately 0.01 % of the image area each. 

In this study the corresponding value increases to 0.02 %. 

In every classified image, individual domains number in the thousands. Domains 

smaller than 50 pixel very often form more than 50% of all the domains. In this situation, 

restricting useful information to just those domains larger than 50 pixels would result in an 

excessive loss of data. Without ready means of increasing the resolution of the scanning 

camera we arc forced to accept the information as provided by the digitization process. 

Taking into consideration the nature of the information available, the next step is to 

redefine the definition of noise and the minimum size of the objects suitable for shape analysis. 

The objective is to create criteria which will allow for the maximum use of the information 

provided while taking full account of the possible shape distortions and the specific 

characteristics of plasmic fabrics. 

The concept of noise should be entirely reconsidered when looking at plasmic fabric 

domains. Even the smallest of the domains, those 2 urn in diameter, are important. Their shape 

should not be considered since all the single pixels are square and may in reality represent any 

shape as long as the size of the original domain was enough to predominate within the pixel 

area. At the same time, the size distribution curve must include pixels of this size. Any study 

of the overall spatial distribution of the domains must also consider this information. Some 

forms of plasmic fabric, such as insepic, essentially consist of tiny, equant zones of basic 
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plasma orientation. By dismissing domains smaller than 2 urn in diameter it is likely that these 

types of fabrics would be severely under represented in future studies. This means that 

there is a need for the selection of domains suitable for shape analysis while all of the domains 

must be analysed when looking at overall frequency of occurrence of plasmic fabric domains 

and their patterns. 

Despite the fact that the 50 pixel limit set by Ringrose-Voase and Bullock (1984) may 

have a more limiting effect on the number of domains selected than it does in the studies of 

voids, it should nevertheless be upheld. The 50 pixel minimum was selected based on a 

reasonable estimate of the number of rasters necessary to accurately represent various shape 

classes. However, the study of macro pores concentrated on comparing shapes found within 

a field of view to those defined earlier in order to identify the pores as belonging to a specific 

class of voids. This required a high degree of accuracy in shape recognition. If the sole purpose 

of the shape measurements is to differentiate between elongated and cquant domains then there 

is simply no need for a high degree of accuracy. If other shape characteristics are needed then 

there may be a need to limit the shape analysis aspect of the procedure to only those domains 

consisting of more than 50 pixels. This additional selection should however be performed only 

when found absolutely necessary since it does limit the set of analysed plasmic fabric domains 

to those larger than the sand sized material. 

For now, the one primary reason for collecting information regarding shape is to 

distinguish between equant/undefined and elongated plasma domains. Those listed as equant 

or overly complex in shape can not be used in the directional analysis while the elongated 

domains, especially the smaller ones, can be used to accurately measure directional trends in 

plasmic fabrics. Without going into a detailed discussion of the merits of shape characteristics 

in preferred orientation measurements (sec section 5.6 for more) it is important to state that the 

longer and larger domains are less useful in the orientation measurements. Very often plasmic 

fabric preferred orientation is best represented by a scries of small, discrete shears. These 

shears are only rarely large. Longer, larger or interconnected domains may change shape 

resulting in an increased inaccuracy of the results. Discrete shears are more likely to maintain 

a uniform orientation throughout the domain. 

The new minimum of pixels must therefore be selected based on the minimum number 

of pixels necessary to distinguish between elongated and equant shapes. This number must, 

at least initially, be experimental in nature and based on a reasonable best guess. The choice 

of 5 pixels as the crucial value was made based on the previous experience of the author. 

Diagram 5.12 shows a number of possible shape combinations made using 5 pixels and their 

relationship to the original shape of the domain. The use of a different value in the future was 

not at all eliminated. This part of the thesis is very subjective and may need adjustment. 
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Another reason for collecting 

information concerning the size of 

the plasma domains is to acquire an 

idea as to the size distribution of the 

plasmic fabric in a sample field. This 

is a similar concept to that used in the 

studies of macro pores (Bullock and 

Thomasson, 1979; Singh etal., 1991) 

and skeleton grains. The similarity 

docs seem to be stronger between the 

plasmic fabric and the macro pores in 

that both may be continuous and 

interconnected as well as small and 

discrete in the 3-dimcnsional space. 

It is also true that in a 2-dimensional 

space created by thin sectioning, both 

of these types of structures very often 

appear discrete - notwithstanding 

their actual physical configuration 

(Ringrose-Voase and Bullock, 1984). 

Previous studies have shown that 

some 3- dimensional characteristics 

can be derived from 2-dimensional 

studies (Chayes, 1956, Friedman, 1958: Anderson and Binnie, 1961; Weibel, 1980) especially 

when the different elements studied have an isotropic distribution. 

By studying size distribution curves of the anisotropic domains it may be possible to 

establish a pattern related to the original dcpositional or deformational conditions. To use an 

example, when working with the insepic or the mosepic plasmic fabric, the degree of size 

variance and frequency, as measured from a sample field, may perhaps be indicative of such 

qualities as duration and severity of sediment reworking, magnitude of stresses involved or the 

direction of the stress application. The information would most likely be used in conjunction 

with some other sedimentary characteristics identified in the sample field. It may also be used 

to interpret other depositional or post-depositional conditions when the plasmic fabric patterns 

are more complicated. 

+ 

Diagram 5.12. The diagram shows a variety of 5 pixel domain 
shapes and their "real" shape variance. The 5 pixel domains may 
not represent the "real" shape closely hut the overall general 
pattern should he preserved. This should allow rough estimates 
of elongation - a criterion in domain selection for orientation 
measurements. 

A more immediate need for information related to the size of plasmic fabric domains 

is in recognition and description of plasmic fabric patterns. Some plasmic fabric patterns are 
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defined partially by the size of the domains - insepic, mosepic (although in case of mosepic the 
definition only indicates that domains should be in contact). The size of a domain may also 
play a role in defining the surface related plasmic fabrics. The definition of the skelsepic and 
the vosepic fabric does not mention the size of each domain but the most appropriate way 
would be to establish some form of a ratio between the size of the core grain and the thickness 
of the skelsepic band around it. In addition, the size of the domain and its relationship with the 
size of the core grain (or void for the vosepic plasmic fabric) is crucial in differentiating 
between large sepic fabrics and a series of closely spaced skelsepic or vosepic patterns (Sec 
section 5.5 for a more detailed discussion). 

As was the case in the "Grain Size Analysis" section (5.2) the definition of the size of 
each plasma domain is based on the presumption that the domains are distributed isotropically 
and that each domain visible is a maximum projection area for each feature. In that case the 
longest dimension measured for each domain (a axis) represents its size. Each domain of 
anisotropic plasma, as defined and quantified earlier (section 5.3) should first be measured 
using some form of a standard size measurement module. The information might already 
preexist if the domains have been measured previously. Once their size is obtained, it is only 
a question of using attribute selection tools to pick those domains necessary for the next stage 
of the analysis. 

An additional correction of the data may be necessary due to the presence of illegal 
objects. This topic has already been discussed briefly in section 5.2. The basic concept still 
holds and the domains selected for size analysis will exclude illegal objects. 

In this thesis the measurements concerning the size characteristics have already been 
included in the "Plasmic Fabric Strength" measurement section (Chapter 5.3). However, the 
subsequent size analysis is specific only to this section and should be performed at this stage 
of the analysis in order for the information to be available in the future. It should be noted that 
some of the information gained at this stage will be used later, while other results are of a more 
immediate significance. 

5.4.2 Size Attribute Extraction and Display 

The initial attributes extraction should start with a vector file showing all of the known 
plasmic fabric domains. Individual domain's attributes table must include the size information 
- preferably expressed in terms of pixels. Some programs do offer this capability and so will 
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require no additional work prior to this step. However, when not available, size information 
may have to be derived through calculations performed either within the program or by an 
outside source. Alternately, the area will always be expressed in some unit of 2-dimensional 
space. Since the original size of one pixel is known (2 urn and 5 urn in this thesis) it will not 
be difficult to identify the minimum urn2 area to be used (200 urn2 and 1250 urn2 respectively). 
This can then be related to a minimum "Maximum Distance" value. In this thesis the lowest 
acceptable value equals 16 urn in diameter for 2 urn pixels and 40 urn in diameter for 5 urn 
pixels. 

The first objective of this section is to collect data for the display of the "size 
distribution" information. There are several ways of achieving this goal. Some programs do 
offer an automatic means of graphing size distribution - usually for the purpose of grain size 
analysis. If so, the computer may easily be fooled into believing that the plasmic fabric 
domains represent solid particles and will therefore display the information the same way it 
would for the skeleton grains. This method is by far the best especially since it requires least 
work, shortest procedural time and highest flexibility - it is likely that any program offering 
size distribution information will allow for a variety of ways of displaying this information. 
Even if the display of this information is not possible immediately the data related to the size 
of each domain should be stored. It is likely that the program will have some form of export 
utility allowing for the extraction of the domain attributes. An attempt should be made at the 
data extraction of the size related attributes. In this thesis the preferred choice is the "MaxDim" 
option but the use of the area information may also be made. Whatever the form this 
information will take it should be stored separately in a digital file format allowing for future 
extraction and manipulation. The identity of each domain in the image analysed should be 
preserved. Each domain will have a unique ID number. This means that as long as the number 
is preserved each domain can be treated individually and any measurements necessary can be 
restricted to a selected set of domains. Using their IDs as reference, it may be possible to cross-
reference other types of information regarding the same domains. For a more detailed 
discussion of the data display and use please sec section 5.7. 

The next objective is to select a subset of domains for the subsequent preferred 
orientation studies. It differs from the previous step in two ways. First, not all of the domains 
are extracted. Second, the "island" polygons are incorporated into the parent polygons. The 
first restriction has to do with the previously mentioned 5 pixel minimum in the fabric studies. 
The second restriction eliminates the possibility that an elongated, compact shape of a domain 
be described as equant or convoluted - excluding it from further analysis. Presence of one or 
more islands in an anisotropic domain may be the result of a small skeleton grain(s) being 
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present within the domain. If it is generally elongated it should still be analysed for preferred 

orientation. 

Such a multifacetcd selection process requires a means of data selection and extraction. 

Most vector based G1S programs must be capable of such selection, otherwise they would lack 

the ability to manipulate the data available - making them effectively useless. The extraction 

process should therefore be quite simple. The island polygons should be eliminated first -

increasing the size of each domain polygon containing at least one of them. This will naturally 

lead to an increase in the size of the selectable subset. This new domain image must be 

measured again to recalculate area and shape characteristics. Once this is completed all the 

domains larger than 5 pixels can be extracted into a new file - the raw source for the 

orientation analysis (section 5.6). 

The last part of this thesis includes collection of information for the optional shape 

analysis. This last procedure is identical to the previous one but for the difference in the 

minimum size of the selected polygons. As mentioned in the earlier discussion the minimum 

size of the domains to be analysed for shape characteristics should be at least 50 pixels. A new 

file should be created containing the relevant subset of domains. For the possible use and 

display of this information please see section 5.7. 

One final note of caution. As is the case with any other form of vector file 

modifications, vector extractions and the creation of a new file may require a "clean up". A 

new file may be using the old topology information available from the source. This means that 

the new file uses outdated information. It is very likely that the current relationship between 

individual domains no longer fits the description. It is important to run some form of corrective 

topology adjustment routine on any new vector file to re-establish the true attributes. This point 

may not apply to those programs which run an automatic topology adjustment during the data 

extraction or manipulation routine. That is not always the case. 

5.5 Surface Related Plasmic Fabric Domain Selection 

The object of this section of the methodology is the selection and the display of those 

plasmic fabric domains which can be described as skelscpic. The purpose of this selection is 

twofold: To display only the skelscpic plasmic fabric domains - and therefore unclutter the 

image and to measure plasmic fabric characteristics pertaining to the skelsepic domains 

identified. The identification of the individual domains as skelsepic also allows their future 
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display in combination with selected groups of other features. As an example, it may be 

possible to investigate the relationship between the skelsepic plasmic fabric domains and the 

skeleton grains of a selected diameter. 

This part of the methodology should be the first in the series of plasmic fabric maps 

produced for each of the sample images tested. As will be explained below the selection of the 

skelsepic plasmic fabric often involves a fair degree of subjectivity. Sometimes the smaller 

subsections of the skelsepic plasmic fabric may appear similar to other forms of plasmic fabric 

(Diag. 5.13). By first looking at the skelsepic plasmic fabric domains we preclude the 

possibility of their premature and incorrect identification. 

The d e f i n i t i o n and 

identification of skelsepic plasmic 

fabric is not altogether difficult in a 

visual description of a thin section 

(For a reference see chapter 3). A 

skelsepic plasmic fabric domain can 

generally be described as a thin band 

of clay minerals exhibiting basic 

orientation. The band itself should 

be located in a near proximity to a 

skeleton grain and should 

approximate its shape. The domain 

can therefore be described as having 

a sub-parallel preferred orientation. 

This form of definition is suitable for 

a general identification of skelsepic 

plasmic fabrics but for practical 

reasons becomes highly unwieldy 

when used in image analysis. 

The following comments can 

also be related to the vosepic 

plasmic fabric recognition. The 

problems are identical in all respects 

except for the void spaces instead of 

the skeleton grains. The definition of 

the vosepic plasmic fabric is 

similarly problematic. 

Diagram 5.13. The diagram illustrates various logical errors 
which must he considered when automatically identifying plasmic 
fabric patterns. For a more detailed explanation see text, a) 
Plasmic fabric domains in the centre are not identified as 
skelsepic due to their discontinuity, h) Plasmic fabric domains 
around the crushed grain are incorrectly classified as skelsepic. 
c) Rounded bands of anisotropic plasma are misidentijied as 
skelsepic p.f. d) Skelsepic p.f domains listedas vosepic due to the 
presence of desiccation fractures, e) Vosepic and skelsepic p.f 
domains are under-represented in comparison to the total number 
of the skeleton grains and voids. 

124 



5.5.1 Complicating Factors 

There are several complicating factors adding to the general difficulty of surface related 

plasmic fabric identification in digital analysis: 

1) The banded domains are often discontinuous. Even a single pixel separation is 

enough to divide a single band into two semi-circular crescents. In practice a single zone of 

skelsepic plasmic fabric may in fact be a whole series of individual discontinuous zones of 

plasma domains oriented sub-parallel to the surface of the skeleton grain. Due to the natural 

thinness of the skelsepic bands it is also very likely that domains as small as a single pixel may 

also represent smaller sections of a single skelsepic domain. These smaller domains may 

otherwise be interpreted and measured as a series of individual zones of masepic or insepic 

plasmic fabric (Diag. 5.13a). 

2) The thickness of the band and therefore the maximum distance away from the 

surface of the skeleton grain arc not usually specified. This generally allows for a very loose 

interpretation of the skelsepic plasmic fabric. In effect, the difference between a series of 

skelsepic plasmic fabric domains in close proximity and a single large domain of masepic 

plasmic fabric containing skeleton grains, can be very subjective (Diag. 5.13b). The difference 

may be noticeable to the naked eye based on the subtle difference in anisotropism intensity 

visible as a halo around each of the skeleton grains. However, although easily identifiable, 

such subtle differences may not necessarily be of practical value in image analysis. Essentially, 

what is needed is a clearly stated boundary for each domain analysed. Moreover, it should be 

possible to use the same criteria for domain definition for the many different images to be 

analysed. A method of skelsepic plasmic fabric identification must therefore attempt to 

incorporate these requirements. 

3) There is also a problem of relating skeleton grains to their respective skelsepic 

plasmic fabric domains. Any given rounded band of anisotropic plasma should not be treated 

automatically as a skelsepic (or voscpic, as the case may be) domain. Before being identified 

as such the relationship between the domain and its core (be it solid or void) must be 

established (Diag. 5.13c). 

4) One of the side effects of a thin section preparation, or to be more specific of the air 

drying, is the fairly frequent appearance of artificial fracture planes. These features are very 

commonly found around skeleton grains forming void 'envelopes' and separating the grains 

from the plasma. This situation must be taken into consideration when differentiating between 
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skel- and vosepic domains. Otherwise a misidentification of spurious vosepic domains may 

occur instead of the more correct skelsepic domains (Diag. 5.13d). 

5) The final complication stems from the "illegal line' procedures often incorporated 

into image analysis subroutines. If used, as is the case in some of the previous sections of this 

methodology, the 'illegal line' procedure eliminates those features in each image which can 

be found in contact with the outside edge - so called illegal line. This is essentially done to 

eliminate confusion and distortions associated with the shape and size distribution analyses of 

objects artificially dissected - be it by the extents of the digitized image or at the edge of the 

thin section. In case of surface related fabric domain identification some confusion may be 

caused if either of the features necessary for the correct identification is missing (anisotropic 

band and a skeleton grain, anisotropic band and a void space). For example, the number and 

the distribution of the skelsepic plasmic fabric bands maybe severely underestimated if there 

are a large number of skeleton grains located just within the confines of the image. These 

skeleton grains would then be incorporated into the analysis while the respective skelsepic 

bands would have to be excluded - being situated on the edge of the image (Diag. 5.13e). 

5.5.2 Methodology 

The above mentioned complications make a fully automated solution nearly impossible 

or at least inaccurate. The solution lies in the incorporation of at least a small degree of 

subjective decision making. The role of the automated subroutine will be to first preselect a 

number of domains most likely to be either skel- or vosepic. Secondly, the automated 

subroutine should be able to selectively measure and display only those domains conclusively 

identified as surface related fabric type. The final product should be an image showing only 

the domains of skelsepic and vosepic plasmic fabrics. 

The process of selection of the most likely surface related fabric domains must begin 

with the raw map of all of the plasmic fabric domains found in an image. The final product will 

be a subset of this initial image. The raw domain image must include all identifiable plasmic 

fabric domains. This means no limits must be set on the size or the shape of the domains. The 

raw map should also include the objects situated at the edge of the image. For practical 

purposes the methodology used in this thesis uses a slightly refined set of domains. Their 

general shape does not change but the island polygons are removed. This is done in order to 

avoid confusion when deleting unsuitable domains. Under some circumstance a number of 

island polygons may be left behind resulting in their no longer being listed as the islands but 
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rather as complete anisotropic domains. 

The second source of necessary information will come from the initial map of all of the 

skeleton grains (for skelsepic domains) or voids (for vosepic domains). This map should also 

include illegal objects. The purpose of retaining the illegal objects is to avoid the complication 

derived from excluding too many domains from the final subset (see point 5 of the 

complications section). 

The raw skeleton grain map will contain all of the skeleton grains visible within the 

sample field. As such it may be a highly cluttered image - especially when a large portion of 

the texture falls within the silt sized range. Any of the silt size skeleton grains located entirely 

or partially within a plasmic fabric domain - be it masepic or insepic - may give the appearance 

of a skelsepic domain. As such they are not acceptable for the purpose of identification of the 

skelsepic plasmic fabric. In addition, their usually large numbers and small size make 

subjective selection a highly tedious process. The exclusion of silt size material is therefore 

suggested. The skeleton map to be used in the following stages of the subroutine should 

include only the sand sized material. This requires a selective inclusion of any grains larger 

than 63 (im in diameter (based on their longest axis). 

