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Preface

Oil shales are broadly defined as petroleum source rocks containing sufficiently high contents of
organic matter (above ca 10-15 wt.%) to make utilisation a possibility. Like coal, the world's
reserves of oil shales are vast being many times larger than those proven for crude oil. Indeed,
some of the largest deposits occur in the USA and Europe where Estonia and Turkey have large
reserves. The first recorded interest in oil shale retorting was an English patent in 1694 (Eele,
Hancock and Porter, No. 330) which refers to distilling "oyle from some kind of stone". The oil
shale retorting industry dates back to the middle of the last century, notably Scotland, Estonia,
France and Sweden in Europe. Indeed, my own Department at the University of Strathclyde has a
historical link with James "Paraffin" Young, the founder of the Scottish oil shale industry who
endowed a chair in Applied Chemistry. The growth of the oil industry saw the demise of the oil
shale industry in most countries with the notable exception of Estonia, where kukersite has
continued to be used for power generation and retorting. However, oil shale utilisation has
attracted renewed attention since the early 1970s as a source of transport fuels and chemical
feedstocks due to the the long term uncertainties over crude oil supplies. Indeed, the last 15 years
has seen the development of a number of innovative process concepts, such as fluid-bed pyrolysis
and hydroretorting which have enabled considerably higher oil yields to be obtained than by the
classic retorting procedures.

The yield of shale oil obtained from retorting is governed by the organic matter content and
maturity of the shale (crudely classified into Types I, II and III on the basis of atomic H/C and O/C
ratios), the retorting regime and interactions between the organic material and the minerals present.
To understand these phenomena, detailed structural information is clearly required on the organic
matter present. Although microscopy and reflectance measurements enable the visibly distinct
organic classes - macerals and the overall thermal maturity to be assessed no information is
provided on the chemical structure. The facts that most of the organic matter is insoluble in
common organic solvents (kerogen is the generic term used to describe this insoluble matter) and
the organic matter occurs in a mineral matrix pose considerable problems for detailed
characterisation. Indeed, the problems are more acute than for coals where the mineral
concentrations are much lower. Nonetheless, the organic geochemistry and analytical chemistry
communities have made considerable strides in the application of gas chromatography, mass
spectrometry, nuclear magnetic resonance and a number of other advanced analytical methods to
assess the structure and biological origins of kerogens. Therefore, it was considered timely to
bring together leading scientists from the analytical/geochemistry and chemical engineering
communities involved in fossil fuel research for this NATO ASI.

The aim of the ASI was to provide a comprehensive coverage of oil shale chemistry and
conversion technology emphasing the key role oil shale could have in the future for helping to meet
the increasing world's demand for transport fuels and chemical feedstocks. The major themes of
the ASI were the (i) composition and geochemistry encompassing microscopy, advanced
specroscopic and pyrolysis techniques, biomarkers and mineral matter and (i1) conversion
including static and fluid-bed retorting, hydropyrolysis, co-processing, gasification, beneficiation,
upgrading strategies and environmental considerations. The reviews in first two sections of the
book reflect these major themes. In addition to the review lectures, over 25 research contributions
were presented as posters at the ASI which contributed greatly to the success of the scientific
programme. A number of these have been included the third section of the book.

Special thanks are due to Ekrem Ekinci of Istanbul Technical University for his invaluable
assistance in helping me organise the NATO ASI. Further, I wish to acknowledge the
contributions from E. Putun, F. Yardim, H. Atakul and D. Ercikan - the local organising
committee in Turkey - and that from my wife, Anne who acted as secretary, in helping to make the
ASI a success.

Colin E. Snape

9. 10. 94
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ORGANIC PETROGRAPHY: PRINCIPLES AND TECHNIQUES

Adrian C Hutton
University of Wollongong
Wollongong, NSW, 2522
Australia

1. Introduction

Organic petrography is the study of the organic constituents, known as macerals, in
sedimentary rocks, that is, the description and terminology of the properties of the
organic- matter, whether the rocks be, for example, coal, petroleum source-rocks and oil
shales (all of which contain abundant organic matter) or limestone, sandstone and shale
(all with minor dispersed organic matter (DOM)).

Traditional petrographic studies utilise transmitted light microscopy for thin-sections
and strew mounts (as in palynological and kerogen studies) or incident (also called
reflected) white light microscopy for polished blocks. In the last two decades, organic
petrography has advanced significantly with the development of fluorescence mode
microscopy. Fundamental to fluorescence microscopy is the phenomenon where
hydrogen-rich organic matter absorbs wavelengths within the ultraviolet-blue (UV-blue)
light range and re-emits longer wavelengths (that is, energy of a lower frequency) that
are within the visible light spectrum. This form of fluorescence is known as primary
fluorescence or autofluorescence and should be distinguished from secondary fluorescence
which relates to fluorescence produced from fluorochromes or chemicals used to "stain"
nonfluorescing organic matter, a technique used in biological sciences.

Macerals which have similar properties are placed in groups just as minerals are placed
in groups. For minerals, feldspar, amphibole, pyroxene and mica are commonly-known
groups. However, whereas there are many groups of minerals, there are only three
maceral groups - vitrinite, inertinite and liptinite.

Vitrinite macerals, derived from the cells of plant tissue and precipitated gels, are
generally grey, in low rank rocks, becoming light grey to greyish-white in very high rank
rocks. In very low rank samples, vitrinite exhibits weak green, orange or red
fluorescence grading to weak orange-brown fluorescence at higher rank to no
fluorescence in very high rank samples. Several classifications have been developed for
the vitrinite group with the most commonly used being the Stopes-Heerlen system, also
known as the International Committee for Coal and Organic Petrology (abbreviated to
ICCP) system. (The ICCP was known as the International Committee for Coal Petrology
until 1990.) This system separates and distinguishes between huminite (low rank
*vitrinite’ commonly found in brown coal) and vitrinite (vitrinite’ in higher rank

1
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bituminous coal). ‘

Compared to vitrinite, liptinite is dark grey and has a lower reflectance in incident
white light. Most liptinite fluoresces relatively strongly, with much stronger intensities
than for vitrinite in the same sample. Fluorescence intensity of liptinite decreases with
increasing rank and there is a shift in the wavelength from the blue end to the red end
of the spectrum. The fluorescence of liptinite may change after prolonged irradiation.
This change may be either a positive or negative shift in both wavelength and intensity.
Liptinite is derived from hydrogen-rich precursors such as fats, oils, waxes, spores,
cuticle and algal precursors.

Compared to vitrinite, inertinite macerals are light grey to white and have higher
reflectance. Inertinite has only very weak fluorescence and generally this can only be
observed with special techniques. Inertinite is derived from the cells of plant tissue with
initial coalification in a more oxygen-rich environment than for vitrinite.

Organic petrography is particularly useful in the coal industry, the petroleum industry
and the oil shale industry. Coal petrography commenced when researchers attempted to
determine the origin of coal and to review coal properties that influenced coke
manufacture. Of the many concepts used in coal petrography, the two most important
are type and rank. Type refers to the nature, that is, variety and abundance of organic
matter. Thus type is a function of both the variety of precursor organic matter that was
deposited in the pre-peat stage and the nature and degree of alteration that - the
components of peat underwent during the early stages of diagenesis. ’

Rank refers to the stage of coalification that the organic matter has reached. Thus
rank is determined by the degree to which physico-chemical reactions have coalified or
metamorphosed the organic matter in response to time and/or temperature.  The
reflectance of vitrinite increases almost linearly with rank and thus vitrinite reflectance is
a good rank parameter. Reflectance of a maceral is the percentage of light reflected
from a polished surface of the maceral and is measured relative to standards of known
reflectance and under a narrow set of conditions including specific wavelength of the
incident light and temperature.

In coal, macerals rarely occur alone but commonly with other macerals, mineral matter
or the same maceral. An assemblage of one or more macerals, where the width of the
assemblage is greater than 50 microns, is called a microlithotype.

Whereas coal petrography is quite an old science dating from the early work of Stach,
Thiessen and Stopes, oil shale and petroleum source rock petrography are relatively
young sciences being not yet three decades old. In the petroleum industry, vitrinite
reflectance is used to determine maturity (a term synonymous with rank) which in turn is
used to determine the thermal history and other details such as the nature, timing and
degree of hydrocarbon generation. Type and abundance of the organic components
determines source rock potential. As the organic components are macerals derived from
plants, including terrestrial plants and algae, organic petrography is an important
technique for studying source rocks.

Oil shale petrography was born of coal petrography and has been nurtured by coal
petrographers since its inception. The development of fluorescence microscopy has been
of great benefit because many of the liptinite macerals are difficult to distinguish from
mineral matter in incident white light, especially in samples of low rank. Petrographic
studies of oil shales are basically studies of liptinite macerals (the hydrogen-rich
macerals) and an understanding of coal petrography is essential for success and
competency in this field.



2. Organic Constituents of Rocks

Over the past twenty years, applications of coal petrography have been extended to
include, firstly, the study of oil generation, especially maturation of the organic matter
and the thermal history of basins, and more recently, the study of oil shales.
Consequently we now see that most organic microscopists are organic petrographers
(rather than coal petrographers) who study organic matter is all types of rocks. Most
learn the art by studying coals initially because this gives a good background in the
principles and techniques.

Petrographers are aware that organic matter is just part of a rock; in coal the organic
matter is, by definition, the most abundant part of the rock. In oil shale the organic
matter constitutes much less than 50% (by volume) of the bulk rock; in petroleum source
rocks, the organic matter constitutes as little as 5% (by weight) of the rock. The
message is simple, petrographers need to be aware of the mineral matter as well as the
organic matter - the organic constituents are not the only components of the rock
examined. One way of looking at the composition of any sedimentary rock is to regard
it as comprising one or more of six components, some that are organic and others that
are inorganic (detailed definitions of the organic components are given elsewhere):

Vitrinite - organic matter derived from woody tissue
Inertinite - organic matter derived from woody tissue in an
oxidising environment
Primary Liptinite - organic matter derived from hydrogen-rich plant
tissue
Secondary Liptinite - liptinite derived from primary organic
components; includes bitumen and oil
Allochthonous Minerals - clastic mineral matter, commonly from outside
the basin
Autochthonous Minerals - authigenic mineral matter precipitated in the
basin

3. Techniques Used in Organic Petrography

As with any science, the results obtained and the subsequent importance of any
petrographic study is dependent on two factors:

i the expertise and equipment used in the preparation of the samples that are to
be studied, and
ii. the expertise and equipment used to make the observations.

Polished blocks can be prepared from outcrop, drill core, sidewall core or cuttings
samples and as little as a few grams is all that is required for detailed characterisation of
a sample. However, it should be noted that detailed characterisation refers to the interval
covered by the sample in the block, however small, and not the seam or deposit.

3.1. SAMPLE PREPARATION
Organic petrography of coal is well documented and the techniques used, including those

for sample preparation, have been in use for many years.
Thin sections have been used extensively in the past but tend to be less useful than



polished blocks. The main disadvantages of thin sections are :

i aberrant UV-blue radiation is a major hazard;
ii. larger samples are sometimes required;
iii. many clay-rich samples do not hold together during preparation and the thin
sections produced are commonly of poor quality; and
iv. cover slips used to protect the thin section reduces fluorescence intensity.

Strew mounts (or kerogen mounts) are important to a palynologist but of limited value
for the organic petrographer. Removal of the mineral matter tends to cause the. organic
matter to form a mat which may impede examination. Demineralisation is first carried
out with hydrochloric acid (HCl) to remove carbonates and then hydrofluoric acid (HF)
to remove silicates and other mineral groups. Disadvantages of the strew mounts
include:

i the organic-mineral relationships are commonly destroyed;
ii. the cover slip reduces fluorescence intensity;
iii. oxidation of the organic matter may take place and this alters the fluorescence
intensity and chemical composition; and
iv. comminution of the sample may destroy the properties of the palynomorphs.

Polished blocks and reflected light microscopy have the following advantages:

i the technique is rapid;
ii. the technique is easy to learn;
iii. blocks are easily stored for later use; and
iv. the amount of sample to prepare a polished block need not be large.

Methods for preparing and polishing samples are given in most text books and it is
not proposed to detail these here. No method is prescriptive and many laboratories
modify the steps given in text books. For example, a number of laboratories still use
manual polishing whereas many others have gone to automated equipment. Some
laboratories use alumina powder, others use diamond pastes and others use chromium and
magnesium oxides. Likewise the choice of the mounting medium is commonly personal
preference. As a general rule, the solid mounting medium should be approximately the
same hardness as the sample.

The following points are important.

1. Sample selection is critical, samples may or may not be representative. Whole rock
samples (core, outcrop and sidewall core) provide data on mineral-organic textures and
boundary features; cuttings samples allow characterisation of larger intervals.

2.Sample preparation is important. Samples should be dry and should not be heated
above 50 to 60°C, especially if reflectance data are being taken.

3. All samples should be evacuated before the embedding resin sets as this will make
polishing easier; larger grains from preceding polishing steps may be trapped in air
bubbles and released during later steps.

4, Samples which contain swelling clays, such as smectite, may have to polished in an
alcohol carrier rather than water.

3.2. ANALYSIS OF SAMPLES

Which microscope should be chosen? The answer is difficult and really depends on the
budget and the availability of suppliers. Personal choice may also play a large part in
microscope selection. Some researchers prefer digital readout for reflectance
measurements, others prefer galvanometers or prefer that data to be input to a computer.
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Figure 1. Schematic Light Path for Reflected Light Microscope Using

Fluorescence Mode.

Oculars and objectives should be clean. Smears and oil drops can be removed with
lens tissue or a clean piece of polystyrene. All samples should be examined in white
light as well as fluorescence mode. The fluorescence properties observed in oil
immersion are commonly quite different with respect to intensity and even colour, if the
same field is observed in air immersion. Likewise changing the filter system changes the
fluorescence colours. A commonly used filter system for a Leitz microscope (Fig. 1)
comprises a 4 mm BG38 red suppression filter, a 5 mm BG12 excitation filter, a TK400
dichroic mirror and a K490 suppression or barrier filter; fluorescence colours change if
one or more of the filters is changed. @ We commonly forget that colours perceived by
the petrographer are rather subjective and quite often few petrographers will give the
same colour description when observing the same liptinite. Although standard colour
charts have been used, these appear to have had little success in some countries.

It is difficult to describe a ’standard microscope’ as manufacturers do not standardise
their equipment. Essential components for fluorescence microscope (Fig. 1) are the red
suppression or heat filter to reduce the heat energy given off by the lamp, the excitation
filter to give a narrow excitation spectrum and the barrier filter to remove harmful
primary UV-blue wavelengths that are not absorbed by the sample.