For the vosepic domains the procedure should be identical except that only the largest 

'sand-sized' voids should be selected. An additional aspect of the analysis which should be 

considered when analysing vosepic plasmic fabric is the possibility of some of the void spaces 

being artificial (see point 4 above). It should not be overly difficult to make subjective 

corrections to the initial classification map which would correct this type of error - for the sand 

sized or larger voids. However, the many silt sized voids would simply be too difficult to judge 

as either true or false pores. It would be nearly impossible then to differentiate between skel-

and vosepic domains for that particular range of sizes. Since the sand sized material can be 

presumed to be accurately represented in both skeleton and void maps it should be considered 

as sufficient for the purpose of surface related plasmic fabric analysis. 

Since the one common characteristic of all surface related plasmic fabric domains is 

their overall sub-parallel preferred orientation to the surface of their core object, it is the 

immediate surroundings of each such potential core object which are of the greatest 

importance. It is not possible to define this immediate neighbourhood with any degree of 

absolute confidence (see point 2 above). It is however possible to select only those domains 

with the highest likelihood of being skelsepic or vosepic. To do so it is preferable to strictly 

limit the furthest most extent of any given domain By defining an absolute distance value 

which is to be used to define the suitable domains it is possible to limit the number of the 

potential surface related fabric domains. Any domains which are completely within the zone 

of interest should be displayed. This buffer zone should be easy to create using any image 
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- ^ ^ analysis software. For this thesis a value of 25 urn was 
t g? selected as the critical thickness of the buffer. The 

•̂ fc creation of the buffer initiates the process of selection. 
T} j ^ The buffer should be built around all of the skeleton 

A ^ ^ grains contained in the previously modified skeleton 
map (which can be thought of as simply showing the 

-#•**- sand particles). Plate 5.8 shows an example of a buffer 
**»-^5^ around some skeleton grains. Similarly, for the vosepic 

Plate 5.8. The picture 'shows the skeleton P l a s m i c f a b r i c t h c v o i d m a P s h o u l d a l s o b e buffered. 
grains (black) and their 25 fum buffers. This new buffer file could be raster or vector formatted 

but in this thesis the use of the vector objects proved 
- p-r? . 

.«**"*"".. 4 ] ^ ^ much more suitable for the analysis. 

0° Using simple Boolean logic and overlaying 
iuL modules it should be possible to select only those 

A. 
- " M domains which are included - whole or partially -

""f : - within the buffer. Thc resultant file should be treated as 
"ifefj, -*?£**& a n initial map of all the potential surface related fabric 

i>» domains (Plate 5.9). The final corrected version must 
Plate 5.9. The picture shows the skeleton s t in b e c r e a t ed. It may also be possible to further limit 
grains and the possible skelsepic plasmic . . . . . . , 
fabric domains (black). t h c r c s u l t s o t t h i s l a s t procedure by limiting the 

domains according to the percentage of the overlap. It 
may, for example be more accurate to only select those domains which overlap the bufferzone 
by more than 10 % of their overall area. An even more limiting approach, involving selection 
of domains completely included within thc buffer zone (100% overlap) is suggested. Besides 
limiting the set of potential skelsepic domains to only those in the immediate proximity of a 
skeleton grain, this approach also eliminates most of the larger domains (those of at least 5 
pixel or more in area) orientated at a high angle to the surface of the grain. Domains of that 
size are not very likely to fit entirely within the 25 urn buffer zone unless they arc oriented 
sub-parallel to thc skeleton grain. 

To finalize the map of the surface related plasmic fabric domains it is necessary to 
interactively modify the raw result. If so, a subjective decision has to be made on the degree 
of modification necessary. The final result may therefore still be fairly subjective. However, 
once concluded, this part of the methodology should produce a single map of all of the 
domains in question. Another reason for the follow up scrutiny is to minimize the chance that 
some of the domains arc cross listed as both the vosepic and the skelsepic plasmic fabric. This 
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is possible since a number of skeleton grains and voids can be found in close contact. As was 

already mentioned earlier desiccation fractures are perhaps the best examples of this situation. 

It is not impossible to see how some small domains may be classed as being both vosepic and 

skelsepic unless care is taken to manually exclude them from one or the other - depending on 

the subjective best interpretation. 

In the example shown in Plate 5.8 and 5.9,1 have not observed any strong evidence of 

the skelsepic domains but the example shows that in this one case at least the methodology is 

still highly subjective. 

Any further analysis of the data will likely be based on the shape, size or preferred 

orientation statistics generally available in the image analysis programs. As an example, the 

strength of the form anisotropism for the skelsepic domains may be displayed in the form of 

a graph and compared to other types of plasmic fabric within the same thin section, unit or 

sampling site. Similarly, the skelsepic plasmic fabric summary can also be compared to the 

information available from other thin sections, sample blocks, study sites or exposures. 

Plasmic Fabric Strength value already available can be quickly extracted from the finalized 

domain map and the data displayed on the screen or exported to other programs - often better 

suited for the display of graphic or mathematic information. 

5.6 Orientation Measurements 

To complete the data collection process it is necessary to consider the issue of domain 

orientation. Preferred orientation plays a major role in plasmic fabric diagnostics. As discussed 

in chapter 3, a number of plasmic fabric types can be separated based on one, or more, 

preferred orientation angle. The information provided as a result of this section of the 

methodology should aid in the diagnostic identification of some of the plasmic fabric domains. 

Orientation is the last characteristic to be investigated and it should give a more complete 

picture of the overall plasmic fabric distribution in the imagery studied (in this section the term 

orientation will be used to mean preferred orientation). The information may be used to 

indicate general orientation trends of plasma within each sample field, thin section or Kubiëna 

box sample, provided some extrapolation is possible and applied. All this requires a 

progressively more detailed examination of an increasing number of samples but the overall 

results could be fairly accurate if several precautions are taken. 

In order to gain these objectives it is also vital that some attention be paid to the domain 

shape and size prior to the directional analysis. The relationship between shape and size of 
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plasmic fabric domains and their orientation is fairly complex. The directional information 
provided by the thin section analysis, qualitative and quantitative, restricts the results to 2-
dimensional space. Certain analysis techniques do allow for a 3-dimensional approximation 
of the true orientation data - such as clast fabrics. These approaches do however only 
approximate the true orientation. This is true for practically any technique used to study 
orientation information. For more on 3-dimensional analysis sec chapter 2. 

If the standard visual analysis of plasmic fabric domains can interpret directional 
information and be used to identify the fabric patterns, then the use of digital image analysis 
should be considered just as capable, if not better, at this same task. While the visual analysis 
looks at the general pattern or occasional individual feature characteristics, image analysis 
techniques allow for the analysis of every individual domain. The number of these domains 
may be quite large without severely affecting the quality of the results - not always true for 
visual analysis. The time factor must also be considered. If a proper degree of preparation is 
undertaken, the application of computer technology allows for a less time consuming analysis 
process. This does not mean that there is a necessity of using exceedingly large numbers of 
domains in the analysis. Some domains can and should be excluded. The decision should be 
based predominantly on the shape and the size of the domains. These selection criteria and 
their significance are described below. 

It is also important to point out that currently the best source of images for anisotropism 
analysis is in form of the circularly polarized light. FitzPatrick (1993) insists that any analysis 
of plasmic fabric orientation should be performed using this method. In this thesis cross-
polarized imagery is used as the source of anisotropism data. This is not an ideal type of image 
but it is sufficient to provide the starting point for the development of the technique. If 
circularly polarized images could be obtained, then they would replace their equivalent cross-
polarized pictures. 

5.6.1 Domain Shape Considerations 

I f useful directional information is the objective then to measure all the domains found 
can be described as counterproductive. As will be explained later, the reason lies in the fact 
that not all of the domains in any given sample field can be described as having a preferred 
orientation. Since the orientation measurements are based on the angle of the longest axis 
chord the temptation is to treat all the data as equally valid. However, limits must be placed 
on the choice of polygons to be analysed. The subsequent scries of paragraphs will describe 
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the major factors which may affect the directional data analysis. Some of these factors are 

more related to the technological aspects of image analysis. The rest deal with the effects of 

various physical characteristics of the plasma domains which may render their orientation 

values invalid or even misleading. 

1) Scanning inaccuracies may lead to incorrect domain definition. This is a purely 

technological problem related to scan resolution, picture noise and inherent shape 

generalization due to the square shape of each pixel. When the domain definition does not 

match closely the true shape of the domain then any measurements involving this domain will 

be highly spurious. This problem has been dealt with much earlier in the methodology. Most 

issues concerning image capturing, scanning and objects' spatial definition have been 

discussed in chapter 4 (Image Classification). Any errors arising from the image capture 

procedures should be corrected at that stage. We must presume that the domains defined in 

section 5.3 (Plasmic Fabric Strength Measurements ) are accurate and that no further 

modifications are necessary. 

2) Illegal objects affect the overall results. The illegal objects are the polygons in 

contact with the edge of the image. Since these features arc incomplete their interpretation is 

quite impossible as it may severely distort the actual results. The topic of illegal objects was 

mentioned earlier (section 5.2 and 5.5.1). It is in the study of the shape and the orientation that 

the presence of illegal objects seems to have the most obvious repercussions. The edge of the 

picture will naturally deflect the apparent orientation of the affected polygons. The shape of 

these same polygons may be severely distorted. This is not always true and sometimes 

polygons may simply touch the edge without being cut. It is impossible to make this distinction 

without some prior knowledge of these features outside of the limits of the sample field. 

Without an ability to automatically select between features affected and unaffected by the 

edge, they must all be treated as suspect. For this reason all of the polygons in contact with the 

edge must be excluded from the subsequent analysis. 

3) Diagonal lines do not exist in bitmapped images. This is a fundamental aspect of 

edge definition and line drawing in image analysis. Colour plate 16 shows an example of a 

domain shown at a 30x magnification level. The second image shows a smaller section of the 

same domain (1 OOx). The problem is with the way in which a seemingly straight diagonal edge 

of the domain, as seen on the left, is essentially a series of vertical and horizontal lines 

following their conversion to vector image on the right. 

The theory of a bitmapped image composition makes use of the natural ability of the 

human eye to only resolve a certain minimum level of detail in any scenery. The overall 
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accuracy of the reproduction is based, paradoxically, on being able to make the smallest 

"image" component too smal 1 for the naked eye to see clearly. This allows for the composition 

of a series of neighbouring pixels to combine into a "perfect" smooth image. 

The resolution/picture quality has two major components - spatial and spectral 

resolution. The spectral resolution (number of colours capable of being reproduced accurately) 

is of no concern in this case. At least not directly. The spatial resolution, or the above 

mentioned smallest picture clement available, is of slightly more relevance. Ironically, the 

original point of concern relates back to the very fundamental makeup of the bitmapped image. 

While increasing the resolution of the image, both spectral and spatial, will improve the overall 

visual/analog appearance of the picture, it will not solve the problem of the diagonal line 

definition. This is because image analysis deals directly with the information available from 

each pixel. No matter how small, this is still a square (or in some cases a rectangle) and no 

diagonal lines are possible. 

The conversion from raster to vector format does not solve the problem. It does 

however allow for further image manipulation in order to improve the situation. A note of 

caution is necessary. Even though each object/feature in the vector format image is described 

in terms of interconnected points and lines - each with a specific location and relationship to 

others - the image as displayed on the computer screen is a raster, often resulting in a jagged 

appearance of straight lines. The line shape distortion in the vector file imagery is strictly a 

fault of the display media. The data contained in the file still represents a set of straight lines. 

The vector format allows for any line to be digitized and reproduced very accurately. Above 

all it allows for lines to be drawn at any angle and as smooth as the original if necessary. It 

must be considered as the format of choice when analysing shape information. 

The conversion from raster to vector carries over the initial limitations of the raster 

image. Colour plate 16 clearly illustrates the problem. One way to improve the situation is to 

use one or more filters in order to simplify the image. The basic concept of the vector 

smoothing filters is based on the excessive node removal. The process of line simplification 

involves line editing when a more efficient arrangement of nodes and lines is possible. Every 

line is tested and if a node is removed then a new line, connecting the remaining two nodes, 

is added. Diagram 5.14 shows a theoretical vector filtering routine. The resultant image has 

the double advantage of being simpler and smaller. For the purposes of image analysis it also 

has the advantage of being far more accurate. 

The reason for this is simple. Only vertical and horizontal lines of the original scenery 

are perfectly reproduced in digital, raster, images. Any line, edge or shape which does not 

conform to the vertical or horizontal orientation is distorted. The distortion carries over to the 

vector imagery. The results may mean that a straight line, oriented at 45° will be described as 

a set of shorter lines. 0° and 90u in orientation. No set of data or graphic representation of 
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orientation values (such as a rose 
diagram) showing such an image are 
of any value in a scientific study. 
Following the filtering routine the 
new line will show as a smaller set of 
lines (if not, ideally, one) with 
orientations approximating the 
original. Such data, even if distorted, 
is still substantially more accurate 
and obviously much more useful in 
the shape and orientation analysis. 

This work incorporates the 
use of the vector filters prior to any 
shape or orientation subroutine. It 
does not however introduce such 

Diagram 5.14. The four views represent the various possible filters in the earlier vector related 
results of a line filtering process. The process is known as "line . . 
simplification--, a) represents the original image as if converted subroutines Since they are not 
straight from a raster image. The nodes are located at each of necessary or helpful. As seen in 
the breaks in the line, b-d) show the results of a "line ,. c . . , - . ~~ , . ..« . ,, . . . . . , , „ . . diagram 5.14 such filters may affect 
simplification routine involving progressively longer minimum ° J 

distance" criteria. The dotted lines show the original shape of the the overall size of the object Studies 

polygon. ancj w o u ] j therefore affect texture 

measurements and domain size 
selection routines. Since the size information available from the bitmapped images seems 
generally accurate (especially at some higher resolution settings) any vector filter applied to 
the imagery prior to size analysis may actually be counterproductive. 

4) Most domain shapes do not lend themselves to the orientation measurements. This 
point of concern involves the idea of the shape ambiguity. This issue has also been discussed 
earlier (see section 5.4, Diag. 5.12). It is necessary to again mention that some of the smallest 
domains (all of the single pixel, and most of the domains smaller than 50 pixels in area) are too 
small to allow for an accurate shape definition. Their shape may simply defy such analysis. For 
example, a perfectly circular object, squares, rectangles or triangles can not be used to indicate 
preferred orientation. Some of these idealized shapes, specifically perfect circles, ovals and 
triangles, are not likely to be encountered in a thin section image but the rest are possible and 
can be used to clearly illustrate the point. What is more likely is that a series of many different 
domain shapes will be found. Their acceptability in the orientation measurements will have to 
be evaluated. Only those domains possessing the right shape characteristics will be further 

133 



considered. This does not mean that the rest of the data will be ignored. In a typical field 
macrofabric studies only certain types of pebbles are selected and measured. The remainder 
are ignored as not qualifying for the fabric analysis. Their shape excludes them from clast 
fabric analysis without prejudicing the overall results. This does not apply in the plasmic fabric 
domain studies. If a thin section shows a strong unidirectional preferred orientation then it is 
presumed that a majority of all of the visible domains agree with the pattern - not just the 
selected set of clearly orientated ones. This leads to a conclusion that any data summary must 
include information regarding both the number of the orientated and unoricnted domains ( a 
ratio) and the directional data available from the oriented domains (mean, standard deviation, 
etc.). The choice of the appropriate shape characteristics will be discussed later. 

5) A large number of the anisotropic domains may be too small. Some of the previous 
chapters have already looked at the domain size issue and how it affects measurements of some 
other plasmic fabric characteristics. For more detailed discussion please see section 5.2 and 
5.4. In case of orientation measurements the size characteristic is closely related to the topic 
of shape definition. Small domains are less likely to be effective at shape representation (see 
section 5.4). This is mostly due to the nature of the scanning process and the resultant 
bitmapped imagery. To avoid inaccuracies it may be necessary to only select some of the 
domains detected. One of the criteria must be their size. The size in question is not their 
absolute size as defined by their surface area or the longest chord but rather their relative size. 
For example, a domain 30 unr in area may be included under some circumstances and rejected 
under others. If this hypothetical domain was described by a small number of pixels then it is 
not likely to be a good reproduction of its original shape. Similarly, a higher magnification 
reproduction of the same domain, or a higher scanning resolution, will result in many more 
pixels being used to outline the given shape. These are more likely to show a close rendition 
of the original shape and may be trusted to provide a reasonable quality of results. The 
selection process must therefore include an attribute check for size. A minimum size described 
in pixels (preferably, but not necessarily) should be used to exclude those domains which are 
unlikely to be accurately rendered. 

6) The presence of the holes/islands may disrupt the process of orientation 
measurements. The islands will not affect the actual orientation values since those are the same 
as the angle of orientation of the longest axis of any domain. Since the islands must be 
contained entirely within a larger polygon they have no effect on the length of the longest axis 
nor on its positioning. However, the presence of each island may complicate the overall shape 
of the polygons containing them. As such each polygon has an internal as well as external 
boundary - resulting in a much more complicated shape. Since the selection of the orientated 
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domains is limited to those fitting within a stated range of shape characteristics the additional 

presence of the islands may result in a large number of them being excluded. This would not 

be productive since the process is already highly selective - resulting in only a small portion 

of the original domains being selected. The islands usually represent a condition where an 

otherwise uniform body of orientated plasma is disrupted by a "foreign object". This disruption 

may simply be a skeleton grain or a void. In such a case, the orientation should be measured 

anyway if there is a sufficient degree of elongation to show the preferred orientation of the 

domain. In this thesis the island polygons will be eliminated from all of the plasmic fabric 

domain polygons prior to the analysis. 

5.6.2 Procedure 

Due to the complexity of the task involved it is necessary to follow a strict procedural 

order. The order of operations assured logical conclusion of the process. Its complexity stems 

mainly from the aforementioned concerns about the data significance and accuracy. 

The first stage in the gathering of the orientation information must be the domain size 

selection. The selection criteria are based on the minimum domain size of significance in the 

directional analysis. The minimum value specified in a shape analysis procedure is more than 

50 pixels (section 5.4). In this case, the purpose of the shape measurements is purely for the 

reasons of domain selection. That is, the exact shape description is not necessary. A good 

approximation should be sufficient. As already discussed in section 5.4 the minimum size of 

5 pixels was selected. Any domain of the same size or larger should be included in the further 

analysis. 

This part of the procedure should already have been accomplished when working on 

the "Size Selection" routine as described earlier (section 5.4). 

Before any data can be gathered the illegal objects of the picture should be eliminated. 

The domain vector file created in section 5.4 should be used as the starting point. 

The direct result of the described data selection process is a vector file containing a set 

of domain polygons larger than 5 pixels in area and contained completely within the sample 

field. The information on the size and the number of domains smaller than the critical value 

should also be stored. 