Good photography is an asset to the organic petrographer and the ability to shoot a
’good’ photograph improves with experience. Exposure times may be of the order of
minutes, especially for fluorescence mode, and fast film speeds are needed - at least ISO



200/24°; 1SO 400/27° is better.

Quantitative maceral analyses are usually obtained with standard point count methods
using both white light and fluorescence mode counts. Each count should be at least 500
points with the step and traverse intervals calculated to give at least 90% coverage of the
block. Percentages should be quoted to realistic figures. In a count of 500, each point
represents 0.2% by volume; any figure corrected to 0.1% or less is meaningless. As a
general rule the lowest objective magnification should be x32 and preferably x50.

Reflectance measurement should be taken in accordance with a standard. Details of
the methods are given in reference books.

4. Organic Petrography of Coal
4.1. BRIEF HISTORY OF COAL PETROGRAPHY

Coal petrography initially employed transmitted light techniques utilising thin sections
(TL). Many advances were made using these techniques and amongst those who
contributed significantly to the understanding of coal petrography were Thiessen and
White who stressed the need for microscopic studies. TL techniques were used
extensively in Furope and the USA; benchmark publications came from Reinhardt
Thiessen' and Mary Stopes?, both of whom were palacobotanists. H and R Potonie were
important contributors in Germany.

Reflected light examination of coal was initiated in 1913 and was used in the 1920s
and early 1930s by Stach, Thiessen, Stopes, Duparque, (France), Seyler (England) and
Hoffman and Jenkner (Germany) who pioneered reflectance measurement and its use as a
measure of rank. Two major advances came in 1935. Stach® published his textbook on
coal petrology, which was updated 40 years later and issued as a third edition in 1982%
and a meeting of learned coal scientists met at Heerlen (The Netherlands) to resolve
some of the many difficulties that had arisen because of the many and varied approaches
that had been adopted up to this time. Several ideas on classification had evolved and
confusion had arisen over concepts and terminology. At the Heerlen meeting, Mary
Stopes proposed her concept of "maceral" to designate the fundamental microscopic
constituents of coal. ~ From this meeting was born the Stopes-Heerlen nomenclature
system which forms the basis of the present International and the Australian Standards
systems of nomenclature.

In the 1950s, the ICCP was formed with the aim of advancing the science of coal
petrology through standardisation of methodology and terminology. These attempts have
contributed greatly to standardisation but there is still a long way to go. Within the last
two decades, automated microscopy and fluorescence microscopy have developed and are
now standard techniques in many laboratories. For example whereas subjective estimates
of fluorescence colour and intensity were given for liptinite macerals, it is now possible
to show a spectrum of wavelengths for fluorescence and quantitative intensities.

Coal petrology is now a multidisciplinary study which includes the petrology of peat,
evaluation and causes of rank, detailed studies of coal chemistry and physical properties
of coal, technological applications of coal including liquefaction, combustion and
carbonisation (coking), petrological studies of coal seam sedimentology and petrological
studies of oil shales and petroleum source rocks.

Maceral terminology was first developed for coal and then extended to include
petroleum source rocks and oil shales. Coal is an heterogeneous rock that is composed



of organic matter derived from mostly terrestrial plant matter with minor mineral matter

of either an authigenic or allochthonous origin.

Today, coal petrography is the study of coal using one or more of the following:

i examination of a polished surface in reflected light to identify the vitrinite and
inertinite components and in fluorescence mode to determine the type and
abundance of liptinite macerals;

ii. measurement of the vitrinite reflectance to determine rank; the reflectance of
other macerals can also be determined although vitrinite reflectance is the
accepted rank determiner; and

ii. estimation of volumetric abundance of macerals; the latter can be either a point
count or a .visual estimate; many laboratories also measure the wavelength of
the fluorescence radiation.

Whilst it is possible to give a number of suggestions, it should be realised that,

although the maceral definitions are quite rigidly defined, in practice there is great

diversity in the properties of the individual macerals. Experience is the best teacher!

4.2 WHAT IS COAL?

Coal is composed primarily of vegetal matter that was deposited in a number of
environments. The vegetal matter forms peat which then changes to coal given suitable
conditions. The type and composition of the peat is determined by both contributing
plants and the conditions of peat accretion. Both reflect, to a large degree, the position
of the water table relative to the swamp surface. It follows that coal will be the end-
product of plant type and both physico-chemical and biochemical reactions.

4.3 MACERAL TERMINOLOGY

Maceral terminology and classification is a three-tiered hierarchal system whereby
maceral groups are divided into macerals which are further subdivided into sub- macerals.
Where very detailed terminology is required, such as in genetic studies, some
submacerals are divided into maceral varieties.

It is important to realise from the beginning, that maceral terminology for vitrinite
macerals, is not absolute, that is, some vitrinite macerals have more than one name.
Maceral terminology is essentially a classification system erected for the description and
classification of organic matter in coal. As such, several parameters can be used as the
basis for the classification and as a consequence, there are several maceral terminologies
in use.

The maceral terminology used in coal petrography has evolved over the years with
several of the maceral names suggested by Stopes being adopted at the Heerlen Congress
held in 1935. The terminology which has developed under this. system has been termed
the Stopes-Heerlen system, later adopted, with some revisions, as the International System
by the ICCP*". The Stopes-Heerlen system is widely used by petrographers in Europe,
USA and Australia.

One significant historical factor relating to terminology has important consequences;
terminology was developed for coals formed in the Northern Hemisphere, especially the
Carboniferous bituminous coals and the brown to sub-bituminous coals of Mesozoic and
Tertiary age of Europe. As coal petrography spread, it was found that some of the terms
did not suit the Permian bituminous coals of the southern hemisphere. Consequently,
coal petrographers from a number of countries, especially those living south of the



Equator, began to amend the original descriptions and nomenclature to suit the coals,
research needs and applications as required.

4.3.1. Basic Concepts. Phyteral - The term phyteral was proposed by. Cady® for use
where referring to coal fossils or coalified plant fossils. For example, a coalified plant
spore is a phyteral; the optically-recognisable coalified spore is referred to as the maceral
sporinite; a coalified root is a phyteral that may be composed of several of the vitrinite,
inertinite or liptinite macerals.  Phytoclast is sometimes used synonymously with
phyteral; however phytoclast now is used commonly to define an isolated phyteral or part
of a phyteral in non coaly rocks.

Maceral - The definition of a maceral as given by the ICCP is: "Coal macerals evolve
from the different organs or tissues of the initial coal-forming plant materials during the
course of the first stage of carbonification. However, because of variable but severe
alteration, it is not always possible to recognise the precursors. Macerals are the
microscopically recognisable individual constituents of coal and depending on their
quantitative participation and their association, they control the chemical, physical and
technological properties of a coal of given rank. In a sense macerals 'may be likened to
the minerals of rocks’". A simple definition is - ’a maceral is an elementary microscopic
constituent of coal that can be recognised by its morphology and optical properties, that
is, by its morphology, reflectance and fluorescence where this occurs’.

The term maceral was introduced by Stopes’ to refer to the elementary organic
microscopic constituents of coals. Macerals are analogous to the minerals of rocks where
the term mineral refers to the elementary microscopic inorganic constituents.

Coal macerals evolve from different organs or tissues of coal-forming plants during the
biochemical stage of coalification, and depending on the type, quantity and association of
the floral components, these determine the chemical, physical and technological properties
of a coal.

All macerals have the suffix ’-inite’.

Maceral Group - a maceral group comprises several macerals each of which has a set of
optically and chemically similar properties. Thus macerals are similar to one another but
distinctly different from macerals of another maceral group. Just as minerals which have
similar properties, are referred to as groups (for example, feldspars, amphiboles) some of
the macerals have similar properties and are grouped into one of three maceral groups -
inertinite, liptinite (formerly called exinite) and vitrinite.

The maceral group terms are used in two ways - formally when used as the maceral
group name and less formally when used as a general term when specificity of the
macerals is not required (for example "vitrinite-rich", "trace liptinite").

4.3.2.  Properties of Vitrinite.  Vitrinite macerals are commonly the most abundant
macerals, generally constituting 40 to 90% of most humic coals; vitrinite is derived from
cell walls, cell contents or precipitated gels. Other properties are:

* Density - in the range of 1.2-1.8 g/ml.

* Coking Properties - react during carbonisation to form the bulk of the coke
groundmass.

* Chemistry - carbon and hydrogen contents of vitrinite at any given rank below low
volatile bituminous coal rank, are intermediate between those of inertinite and liptinite.

* Toughness - after polishing, vitrinite macerals mostly show negative relief.



* Reflectance - in any given coal below the rank of low volatile bituminous coal,

vitrinite macerals have a reflectance between that of liptinite and inertinite; in brown

coal the reflectance ranges from about 0.2 to 0.5%; in bituminous coal the reflectance

ranges from 0.5 to 2%; in anthracite reflectance ranges from 2 to 5%.

* Fluorescence - some vitrinite macerals in coals of low rank show a weak fluorescence.

4.3.3. Vitrinite Terminology. It was stated above that terminology for vitrinite is not
absolute, that is, some types of vitrinite have more than one name. The reason one
maceral can have two or more names is simply that several classifications or
terminologies have developed in much the same way that there are several languages in a
country; for example, an object will have a different name in each language. The
important point is - a change of name does not change the object. This is the same with
vitrinite - a change of name does not change the optical, chemical or physical properties
of the vitrinite entity.

A brief look at three terminology systems for vitrinite will illustrate some of the
complexities of terminology. Once again it should be remembered that although several
systems are used, the organic matter being examined is the same irrespective of the
system in use. [Each system has a specific name or term that is used for a given
maceral and another system has another name (in some cases, the same name may be
used in different systems). In summary, no matter what terminology is used, the various
macerals are the same and have the same set of optical properties. Confusion arises
when the terminology from one system is used with terminology from another system.

A. ICCP (Stopes-Heerlen or International) System

The ICCP (Table 1) is used extensively in most parts of the world, even in the USA
and Australia where other systems developed. Because of its widespread use, all
petrographers should be familiar with the ICCP system which distinguishes between three
classes of petrographic entities - macerals, microlithotypes and lithotypes.

The ICCP system distinguishes between vitrinite macerals in brown coals and vitrinite
macerals in bituminous coals (also called hard coals). Vitrinite is the maceral group
name for bituminous coal and huminite is the maceral group name for brown coal. It
should be noted that several of the maceral terms used for brown coal refer to macerals
that are the precursors of other macerals in bituminous coal but which are then given
different maceral names. For example, textinite is used for ’structured vitrinite’ in brown
coal but telinite is the term used for ’structured vitrinite" in bituminous coal. The two
macerals differ only in that one is found in low rank coal and the other in high rank
coal. Thus the textural or morphological properties are the same but the optical
(especially reflectance and fluorescence) and chemical properties are quite different,

Corresponding huminite macerals become vitrinite macerals when coalification has
reached the rank of bituminous coal. Correlation between the brown and bituminous coal
equivalents is not agreed to by all petrographers and thus some equivalent terms in a
given publication are at variance with those given by another author.

One major difficulty with the ICCP System is evident with coals within the rank range
between 0.35% and 0.6% vitrinite reflectance. The change in rank is gradational and it is
difficult to see any significant change in optical, chemical or physical property of many
vitrinite macerals over this range. However, immediately the reflectance or rank changes
from 0.49% to 0.5%, a different term must be used even though the properties of the
organic matter do not change. (It should be noted that when the ICCP terminology was
first detailed, only European coals had been examined and there was evidence of a
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Table 1. Maceral Terminology for the Stopes-Heerlen System

Maceral Group Maceral Precursor
VITRINITE telinite cell walls
collinite - telocollinite homogenecous layers
- corpocollinite homogeneous sphaeroidal or
ovoid bodies
- gelocollinite gels
- desmocollinite homogeneous groundmass
vitrodetrinite vitrinite fragments
LIPTINITE alginite - telalginite large algae
- lamalginite small algae
cutinite cuticle
resinite resins, fats, oils, waxes
sporinite spores, pollen
suberinite suberinized walls of cork tissue
bituminite altered algae and humic materials
exsudatinite secondary sweated ’resinite’
fluorinite intensely fluorescing secondary
’resinite’
liptodetrinite fragments of other liptinite
INERTINITE fusinite well-preserved tissue
semifusinite cellular to almost homogeneous,
> one cell
sclerotinite fungal tissue and fungal spores
macrinite homogeneous bodies
micrinite "granular" inertinite
inertodetrinite fragments, less than one cell

significant change in chemical and physical properties between 0.4 and 0.6%.

B. Spackman System

Whereas Stopes introduced the term maceral to distinguish the organic components of
coal from the inorganic components, Spackman® defined macerals as " organic
substances, or optically homogencous aggregates of organic substances, possessing
distinctive physical and chemical properties, and occurring naturally in the sedimentary,
metamorphic, and igneous materials of the earth.”

Spackman terminology is based on the concept that each maceral is a substance with a
distinctive set of properties which change not only because of type but as a result of
rank as well. Consequently, whereas the ICCP terminology implies that the properties of
the macerals change with rank (and thus the same maceral of vitrinite, for example, can
exist in bituminous coals as well as in anthracites), the Spackman maceral has a narrow
range of properties (thus vitrinite, in a bituminous coal, is a different maceral from
vitrinite in an anthracite because the two have different sets of properties). Crelling and
Dutcher compared th¢ ICCP and Spackman systems as form versus substance. The
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practical significance of the Spackman concept is that it:

i avoids the proliferation of maceral names based on morphology;
ii. takes into account the fact that macerals change with rank;
iii. provides a framework of classification that can express the current knowledge
of the various properties of the different macerals; and,
iv. can be easily adapted for special purposes, such as palacobotany, by the use of

proper adjectives.

C. Australian Standards Association System

The 'Gondwana coals’ of Australia, South Africa and India are of Permian age and are
highly variable. Many of the ICCP descriptions apply to these coals and a number of
“intermediate forms of the organic constituents™' are not adequately covered by the
existing terminology. Consequently a number of the original terms were amended to
suite research needs or applications to industry and a proliferation of terminology
resulted; standardisation of terminology, as well as results, was difficult.

In 1979, under the sponsorship of the South African Council for Scientific and
Industrial Research, a project to produce an illustrated and annotated catalogue of the
common microscopic constituents of Permian coals in South Africa was initiated. Falcon
and Snyman published the results of this project’’.

In response to difficulties with maceral terminology experienced by the Australia coal
industry, the Standards Association of Australia set up a subcommittee to prepare a
standard for use in Australia. After a number of meetings which attempted to modify
the ICCP system, the subcommittee decided to adopt a new system. Under the new
system, the liptinite and inertinite groups were essentially unaltered but the vitrinite group
was revised. The results are a significant departure from the commonly-accepted ICCP
maceral terminology but the advantages of the system are:

i it provides a more cohesive description of macerals than the ICCP system;
ii, it is applicable to coals ranging from low brown coal rank to the low volatile
bituminous coals;
iii. the number of maceral terms is significantly reduced; and,
iv. the macerals groups are genetic categories.