To avoid confusion the surface related fabric domains must be excluded from the 
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suitable domains subset. This information has also already been gathered. As explained in 
section 5.5 some of the surface related fabric domains may consist of a series of smaller 
domains which may in fact be interpreted as a different type of plasmic fabric if analysed out 
of context. It is therefore important to exclude these domains while keeping a record of their 
number and/or size. While this information is useful in the overall plasmic fabric description 
for each image it can not be used to describe any preferred orientation patterns as it is already 
presumed to be parallel to the sides of skeleton grains or voids. By excluding it we eliminate 
any possible ambiguities resulting from a possible double counting of some domains. 

The actual process of skcl- or vosepic domain exclusion involves extracting a selected 
set of polygons. These are defined as not belonging to the surface related fabric type. The 
ineligible domains are listed in a previously created file (section 5.5). By extracting those 
polygons found in the skclsepic/vosepic file from the suitable domains vector file we can limit 
the set of polygons to be further analysed. 

Stall End node 

Before any shape quantification calculations are to be performed it is best that the line 
smoothing filters be applied first. As described earlier these filtering routines will likely result 
in an improved shape definition. The method selected for this thesis is a "Minimum Distance" 
line simplification filter. The minimum distance value selected was equal to either 3 urn or 8 
urn. The decision as to the minimum distance was based on the size of the image pixel. 
Therefore, for a 2 u,m pixel, the longest diagonal line distance is 2.83 urn, while for the 5 urn 
pixels it's 7.07 um. The critical values have to be slightly larger to allow for the removal of 

the extra nodes. 

An important aspect of the filtering routine is to 
use the vector format file containing the maximum 
amount of nodes. The best option would be to have 
each turn of a line described with a node. This is an 
inefficient way of storing data and shouldn't be used 
otherwise. If the vector file contains only polygon 
definitions (single line starting and ending with the 
same node) then the vector filtering routine will not 
function. (Diag. 5.15). Similarly, some smaller 
extrusions in a vector image may be removed as a 
result of filtering (Diag. 5.14). 

Filtering a vector file is a far more complicated 
Diagram 5.15. The diagram illustrates the 
situation often found in vector files 
containing polygons. Each polygon is 

described as a single line with a starting process than filtering a raster image. But it may prove 
and an ending node As such it can no, be v c r y beneficial. A balance should be struck between 
used in line simplification filters. 
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the needs of the project and the minimum filtering distance set. Otherwise the results will 
include too many processing artefacts and may be of no value - even detrimental - to the 
overall results. The values selected in this thesis hopefully combine efficiency with accuracy. 

Regardless of whether the line simplification filter is applied or not, the next stage of 
the procedure involves gathering information on the shape of the domain polygons. In the thin 
section studies shape definitions are derived from a 2-dimensional view of the studied features. 
It is obvious that the shape of a feature as seen in a thin section may be the result of both, 
object's actual appearance and its orientation. The purpose of this part of the methodology is 
to evaluate the 2- dimensional shape without making any reference to its true 3-dimensional 
shape. To do so will require a choice of shape criteria and their measurement. 

In standard clast fabric studies a clast suitable for analysis will have a 1.5 ratio of a to 
b axis (Kjaer and Kruger, 1998). The same ratio is used to study sand sized material (Cheel, 
1993). 

In terms of image analysis it is often possible to measure these values automatically as 
many of the image analysis programs have already incorporated the equivalent information 
into their gcomorphic or geological subroutines. If not, the same result can be achieved with 
a simple use of a query or the attribute selection routines if a basic set of measurements are 
first performed. For the ratio the minimum information must include the longest (a) axis and 
the intermediate (b) axis values. In practical terms, a-axis means the longest straight line 
distance which can be drawn within any given polygon. The b-axis is the longest possible 
distance, normal to the a-axis, which can be drawn inside the same polygon. If this information 
is available the procedure can proceed further. 

When the axis information is not directly available it may be possible to use a shape 
property called Grain Shape Index instead: 

f n T _ Perimeter 
LongAxis 

where LongAxis is the a-axis of a polygon. Grain Shape index can be related to axial ratios 
since the intermediate axis length must be a multiple of the original pixel size. The critical 
G.S.I value can be calculated from the 1.5 axial ratio, specified above, as follows: 

LongAxis = a-axis = 1.5 units 
Intermediate Axis = b-axis = 1 units 

therefore the polygon Perimeter must be: 
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2 x (b-axis)+ 2x(a-axis) 

or: 5 units in length 

G.S.I. = 5 / 1.5 = 3.3333 

Therefore any polygon with G.S.I value of less than 3.3333 would fit the minimum criterion 

required. 

Similarly, this shape index value can also be used to identify unistrial plasmic fabric 

domains. As specified in Chapter 3 the unistrial domains should have axial ratios of more than 

20 tol . As such their Grain Shape index value should be below 2.1. 

Once the measurements and calculations are completed the actual task of sample 

selection can commence. It is a fairly simple job of selecting only those domains which fit 

within a given set of standards. For this thesis methodology a critical axial ratio of more than 

1.5 was selected. This value may vary significantly depending on the purpose of the research 

project. In this case it should be sufficient in selecting those domains which are clearly 

orientated in a preferred direction. Plate 5.10 shows an example of a vector file which includes 

only the domains which satisfy the selected criteria. 
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Plate 5.10. The plate shows the results of the shape/size selection routine for the directional study of the plasmic 
fabric domains. On the left is the original vector domains file. On the right is the final selection of the plasmic 
fabric domains. 

The previously selected set of domains is now further subdivided. The number of the 
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domains rejected because of their shape should be stored for future calculations. The 
remainder, those accepted, are now forming the data set which may be used in the orientation 
studies. The domains may now be measured for orientation. This can be achieved in a number 
of ways depending on the software used. It is best that the data gathered be stored as a polygon 
attribute. It will then be possible to modify and extract this information for later data 
manipulation - allowing for maximum flexibility and additional selection criteria if necessary. 
This last aspect seems especially important if there is a need to display domains with some 
specific preferred orientation values. 

The final results should include at least the ratio of all of the orientated and 
unorientated domains and a listing of all the oriented domains and their orientation angles. This 
last set of data can be used to further analyse the orientation related characteristics of the 
sample image. 
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COLOUR PLATES 

Plate 1. An example of the argillasepic plasmicfabric. Barents Sea sample. Width of view: 16 mm. 

Plate 2. An example of the silasepic plasmic fabric. Barents Sea sample. Width of view: 13 mm. 

Plate 3. An example of the insepic plasmic fabric in an Antarctic sample. Width of view: 2.5 mm. 

Plate 4. An example of the vosepic plasmic fabric in an Antarctic sample. Width of view: 1.5 mm. 

Plate 5. An example of the skelsepic plasmic fabric. Sample collected in The Netherlands. Width of view: 1.5 mm. 

Plate 6. An example of the masepic plasmic fabric. Sample taken in Germany. Width of view: 5 mm. 

Plate 7. An example of the bimasepic plasmic fabric. Sample collected in Scotland. Width of view: 16 mm. 

Plate 8. An example of the lattisepic plasmic fabric. The photo also shows skelsepic plasmic fabric. The sample was collected 

in The Netherlands. Width of view: 3 mm. 

Plate 9. An example of the omnisepic plasmic fabric. Sample collected in The Netherlands. Width of view: 3.5 mm. 

Plate 10. An example of the unistrial plasmic fabric. Sample collected in The Netherlands. Width of view: 4.5 mm. 

Plate \\. An example of the kinking plasmic fabric. Sample collected in The Netherlands. Width of view: 3.5 mm. 

Plate 12. An example of the types of illumination used in this thesis. Top shows plain light, middle cross-nicols and bottom 

gypsum wedge. Moneydie, Scotland. 

Plate 13. Sample images showing the various selected results of the classification procedure, a) shows a section of the initial 

sample image (crossed-polarized view), b) shows the results of the Minimum Distribution Angle classification, c) is an 

example of the Simple One-Pass Clustering, d) shows the "distance " image for the same classification. e)is an example of the 

Suits Maximum Relative classification. /) shows the Minimum Distance to Mean results. 

Plate 14. The picture shows a cross-polarized view of an image with an overlay example of training sites. Note the variety 

of shapes, sizes, and the number of sample training sites. The accuracy of the results depends in large part on the quality of 

the training site definition. 

Plate 15. Plasmic fabric displayed using full RGB colour mix is shown on the left. The same image without the "blue" 

bandwidth can be seen on the right. The "blue" values are set to 0. 

Plate 16. The image on the left is a cross-polarized view of a thin section image showing strong plasmic fabric. The white 

square indicates the location of the magnified field shown on the right. Most of the smooth diagonal lines seen in the left 

picture are composed of individual pixels as seen in the second image. When converted to a vector format these straight lines 

appear as a series of horizontal and vertical segments - no diagonals are present. 
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6. SUMMARY OF THE METHODOLOGY 

As a result of the data gathering process, described in the previous sections, there is 
now a sizable collection of information available to the user. The information is stored in its 
raw form requiring further revisions and refinement. This data can be displayed and used in 
further calculations. It is up to the individual users to select and extract what is necessary. It 
is possible that supplementary modifications to the procedure may be required if some 
additional data is requisite. The information currently available can be used to produce an 
extensive report on the images studied. This chapter undertakes to show how some of the 
information can be presented, what is available, some of its shortcomings, and how the data 
relates back to the topic of plasmic fabric classification. 

6.1 Texture 

Texture is a fundamental quality of any sediment and as such plays a very significant 
role in sediment descriptions and interpretations. In addition to the information regarding the 
skeleton grains this part of the report will also incorporate a more general list of sediment 
components found and their overall content within the sample. The list is admittedly 
rudimentary but at this point the project lacks emphasis in any specific texture related research 
direction resulting in a need for general information only. The texture of the sample will be 
expressed in a number of ways. 

First, the overall fraction of the sample represented by skeleton grains will be 
calculated. This information will include all of the visible and therefore separable skeleton 
grain particles - regardless of their size. The ratio of the combined area of the skeleton grains 
to the total area of the coverage will provide a percentile value. In addition, sorting of the 
skeleton grains will also be measured. This should not be confused with an overall material 
sorting since only identifiable skeleton grains will be taken into consideration. The reason for 
separating skeleton grain and overall sorting stems from the nature of the glacial sediments. 
Glacial diamictons are usually a poorly sorted mix of clayey plasma and larger skeleton grains. 
Skeleton grain sorting values may however be fairly high even within these diamictons and 
their sorting is often described on their own as part of a comprehensive thin section description 
(van der Meer, 1996; van der Meer, 1993a). 

This initial value will be complemented by the listing of the other fractions within in 
field sample evaluated. The information will be divided into four groups representing the major 
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types of material found in thin sections: plasma, voids, skeleton and general unidentified 

material which may include organic matter, production artefacts or other non-recognisable 

features. It is hoped that the results of the classification will minimize this last class of material 

as it may contain parts of the other three. 

Finally, the texture information will contain a cumulative size distribution curve. 

Plasma will be included entirely within the clay fraction. Because plasma can only be 

expressed as an overall percent of total area value it will have to be reported as such. This 

complicates things in that the raw data as provided for skeleton sorting can not be replicated 

for the overall sorting. There is simply no way of knowing for sure the overall number of clay 

platelets in the matrix. To match the style of the data available for skeleton size distribution 

it would be necessary to list all the individual clay grains and their diameters. A much simpler 

way to present this data is to print out the percentage values for each size class. A cumulative 

frequency curve can still be created allowing for the Graphic Method (Folk and Ward, 1957) 

to be used for the derivation of additional texture statistics. In this case the "unclassified" areas 

will not be included in the calculations. Without any additional information it must be 

presumed that the unclassified areas represent identical proportions of materials to those found 

in the classified areas. 

The overall sorting value of the material will also be indicated. In this case the best way 

to calculate this value is using the Moment Method (Boggs, 1987). Although the method uses 

percentile values derived from the overall weight of the sample it does not preclude its use 

with any other percentile values. In this case "percent of the coverage" values will be used 

instead of the weight information. The only weakness of this approach seems to be its 

presumption of plasma consisting entirely of clay sized material. For more discussion on this 

topic see section 5.2 

The display of this data may 

take several forms but it is perhaps 

best to make it simple. In this thesis 

it will be presented separately as a 

printout for each coverage analysed. 

These printouts will also include the 

remainder of the information 

gathered. Appendix 2.1 shows an 

example of the results for the sample 

Mi.633. The percentage of skeleton 

grains and their sorting value are 
Diagram 6.1. Example of 'a cumulativefrequencycurve currently 
available from the data obtained via image analysis. 
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given. Overall sorting value, including clay fraction, is also provided. The second listing 
(Appendix 2.2) shows the percentile data for the cumulative frequency curve. The table format 
allows for separation between the various textural classes. Each class is described using both 
the familiar descriptive terms and the equivalent § size units. In addition to the percentage of 
coverage area for each size category an additional cumulative percentage is also listed. 
Diagram 6.1 shows an example of the cumulative frequency curve obtainable from the results. 

6.2 Porosity 

The porosity of the sample is represented by a single percentage value (Appendix 2.1). 
This overall percentage is calculated based on the "identified" (excluding "unclassified") 
portion of the image. The overall area of the coverage and the "identified" portion of the same 
coverage are therefore presumably never the same. Although not impossible, any classification 
which results in 100% of the coverage being positively identified should be reviewed. In most 
cases some percentage will remain unknown. The undiagnosed parts of the coverage are not 
used in the porosity calculations. 

Any future work concerned with voids or requiring more detailed information about 
the porosity of a sample may be structured around the methodology described. In many cases 
the techniques used in this thesis can be applied to voids without major changes. 
Characteristics like shape, size or orientation may prove valuable in the study of soil or 
sedimentary voids. For the data to be available it may be a simple matter of replacing plasmic 
fabric domains with voids and applying the flow charts described in Appendix 1. 

An additional improvement in accuracy could come from the introduction of dyes into 
the impregnation procedure. Although fluorescent dyes are a possibility it is likely that these 
would compromise any accuracy of the results for non-void related features. The colour 
disturbance caused by such dyes would confuse any classification procedures ran with a 
previously established set of spectral signatures and a new set would have to be promulgated -
if at all possible. An alternate technique involves the use of ultraviolet-sensitive dyes. These 
remain clear and therefore do not affect the colour definitions of thin section features. Their 
fluorescent appearance can only be affected by illumination with a source of ultraviolet 
radiation. A note of caution here, even a simple fluorescent light bulb will induce some of the 
dye to radiate slightly resulting in an overall tinge - visible to the naked eye. Although the 
effect of this on the spectral signatures is not clear it may be helpful to extinguish any 
fluorescent light sources in the area of study for the duration of image capture. 

The use of these dyes can be very effective in defining the outline of each void within 
the studied coverage. As it is, clear resin makes all voids transparent. The porosity values 
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measured are limited to the pores which continue through the thickness of the thin section - and 

then only if the fracture/pore orientation is normal to the face of the section. These 

shortcomings seemingly limit the usefulness of the data. However, where necessary the 

porosity measurements can be made more accurate through the use of dyes. Otherwise, the 

general speed and volume of the information may prove valuable even if there is a degree of 

error built into the procedure. This is true for any study of thin sections where porosity is 

known to be low and/or is not considered significant. 1 can not make such a distinction at this 

time but the use of UV dyes seems at the least harmless and their introduction into the resin 

may prove useful in the future. 

6.3 Anisotropism 

Anisotropism data forms the focal centre for the plasmic fabric analysis procedure. The 

values gathered are therefore presented in a greater detail than those provided for the 

supporting data. Since there are many different ways to use this data it was necessary to 

broaden the report sheet. The values presented can be used to describe and compare the 

samples analysed. Appendix 2.1 shows an example of the report sheet. 

The first quantity measured was the overall birefringent plasma anisotropism. This 

value is based on the overall content of the birefringent plasma within the coverage. It is 

represented as a percentage of the total area. The measurement was based on FitzPatrick 

(1984). Miedema and Slager (1972) used a similar approach in quantifying illuviated clays. 

The descriptive term used is based on the percent value and can be treated as fairly objective. 

The value of optical anisotropism must be considered with a degree of caution unless the 

coverage studied was viewed using circularly polarised light (see section 3.1 for discussion). 

In this study all of the images were gathered using cross-polarized illumination and so carry 

an inherent inaccuracy. Without an available source of circular polarization the solution may 

lie in the use of a range of images showing various stage positions for each image (very time 

consuming and not ideal in terms of accuracy) or in selecting a "representative" image. This 

docs of course call for a subjective decision. However, subjective decision is already necessary 

when locating the sample image within the thin section sample. The possibility of human error 

can not be eliminated altogether even with the use of circular polarized illumination. Still, 

having a choice one should select circularly polarized illumination when analysing optical 

anisotropism. 

The next set of results provides a general set of statistics for each coverage. Individual 

domains of plasmic fabric were analysed and compared to each other. The overall number of 
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domains is provided. This number, along with the plasma anisotropism value provided earlier, 

can be useful in comparing different data sets. Presuming a constant image area for each 

coverage, the number of individual domains indicates the degree of fabric development. In 

combination with the anisotropism percentage it may also indicate the general discontinuity 

of the pattern. 

An average Plasmic Fabric Strength value, the range of PFS and the standard deviation 

value of the PFS are provided to further quantify the birefringence of the coverage. The 

average and the standard deviation can be used to compare between the various coverages or 

samples. Using a standard comparison of means or ANOVA table it may now be possible to 

compare plasmic fabric values statistically. 

Appendix 2.3 shows a table, available as a printout or in an ASCII file, containing PFS 

values for the individual domains. Each domain is described in terms of its ID, PFS value and 

also shows the average birefringence and standard deviation values. These latter two values 

were used to calculate the PFS number and are provided for a more in-depth clarification of 

how the value was derived. Most notably, the standard deviation column shows some domains 

to have the s.d. value equal to -1 . The negative value is of course not possible and is used in 

this case to indicate an "undefined" condition. This is necessary in order to complete the PFS 

calculations (See section 5.3). The "undefined" condition occurs whenever a plasmic fabric 

domain consists of a single pixel. Since this situation means that only a single data point is 

available the subsequent standard deviation value will result in a division by zero. Although 

the calculation can't be completed the data is still significant and the PFS calculation should 

proceed. In practice the PFS value will then be simply equal to the mean BIV - as seen in the 

example shown. 

The last set of data related to the birefringent domains shows the size statistics. These 

are only general in nature, showing the average size and the range of values - all shown in unr. 

It is likely that in majority of cases the smallest domain value will be same as the area of a 

single pixel. 