A summary of the Australian Standards Association system is given in Table 2.

The Australian Standards Association system uses the same maceral groups and
macerals as the ICCP system but differs in the maceral subgroup terminology.
Telovitrinite comprises phyterals or phytoclasts of plant tissue, especially woody plants,
which have undergone little or only minor change to the cell wall structure during
sedimentation and peatification. Detrovitrinite comprises finely comminuted plant debris.
This debris may have been comminuted either during transport or in situ. Gelovitrinite
is derived from a gel which may have been produced by the living plant, by diagenesis
during peatification or metamorphism after burial and is commonly found in fractures and
pores and commonly assumes the form of the host (such as a cell infilling); gelovitrinite
may be porous or massive.

4.3.4. Properties of Inertinite. Inertinite is derived from plant material that has been
strongly altered and degraded in an oxygen-rich environment during the peat stage of
coal formation or has been derived from oxidised plant tissue such as charcoal. Inertinite
macerals comprise <5% to 60% of most coals; it is claimed, although some dispute this,
that inertinite is more abundant in Permian Gondwana coals than in Carboniferous Euro-
American coals. Other properties of inertinite are:
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Table 2. Australian Standards Association Maceral System

Maceral Maceral Subgroup Maceral Group

Textinite* VITRINITE
Texto-ulminite*

Eu-ulminite* Telovitrinite

Telocollinite

Attrinite*
Densinite* Detrovitrinite
Desmocollinite

Corpogelinite
Porigelinite* Gelovitrinite
Eugelinite

Alginite LIPTINITE
Bituminite (Exinite)
Cutinite

Exsudatinite

Fluorinite

Liptodetrinite

Resinite

Sporinite

Suberinite

Fusinite INERTINITE
Semifusinite Telo-inertinite

Sclerotinite

Inertodetrinite Detro-inertinite

Micrinite

Macrinite Gelo-inertinite

* Density - varies greatly but usually ranges from that of vitrinite to higher values.

* commonly only occur in low rank coals

* Coking Properties - many inertinite macerals are inert in the coking process.

* Chemistry - inertinite macerals have the highest carbon and lowest hydrogen contents
of any maceral.

* Toughness - after polishing, inertinite generally shows strong positive relief.

* Reflectance - inertinite macerals have the highest reflectance in coals of rank lower
than low volatile bituminous coal.

* Fluorescence - the inertinite macerals generally do not fluoresce.

4.3.5. Properties of Liptinite. Liptinite (formerly called exinite) macerals are derived
from the waxy, lipid-rich and resinous parts of plants such as spores, cuticles, and resins.
The macerals generally constitute about 5-15% of many North American or European



coals but are considerably less in Australian coals.
At a reflectance of 1.3-1.4% or higher, liptinite macerals cannot be distinguished from

vitrinite or inertinite macerals. Other properties are:

* Density - have the lowest density of any maceral group (1.18 to 1.28 g/ml).

* Coking Properties - liptinite macerals may devolatilise as gases and tars but may also
contribute to the coke groundmass.

* Chemistry - in any given coal the liptinite macerals have the highest hydrogen content
and the lowest carbon content.

* Toughness - after polishing, liptinite macerals generally show positive relief.

* Reflectance - in any given coal liptinite macerals have the lowest reflectance.

* Fluorescence - all liptinite macerals, except in coals of very high rank, fluoresce.

§. Microlithotypes

Macerals are not scattered randomly throughout coal but are generally grouped in layers
in which one or other maceral group predominates. As early as 1954, Seyler” suggested
that a number of typical maceral assemblages could be defined. After recognition of
these assemblages the concept of microlithotype was introduced.

The following description of microlithotypes is taken from ICCP%:

"Three types of microlithotypes, mono-, bi- and trimaceral, can be distinguished on the

basis of their compositions and depending on whether they contain macerals of one,

two or three maceral groups".

With the various possibilities for composition and band width of associations that could
exist, the ICCP was forced to introduce definitions for the microlithotypes with suitable
limiting values such as:

i the minimum band width of a microlithotype band is 50 microns (0.05 mm),

ii. the monomaceral and bimaceral microlithotypes contain not more than 5% from
maceral groups which are not characteristic of them by definition; the
trimaceral microlithotypes contain more than 5% of each maceral group.

A summary of microlithotypes is given in Tables 3 and 4.

6. Mineral Matter

Most coals contain mineral matter. In many coals the mineral matter may constitute
10 to 20% of the coal and can be ubiquitous or restricted to layers where it occurs
mostly in one of the microlithotypes. The ICCP and Stach et al** introduced
terminology for mineral-rich microlithotypes (Table 4).

7. Lithotypes

Lithotypes are the terminology applied to macro-petrographic or hand-specimen entities
of coal. They are distinguished and logged on the basis of lustre, fracture pattern,
colour, streak, texture and type of stratification. Thus in the words of Stopes, lithotypes
are the "visible ingredients in banded bituminous coals". Difficulty is experienced when
applying lithotype terminology to coals as several problems with the use of the
terminology are related to the fact that the terminology was based on a limited number
of coals. Lithotypes are related to types (although relationships are somewhat tenuous)
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Table 3. Summary of Microlithotypes (after Stach et al®)

Microlithotype Group
Monomaceral
Collinite > 95% Collite+ Vitrite
Telinite > 95% Telite+
Vitrodetrinite > 95%
Sporinite > 95% Sporite Liptite
Cutinite > 95% Cutite+
Resinite > 95% Resite+
Alginite > 95% Algite
Liptodetrinite >95% -
Macrinite > 95% Macroite Inertite
Semifusinite > 95% Semifusite
Fusinite > 95% Fusite
Sclerotinite > 95% Sclerotite+
Inertodetrinite > 95% Inertodetrite
Bimaceral
V + Sporinite > 95% Sporoclarite Clarite
V + Cutinite > 95% Cuticloclarite
V + Resinite > 95% Resinoclarite+
V + Alginite > 95% Algoclarite+
V + Liptodetrinite > 95%
V + Macrinite > 95% Vitrinertite
V + Semifusinite > 95%
V + Fusinite > 95%
V + Sclerotinite > 95%
V + Inertodetrinite > 95%
I + Sporinite > 95% Durite
I + Cutinite > 95%
I + Resinite > 95%
I + Alginite > 95%
I + Inertodetrinite > 95%
Trimaceral
V>LL > 95% Duroclarite Trimacerite
L>V,I > 95% Vitrinertoliptite
I>V,L > 95% Clarodurite

+ - terms are proposed but are not at present commonly used.

and thus to precursor vegetal matter.

Because of the differences in the hand-specimen properties of brown coals compared to
bituminous coals, it has been necessary to devise a lithotype classification for brown
coals as well as bituminous coals.
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Table 4. Mineral-rich Microlithotypes (after Stach et al*)

Microlithotype Composition Group
Carbargilite Coal + 20-60 vol% clay minerals
Carbankerite Coal + 20-60 vol% carbonate

Carbominerite
Carbosilicite Coal + 20-60 vol% quartz
Carbopolyminerite Coal + 20-60 vol% mineral matter

8. Coalification

Coal begins as plant matter deposited in wet peat swamps. On a gross scale the
typeof plant matter, that is, whether the plants are forest trees, swamp herbs or marsh
reeds, will determine the type of coal that is formed. For example, marsh reeds give rise
to light brown coals in which the phyterals are small; vitrodetrinite is abundant. Woody
forests give rise to dark brown coals with an abundance of large coalified trunks and
branches; structured vitrinite, such as telinite derived from woody stems, is abundant.
On a smaller scale the type of plant detritus derived from each of the plant communities
will determine the composition of the resulting coal. For example, an abundance of
resins, fats, waxes and oils will give rise to resinite-rich coals whereas an abundance of
pollen and spores will give sporinite-rich coals.