The characteristics of anisotropism described above were then summarised for the 

skelsepic and vosepic plasmic fabric domains. This was done so that the data analysis of the 

surface related plasmic fabrics was not limited to the strictly visual observations. In the current 

form shown in Appendix 2.1 it is possible to compare the PFS values for domains belonging 

to the various kinds of plasmic fabric patterns. In addition, the number of skelsepic or vosepic 

domains is also indicated as the percentage of total, and as a ratio of the number of domains 

to the total number of skeleton grains or voids. Since only the sand sized skeleton grains and 

large voids were used in the process of fabric identification the total number used in the 

calculation is the total of those sand grains and large voids. The ratio gives the user a quick 
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reference value for the frequency of occurrence of the skelsepic and vosepic domains even if 

the number of sand grains/large voids is not the same for the compared coverages. When no 

skelsepic or vosepic plasmic fabric can be identified the summary will simply state the fact. 

The table in Appendix 2.3 has also been divided into three groups. The skelsepic and 

vosepic domains were described separately from the general description. They are however 

included in the general listing. The reason for listing them again is to ease the task of 

comparing the PFS values. An alternate means of displaying this data could involve marking 

each domain in the general listing as belonging to a specific type of plasmic fabric. This is 

however much less convenient when comparing data. 

6.4 Orientation 

The last set of data obtained indicates the various orientation values for each of the pre

selected plasmic fabric domains. Section 5.6 describes the criteria used to select the subset of 

orientated domains. Once identified each suitable domain is treated individually. First, the 

longest axis of each polygon is identified. In this case the longest axis is drawn into a separate 

vector document as a single straight line. This is repeated for each domain. Some image 

analysis programs have their own built-in orientation generating procedures. However, it is 

possible that such a procedure may be flawed. It is always best to test the results. In this project 

the orientation values calculated by the program used were slightly inaccurate. As a result a 

need for a more accurate method was solved through drawing of the longest axis values 

individually. This allowed for a much more simple calculation of the orientation based on the 

angle of deflection away from the vertical. Each value of orientation shown in Appendix 2.4 

is an angle away from the positive X axis of each coverage. Presuming that this axis has a 

known "real-world" orientation, those values can then be adjusted to reflect the absolute 

orientation angles. Each orientation is shown as a number with a single decimal value. The 

actual calculations produced much more precise values which were rounded off. No negative 

values are given since all of the orientation values must be treated as bidirectional. Appendix 

2.1 also includes a fraction of the total number of domains which were analysed for 

orientation. This value, listed as "Percent of orientated domains" excludes all of the skelsepic 

and vosepic domains. Orientated sepic fabric domains can coexist with the skelsepic/vosepic 

domains - they are not exclusive of each other. Unlike sepic and asepic plasmic fabric which 

can not be identified at the same time in the same coverage, the presence of surface related 

domains does not in any way eliminate the possibility of the presence of the orientated 

domains. When looking for a predominant direction of orientation the skelsepic/vosepic fabric 
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domains arc never considered. 

Diagram 6.2 shows an example of a rose 

diagram created from data obtained through image 

analysis. The use of rose diagrams (orientation 

diagrams) to display plasmic fabric orientation data has 

been shown effective in soil fabrics (Hill, 1970)but 

Wclls(2000) cautioned about their use as the results 

may vary dramatically based on differences in class 

centres or intervals. Rose diagram application in this 

Diagram 6.2 Example of an orientation study is enhanced by a more complete set of data. The 

diagram currently available. (R.756). original soil study (Hill, 1970) used less than 10 

measurements to produce the diagram. No limit on the 

number of data points is placed by the methodology proposed in this thesis and can therefore 

be quite high. Experience showed an average of 2500 samples can be expected (see Testing 

and Results section). 

The choice of the type of rose diagram is restricted to the range of choices available 

through the program used. As suggested in Wells (2000) a complete set of raw orientation data 

is also provided. If a need for a different type of visual analysis is required then the data, if 

stored in a simple ASCII format (as is the case here), can be quickly imported into any other 

suitably flexible analysis program, such as a spreadsheet. 

One of the weakness of the selection process seems to be its highly restrictive criteria. 

From the sample analysis performed during methodology testing the preliminary results tend 

to indicate that only about 15 % of all the domains found in an average image were selected 

for orientation studies. Significantly, the number is more likely to reflect far less than the 

nominal percentage value of the overall birefringent area. This is due to the fact that the simple 

orientated domains necessary for the analysis are far more likely to be smaller than larger. It 

is therefore likely that some of the largest domains may be excluded. Whether there is a 

statistical significance to this, for the overall results, has not been studied. It may very well 

comprise a future research topic. 

The easily most apparent solution to this problem would seem to be to relax some of 

the restrictions placed on the shape of the eligible domains. If so, the criteria should never 

allow for unacceptable shapes being included in the analysis where the spurious data will 

affect the overall results. 

A final note on improvements concerns a possible modification of the orientation 

results. Since the orientated plasmic fabric domains are a visual result of plasma birefringence 

151 



it may be interesting to combine the orientation angles with the PFS values in order to show 
a new vector file. Each line vector would then be orientated in the proper direction but its 
length would reflect the PFS value - the higher the PFS the longer the line segment. This form 
of display may prove informative and certainly offers an intriguing direction in program 
development and data display - making full use of the complex display/data processing 
capabilities of an average image analysis/GIS application. 

6.5 Plasmic Fabric Identification 

As stated in chapter 3, one of the objectives of the thesis was to create a method of 
analysis which could be used to identify the various forms of plasmic fabric based on a series 
of predefined quantitative diagnostics. The degree of complexity of the various plasmic fabric 
patterns makes a complete and definitive identification nearly impossible. However, the results 
of the procedure, as shown in Appendix 2, allow for a number of the different types of plasmic 
fabric to be identified, listed, displayed and analysed further, if necessary. Each domain within 
the study coverage is described and measured individually and can therefore be assigned to a 
plasmic fabric type if it fits within the known diagnostic limits. For those fabric types 
concerned with the overall appearance of the plasma within the coverage, the procedure also 
provides a set of general overall statistics. The combination of those values, both individual 
and overall, and the coverage manipulation allow for most domains to be identified and for the 
entire coverage area to be described accurately. Although some types of plasmic fabric 
currently remain beyond the diagnostic reach of the analysis procedure their identification may 
at least be enhanced using the data provided. 

The subsequent discussion will link information currently available through the 
procedure to the diagnostics described in chapter 3. The purpose of this section is to clarify the 
relationships between the data and the final results. Whenever possible some suggestion will 
be given on any future developments/modification possible or necessary to improve the 
diagnostic recognition of the plasmic fabric patterns. The types of fabric not suitable for 
analysis at this stage in procedure development will also be described as will the cause of the 
complications. The order in which the patterns arc described is based on the sequence in which 
they should be considered. This is not the same as their order in chapter 3. The logic of the 
sequence will be explained when necessary. 
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6.5.1 Argillasepic Plasmic Fabric 

The argillasepic plasmic fabric as defined in chapter 3 is present whenever plasma 

consists of predominantly clay-sized material and there is no visible birefringence. This is the 

first type of fabric to be analysed. If an argillasepic plasmic fabric is found then no other type 

of fabric can be present, nullifying the need for anymore identification. 

In image analysis the area of diagnostics is restricted to the coverage area of each 

image analysed. It is therefore the lack of plasma separations within the coverage which is 

diagnostic of asepic conditions. As explained in the "diagnostics"chapter(3), the margin of 

error allows for very low frequency of anisotropism (<2%) to be present while the asepic 

condition is confirmed. 

The information necessary to identify the argillasepic plasmic fabric can be found in 

Appendix 2.1 and 2.2. If the total clay content exceeds the total silt content within the sample 

coverage (2.2) and there is no birefringent plasma anisotropism detected (2.1) then the plasmic 

fabric must be described as argillasepic. 

As mentioned in chapter 4, each unit within a thin section should be analysed 

separately. A unit could be an individual lamination, clay ball, silt lense or any other visually 

distinct sedimentary entity. This means that each image analysed should be restricted to that 

particular unit, otherwise argillasepic conditions within one unit may nullify the presence of 

birefringence in others or vice-versa. 

6.5.2 Silasepic Plasmic Fabric 

The logical next step in the analysis is the identification of the silasepic plasmic fabric. 

The silasepic plasmic fabric only differs from the argillasepic plasmic fabric in that the 

coverage area texture, or more specifically its matrix component, shows a prevalence of silt 

over clay as the main plasma component. In every other respect the two types of plasmic fabric 

are identical. Even more specifically, the lack of plasma separation makes the two types of 

fabric identical in appearance. In terms of quantitative analysis and identification the silasepic 

plasmic fabric can be positively identified whenever the value of birefringent plasma 

anisotropism value in Appendix 2.1 equals to 2% or less and a predominance of silt over clay 

is confirmed by the table in Appendix 2.2. 
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6.5.3 Vosepic Plasmic Fabric 

The vosepic plasmic fabric is the first of the sepic plasmic fabrics to be analysed. The 

image analysis procedure described in this thesis produces a series of results related to the 

vosepic plasmic fabric. Besides the quantitative data available there is also an image showing 

the domains identified as vosepic. If necessary the image may also include the voids to better 

illustrate the relationship. The procedure itself is only capable of suggesting which of the 

domains belong to the vosepic set. There is still a need for user input and it has been worked 

into the methodology. However, once the corrections arc made the set of domains contained 

in the vosepic image file can be considered very accurate and any domains included should be 

treated as vosepic in nature. 

If the percentage of the plasma separations belonging to the vosepic plasmic fabric is 

significant enough (suggested critical value of at least 40 % - Appendix 2.1) then the coverage 

may be described as at least partly vosepic. 

The future developments of this procedure should include the reduction or outright 

elimination of the user input. This would result in more unbiased and faster analysis. 

6.5.4 Skelsepic Plasmic Fabric 

The skelsepic plasmic fabric differs little from the vosepic plasmic fabric in the context 

of this thesis. In all respects the description and identification of the fabric is identical to that 

of vosepic plasmic fabric. In terms of diagnostics the skeleton grains replace the voids as 

crucial identification criteria. The interpretation of skelsepic fabric is also dependent on its 

prevalence in any given coverage. To establish the level of importance it is useful to compare 

not just the percentage of the overall domains which belong to the skelsepic subset but also the 

ratio of potential skelsepic fabric sites to those actually present. This is why the procedure also 

provides the ratio values for both vosepic and skelsepic fabrics. Obviously, where the ratios 

arc very low these fabrics are probably not as significant as where the ratios are high. This is 

especially important where the vosepic/skelsepic pattern around their respective cores is 

fragmented resulting in potential ratios of more than 1. It should also be pointed out that the 

ratio values are not calculated using all of the pores and skeleton grains but rather the limited 

set used to identify these fabric in the procedure. For skelsepic plasmic fabric this is sand sized 

material only. For vosepic only the large voids were used. As was the case for vosepic plasmic 

fabric, skelsepic domains should exceed 40 % of all the domains for the fabric to be described 

as skelsepic (Appendix 2.1). 
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6.5.5 Mas epic Plasmic Fabric 

Masepic plasmic fabric is a very difficult pattern to identify. According to the 

diagnostic definition presented in chapter 3 it is a continuous or a discontinuous zone of 

birefringence showing a uniform orientation. If this unit is fairly continuous then it is likely 

that the shape of the overall pattern will not qualify for orientation measurement. If the plasma 

separations arc smaller then there is a fairly high likelihood of success. The future development 

of the program should include some procedure for identifying the basic orientation direction. 

In that case the shape of the domain may not be as significant. 

If a situation occurs where there is a large number of orientated domains of similar 

orientation direction then the identification routine should identify the plasmic fabric as 

masepic. The routine should always exclude the skelsepic/vosepic domains from the 

calculation of the percentage of orientated domains. Skelsepic and voscpic plasmic fabric 

domains can coexist within the same coverage or sedimentary unit. Similarly, they can coexist 

with other forms of plasmic fabric. It is therefore only the domains not belonging to those two 

types that should be analysed for orientation. Of these, a sufficiently high percentage of 

domains should be suitably well defined for orientation measurements. The practicality of the 

analysis requires a realistic value for this minimum criteria. For this thesis the critical percent 

should be about 15 %. Although this value appears low it is has to be noted that represents 

those domains of selected shape and size. The remainder of the domains may conform to the 

appearance orientation uniformity without qualifying for measurements. An example would 

be a string of aligned domains of which only one or two are large enough to be considered. The 

other domains give the impression of similar orientation by their position in the line. On their 

own however, they should not be quantitatively analysed. This allows a smaller number of 

larger domains to be used as representative of the total domain set. If the critical value of 15% 

is observed, the domains can then be analysed further to indicate which one of the oriented 

plasmic fabric patterns is present. Through direct observation, rose diagram examinations and 

spreadsheet analysis it was observed that predominant direction of orientation can be identified 

automatically when a certain critical percentage of orientation measurements fit within 

predefined class intervals. It is suggested that the orientation values be evaluated on three 

different levels: 30°, 20°, and 10° class intervals. Class frequencies should be calculated for 

each 5" class centre. Assuming that each of the above orientation class intervals has an 

expected frequency (16.7%, 11.1% and 5.6% respectively) it is enough to consider those class 

centres for which the frequency exceeded the expected values. It was found that critical 

frequency values indicating a predominant orientation direction are 25, 20 and 15% 

respectively. The values are based on visual analysis only but were found to be effective in a 

practical application (Testing and Results). Class interval frequency is evaluated in order from 
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30" to 10" and only the class centre is considered as the preferred orientation direction. For a 

masepic plasmic fabric only one predominant centre should be found. 

6.5.6 Bimasepic/Trimasepic Plasmic Fabric 

This type of plasmic fabric is a variation of the masepic concept. The automated 

recognition of this type of pattern is dependent on the presence of two or more distinct 

dominant orientation direction. Whether automated recognition of this type of plasmic fabric 

can be achieved is debatable. What is certain is that the procedure used in this thesis allows 

for a fairly accurate quantitative analysis. There is a fundamental problem plaguing automated 

recognition of this fabric and that is the commonality of the plasma separation overlap in two 

distinct directions. Any time a scries of orientated domains show two or more distinct angles 

of orientation there is a distinct chance that some domains will intersect. The multifaceted 

appearance of the fabric may be the result of several co-present stress fields acting on the 

plasma in different directions. The pattern may also be caused by varying degrees of shear 

strength or sediment deformation. In practice individual domains may blend together, or be 

partially redirected/stretched in a different direction, to create some form of cruciform or t-

shaped pattern. 

The complex shapes can not be included in the orientation study. Their shape defies 

identification of the longest axis. This is the reason why all of the domains shaped in such a 

manner are not included in the orientation analysis subroutine. The diagnostic criteria used to 

identify a masepic pattern are specified in the previous section as well as in chapter 3. The 

presence of ambiguous domains such as those described may result in an insufficient number 

of orientated domains (<15%). The conclusions of the automated identification would be 

spurious. 

If the number of acceptable domains exceeds the critical 15% value then the 

identification process may proceed. There remains an additional problem. Unlike the masepic 

plasmic fabric, for bimasepic and trimasepic fabrics two or three dominant directions can be 

present within the coverage. This means that in order for further analysis to occur it may be 

necessary to identify not just a single overall mean orientation but two or three primary 

orientation values. But how many and when? Without prior knowledge this task appears 

impossible if attempted automatically. That is, if the plasmic fabric is not identified as masepic 

then it may at best be identified as multiscpic. 

However, using the same means as those shown in masepic plasmic fabric recognition, 

it may be possible to detect more than one dominant direction. Once a single dominant 

direction is identified the remaining class intervals should investigated further to sec if they 
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may not contain frequencies higher than the critical. Any additional dominant orientation 

values must of course fall outside of the range of class intervals previously identified as 

dominant. For example, if using 30° interval a frequency it is found that there is a dominant 

direction at 90° then naturally any other class centred between 105° and 75° degrees should be 

considered as part of the original 90" orientation and not a second direction. 

6.5.7 Lattisepic Plasmic Fabric 

This type of plasmic fabric is really a specific type of bimasepic fabric. Its 

identification can therefore be closely linked to the way in which the uniformly oriented fabrics 

are identified. It is a matter of measuring the angle of deviation between two dominant 

directions of any plasmic fabric pattern identified as bimasepic. If the difference between the 

two angles appears close to the right angle (80° to 100° for example) then the plasmic fabric 

can be described as lattisepic. 

6.5.8 Omnisepic Plasmic Fabric 

The omnisepic plasmic fabric is again a variant of the previous orientated plasmic 

fabrics. Again diagnostic emphasis is placed on frequency and uniformity of orientation. In this 

case, the positive identification of this type of plasmic fabric is based on a large percentage of 

domains showing preferred orientation (a value set at 15 %) but lacking any strong orientation 

trends. Ultimately any rose diagram of this type of plasmic fabric should show an all around 

distribution but no obvious axis of orientation. 

In practical terms applicable to this thesis, the identification routine should default to 

omnisepic plasmic fabric if none of the previous patterns are detected. In practice a new default 

fabric pattern (multisepic) is used. This is because omnisepic fabric should show similar 

orientation frequency in all directions. Any orientation value distribution showing frequency 

much lower than the expected would imply that not 'all ' the directions are present. This 

excludes the possibility of an omnisepic pattern and presents a situation where many (but not 

all) preferred directions are present. This type of fabric may be referred to as multisepic. It is 

the default form of oriented plasmic fabrics when none of the diagnostic conditions defined 

in chapter 3 are satisfied for the other types. 
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6.5.9 (Jnis trial P/as mie Fabric 

This type of plasmic fabric can be identified fairly reliably using shape characteristics. 

Since the unistrial fabric generally appears as very thin wisps of plasma separation its 

definition should be based on the length to width ratio of any tested domain. No value was 

specified in the diagnostics chapter but experience shows that most unistrial domains maintain 

a minimum ratio of 20:1 for length to width. 

There are several complications associated with automated recognition of this type of 

fabric. First of all, short and straight strands of plasma separations, such as those found in 

masepic fabrics, may also fulfill the criteria for unistrial plasmic fabric. They would therefore 

belong to both types. Longer, more convoluted domains will often not qualify for orientation 

measurements and will therefore only be considered as unistrial. This causes a dilemma with 

the order of identification. The duality of certain plasma separations makes exclusive fabric 

differentiation between unistrial and masepic, bimasepic or omnisepic, unnecessary. In effect, 

a domain can belong to a masepic plasmic fabric pattern while being more specifically 

described as unistrial. In this way the existence of many unistrial domains will not act as a 

detriment to identifying the other masepic fabric types. 

Another complication, specifically applying to this particular method, rests in the fact 

that not all image analysis programs provide the data necessary for the calculation of 

lcnght:width ratios. As is the case with the procedure designed for this thesis, a different shape 

criterion may have to be selected in order to select domains of sufficient elongation. The 

criteria selected combined the qualities of perimeter and longest axis. Grain shape index (GSI) 

is a ratio of an objects perimeter length to that of its longest axis. GSI value for a straight line 

is equal to 2. For a unistrial plasmic fabric domain the critical value selected was 2.1. 

Subsequently, any domain shape with a GSI value between 2 and 2.1 should be classified as 

unistrial. The 20:1 ratio is a fairly arbitrary value at this stage and as such it may change in the 

future. For more detail on the subject of Grain Shape Index please see section 5.6.2. Appendix 

2.1 indicates the number of unistrial domains identified. Any number of identified domains is 

significant and must be reported in the description. 