Once the plant matter has been deposited, it is covered with clastic sediment or
additional plant matter. Where the plant matter is continually covered with water, little
oxygen is available for decay reactions and the coal tends to be vitrinite-rich. If the
plant matter is periodically exposed, the plant imatter may oxidise giving rise to
inertinite-rich coal.

On a larger scale, coals which form in troughs of rapidly subsiding basins will tend to
be covered continually with water and the coals will be rich in vitrinite (and the
microlithotype vitrite).  Australian coals of Permian and Triassic age belong to this
category (Smyth™ fluvio-deltaic environments of cratonic basins, coals tend to be
vitrinite-poor. The composition of coal may change within a seam. This occurs where
the water level changes. For example, some Australian Permian coals are vitrinite-rich at
the bottom of the seam and inertinite-rich at the top. This is taken to indicate more
exposure to an oxidising environment as the later stages of the plant matter was
deposited.

After deposition, the plant matter changes into peat which in turn changes through the
brown coal stage, bituminous coal stage to anthracite. These changes are known as
coalification and the stage that a coal has reached is referred to as the rank as discussed
previously. The various changes which occur to the coal during coalification are given
in many texts (Stach et al>* Bustin et al.®).

Increased coalification leads to homogenisation of the macerals; this is usually
manifested as fewer and smaller cell lumens (cavities), fewer textural differences between
macerals and an increase in reflectance - inertinite is white to yellowish white instead of
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pale grey-white, vitrinite is pale grey instead of medium grey-grey and liptinite is grey
instead of dark grey-black.
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ORGANIC PETROGRAPHY OF OIL SHALES

Adrian C Hutton
University of Wollongong
Wollongong, NSW, 2522
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1. Introduction

The term oil shale is a misnomer and little agreement nas peen possible, in the past, as
to a definition of oil shale or the nature and origin of the organic matter. Many
definitions of oil shale have been published but few address the fundamental feature of
oil shales which is the nature and abundance of organic matter. The volume of oil
produced during pyrolysis and the chemical composition and subsequent physical
properties of the derived oil, are dependent on the nature and abundance of organic
matter. It should be noted rocks best termed oil shale, coal, limestone and claystone
may all occur in the same sequence. With respect to organic matter, all are end
members of transitions, for example, oil shale->limestone and oil shale->claystone. This
means that the percentage of organic matter ranges from a minimum (= 0 or at the
most <<1%) in claystone and limestone to a maximum in oil shale or coal.

In this paper, an oil shale is defined as a sedimentary rock that contains organic
matter that, when retorted, produces sufficient oil to produce more energy than the
energy required to produce the oil initially. Where a more rigid definition is required,
a cut-off of 5 volume percent (vol%) oil-producing organic matter is accepted as the
minimum level. This definition is given because in organic petrography abundance is
measured in vol% and we are concerned not with a definition of oil shale but with the
components of oil shales and how oil shale petrography can be used in our studies of
oil shales.

Organic matter in oil shales can be studied by normal organic petrographic
techniques either as macerates devoid of mineral matter or as the whole rock. The
latter is considered preferable because the inter-relationships between organic matter and
mineral matrix in macerates are lost, as are the inter-relationships between the various
organic constituents. Whole-rock petrographic analysis is also preferable because it
permits easier identification of the organic constituents, has a minimal effect upon
soluble organic matter and can reveal phenomena such as the adsorption of organic
matter onto clay minerals. Incident light examination of 'whole-rock’ samples has the
advantage of allowing simultaneous determination of maturation (diagenesis) parameters
such as vitrinite reflectance and liptinite fluorescence. Together with an estimation of
organic matter type and quantity, these data are a necessary adjunct to shale oil studies
both between and within various deposits.

17

C. Snape (ed.), Composition, Geochemistry and Conversion of Oil Shales, 17-33.
© 1995 Kluwer Academic Publishers.



18

The dominant organic matter in oil shale is derived from three primary sources -
terrestrial plants, lacustrine algae and marine organisms (including algae, acritarchs and
dinoflagellates); all are lipid-rich precursors which, in oil shales, are recognised as
liptinite macerals. Vitrinite and inertinite macerals are generally minor components.
Alginite can be divided, using morphology and fluorescence characteristics, into two
types - telalginite and lamalginite.

A petrographic classification of oil shales, based on the type and abundance of
liptinite is advocated in preference to chemical classifications or classifications based on
both petrography and chemistry. The primary division of oil shales into terrestrial,
lacustrine and marine oil shales, is based on the source of the liptinite whereas
secondary sub-divisions are based on the type of liptinite. Secondary oil shale groups
recognised are cannel coal, torbanite, lamosite (which can be further subdivided into
Rundle-type and Green River-type lamosites), marinite, tasmanite and kukersite. A
petrographic classification has the advantages that the components are easily recognised
and all groups are related to their origin.

Organic petrography has many uses in oil shale studies including assessment of the
various oil shales as potential feedstocks (particularly to assess if an oil shale can be
upgraded to produce a higher grade feedstock), oil shale characterisation, spent shale
studies and predictions of shale oil yield .

2. Classification of Oil Shales

For most oil shales, animal precursors cannot be sustained and by elimination, this
leaves plants as the pre-dominant, if not only, precursors. The organic matter in oil
shale is sometimes referred to by two terms - bitumen, the soluble component, and
kerogen (or kerobitumen), the insoluble component. Bitumen is a minor component in
most oil shales and the use of either the nature or abundance of bitumen in a
petrographic classification of oil shales is not warranted.

Kerogen is not a suitable discriminatory term because it has a chemical
connotation. The term was first introduced by Cum Brown in 1912 to denote the
insoluble organic matter. Cane' noted that specificity of the term had been lost and
kerogen is now a collective and commonly confusing term for all or any organic matter
in oil shale. Kerogen studies generally relate to bulk rock studies and any one or all of
the maceral groups may be constituents of the rock.

Where organic petrographic techniques are used to study oil shales, maceral
terminology, based on vitrinite, liptinite and inertinite, is the logical language for
describing the organic matter.

2.1. MACERAL TERMINOLOGY

Most oil-producing organic matter in o0il shale is derived from lipid-rich precursors
rather than humic constituents derived from woody plants. Thus vitrinite and inertinite
macerals are generally minor components of oil shales and specificity of the individual
macerals is not required; the vitrinite and inertinite components can be referred to by
the maceral group name. Where these components are abundant, commonly-used
terminology, such as -defined by the International Committee for Coal and Organic
Petrology (ICCP), adequately encompasses these macerals. Likewise, maceral
terminology for liptinite derived from terrestrial plants is also adequate.
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Much of the liptinite is derived from algae. Such organic matter is referred to as
alginite which was defined originally for algal matter in coals. The alginite was
thought to have been derived from algae related to, or synonymous with, Botryococcus,
(such as Reinschia and Pila) and to a lesser extent Tasmanites, Cladiscothallus and
Gloeocapsomorpha. Except in boghead coals, alginite is a minor component of coals
and little need for revision of the term was needed until, with the aid of fluorescence
microscopy, it was realised that many algae are preserved in rocks other than coals and
that many of these are not large, well-structured colonies. The term as defined for
coals is not adequate and revision is needed.