6.5.10 Kinking Plasmic Fabric 

At this point in the methodology development it appears that this form of plasmic fabric 

can not be identified automatically. The problem can be related to the definition of the fabric 

as shown in chapter 3. The crucial problem occurs when trying to delineate the area of kinking 

plasmic fabric domains. In cross polarized light the appearance of the fabric may vary from 
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a series of parallel bands of very high birefringence interspersed with black bands of no 

birefringence, to a series of parallel bands of intermediate level of birefringence. Under 

circularly polarised light the same domain will maintain the same shape as before but the 

banded zones within will no longer be visible. In visual studies of thin sections the 

identification of this type of fabric is achieved through cross-polarised illumination and stage 

rotation in order to observe extinction and accompanying shape changes within each domain. 

The same procedure can only be simulated with the use of a large number of images of each 

kinking plasmic fabric domain. Simply put, if we know which domains are those of kinking 

plasmic fabric then to measure them we must collect a series of differently orientated 

coverages showing the domain in question. Obviously the very same approach used on a whole 

set of unidentified domains would result in a magnitude increase in the time required to 

analyse individual coverages. This additional time can be used much more effectively on 

additional routines and visual analysis. There seems little reason for automated analysis of the 

kinking plasmic fabric. It is a fairly rare type of plasmic fabric and one that is much more 

suitable for visual analysis. If necessary, identified kinking plasmic fabric domains can still 

be analysed using the procedure described. Their identification however must be attempted 

prior to the analysis. 

6.5.11 Insepic Plasmic Fabric 

Insepic plasmic fabric appears to be fairly difficult to quantify. It is mostly due to the 

fact that its quantitative definition, as described in chapter 3, defines the fabric more by what 

it is not. Simply put, when the rest of the domains have been identified as belonging to the 

other types of plasmic fabric what remains may then be considered as insepic plasmic fabric, 

provided it fulfills a modicum of requirements. To be classified as the insepic plasmic fabric 

a coverage must show a predominance of small, unoriented, plasma separations. These 

separations should not be patterned in any way similar to the other types of plasmic fabric. Due 

to the nature of the definition it is best left to the last. Once all the earlier domains have been 

identified the percent of domains left unidentified will be classified as insepic or mosepic (see 

next section). 

6.5.12 Mosepic Plasmic Fabric 

The last plasmic fabric pattern to be looked at is the mosepic plasmic fabric. This 

pattern of plasma orientation is similar to insepic plasmic fabric but the domains involved are 
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generally larger. Their diameter, as specified in chapter 3, should be at least 20 urn in length. 

An alternate way of expressing the minimum size would be through minimum area. In this case 

any domain larger than 314 urn2 should be considered. 

If automated identification is to be looked at in the future, this type of fabric should be 

last to be considered. If a significant percentage of the domains remains unidentified after the 

previous series of steps then it is likely that either a mosepic or insepic plasmic fabric arc 

present. The decision should be based on the predominant size/area of the remaining domains. 

This dominance should be expressed as a percentage of the total area of the unclassified 

domains. Even though this results in a bias towards the mosepic fabric, larger domains do not 

have to be nearly as frequent to have the same combined area, this is the only way to account 

for the possible contact between many mosepic domains. This contact is allowed by the 

definition of mosepic fabrics. It complicates things since many individual domains may in fact 

be identified as a single domain of nondescript shape. In such a case, the many insepic 

domains, even though visually less dominant, would no doubt result in a higher overall percent 

of total domains and therefore an incorrect identification results. 

Since appearance of dominance is one of the qualities of birefringence which is 

generally used to describe quantities of plasmic fabric in most studies, the quantitative value 

used to represent this quality must be based on the general magnitude of the birefringence. The 

best way to express this value is through the area measurement and the overall size of all of 

the domains in certain classes. 
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7. FUTURE DEVELOPMENTS AND CAUTIONARY NOTES 

7.1 Future Improvements 

Based on the experience gained during the creation and testing of the methodology 

described in this thesis it is possible to formulate several new ideas on the future development 

of the technique. These can be divided into procedure improvements and growth, and future 

research objectives. The first topic covers technical aspects of the methodology and includes 

refinements in the technique. The second topic lists some of the suggested additional areas of 

research which may be included in the future applications of image analysis in glacial 

sedimentology and is meant to provide a number of possible research topics to follow this 

thesis. 

7.1.1 Procedural Improvements 

One of the major improvements proposed is in the area of image classification. A 

number of changes arc proposed: 

The use of spectral signatures should be considered and investigated. Their use is 

critical if a fully automated anisotropic plasma detection is at all possible. A spectral signature 

is a statistically derived description of a material based on training sites. In all classification 

systems, the signature is used to identify the material. In some programs it is possible to reuse 

the previously defined spectral signatures. This allows for a repeated use of the same clearly 

defined spectral definition on many different sample fields. In practice, a signature defining 

mineral grains, voids or anisotropic plasma could be defined using clear examples and then 

used to automatically detect and classify new images. 

Use of fully automated classifications based on those signatures would allow for the 

elimination of training site definition for every sample field analysed. This would allow for a 

significant decrease in time necessary to process each image and it would also limit the amount 

of subjectivity necessary to run the process at this time. 

The use of ultraviolet light and UV-sensitive dyes would allow for a different source 

of imagery to be added to the classification procedure. The new imagery would enhance the 

detection of voids and the separation of voids from solid matter. This includes conclusive 
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differentiation between void spaces and clear mineral grains. 

FitzPatrick (1993) provided another option for void detection. The use of cross-polars, 
gypsum plate and a mica plate produces an image in which pore spaces appear exclusively 
blue. This type of illumination might well eliminate the need for U.V. light or coloured dyes 
when the emphasis is on void spaces. 

7.1.2 Future Research 

It is also possible that the use of coloured dyes may produce the same result as U.V. 
dyes without the negative aspects associated with ultraviolet radiation. The use of staining dyes 
may also prove useful in detection and measurements of minerals and organic matter 
(Altcmüllcr and van Vliet-Lanöe, 1990). 

Currey (1956) proposed the use of vector based statistics to any dimensional orientation 
data rather than the standard linear frequency curves. The technique allowed for an accurate 
mean direction calculation (preferred orientation), the degree of preferred orientation 
(preferred orientation uniformity) and the statistical significance of the results. 

Currey's measurements would also allow for a more direct application of the objective 
descriptive criteria defined by FitzPatrick (1993). These definitions tend to be more value-
related allowing for a much more smooth transition between digital analysis, data extraction 
and automated object descriptions. 

Bhatia and Soliman (1991) proposed to use a slightly different way of expressing 
preferred orientation and the "intensity" of the preferred orientation. The method used 
calculations first derived by Oda (1976). This application was developed for measuring fabrics 
of solid particles but may perhaps be applied to plasmic fabrics or other orientated features. 
The method has the advantage of being fairly simple and by giving a mean orientation value 
and the strength of the preferred orientation expressed as a percent. This allows the strength 
to have objective value and gives an alternate way expressing fabric strength to that proposed 
by FitzPatrick (1993). 

Having more accurate data regarding porosity may lead to a more detailed study of the 
topic. However, porosity has already been studied in soil science and most of the work would 
concentrate on reapplying some of the concepts into glacial sediment studies. The work could 
probably involve shape measurement and recognition (possibly using Lobation Quotient shape 
classes defined by Jongerius, 1974). 
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The last aspect of image analysis to be looked at in the future should be the 

quantification of calcium carbonates by image analysis. This type of work has already been 

shown effective in studies by Bui and Mermut (1989) but requires the use of staining 

techniques. However, this type of research may obviate the need for chemical testing of 

samples in order to obtain the carbonate material content. 

7.2 Problems and Cautions 

The topics covered in this section include the problems encountered during 

methodology creation and include a number of problems which may not have a solution. These 

are often inherent to thin section analysis and may require additional analysis procedures. 

There is some confusion between certain features based on the 2-dimensional nature 

of thin section. All of the plasmic fabric interpretations must be interpreted carefully as any 

3-dimensional object may be distorted when dissected. This concept may be thought of as 

nodules vs strings problem and was discussed previously in Ringrose-Voase and Bullock 

(1984). As an example, inscpic plasmic fabric may be a masepic plasmic fabric cut normal to 

its preferred orientation. A possible solution may be offered by the development of a system 

of 3-dimensional analysis, such as stereology as suggested in FitzPatrick (1993) and applied 

by Stroeven et al. (1999). Stereology is the study of 3-dimensional objects from flat imagery 

or thin sections. It may help to minimize the confusion resulting from unidirectional sample 

cutting. 

Large domains and objects tend to be underestimated in the analysis since they are 

more likely to come in contact with the edge. 

Unistrial plasmic fabric domains (but also other types) in contact with each other may 

result in a shape which would reject the domain from further analysis. 

Porosity results maybe underestimated. The opaque nature of plasma tends to obscure 

any object buried within the sample while the clear voids allow even the thinnest material to 

be clearly visible through them - resulting in incorrect classification. Only voids seen clearly 

through the thickness of the thin section are listed. 

Overall sorting data maybe inaccurate due to the automatic listing of all plasma as clay 

sized material. This is of course incorrect as it is possible to include fine silt in the matrix. (See 

section 5.7 for more detailed explanation). 
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8. CONCLUSIONS 

The method described in this thesis is so far only a theoretical development. It requires 

that the technique be tested in a practical application. There arc two possible approaches to 

this. One would be to test the method on a random set of thin sections showing a variety of 

types of plasmic fabric. This approach would require a substantial number of thin section 

samples and would require samples of outstanding quality from the point of view of plasmic 

fabric patterns. An alternative testing method would be to use the technique on a smaller 

number of thin sections, which have already been used in micromorphological studies. The 

main advantage of this approach is that it would not require a new set of thin section 

descriptions. The process of description may then be influenced by the need to emphasise 

plasmic fabric and to quantify as much as possible. It is better to use preexisting descriptions 

and to build on the base of knowledge already acquired. The results of the image analysis 

process would then contribute to the previous research topic. At the same time it would be a 

simple matter of noting any discrepancies or new information available through image 

analysis. 

For the purpose of technique evaluation I have chosen to use a thin section sample from 

Moneydie, Scotland. This sample has already been analysed previously using the most current, 

quantitative and qualitative, description and interpretation techniques (Menzies and van der 

Meer, 1998). The site of this study was analysed in macro- and micro-scale showing a variety 

of sediment structures and, more significantly for this thesis, plasmic fabrics. Three additional 

thin sections showing examples of Antarctic diamictons were also selected. These include 

C.l 16 from the McMurdo Dry Valleys area, Mi.315 from Mt. Provender, Shackleton Range, 

Mi.316 from the Nansen Ice-Shelf, North Victoria Land. 

The results of the evaluation will be available as a separate publication (next chapter). 
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Abstract 

A new method of image analysis was tested on digital micro-photographs of glacial sediments. The method 

incorporated multispectral image classification algorithm to identify and separate the major components of 

each image. The resulting 'maps' showing areas of matrix, void spaces, skeleton grains and birefringent 

plasma, were used to quantify texture and plasmic fabric information. Data collected showed discrepancy 

between visual descriptions and objective interpretations of plasmic fabric patterns. The results showed that 

the current qualitative approach to plasmic fabric descriptions may be too subjective. 

Introduction 

This paper concerns a test case evaluation of a new procedure for the analysis of plasmic 

fabric in glacial sediments using image analysis techniques. As such it is an attempt at 

implementing what was up until now only a theoretical method of analysis. 

Observations, interpretations and conclusions available through macroscale field 

and laboratory studies of glacial sediments are usually insufficient in distinguishing 

between genetically different sediments (van der Meer, 1993). A micromorphological 

approach allows studies of glacial sediments at higher magnifications, providing 

information on a wholly different scale. Using thin sections and a low magnification(<X 10) 

petroscopic microscope it is possible to see structures and features otherwise invisible to 

the naked eye. Most of the information used in micromorphology is gathered through direct 

observation of thin sections. Such observations yield information regarding skeleton (grain 

size, microfabric, shape patterns, lithology), plasma, plasmic fabric, voids and 

microstructures. This information is predominantly subjective in nature. The focus of this 

paper is the investigation of plasmic fabric or the arrangement of uniformly oriented, 

optically anisotropic clay minerals. As clays change their orientation in response to stress 

the resulting pattern of optical birefringence can be used to trace the depositional and 

dcformational history of the sample as related to stress. 

The new technique introduced in this paper undertakes to remove some of the 

subjectivity currently encountered in micromorphology and to provide an objective way 

of thin section characteristic evaluation. The method attempts to measure, and thus 

quantify, plasmic fabric strength and frequency, preferred orientation of the plasmic fabric 
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domains, skeleton grain size distribution and sorting. All these quantifications are of course 
subject to the usual limitations where 2-dimensional information is used to analyze 3-
dimensional features. 

Methodology 

The method used in this study follows the technique for image analysis of plasmic fabric 
created by the author (see previous chapters). The practical application of the original 
method inspired several changes which will be duly noted. 

Four thin sections were used in this study: R.756 from Moncydie, Scotland, Mi.315 
from Mt. Provender, Shacklcton Range in Antarctica, Mi.316 from the Nansen Ice-Shelf 
North Victoria Land in Antarctica and C.l 16 from the McMurdo Dry Valleys area of 
Antarctica. These four were selected to compare the effectiveness of the technique for a 
variety of plasmic fabric patterns. R.756 was used most extensively due to the variety and 
the apparent strength of the plasmic fabrics found. Results of the analysis were compared 
to the already available qualitative evaluation: the same thin section was used earlier to 
help in the interpretation of a Late Devensian diamicton sequence from Moncydie, 
Scotland (Menzies and van der Meer, 1998). The remaining three thin sections were 
selected to represent diamictons containing less obvious examples of plasmic fabric. 
Mi.315 represents a sample of a till found in a valley SE of Mt. Provender. It was also 
described as a 'geliflucted till". Mi. 316 is an example of a 'medial moraine' material from 
Inexpressible Island on the Nansen Ice-Shelf. These two samples were examined earlier 
by van der Meer et al. (1993) and Zaniewski (1996). Sample C.l 16 is a till sample 
described by Zaniewski (1996). 

In order to evaluate results of the new technique it was important to compare them 
to the 'subjective' descriptions used in earlier studies. The descriptions found below focus 
on two descriptive concepts only - plasmic fabric and texture of each thin section sample. 

Tcxtural information in thin sections usually concentrates on visual estimation of 
sorting, size and shape and composition of skeleton grains and matrix. Matrix consists of 
material too small to be identified as individual entities. In practice, this generally means 
objects smaller than the thickness of the thin section (<20 urn diameter) but some larger 
objects may also be included under extreme circumstances. Skeleton grains include all 
singular solid visible objects larger than thin section thickness. Since the primary emphasis 
of the project is on plasmic fabric information the images selected for analysis will focus 
on more fine grained areas of each thin section. Subsequently, texture related results are 
likely to underestimate the presence of coarsest fractions such as gravel. 

Plasmic fabric refers to the order of organization of birefringent plasma. Any 

188 



material finer than 2 (xm (clay sized) is considered to be plasma. Plasma is therefore a 

major component of matrix. Plasmic fabric is the visible effect of stacking of optically 

anisotropic clay minerals. When stacked (similar orientation) the clays become visibly 

birefringent. Birefringence is an optical condition which can be observed under cross-

polarized light. Units of similarly oriented (birefringent) clays are frequently referred to as 

domains. It is the characteristics of and the relationship between the domains, which define 

the various types of plasmic fabric. These patterns were first classified by Brewer (1964) 

and were used in soil studies. The same terminology was also adopted in some glacial 

sediment studies (van der Meer, 1993; Hiemstra, 1999 ). Since the term 'domain' has been 

used differently by other authors (Menzies, 1998; Menzies et al., 1997), referring to the 

different types of plasmic material observed in close proximity, some confusion may arise. 

In this work, all references pertain to birefringent domains and follow the nomenclature of 

Brewer (1964) and van der Meer (1993). 

Examples of the various types of plasmic fabrics and textures were digitally photographed 

for objective evaluations. Individual images were obtained using a digital photographic 

camera (Leica DC200) mounted on a petrological microscope (Leica Wild M420) capable 

of low magnifications (up to lOx). Each location was photographed using three different 

illumination types - plain light, cross-polarized and cross-polarized with gypsum wedge 

(1/4A.). The brightness of the light source remained constant for each photograph. All the 

images were taken using a 1 Ox microscopic objective (6.4 mm width of view). Each image 

consisted of 1280 columns and 1024 rows (1.3 million pixels). This was used to calibrate 

the dimensions of individual 

pixels. The value remained 

constant at approximately 5 \im 

pixel width and height (2000 

pixels/cm resolution) allowing for 

the resolution of detail as small as 

25 urn2 in area. 

All images were imported 

into TNT-Mips (Maps and 

Images Processing System) for 

further processing. The first stage 

of the analysis involved 

application of a multispcctral 

classification algorithm to 

identify the main components of 

each image. The procedure 

converts each original image into 

a simpler map of the same area 

Plate 1. Classification procedure example, a) Original cross-
polarized image, b) Classified image. Shades of gray represent 
objects of similar appearance, c) Cleaned-up image showing the 
major sediment components - voids (white), matrix (dark gray), 
skeleton grains (lighter shades of gray), and unknown (black), d) 
Birefringent plasma mask. White area represent areas of optical 
anisotropism - plasmic fabric domains. 
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(Plate 1). This new image shows 

skeleton grains, plasma and voids. 

Plasma was further subdivided 

into birefringent and non-

birefringent zones facilitating 

plasmic fabric quantification. The 

birefringent areas of the plasma 

(plasmic fabric domains) were 

then quantified. Skeleton grain 

related information was used to 

quantify the texture of each 

sample. Unlike the original 

method (Chapter 4 ) . an 

unsupervised method was used 

(Minimum Distribution Angle 

algorithm) to eliminate the 

problem of training site 

definitions in a highly varied 

i m a g e r y t y p i c a l in 

micromorphology. Supervised 

classification methods require a 

detailed and exact a priori 

knowledge of the classified 

imagery. The accuracy depends 

on the number and the accuracy 

of the training sites used to define 

the many different classes (ex. 

various minerals) of objects in the image. In the highly varied imagery found in glacial 

sediments the training site definition proved to be impractical. An unsupervised method 

automatically divides a source image into groups of pixels of similar appearance. The 

groups are then labeled as belonging to a known material type. 

The image analysis procedure can provide a very wide range of information for 

each image. The set produced in this study was narrowed to include only those 

characteristics relating to plasmic fabric and texture. More specifically, texture evaluation 

includes a grain size distribution curve (Diagram 1), overall sorting value, percentage of 

skeleton grains and their sorting value. Plasmic fabric information includes the overall 

anisotropism in percentage of the overall image area, average birefringence strength, 

frequency of oriented domains percentage, a rose diagram of orientated domains (Diagram 

2), frequency of unistrial domains percentage, and the frequency of skelscpic plasmic 

fabric domains expressed as a percentage of all the domains. This information is displayed 

R.756(2) 
n 1659 
Qmnisepic 

Diagram 2. Directional data can he displayed using rose 
diagrams. Examples of the results obtained in this study. AII data 
is bidirectional and shows plasmic fabric domain orientation. 
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in Table 1. This table also includes two additional columns containing the name of the 

plasmic fabric type identified and the type described in the original visual descriptions. The 

decision regarding plasmic fabric type is based on a set of diagnostic criteria defined in 

chapter 3. These diagnostic values are founded on the original fabric definitions of Brewer 

(1964, 1976), FitzPatrick (1984) and Bullock et al.(1985) but were quantified (based on 

practical experience with thin section descriptions) to allow for an objective identification 

(see below). 

The analysis was limited to the plasmic fabric patterns found most commonly in glacial 

sediments. Each image analysed was first evaluated in terms of overall optical anisotropism 

of the plasma. If the result obtained falls below 2% the fabric should be listed as asepic 

(showing no plasma separations). Based on the texture of the matrix this could be either 

an argillasepic fabric (if clay sized material dominates) or silasepic fabric (if there is more 

silt in the matrix). 

If the anisotropism frequency exceeds 2%, then one of the sepic fabrics is present. 

Skelsepic plasmic fabric is recognized whenever plasma separations appear to concentrate 

around skeleton grains. This concentration is measured by comparing the number of 

domains in close proximity of skeleton grains to the total number of all the domains. The 

diagnostic concentration level set for this study was 40%. 

Other types of plasmic fabric are evaluated based on the frequency of oriented 

domains. An oriented domain is any domain whose shape allows for measurement of 

orientation. This is usually the case where sufficient elongation is obtained (generally a 

minimum of 1.5 axial ratio between a and b axis of the domain). Insepic plasmic fabric can 

be identified when less than 15% of the non-skelsepic domains are oriented. 

If more than 15% of the domains were oriented, then one of the following plasmic 

fabric types may be present: masepic, bimasepic, trimasepic, multisepic (sec below for 

definition) or omnisepic. These are exclusive; only one may be present at a time. The 

decision as to which pattern is present is based on the number of preferred orientation 

directions found. This can be obtained in a traditional manner through rose diagram 

interpretation. However, rose diagrams may prove to be unreliable and may be misleading 

in showing a predominant orientation (Wells, 2000). Furthermore, any use of rose diagrams 

would introduce a degree of subjectivity through qualitative orientation evaluations. 

In this study, preferred domain directions are established through observation of 

predominant frequencies. Orientation values are grouped and their frequency is calculated. 

Class centres are located at every 5° (between 0° and 175°). Frequency of occurrence is 

established for each class centre and if the value exceeds a certain critical minimum it is 

then considered to be a preferred orientation direction. The frequencies arc measured for 

10°, 20° and 30° class intervals with 15%, 20% and 25% critical values respectively. 

Fabric type is based on the number of preferred modes of orientation found (1 for 

masepic, 2 for bimasepic and 3 for trimasepic). An omnisepic plasmic fabric is identified 
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when no preferred orientation mode was identified but there were also no class intervals 

with frequencies below 10% (for 30° intervals) 4% (for 20° intervals) or 1% (for 10° 

intervals). This assures a more or less even distribution in all directions and fits with the 

definition of omniscpic plasmic fabric. An additional type of fabric, not described in 

previous classifications but necessary in quantitative studies, is the multisepic pattern. It 

is a default pattern used whenever none of the previous oriented fabric types can be 

applied. 

Lattisepic plasmic fabric is a variant of the bimasepic pattern and can be identified 

when the two preferred modes of orientation differ by approximately 90°. In visual 

analysis, lattisepic plasmic fabric appears as a lattice-like pattern. The critical value was 

set between 80° and 100° to allow for some variation. 

Unistrial plasmic fabric can be defined as a form of masepic plasmic fabric. 

Unistrial domains are long and narrow streaks of birefringent plasma. Their diagnostic 

definition is set by the length to width axial ratio of 20:1. The ratio is a tentative value 

based on visual observations of unistrial domains in glacial sediments (van der Meer, pers. 

comm.). 

Thin Section Descriptions 

Texture descriptions of thin sections include a general estimation of the range of grain sizes 

found and occasionally include visual evaluation of the degree of sorting. It is important 

to note that the descriptions usually refer to the sorting of the skeleton grains only. 

In addition to the general listing of the features found in each thin section, each of the 

photographed sample sites is also described to provide more specific details. The sites 

selected were chosen to represent various types of plasmic fabric as well as different 

degrees of birefringence and optical anisotropism frequency. 

Moneydie Sample. R. 756 

Menzies and van der Meer (1998) found that the sample shows a wide variety of 

plasmic fabrics. Included were domains of strongly anisotropic omnisepic plasmic fabric, 

equally strong lattisepic and skelsepic domains as well as many examples of cross-cutting 

unistrial domains. In addition, the sample was found to contain some gravel but to 

generally lack in skeleton grains with the majority of the sample being clay-sized. The thin 

section sample could be divided into three distinct zones. These are parallel bedded units 

of diamicton showing tcxtural and colour differences with clearly delineated inter-unit 

boundaries. The thin section orientation is unknown. 
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(Zone I) 
This is the lowest diamicton unit. This part of the thin section contains examples of 

unistrial plasmic fabric which frequently intersect. There were two unspecified dominant 

plasmic fabric orientation directions. 

Based on the information provided and direct observation of the sample, six images 

(numbered 2-7) were selected for analysis. These included examples of omnisepic plasmic 

fabric (2,4), unistrial plasmic fabric (multiple Riedel shears) (2,4.5,6), lattisepic plasmic 

fabric (5) and what appeared to be masepic plasmic fabric pattern (3,7). 

(Zone 2) 

This is the middle layer in the sequence. It was described as a diamicton. It contains more 

gravel than the other zones. Examples of lattisepic and skelsepic plasmic fabric were found. 

Plasmic fabric strength was described as uniform throughout the zone. 

Only two images were obtained from this portion of the thin section. These 

included examples of possibly insepic plasmic fabric (8) and what was described as latti-

skelsepic (predominantly lattisepic with some skelsepic presence) plasmic fabric (9). 

(Zone 3) 

This is the top layer in the sequence. Although it did not appear to differ from the material 

contained in zone 1 it appeared to show examples of cross-cutting unistrial domains - not 

apparently found elsewhere in the sample. 

All three sample images show unistrial domains (10, 11, 12). Image 12 also shows 

an apparent masepic plasmic fabric. 

Mt. Provender Sample. Mi. 315 

The thin section orientation is unknown. The sample showed only a minimum degree of 

plasma orientation. This was evidenced by skelsepic plasmic fabric around some of the 

skeleton grains (van der Meer et al., 1993) and weak insepic to lattisepic plasmic fabric 

(Zanicwski, 1996). No other types of plasmic fabric were observed at the low 

magnifications used in this study. The sample also contains a full range of skeleton grain 

sizes - up to 1.5 cm(pebble-sized) - with no sorting and a clayey plasma. Although most 

voids and fractures are very likely due to sample shrinking during drying, some contain 

laminated cutans (typically a highly bircfringent structure). 

The image selected from this sample includes no apparent plasma separations -

potentially an asepic plasmic fabric (more specifically an argillasepic plasmic fabric). 

Nansen Ice-Shelf Sample. Mi.316 

It is a poorly-sorted diamicton composed in part of'welded' till pebbles (Zanicwski, 1996). 
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Plasma varies between silty clay and clay. The skeleton grains range between 30 urn and 

just over 1 cm (pebble sized). The thin section orientation in the field is not known. 

Plasmic fabric patterns identified included weak insepic plasmic fabric, weak (thin) 

skelsepic domains around some of the skeleton grains, a few examples of unistrial plasmic 

fabric domains and a weakly developed lattisepic plasmic fabric. Earlier work by van der 

Meer et al.( 1993) described the same plasmic fabric patterns (except for the insepic) but 

did not refer to the fabric as weak. 

The images selected for analysis included examples of lattisepic (1), skelsepic (1,2) 

and insepic (2) plasmic fabrics. 

Dry Valleys Sample. C.l 16 

This sample was described as a poorly sorted diamicton with skeleton grain diameters of 

up to 4 mm. No orientation was indicated for the thin section. The majority of all skeleton 

grains appeared to be smaller than 2.5 mm. The matrix consists predominantly of clay and 

some fine silt. The plasmic fabric was found to be a mix of lattisepic. insepic and 

occasionally omnisepic domains (Zaniewski. 1996). 

Weak lattisepic(l,2) and skelsepic(l,2) plasmic fabrics were photographed for 

analysis. Since no skelsepic domains were mentioned in the earlier qualitative studies this 

may be treated as an example of the equivocal nature of the subjective thin section 

descriptions. 

Observations 

Table 1 includes the summary of the results and is partly based on the information available 

directly from the image analysis routine. In addition, the results also include rose diagrams 

and the associated direction data, cumulative size distribution curves and plasmic fabric 

birefringence strength listing for each domain. 

For each image evaluated, texture information included grain size distribution, overall 

sorting values and skeleton grain sorting values (silt- and sand-sized material). This type 

of information is, of course, limited in accuracy due to the 2-dimensional nature of thin 

sections. Furthermore, inaccuracies will occur within both the finest (less than 20 urn) and 

coarsest (over 2 mm) grain size ranges. The former is due to the decreasing ability to 

resolve objects smaller than the thickness of thin section - matrix being composed of clay-

sized and fine silt-sized material. The latter limitation is due to illegal object limitation of 

image analysis procedures restricting measurements to only those objects contained wholly 

within the image (Thompson et al., 1992). Any object in contact with the image edge has 

an external component. As such its complete shape and size remain unknown. Larger 
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objects are more likely to come in contact with the edge and therefore be excluded from 

size measurements. More accurate results can be expected for sand sized material. 

Because of the limitations placed on textural information the results should 

therefore be used as a general reference only. Diagram 1 shows three examples of 

cumulative area curve obtained in this study. 

Interpretations 

Texture 

Texture-related measurements showed that the sorting evaluations provided by visual 

evaluations clearly overestimate the degree of sorting actually present. Skeleton sorting 

values for all of the images tested showed "extremely poorly-sorted material" while the 

visual descriptions refer only to poor sorting. 

When the formula included clay content the sorting values improved to "very 

poorly-sorted" or even "poorly-sorted" (R.756(6)(7)). This change is not surprising 

considering the very high clay content estimates obtained. However, some silt-size grains 

may potentially remain buried within the thickness of the thin section (i.e. undetectable). 

There may therefore be a degree of overestimation in favor of the clay fraction. 

Comparison of the size distribution information also shows some inconsistency 

between visual descriptions and the image analysis results. R.756 description for Zone 2 

indicates an increase in gravel content. Although the measured values did not show any 

gravel the very coarse sand fraction appeared to be higher in this part of the thin section 

(3.0 and 3.8 %) while most of the other images examined showed no coarse sand present. 

The only evidence for the presence of a gravel fraction was measured in R.756 (12) 

representing Zone 3 material (2.7%). 

Measurements of the clay fraction content for R.756 showed very high values 

ranging from 62.8 to 85.2 %. Even taking into consideration that some overestimation is 

expected, the results agree with the visual estimate of clayey plasma. 

The results for sample C.116 analysis generally agreed with visual descriptions. The 

sample contained approximately 50% clay and 8% silt. Texture analysis also recognized 

up to 13.8 % of the skeleton grains as 'very coarse sand' and up to 6.3% as gravel. This 

agrees in principle with the observed upper limit of 4mm (granules). 

Even though both Mi.315 and Mi.316 samples are described as containing pebble-sized 

grains, none were reported. However, "ver}' coarse sand" was observed in all three samples 

used. The lack of large gravel grains may be explained by their size, the limited width of 

view of the images analysed (6.4 mm ) and the limit placed on illegal objects. 
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Examination of the plasma related information revealed an even closer agreement. 

Mi.316 plasma varied in texture between clay (1) and silty clay (2). In Mi.316( 1) clay-sized 

material reached 79.1 % while the silt fraction represented only 4.7% (the absolute 

minimum of all the images analysed). Mi.316(2) showed a relatively reversed trend of only 

59% clay and 12.5 % silt (maximum value observed in the study). In case of Mi.315 the 

fit is only marginal in that the clay content was found to be only 50.5% with the silt 

fraction representing 9.9%. 

Asepic Plasmic Fabrics 

The only image tested which included an example of an asepic (argillasepic) 

plasmic fabric closely agreed with the initial qualitative evaluation. Although not 

completely lacking plasma separations the results showed only very rare anisotropism. This 

is not unexpected as the field of view may include a few small bircfringent domains 

without them being observed 

during sample descriptions. 

Sample Mi.315 docs contain 

plasmic fabric domains and it is 

likely that the image tested 

overlapped an area of sepic 

plasmic fabric (Plate 2). This 

argument is supported by other 

evidence (sec Table 1). It was 

found that the image contained 

3776 sepic domains (a very small 

value as compared to other 

Plate 2. Example of'an asepic (argillasepic)plasmicfabric. Only images tested) of which 55 % 
a few small birefringent domains have been identified within the w c r c listed as skelscoic (one of 
image. The domains in question were very small (mostly 1 pixel 
in area) and clustered in small dispersed zones. the highest proportions). The 

close proximity of the skelsepic 

domains to the skeleton grains (very often also optically anisotropic) and their remarkably 

small size (average domain size of less than 35 urn or just over a pixel in area) may explain 

why they were not noted in the initial visual description. It is worth noting that the original 

description of Mi.315 includes references to skelsepic plasmic fabric being present (van 

der Meeretal . . 1993). 

Skelsepic Plasmic Fabric 

Although identified frequently in this study and in visual observations it was only 

rarely that the results matched. This type of fabric appears more difficult to identify 
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subjectively than anticipated. 

Samples R.756(9) and Mi.316(l) did not match well with the expected pattern. 

Skelsepic domains represented only a very small portion of all domains. For image 

Mi.316(2) the results appeared to match the visual descriptions well. The observed value 

for 'frequency of anisotropism' of only 3.8 % indicates a weak fabric. Although the 

average birefringent intensity value (b) seems to be high it is more closely linked to the 

average domain size (see discussion). 

Both C. 116(1) and (2) clearly showed a presence of skelsepic plasmic fabric. 

However, only C. 116(2) confirmed the visual description of a weak pattern (anisotropism 

of only 2.6%). In C.l 16(1) this appeared to be strong (anisotropism value of 9.2 %) while 

only a weak pattern was described. 

Previously unobserved skelsepic domains were identified in sample R.756(3),( 10) 

and(12). 

Insepic Plasmic Fabric 

A number of unexpected examples of this type were found in R.756(5), (12) and 

C. 116(2). In these images, where a fabric showing preferred orientation was first described, 

now an insepic pattern was found. However, the very low percentage of oriented domains 

found in these images makes any conclusion regarding overall preferred orientation highly 

ambiguous. 

When insepic plasmic fabric was expected, only Mi.316(2) agreed well with the 

visual description. In R.756(8) strong masepic plasmic fabric was observed. 

Lattisepic Plasmic Fabric 

All images tested (R.756(9),C.116(1),(2) and Mi.316(l)) failed to confirm the 

presence of this type of fabric. In C.l 16(2) and R.756(5), there are not enough oriented 

domains to consider any type of preferred orientation. In R.756(9) and C.l 16(1), only one 

preferred orientation direction was detected. In Mi.316( 1), there were multiple modes of 

orientation. This type of fabric appears to be more rare than expected. It may be that the 

subjective identification of this pattern is affected by an optical illusion. It should be noted 

from the table just how often the combination of skelsepic and lattisepic plasmic fabric was 

described. In practice, objective studies may identify this fabric far less frequently due to 

the highly restrictive diagnostic requirements. 

Masepic Plasmic Fabric 

Masepic plasmic fabric was identified more frequently than any other type of fabric 

considered in this study. Besides the expected examples in R.756(3) and (7), the procedure 
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also led to identification of mascpic fabric in R.756(6,8,9,10,11) and C. 116( 1)! Only one 

example of expected masepic fabric (R.756(12)) failed to show evidence of masepic 

plasmic fabric. This was due to an insufficient number of oriented domains. 

Multisepic Plasmic Fabric 

This type of plasmic fabric was encountered in two cases. Since this is a new 

pattern it was not used in any of the visual descriptions used here. As it is a default format, 

its presence indicates conditions where none of the other types of fabric could be 

diagnosed. The two examples involved sample R.756(4), previously thought to have shown 

an omniscpic plasmic fabric with unistrial domains, and Mi.316(1), originally described 

as a skel-lattisepic example. 

Unistrial Plasmic Fabric 

None of the images chosen as examples of unistrial plasmic fabric 

(R.756(2,4,5,6,10, 11,12)) provided information supporting its presence. As evidenced by 

the number of images used, unistrial fabric is observed very frequently in visual 

descriptions. Each image used in this study was tested for frequency of the highly 

elongated domain shapes typical for unistrial fabric. In none of the images did this 

frequency exceed 0.2 %! Furthermore, in none of the images was this type of domain 

completely absent. Based on these results it appears that the criteria defining this fabric 

may have to be relaxed or redefined in the future. 

Omniscpic Plasmic Fabric 

Only two images were described as having an omnisepic plasmic fabric (R.756(2) 

and (4)). Image analysis of R.756(2) confirmed the accuracy of the visual evaluation. 

Testing of R.756(4), however, only resulted in identification of a multisepic fabric. 

Discussion 

Although most texture results matched well with qualitative descriptions, the lack of detail 

and ambiguity of the original texture observations must be recognized. It should be 

emphasized that the descriptions focused on plasmic fabric and structures while the tcxtural 

information is meant to give a general impression only. In selecting images for analysis, 

the highest importance was placed on plasmic fabric. Textural information was therefore 

limited to the areas showing a high degree of birefringence - mostly clayey plasma. This 

resulted in an inherent bias towards clay-rich samples - clearly reflected in the results 
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obtained. 

The visual descriptions were also further limited to a statement regarding skeleton 

grain sorting and perhaps maximum observed grain size. The advantage of the image 

analysis routine lies in the availability of detailed size information for the full range of 

textures. For the finer fractions the accuracy is naturally limited by the thin section 

thickness. The sand fraction appears most suitable for this type of analysis. The 

measurements on the coarser fraction can be improved by using lower magnifications. This 

would result in a larger coverage (over 2.5 cm width of view), with a minimum pixel width 

of 20 um per pixel side. The use of larger images reduces the effect of "illegal object" 

limitation on larger skeleton grains. Increasing the minimum pixel size from 5 to 20 urn 

will have a limited effect on the measurements of the finer fraction since all skeleton grains 

smaller than the thickness of the thin section would be listed as plasma (combined clay-, 

fine silt-sized). 