The terms alginite A and alginite B were first used for the two types of alginite
that can be recognised in oil shales. These terms convey little meaning and
subsequently, the terms telalginite and lamalginite were introduced for the two
respectively. ’Tel’ is derived from the Latin ’tela’ meaning tissue whereas ’lam’ is
derived from lamellar, the characteristic shape in sections perpendicular to bedding.

Telalginite is derived from large colonial or thick-walled unicellular algae, has
strong fluorescence at low rank and exhibits distinctive external botanical structure, and
in many cases, internal structure, when viewed in sections perpendicular to bedding.

Lamalginite is derived from small, thin-walled colonial or unicellular planktonic or
benthonic algae, generally has weaker fluorescence than telalginite at low rank
(especially where both occur in the same sample) and a distinctive lamellar form with
little recognisable structure in sections perpendicular to bedding.

Absolute fluorescence intensity has not been included in the definitions. The
fluorescence intensity of alginite derived from the same precursor is often quite variable,
even in the same sample. If absolute intensity is to be a criterion in the definition, the
range of values would either be too large to be meaningful, or alternatively, the range
for each group would be too narrow to allow the inclusion of two clearly similar forms
of telalginite and a proliferation of groups would result.

Where telalginite and lamalginite occur in the same sample, for example in
Australian Tertiary oil shales and marine oil shales of Europe and eastern USA,
fluorescence intensity of the telalginite is generally much more intense than that of
lamalginite. An exception is in oil shale from the Devonian Huron Member of the Ohio
Shale (Kentucky, USA) where telalginite derived from Foerstia has very weak intensity,
much weaker than the intensity from either telalginite derived from tasmanitids or
lamalginite derived from acritarchs and dinoflagellates.

In Australian Tertiary oil shales, lamalginite is derived from three precursors -
algae, acritarchs and dinoflagellates. The fluorescence intensity from the acritarchs and
dinoflagellates is much stronger than that from algae. Part of this stronger intensity is
related to the thickness of the algal walls but part is also thought to be related to the
structure of the phyteral. If alginite was defined using absolute intensity as a criterion,
the alginite from the acritarchs and dinoflagellates would be placed in the telalginite
group for some samples and in lamalginite for others. Resolution of the dilemma is
relatively simple; the acritarch and dinoflagellates have the typical lamellar morphology
and hence lamalginite is the better term.

2.2. PETROGRAPHIC CLASSIFICATION OF OIL SHALES
Classifications facilitate the study of populations if used sensibly because like members

of a given population are placed within the same group as they have the same
properties or characteristics; unlike members of the population are placed in separate



20

groups. Most classifications, including rock and petrographic classifications, use an
hierarchical scheme involving three operations:
i. recognising and describing individuals of a population;
ii. placing like members of the population into formal hierarchical groups; and,
iii. providing names for the various groups and constituents.

No classification adequately accounts for all members of its population and several
classifications can be constructed for the same population. Oil shales are no exception.

Using type of organic matter as the dominant criterion, organic-rich rocks can be
divided into three groups - humic coal (including carbonaceous shale), oil shale and
bitumen-impregnated rock (including tar sands and petroleum reservoirs). This division
allows any of the presently-used coal or bitumen classifications to be incorporated. Tar
sands are not included in the oil shale group because the organic matter is bitumen or
oil of secondary origin; it has been derived through the alteration of primary organic
matter by degradation, metamorphism or maturation of organic matter. Organic matter
in tar sands is a petroleum substance not a maceral and, strictly speaking, not kerogen
as originally defined.

Because the dominant oil-producing organic matter in oil shales is liptinite, it
follows that a natural subdivision should be based on types of liptinite and
environments of deposition as the fundamental discriminatory criteria.  Such a
subdivision was implied by Yen and Chilingarian®* when they stated "oil shales were
probably deposited in bodies of tranquil, either marine or fresh-water, depositional
environments, such as isolated marine basins, lakes or deltaic swamps."

Three primary groups of oil shales (Fig. 1) are:

Terrestrial Oil Shale - oil shale composed of liptinite derived from terrestrial plants.
Lacustrine Qil Shale - oil shale composed of liptinite derived from lacustrine (including
brackish, saline or freshwater) algae.

Marine Oil Shale - oil shale composed of liptinite derived from marine algae, acritarchs
and dinoflagellates.

Type and abundance of liptinite are the criteria for dividing the primary groups into
secondary groups (Fig. 1). Secondary groups of oil shale are referred to as types of oil
shale hereafter.

2.3. TYPES OF OIL SHALES

Cannel Coal - a brown to black, homogeneous oil shale composed of liptinite (mostly
resinite, sporinite, cutinite, suberinite and/or liptodetrinite) derived from terrestrial

TERRESTRIAL LACUSTRINE MARINE

OIL SHALE OIL SHALE OIL SHALE
1]

Cannel Coal Torbanite Lamosite Marinite Tasmanite Kukersite

Rundle Green River
Type Type

Figure 1. Primary and Secondary Types of Oil Shales.
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vascular plants with vitrinite and inertinite. (Note that the term ’cannel coal’ is already
used in relation to coal. The cannel coals that are oil shales are the same rock as the
cannel coals that contain abundant liptinite (and as defined by Stach et al’*), we are
only using the same term in two classifications or different contexts.)

Torbanite - a black to greenish-black oil shale in which the principal liptinite is
telalginite derived from Botryococcus-related, lacustrine algae; sporinite and liptodetrinite
are minor liptinite components; vitrinite and inertinite occur in variable amounts.

Lamosite - a pale brown to dark greyish-brown or olive green oil shale in which the
principal liptinite is lamalginite derived from lacustrine algae and other phytoplankton;
minor components include vitrinite, inertinite, telalginite and bitumen.

Marinite - a grey to dark-greyish black oil shale in which the principal liptinite is
lamalginite derived from marine algae and other phytoplankton, and/or bituminite
derived from marine precursors; vitrinite, inertinite, sporinite, telalginite and bitumen are
minor components.

Tasmanite - a brown or dark grey to black oil shale in which the principal liptinite is
telalginite derived from tasmanitids; lamalginite, vitrinite, inertinite and sporinite are
minor components.

Kukersite - a brown oil shale in which the principal liptinite is telalginite derived from
Gloeocapsomorpha prisca.

A petrographic classification of oil shales is useful as it groups oil shale that have
similar organic constituents. Oil shales placed in the same group will behave in a
similar manner when retorted and will produce oils that have similar properties.

2.3.1. Lamosite. Lamosite was originally defined as a compact laminated organic-rich
rock composed of alginite B (now lamalginite) as the dominant organic entity®. Many
lamosites are massive rather than "compact laminated" rocks and do not fit the original
definition. In addition, lamalginite can be divided into two types:

- discrete lamalginite; thin-walled lamalginite that occurs as discrete entities (generally
less than 0.5 mm long) and surrounded by mineral matter in all but very rich oil shale;
and

- layered lamalginite; layers composed of numerous sheet-like lamalginite, some or all
of which may have been biogenically or physico-chemically degraded.

Oil shales characterised by layered lamalginite, such as Green River lamosite, are
generally composed of distinctive lamalginite-rich and mineral-rich laminae whereas
laminae are not well developed in lamosite, such as Rundle lamosite, that contains
discrete lamalginite. ZWhere specificity is required, the adjectives "Rundle-type" and
"Green River-type" are used.