Even if the textural information provides fairly accurate results when compared to 

visual evaluations, the information available should not replace the more direct techniques 

currently applied in sediment texture studies. Sieving or settling tube studies provide much 

more accurate results over the full grain size range. Although some attempts have been 

made to evaluate 3-dimensional textural information from thin sections (Friedman, 1958), 

such extrapolations may prove to be more complicated in glacial tills where till micro- and 

macrofabric studies show that skeleton grain/clast orientation patterns can vary 

substantially within the same till beds (Derbyshire, 1978; Derbyshire et al., 1985; Menzies, 

1990; Kjasr and Kriiger, 1998). The samples tested in this study also showed very poor 

sorting, another uncertain factor in 3-dimensional size projections based on 2-dimensional 

information (Friedman, 1958). Image analysis, however, remains perhaps the best way 

of evaluating texture in laminated sediments or when the only available sample is in form 

of a thin section. Furthermore, some aspects of texture-related information, such as sorting 

or angularity may prove to be very accurate, although more sUidics arc needed. Where 

image analysis fails to match the accuracy of visual descriptions is in evaluation of changes 

in plasma density and skeleton grain distribution. Gradual changes within each image are 

not measured. The results provide data regarding each image as a homogenous picture with 

uniform plasma density and skeleton distribution patterns. In addition, visual descriptions 

include the entire thin section while this study only analyzed a few selected points of 

interest. This second problem may perhaps be overcome with a complete, partially 

overlapping photo coverage of the entire thin section. Some overlap is necessary in order 

to minimize the effects of'illegal objects'. Ultimately, a single image of the entire thin 

section would best serve the purposes of image analysis. The first issue, that of gradual 

distribution and density changes, was not addressed in this study but may have to be 

considered in any future development of the technique. 

Plasmic fabric results show several interesting and unexpected trends. The most 
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startling observation was perhaps the fact that the described fabric patterns rarely found 
support in objective data obtained via image analysis. 

Masepic plasmic fabric appeared more frequent than would be expected from 
subjective descriptions. Based on the measurements performed in this study it would 
appear that this type of plasmic fabric should have been described far more often. The 
sedimentary genetic implications of this are that sediment deformation along a single shear 
plane, usually evidenced by a masepic fabric (Jim, 1990) is far more prevalent in glacial 
sediments than previously thought. 

Bimasepic and trimasepic domains and their variants (lattisepic) were not identified 
at all. This was surprising in that these types of plasmic fabric are frequently described in 
visual evaluations. Whereas many images clearly showed a single dominant domain 
orientation direction (masepic fabric) finding a second or third direction was nearly 
impossible. The possibility exists that the criteria used to identify the secondary direction 
were too stringent. It is also possible that the use of cross-polarized viewing conditions 
seriously limited the number of visible birefringent domains and their orientation. The use 
of circularly polarized light should be considered in any future analysis to overcome this 
type of bias (Chapter 3.1). Finally, the possibility that bimasepic or trimasepic fabrics arc 
the result of optical illusion must be acknowledged. 

Skclsepic plasmic fabric identification was based purely on the frequency of 
occurrence of skelsepic domains. Although the results appeared to be accurate there is 
perhaps a need to expand the diagnostic criteria to include the frequency of skeleton grains. 
This would provide a more flexible decision rule based on an expected frequency of 
skelsepic domains at a known skeleton grain content level. 

Although skel-lattisepic plasmic fabric (skelsepic and lattisepic pattern observed 
together) is common in visual descriptions, it was not observed in any of the images tested. 
The results appear to indicate that under some circumstances, the presence of skelsepic 
domains may result in a visual suggestion of a lattisepic plasmic fabric. This would account 
for the complete lack of objective evidence for lattisepic plasmic fabric even though a 
skelsepic pattern is present. 

The objective recognition of unistrial fabric represents a classic "catch 22" 
situation. Unistrial domains tend to be few in number but mostly extensive in area. Their 
frequency values would therefore be extremely low. In digital (pixel-based) images, each 
large domain would likely be broken up into a series of discontinuous end-to-end aligned 
domains. Although domains of this type (20:1 elongation ratio) appear to be very rare (less 
than 1% of all the domains) they were nevertheless found in similar proportion in all 
images tested, irrespective of the presence of identified unistrial domains. Since unistrial 
domains tend to be few in number and are easily identified with the naked eye, the solution 
may be to measure their orientation individually. In addition to plasmic fabric recognition 
and quantification, the study also attempted to test a new method of fabric strength 
evaluation (Chapter 5.3). This was performed at two levels, birefringence strength (the 
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Diagram 3. Relationship between domain size and birefringence 
intensity. Area values represent the average size for each of the 
images tested. Birefringence Intensity Value is a mean for each 
image. 
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Diagram 4. Effects of stacking and mineral content variations on 
plasma separation visibility. Where small domains (a) are highly 
birefringent due to uniform platelet orientation and mineralogy 
they will remain highly visible. Small domains (c) with lower 
birefringence represent lower contrast and are therefore not as 
likely to be detected. Larger domains (b) do not need to be as 
highly birefringent to be noticeable. 

general brightness of the plasma 

domains) and anisotropic 

frequency (portion of the image 

containing birefringent plasma 

domains). 

Plasmic fabric strength 

values (Table 1) appear to have 

little relation to the impression of 

'plasmic fabric strength' as 

e s t i m a t e d f r o m v i s u a l 

descriptions. It was also observed 

that the relationship between 

birefringent strength and the 

average domain size was almost 

perfectly inverse (diagram 3)! 

The simplest explanation may be 

that the smallest domains will not 

be visible unless they are a 

product of almost perfect clay 

platelet stacking (diagram 4) and 

are therefore very highly 

birefringent. Larger domains do 

not need to be a product of 

perfect stacking to be visible. In 

fact, their size may be a product 

of gradual plasma reworking and 

incorporation of non-birefringent 

material within their stacking. 

This relationship may be a 

significant factor in our 

understanding of plasmic fabric 

development. More precisely, it 

may shed some light on how the 

different patterns develop and 

reorganize into other patterns. 

The frequency of optical anisotropism in the matrix seemed to closely match the 

qualitative descriptions. The results appear to indicate that the visual descriptions of 

strength were almost completely determined by the arcal 'dominance' of the plasma 

separations. The advantage of the image analysis routine lies in the much more precise way 
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the frequency is measured. In combination with the bircfringcnt strength value, plasma 

anisotropism frequency may be used to define fabric strength much more accurately and 

precisely. 

Conclusions 

The results showed that the image analysis approach to thin section analysis can be 

used effectively to extract information regarding texture and plasmic fabric patterns of 

glacial sediments. Although further development and fine tuning is still required, this new 

method clearly shows a great deal of promise. The information can be used to diagnose 

plasmic fabric types present, their strength expressed as bircfringcnt intensity and arcal 

frequency, provide rudimentary grain size distribution curves and orientation information 

in the form of rose diagrams. 

In addition, the results showed that there is a need for a more objective approach 

to thin section descriptions. The degree of difference between visual descriptions and the 

image analysis interpretations speaks for itself. 

There are. of course, a number of development directions which should be explored 

further. The most immediate issue may be to obtain plasmic fabric strength data under 

controlled conditions. This would provide a much more consistent and reliable set of 

diagnostic characteristics relating fabric strength values and patterns to changes in 

sediment texture, anisotropic clay content, stress magnitude, stress direction and duration. 

Once the relationships are known, the use of plasmic fabric information will likely play a 

major role in the identification of glacial sedimentary facies in the context of their 

(post)depositional history. Accuracy and consistency of the results should also be 

considered. Although addressed individually in earlier chapters the issue of accuracy may 

have to be explored further. One suggested way is through the use of "offsetting imagery', 

where a series of closely overlapping images arc analyzed and the results evaluated. 

Standardizing the many procedural variables encountered in digital image analysis of thin 

sections (illumination brightness, magnification, resolution, camera settings) must also be 

attempted in order to maximize the consistency of results in independent studies. 

It is important to note that the technique can be expanded beyond its ability to 

quantify plasmic fabric patterns and strength. Its development is not limited to plasmic 

fabric or simple grain size studies. It may, for example, be applied to shape analysis of 

skeleton grains, voids, microfabric or lithology studies. Image analysis is a flexible process 

allowing for customization and therefore better focus on those aspects of the imagery 

which are of highest significance. The results presented here may very well represent only 

the tip of an information iceberg. 
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FINAL REMARKS 

Following the testing phase of this thesis (previous chapter) it became apparent that the 

visual observations differed substantially from the image analysis results. The significance of 

this development cannot be overstated. Plasmic fabric evidence is a significant part of almost 

all current micromorphological studies. If qualitative information is shown to be flawed for any 

reason, the entire scries of genetic interpretations may be thrown into doubt. This is, of course, 

a worst case scenario. It is more likely that re-evaluation of the plasmic fabric data using image 

analysis will result in some re-definition of the established diagnostic criteria. The complexity 

of glacial sediments does not allow for identification based on any single diagnostic feature. 

Sediment type may be identified through the combination of microfeatures present, including 

plasmic fabric patterns. The new findings will therefore impact most severely on those studies 

in which sediment interpretations were based primarily on plasmic fabric arrangements. 

The discrepancies between the qualitative and quantitative results must therefore be 

accounted for prior to any future application of the method. The reasons for incorrect 

qualitative fabric pattern identification may range from a subjective subconscious bias of the 

observer to an illusion based on specific arrangements of shapes within an image. This 

explanation presumes that the differences are entirely the result of flawed qualitative 

description. It is therefore also necessary to analyse the quantitative criteria used to identify the 

plasmic fabric patterns (Chapter 3). It may be that these values were too stringent, minimizing 

the frequency with which certain fabric patterns were identified. Finalizing the set of diagnostic 

criteria is necessary before any further work of interpretation is initiated. To do otherwise is 

to invite the possibility of future reinterpretations of the objective results, throwing into doubt 

subsequent conclusions. 

Another issue to be considered is an alternate approach of plasmic fabric analysis. 

Current classification methods (Brewer, 1976; Bullock et al., 1985 ) define plasmic fabric 

patterns based purely on their appearance. Fabric is identified according to the shape, 

orientation, size and frequency of the domains and then given a label which fits the patterns 

best. Subsequently, plasmic fabric identification is very rigid - hardly applicable when the 

development of plasmic fabric is studied - a process which is essentially gradual in nature. 

Based on the results obtained through the image analysis application (previous chapter) plasmic 

fabric tends to appear as a continuum of shapes and patterns of distribution. It is my personal 

opinion that descriptive classification methods are too inflexible to suit the needs of objective 

analysis in the future. A new method of plasmic fabric description and quantification is 

207 



required. It should describe plasmic fabric in terms most suited towards quantification, such 

as anisotropism frequency, area or preferred domain orientation. Descriptive labels could still 

be used (as in FitzPatrick 1984; 1993) but these would only be used as general representative 

terms when an estimate or a rough description is required. Actual analysis and interpretation 

of data should be limited to the measured numerical values. 

This last point brings us to the most important aspect of any future research. Having the 

capacity to accurately gauge anisotropic frequency, preferred plasmic fabric orientation and 

birefringent strength provides a way of accurately quantifying plasmic fabric. Plasmic fabric 

reflects the sedimentary and/or tectonic history of the sample but, in itself, only represents a 

snapshot of an ongoing process. Once impregnated, the sample is permanently preserved and 

the diagenetic processes affecting the sediment are halted. The resulting image, including 

plasmic fabric patterns, represents the accumulated effect of deposition and subsequent 

diagencsis. Each image is a complex digital record of the complex time and space interaction 

between sediment and its environment. From the point of view of glacial sedimentology, to 

identify the processes and conditions under which the sediment was deposited and later 

deformed is to learn its (depositional) history. These thin section snapshots of glacial history 

are now frequently used to complement qualitative interpretation of glacial sedimentary history. 

The use of quantified plasmic fabric information promises to make such interpretations much 

more accurate. For this to happen, a concerted effort must be undertaken to measure the effects 

of stress on plasmic fabric development. Although many such research projects have been 

completed (Clark, 1970; Foster and De, 1971; Dalrymplc and Jim, 1984; Maltman, 1987; 

Hicmstra and Rijsdijk, in press) their results have been almost completely qualitative. Image 

analysis provides much more precise and absolute results. 

If a series of tests were to be performed under controlled condition it may be possible 

to better understand the relationship between stresses, deforming sediments and their associated 

plasmic fabric patterns. Initial emphasis should include studies of the relationship between 

stresses, changing moisture content, clay mineralogy, texture (clay content) and carbonate 

material content. Carbonate material should be considered because of its known optical 

anisotropism masking qualities. 

The results sought may be obtained in a number of ways. Preferable approach should 

involve existing thin sections with accurately measured characteristics such as texture or 

carbonates content. Image analysis can then be used to measure plasmic fabric strength and 

anisotropism frequency. The study of the relationship between moisture, stresses and plasmic 

fabric will require a more fundamental approach involving creation of new thin sections. 
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A series of thin sections produced from the same material (controlled clay content, no 

carbonates) but undergoing varying degrees of applied stress (unidirectional) and shifting 

moisture levels would then be created. These would be image-analysed to measure plasmic 

fabric strength and anisotropism frequency. 

Data thus obtained could be used to produce a series of plots showing the relationship 

between each of the variables and anisotropic fabric strength/frequency. 

Accounting for the effects of the tested variables will allow us to see the effect of 

glacially induced stresses on plasmic fabric patterns and frequencies much more clearly. The 

results will go a long way towards an accurate identification of glacial sediments and their 

depositional history. 

This thesis and the methodology described therein, must be considered as the first step 

of the long way towards comprehensive glacial sediment identification. Although complex, the 

methodology described covers only the most rudimentary aspects of plasmic fabric. Its full 

implementation should only be attempted once some of the major concerns posed above have 

been addressed. The techniques used are fundamentally sound, allowing for precise and 

accurate plasmic fabric measurements. In addition, the logic and the rules described can be 

applied in image analysis of other sedimentary features if required. Once combined with 

accurate supplementary data, image analysis of thin section images will no doubt play a 

fundamental role in any future sedimentary studies. 
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SUMMARY 

The Method 

This project was undertaken in an effort to streamline the process of identification and 

quantification of plasmic fabrics in glacial sediments. It was necessary since almost all 

previous research used qualitative means of plasmic fabric description making standardized 

comparisons nearly impossible. 

To allow for this more quantitative approach it is necessary to first redefine plasmic 

fabric characteristics into a more computer friendly form. Previous plasmic fabric 

classifications relied in many ways on subjective criteria. A more exact objective definition is 

needed before image analysis procedures are to be implemented. Based on the solid foundation 

of earlier classifications a new set of diagnostic criteria was created. These new criteria 

required information regarding not just the plasmic fabric domains but additional information 

regarding skeleton grains and voids. 

The new method requires the use of digital images as the source of raw data. Images 

should include plain light, cross-polarized and gypsum wedge views for maximum 

effectiveness. They must be co-registered (overlap exactly), a result best obtained through the 

use of a digital camera mounted on a petrological microscope. The use of photographic prints 

is not advised as their 'overlap' is unlikely to be exact. 

Each image is split into its colour bands producing 3 new gray scale images 

representing light intensities in red, green and blue components of the original image. These 

images are then processed using a GIS technique called 'multispectral image classification'. 

The choice of the algorithm is left up to the user but testing showed that the unsupervised 

classification methods are more applicable in the highly complex imagery associated with thin 

sections of glacial sediments. The final product of this image processing routine is a simplified 

'map' showing the major types of material detected: skeleton grains, matrix and voids. 

Contiguous areas of 'skeleton' pixels are grouped into discrete grains. Each grain is 

measured to establish its longest axis dimension. Using this information it is possible to create 

grain size distribution curves. Grains can also be selected based on their size. 

A similar procedure is performed on identified void areas. This is necessary not just to 

establish the overall porosity of the sample but also to facilitate a size based selection. Size 

selection is needed to streamline the process of vosepic plasmic fabric identification by 

excluding very small voids. 
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The matrix is further divided into birefringent and non-birefringent elements. The 

birefringence is based on the combined brightness values from the red and green components 

of a cross-polarized image (Birefringent Intensity Value). The threshold value identifying 

birefringence is set at 250 BIV. Contiguous zones of birefringence represent individual plasma 

separation domains. 

Each domain ofplasmic fabric is evaluated fora series of attributes. These include size, 

selected shape characteristics, orientation and plasmic fabric strength (PFS). PFS value is a 

new concept created specifically for this method. The PFS value is a product of not only its 

average birefringence intensity (mean BIV for all the pixels included in the domain) but also 

its variance. The range of possible PFS values extends from 6.10 to 510. 

All these characteristics are subsequently combined to effectively evaluate the type of 

plasmic fabric pattern observed in a tested image. Plasmic fabric patterns include: argillasepic, 

silascpic, insepic, masepic, bimasepic, omnisepic. vosepic and skelsepic. The results also 

include grain size distribution data, plasmic fabric strength values for all the domains identified 

and the orientation values for sufficiently elongated domains. 

The Results 

The testing phase of the project involved application of the new method to a set of four 

thin sections. The results of this process were then compared with existing qualitative 

descriptions and interpretations of these sections. These were chosen primarily based on the 

quality and variety of the plasmic fabric patterns present. It was also important that the thin 

sections were previously described and used in actual studies. Of the four thin sections, the 

Moneydic sample was studied in greater detail as it included a variety of plasmic fabrics. The 

results showed many differences between qualitative and quantitative descriptions. 

When evaluating the results for texUire and sorting it became obvious that the visual 

descriptions substantially overestimated the sorting values. The image analysis method proved 

its value in accurately differentiating between textural classes of sand sized material but 

showed itself to be of limited value in the evaluation of material finer than silt and coarser than 

coarse sand. These drawbacks are however permissible since the real emphasis of the program 

is on the evaluation ofplasmic fabric, while the textural information is for general impression 

purposes only and to aid in plasmic fabric diagnostics. For that purpose the method needs to 

be highly accurate only when separating between sand and silt sized skeleton grains. 
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Of the plasmic fabric types showing predominant orientation pattern, masepic appeared 

more frequently in objective results than was expected based on qualitative studies. Bi- and tri-

masepic patterns were however not found at all. This may be the result of optical illusion as 

a result of observing a highly complex visual environment. The lack of multidirectional fabric 

may also be explained by too stringent a set of diagnostic criteria selected for their 

identification. 

Lattiscpic plasmic fabric was similarly missing from objective results. This type of 

plasmic fabric may too be a case of wishful thinking and possibly optical illusion. It also 

important to point out that the rather strict definition of lattisepic plasmic fabric (both 

qualitative and quantitative definitions) is likely to result in very few identified examples of 

this type of fabric. 

Skelsepic plasmic fabric was observed more frequently than in qualitative studies. The 

process of identification of skelsepic plasmic fabric may require further refinement in the 

future. One suggested modification includes the use of skeleton grain frequency information 

to estimate the accepted proportion of domains expected within the critical range of 25 u.m of 

all the identified grains. 

The method failed to measure and identify unistrial plasmic fabric. This limitation will 

have to be overcome in the future. 

The most important objective of the thesis, which is to objectively evaluate plasmic 

fabric strength, was achieved. The technique allows evaluation of the plasmic strength as well 

as image anisotropism (frequency of plasmic fabric expressed as percentage of image area 

occupied by anisotropic plasma). Although some final refinement of the method will still be 

required it already forms a firm foundation for future micromorphological image analysis of 

glacial sediments. 
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NEDERLANDSE SAMENVATTING 

De Methode 

Dit proefschrift beschrijft het onderzoek dat werd uitgevoerd om het herkennen en 

kwantificeren van plasmic fabric in dunne doorsneden (slijpplaten) van (glaciale) sedimenten 

te stroomlijnen en te automatiseren. Het behandelt met name de procedures die werden 

ontwikkeld om kwantificatie überhaupt mogelijk te maken. Tot op heden hadden de meeste 

micromorfologische studies zich vooral gericht op kwalitatieve en beschrijvende aspecten van 

plasmic fabric, zodat gestandaardiseerde vergelijkingen van verschillende resultaten nagenoeg 

onmogelijk waren. 

Om dit met behulp van de computer wél mogelijk te maken, was het in de eerste plaats 

nodig om de verschillende typen plasmic fabrics te her-defïniëren, ofwel in een meer 

•computer-vriendelijke, vorm te gieten. Bestaande classificaties waren vaak niet objectief en 

exact genoeg omdat ze (deels) gebaseerd bleken te zijn op inschattingen en interpretaties van 

individuele gebruikers. Om beeldverwerking-procedures te kunnen toepassen, werd dus 

allereerst een aangepaste set van diagnostische criteria gecreëerd. 

In de gepresenteerde nieuwe methode worden drie typen microscopische, digitale 

beelden als bron van ruwe data gebruikt: in doorvallend licht, in gekruist gepolariseerd licht 

en in gekruist gepolariseerd licht met gips superpositie. Vereist was dat de genoemde beelden 

per locatie precies overlappend (co-registered) waren. Dit laatste werd eenvoudig gerealiseerd 

door gebruik te maken van een op de pctrologische microscoop gemonteerde, digitale camera. 

Elk van de beelden werd gesplitst in de drie 'kleurbanden' - rood, groen en blauw -

zodat uit elk van de drie originelen nog eens drie nieuwe (grijs)beelden ontstonden: deze 

nieuwe beelden vertegenwoordigen dus afgebakende gebieden in het lichtspectrum. De nieuwe 

beelden werden vervolgens onderworpen aan een GIS-procedure die multispectral image 

classification wordt genoemd. In principe wordt de keuze van een passend algoritme aan de 

gebruiker overgelaten, maar tests op de complexe beelden van glaciale sedimenten - zoals in 

dit project onderzocht - lieten zien dat de unsupervised classification de beste resultaten te zien 

geven. Het uiteindelijke product van de classificatie procedures is als het ware een 

vereenvoudigde 'kaart' van de bemonsterde locatie, die de belangrijkste onderdelen van de 

glaciale sedimenten omvatten: de skeletkorrels, de matrix and poriën. 

Gebieden met aangrenzende pixels die konden worden geïdentificeerd als individuele 

skeletkorrels, werden als entiteit beschouwd in enkele metingen. Zo werd van elke korrel de 
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langste as gemeten om de korrelgrootte verdeling van het onderzochte sediment vast te kunnen 

stellen. Ook kan op deze manier gemakkelijk een selectie van korrels worden gemaakt op basis 

van de textuur voor verdere analyse. 

Op eenzelfde manier werden ook de poriën in de onderzochte sedimenten 

geïdentificeerd en gemeten. Op basis van verkregen informatie kon voor elk van de 

onderzochte sedimenten de porositeit worden vastgesteld. 

De geclassificeerde matrix van het sediment werd vervolgens onderverdeeld in 

dubbelbrekende en niet-dubbelbrekende elementen. Dubbelbreking werd vastgesteld aan de 

hand van de gecombineerde waarden van helderheid (brightness) van de rood- en groen

component van het beeld in gekruist gepolariseerd licht. De drempelwaarde werd hierin gesteld 

op 250 BIV (Birefringent Intensity Value). Aangrenzende dubbelbrekende zones in een beeld 

representeren individuele domeinen van plasma separation. 

Van ieder dubbelbrckcnd domein werd de grootte, de vorm, de oriëntatie en deplasmic 

fabric sterkte (PFS) bepaald. PFS is een nieuw concept dat speciaal voor dit project werd 

geïntroduceerd. Het zegt niet alleen iets over de gemiddelde intensiteit van de dubbclbreking 

in een bepaald domein (gemiddelde BIV voor alle pixels in dat domein), maar ook iets over de 

.spreiding. De range van mogelijke PFS-waarden loopt van 6.10 tot 510. 

Al deze karakteristieken werden vervolgens gecombineerd om het type plasmic fabric 

in ieder samp Ie te kunnen vaststellen. Het objectief identificeren van bijvoorbeeld argillasepic, 

si/asepic, insepic, masepic, bimasepic,omnisepic, vosepic enske/sepie plasmic fabric patronen 

werd in dit stadium mogelijk door een aantal logische image processing handelingen uit te 

voeren. 

De Resultaten 

De testfase van het project bestond uit het toepassen van de nieuwe methode op een 

serie slijpplatcn. De resultaten van de tests werden vergeleken met kwalitatieve beschrijvingen 

en interpretaties van dezelfde slijpplaten. Op basis van voornamelijk de diversiteit van de 

plasmic fabric patronen werden vier slijpplaten geselecteerd voor een analyse. Aan één van de 

vier - de 'Moneydie" slijpplaat - werd de meeste aandacht besteed omdat de plasmic fabric 

diversiteit in dit monster het grootst was. De vergelijking van de kwalitatieve en de 

kwantitatieve beschrijvingen brachten enige opmerkelijke verschillen aan het licht. 

Zo werd gevonden dat in visuele (kwalitatieve) beschrijvingen de sorteringsgraad 
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systematisch, en aanzienlijk werd overschat. Verder kon worden vastgesteld dat de nieuwe 

methode uitstekend werkt in het differentiëren naar korrelgrootte, met name in het 

zandspectrum. Voor de textuurklassen fijner dan silt en grover dan grof zand verliep de 

differentiatie wat problematischer. Deze onvolkomenheden in het programma zijn echter niet 

storend aangezien het project zich in de eerste plaats richt op plasmic fabrics. Op het aspect dat 

daadwerkelijk nog een rol speelt in het identificeren van plasmic fabrics - het onderscheid 

tussen silt en zand - 'scoort' het programma wél goed. 

Van de typen plasmic fabric met een duidelijke oriëntatie kwam masepic plasmic fabric 

vaker voor dan werd verwacht op grond van de kwalitatieve beschrijvingen. Aan de andere 

kant, bi- en trimasepic patronen, zoals ze waren herkend in de kwalitatieve analyses, konden 

niet worden geïdentificeerd met behulp van de geautomatiseerde benadering. Dit laatste zou 

een gevolg kunnen zijn van gezichtsbedrog dat het 'visueel observeren' van zeer complex 

patronen met zich mee kan brengen. Een andere mogelijkheid is dat de diagnostische criteria 

die werden gebruikt in de kwantitatieve benadering eenvoudigweg te streng waren. 

Lattisepic plasmic fabric was ook een type dat niet of nauwelijks werd geïdentificeerd. 

Net als bij de bimasepic en trimasepic patronen geldt ook hier dat gezichtsbedrog en/of strenge 

criteria een rol gespeeld hebben bij de discrepantie tussen de twee methoden. 

Skelsepic plasmic fabric werd vaker geobserveerd in de kwantitatieve benadering. Het 

lijkt erop dat ook hier de fouten gemaakt werden in de kwalitatieve benadering. Echter, hoewel 

de nieuwe methode duidelijk verbeterde identificatie mogelijkheden biedt, lijkt het toch nuttig 

om in de toekomst de procedure nog te verfijnen. Een mogelijke aanpassing zou het 

implementeren van informatie omtrent de korrel frequentie kunnen zijn. Dit zou de gebruiker 

in staat stellen om een schatting te maken van potentiële skelsepic domeinen binnen de 

kritische zone van 25 micron rond de korrels. 

De nieuwe methode kon geen unistrial plasmic fabric patronen herkennen of meten. 

Dit wordt gezien als een tekortkoming waaraan in de toekomst zal moeten worden gewerkt. 

Het belangrijkste doel van dit proefschrift, namelijk het evalueren van de sterkte van 

plasmic fabric, lijkt te zijn gehaald. De gepresenteerde techniek stelt de gebruiker in staat om 

zowel de PFS als de image anisotropism (het voorkomen van plasmic fabric, aangeduid als 

percentage van het totale gebied dat wordt ingenomen door anisotroop plasma). Hoewel kleine 

aanpassingen gewenst blijven, vormt de methode in haar huidige gedaante al een stevige basis 

voor toekomstige micromorfologische studies van sedimenten in het algemeen, en glaciale 

sedimenten in het bijzonder. 
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Appendix 1.1. 

Image Capturing Standards 

Cross-Polarized view - identify voids and adjust viewing conditions so that the void areas 

appear completely black. 

Gypsum wedge in place - find obvious void spaces and adjust view so that voids appear violet 

Plain view - do not overexpose the image. Avoid bright white or just white areas. Better to 

adjust the contrast and/or brightness later if the image is too dark. Aim not to see any white. 

Appendix 1.2 

Importation 

NAME.TIF 

NAME_P_g 

NAME P r 

NAME P b 

If Gypsum Wedsfe source If Cros^olarized source 

NAME_W_g N4ME_X_g 

NAME W r NAME X r 

NAME W b NAME X b 



Appendix 1.3 

Georeferencing 

K4ME_P_g 

NAME P r 

NAME P b 

NAMEJK^g 

NAME X r 

NAME X b 

NAME_\V_g 

NAME W r 

NAME W b 

make simple 
rel'. pL = lower left 
orientation = upright 
lat long = 0,0 
line size = as necessary 
column size = as necessary 
units = metres 

Appendix 1.4 

' • • • -

X4ME ICLASS 



Appendix 1.5 

Post-Classification (Option - without corrections) 

NAME SUITS TEMP A 

These values are highly variable and depen 
en the initial set of classes and their order 
Here the classification routine included 
following values: 
0 for unclassified 
1,2,3,4,5 for skeleton 
6,7 for plasma 
8 for voids 

- type - algebraic 
- operation - replace all 
- rqjlace with = 1 
- lower limit = 1 
- upper limit = 5 
- replace values - inside range 
- output type - 8bit(unsigned) 

TEMP B 

- type - algebraic 
- operation - replace all 
- replace with = 3 
- lower limit = 8 
- upper limit = 8 
- replace values - inside range 
- output type - 8bit(unsigned) 

-type - algebraic 
- operation - replace all 
- replace with = 2 
- lower limit = 6 
- upper limit = 7 
- replace values - inside range 
- output type - Sbit(unsigned) 

NAME 4CLASS 

0 - UNCLASSIFIED 
1 - SKELETON GRAINS 
2 - PLASMA 
3 - VOIDS 



Appendix 1.6 

Masks 

NAME 4CLASS PMASK NAME 

type - algebraic 
operation - replace all 
replace with = 0 
lower limit = 2 
upper limit = 2 
rq)lace values - outside range 
output type - lbitibinary) 

NAME 4CLASS SMASK NAME 

Skeleton Mask 

type - algebraic 
operation - replace all 
replace with = 0 
lower limit = 2 
upper limit = 3 
replace values - inside range 
output type - lbit(binary) 

NAME 4CLASS VMASK NAME 

type - algebraic 
operation - replace all 
replace with = 0 
lower limit = 1 
upper limit = 2 
replace values - inside range 
output type- lbit(binary) 



Appendix 1.7 

Birefringence Index Value 

NAME X R 

NAME X G 
- type - algebraic 
- operation - add 
- output type - 16bit(unsigned) 

BIV NAME RAW 

select - by mask ("PMASKJSE4A4E") 
null value set = 0 

k 
BIV NAME 



Appendix 1.8 

Birefriiigent Plasma Mask 

BPMASK SAME 

- ^ : : - . . - ~ . - : • r : '.: Y 

• type - algebraic 
- operation - replace all 
- replace wilh = 0 
- lower limit = 0 
- upper limit = 250c?) 
- replace values - inside range 
- output type - lbitlbinary I 

Appendix 1.9 

Domain Delineation 

BPMASK XAMF. 

DOM NAME VEC 

Delde Internal. In>ide=0 
Delete CELLVALUE-Cdl valuc=0 

DOM \AME FLL 



Appendix 1.10 

BIV Data Extraction 

BIV NAME 

DOM NAME VEC 

- boundary cells - include if 
largest portion 

- call new table "BIV" 

from the BIV table export data containing 
following attributes: 

Polygon # (domain ID) 
Standard deviation of the BIV values for each domain 
Mean of the BIV values for each domain 



Appendix 1.10b 

BIV Data Preparation (Alternate Method) 

BIV NAME FLL 

NAME P r REFERENCE 

- by attribute <'Internal.ElemNum) 
- 16bit unsigned 
- use reference image 

TEMP 

BPMASK NAME 



Appendix 1.11 

Skelsepic Plasmic Fabric Definition 



Appendix 1.12 

Vosepic Plasmic Fabric Definition 



Appendix 1.13 

Domain Size Definition 

DOM NAME VEC 

- use reference image same 
as input 

- select by query : 
Internal.Inside > 0 

- delete selected 

SHAPE NAME 

Lines - All 
Polygons -By Query 
"Polystats. Area > 50x(pixel area) 

Optional 

TEMP N.4ME 

• Lines - All 
• Polygons -By Query 
"Polystats.Area > 5x(pixel area)" 

TEMP NAME 

SOURCE 

Lines - All 
• Polygons - All 
• Region - Completely Inside "FRAME" 

OPERATOR 

FRAME 
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Orientated Domains Definition 

VOS NAME 

SKS NAME 

-Union (OR) 
- Lines - None 
- Polygons - All 

FABRIC TEMP 

Line Simplification 
method: minimum distance 
thin distance - 2.83 (for 2UJII pixels) 

or - 7.07 (for 5UJTI pixels) 

INVALID 

OPERATOR 

Extract Completely Outside 
Lines - None 
Polygons - All 

SOURCE 

LEGAL NAME VEC 

VECTOR 
EXTRACT 

- lines -None 
-polygons -by query 
(Grain Shape index < 3.333) 

FABRIC NAME 



Appendix 2.1 

This is a report for thin section sample number Mi.633 

Percent of skeleton grains: 21 

Sorting value for skeleton grains is 3.72 phi and therefore very poorly sorted 

Total Content by major classes: 

Unclassified: 14.0 percent 

Skeleton grains: 21.4 percent 

Plasma: 58.3 percent 

Voids: 6.2 percent 

Overall sorting value is: 2.36 phi and therefore very poorly sorted. 

Porosity of the identified sample is: 7.2 percent. 

Birefringent plasma anisotropism is: rare (2.0 percent). 

Percent of orientated domains: 5.3 

Number of unistrial domains: 5 (1.6 percent) 

Number of birefringent domains: 362 

Average PFS value: 187.9 

Highest PFS value: 342.0 

Lowest PFS value: 9.2 

Standard Deviation of the PFS values: 110.4 

Smallest birefringent domain size: 25.0 micronsA2 

Largest birefringent domain size: 27925.0 micronsA2 

Average domain size: 5061.3 micronsA2 

Number of skelsepic domains: 38 (10 percent) 

Ratio of skelsepic domains to sand grains: 1.19 

Average skelsepic PFS value: 171.2 

Highest skelsepic PFS value: 306.0 

Lowest skelsepic PFS value: 24.4 

Standard Deviation of the skelsepic PFS values: 113.9 

Smallest skelsepic domain area: 25.0 micronsA2 

Largest skelsepic domain area: 225.0 micronsA2 



Average skelsepic domain size: 63.8 micronsA2 

Number of vosepic domains: 5 (1 percent) 

Ratio of vosepic domains to large voids: 0.23 

Average vosepic PFS value: 149.3 

Highest vosepic PFS value: 297.0 

Lowest vosepic PFS value: 75.6 

Standard Deviation of the vosepic PFS values: 91.5 

Smallest vosepic domain area: 25.0 micronsA2 

Largest vosepic domain area: 125.0 micronsA2 

Average vosepic domain size: 60.0 micronsA2 

Appendix 2.2 

This is the size distribution file for Mi.633 

Textural Class (phi) percent cumulative 

of total percent 

clay (>8) 

silt (4to8) 

very fine sand (3to4) 

fine sand (2to3) 

medium sand (lto2) 

coarse sand (Otol) 

very coarse sand (-ltoO) 

gravel(<-l) 

84.6 

0.0 

0.0 

1.3 

2.3 

6.6 

5.3 

0.0 

84.6 

100.0 

100.0 

85.9 

88.1 

94.7 

100.0 

100.0 
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This is the plasmic fabric strength distribution file for Mi.633 

Domain # PFS value Mean Standard Deviation 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

310.0 

308.0 

53.0 

302.0 

315.0 

335.0 

342.0 

38.7 

304.0 

291.0 

293.0 

87.6 

311.0 

294.0 

291.0 

292.0 

321.0 

33.4 

58.3 

119.7 

52.7 

235.6 

108.5 

77.9 

295.0 

62.8 

166.8 

83.1 

91.0 

44.7 

310.0 

308.0 

315.0 

302.0 

315.0 

335.0 

342.0 

312.8 

304.0 

291.0 

293.0 

308.5 

311.0 

294.0 

291.0 

292.0 

321.0 

336.7 

303.0 

293.0 

312.6 

292.5 

322.5 

303.0 

295.0 

305.3 

296.7 

301.6 

302.0 

313.7 

-1.0 

-1.0 

15.6 

-1.0 

-1.0 

-1.0 

-1.0 

22.2 

-1.0 

-1.0 

-1.0 

7.8 

-1.0 

-1.0 

-1.0 

-1.0 

-1.0 

30.6 

12.7 

4.2 

15.4 

0.7 

6.4 

8.8 

-1.0 

11.8 

2.3 

7.9 

7.0 

18.9 



Skelscpic Domains Listed below: 

9 

10 

11 

34 

35 

304.0 

291.0 

293.0 

291.0 

50.1 

304.0 

291.0 

293.0 

291.0 

342.0 

-1.0 

-1.0 

-1.0 

-1.0 

19.9 

Vosepic Domains Listed below: 

273 

275 

284 

286 

298 

Appendix 2.4 

This is a listin 

Domain # 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

86.9 301.4 

177.0 301.5 

75.6 314.0 

109.7 310.0 

297.0 297.0 

g of orientation values for M 

Orientation angle 

98.1 

78.7 

90.0 

31.0 

90.0 

108.4 

116.6 

116.6 

90.0 

74.1 

108.4 

35.5 

97.1 

108.4 

90.0 

116.6 

90.0 

7.4 

2.1 

9.9 

5.7 

-1.0 

.633 