Precursors of discrete lamalginite have been identified to genus level and include
the stellate, colonial green alga Pediastrum, the acritarch Cleistosphaeridium and the
dinoflagellate Septodinium.

The two types of lamosite should be recognised because:

i. compared to Rundle-type lamosite, Green River-type lamosite was formed under
more saline conditions; and
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ii. organic matter in Green River-type lamosite was probably derived from blue green
algae whereas that in Rundle-type lamosite was derived from green algae, acritarchs
and dinoflagellates; and,

2.3.2.  Carbonaceous Oil Shale. Many deposits of Rundle-type lamosite contain
laminae with abundant vitrinite and lamalginite and commonly grade into ’normal’
lamosite.  This subgroup of lamosite is an important oil shale type because the
abundant vitrinite significantly alters the properties of the oil shale and the derived
shale oil. A new term is not required as the additional organic matter is not liptinite.
The adjective "carbonaceous’ as used in relation to coal and carbonaceous shale,
overcomes any difficulty in signifying this oil shale. The minimum volume of vitrinite
in a carbonaceous oil shale is taken to be 5 vol%.

"Carbonaceous’ could also be used in other instances where an oil shale contains
>5 vol% vitrinite and/or inertinite, for example carbonaceous torbanite.

2.3.3. Mixed Oil Shale. The term mixed oil shale was previously used for marinite in
the Julia Creek and other marine deposits® because it was believed that these oil shales
contain a mixed assemblage of organic matter dominated by lamalginite, telalginite,
sporinite and vitrinite, that is, liptinite derived from terrestrial and lacustrine precursors,
Later studies have shown that bituminite is abundant in many of these oil shales;
lamalginite is sparse to abundant and sporinite and vitrinite are generally minor
components. Consequently this type of oil shale does not contain a mixed liptinite
assemblage. The term as defined originally is quite misleading. ’Mixed oil shale’ is
only valid where liptinite derived from different precursors are co-dominant.

2.4. MICROLITHOTYPES

In coal petrography, microlithotypes have been defined for maceral associations or
maceral-mineral associations that are thicker than 0.05 mm wide. Apart from cannel
coals and torbanites, most oil shales contain a very high proportion of mineral matter
and the standard terminology for microlithotypes is difficult to apply to oil shales.

Using ICCP and Stach et al®* systematics, two types of microlithotypes, telalgite
and lamalgite, are genetically possible. Both terms have limited use as microlithotypes
comprising >95% telalginite and >95% lamalginite rarely occur. Of the two, telalgite is
more common, occurring in torbanite and less commonly tasmanite. Lamalginite-rich
layers composed of greater than 95% lamalginite are found in the Green River lamosite
but the layers, are usually less than 0.05 mm thick. '

Torbanite commonly contains subequal telalginite, vitrinite and inertinite.
Microlithotypes of this assemblage are called vitrinertoliptite and presumably, if
convention is followed, the alginite microlithotype in torbanite called vitrinerto-algite.

Microlithotypes containing greater than 20 to 60% mineral matter are called
carbominerite. Many oil shales, such as lamosite and marinite, commonly contain less
than 40% organic matter and if nomenclature is strictly followed, these should bee
called carbominerite with many, because of the high mineral content, regarded as waste.
Carbominerite microlithotypes need revision if they are to be useful in oil shale studies.

2.5. OTHER CLASSIFICATIONS

Any classification of rocks should be based primarily on easily recognisable properties
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of the key constituents and for oil shales, these constituents are the organic constituents.
Many early classifications of oil shales paid little attention to the organic matter.
Criteria such as industrial use, mineral matter, physical properties, chemical properties
of the organic matter or combinations of two or more of these should not be used in a
petrographic classification. Particularly common has been the van Krevelen diagram.

Robert™ devised a classification of organic matter in source rocks but it is
applicable to coal, oil shale and any rock containing organic matter. The classification
contains three groups - primary identifiable biological constituents, primary shapeless
matter and secondary products produced by the thermal transformation of the first two
groups. The ’primary identifiable biological constituents’ comprise the ICCP macerals
with the exception of alginite. Algal components were listed as "microscopic algae".
The ’secondary products’ group included bitumen and the ICCP macerals known to be
of secondary origin, such as exsudatinite. The ’primary shapeless matter’ group
contained bituminite, alginite, sapropelic groundmass and humic groundmass.

Although the classification recognises that organic matter in coal and source rocks
is derived from a number of precursors, it places algal components into two groups.
Recognition of the term "amorphous alginite" is contradictory to the definition as
originally defined by the ICCP which based the definition on algae with well-preserved
structure. Robert distinguished between "microscopic algae" and "alginite", the latter
referring to Botryococcus and lamalginite respectively.

Alpern®™ advocated a "universal classification of solid fuels" and argued that the
classification "deals with fossil fuels as geological products”. It was basically a coal
classification, including washed and raw coal, but also included oil shales and source
rocks. Oil shales are divided into two groups, one of which is further subdivided into
low, medium and high grade whereas the second contains bogheads, sapropelites and
cannels. Features of the classification are:

i. it groups rocks on the basis of type, rank and facies;
ii. the three categories of rank are lignite, bituminous and anthracite with each further
subdivided into hypo-, meso- and meta-; and,
iii. the three facies divisions are coal, mixtures ("mixte") and shales.

The major problem with this classification is the subdivision of oil shales into
grade categories. Any classification based on grade must inherently separate oil shales
which have the same organic assemblages. It is possible that two adjacent samples
from any deposit, whether it be Green River-type, a torbanite or a marine oil shale,
would be placed at either end of the oil shale group despite having the same maceral
assemblage and same relative abundances of each organic constituent.

Cook" published a classification that "develops a systematic treatment of occurrence
and chemistry of the organic matter in oil shales". Presumably both organic
petrography and chemistry (elemental data) are used as discriminatory criteria. Any
classification using discriminatory criteria from different disciplines introduces a large
number of categories, which this classification does. This makes use of the classification
difficult and at times academic at best.

Classifications, including a petrographic classification of oil shales, have advantages
and disadvantages. The tests of any classification are:

1. How well do the populations fit into the groups?

2. Do additional or new data fit into the groups without modification?

3. Can the results of work using other techniques be predicted using the groups of
the classification?

For a petrographic classification, chemical properties of the oil shale and derived
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oils should be predictable and indeed they are. Rigby et al.? characterised Australian
oil shales using nitrogen isotope abundances and found that tasmanite, torbanite,
marinite, cannel coal and lamosite plotted separately as would be predicted from the
petrography.

Ekstrom et al.” discussed the chemical and retorting properties of selected
Australian Tertiary oil shales and found two apparently anomalous results for two
samples. When reviewing the shale oils, the authors commented that the phenolic
content of the oils from two samples "is characteristic of brown and bituminous coals,
and it appears that the kerogen from the carbonaceous shales contains a substantial
proportion of material of lignin origin". The oil yields for the two samples were high,
69 and 232 litres per tonne (0 % moisture), the kerogens had low H/C ratios and both
gave low oil yields per unit carbon. These properties are predictable given that the
samples were taken from stratigraphic units that contain carbonaceous shales and cannel
coals which have high liptinite contents. The high oil yields are related to the
terrestrial liptinite in the samples and the high carbon contents and low H/C ratios are
related to the abundance of vitrinite. In another study, Gannon et al."* reported on
carbon conversion relationships in oil shales from Condor, Duaringa and Stuart (Tertiary
Australian lamosites). They found that where the oil shales were lamosites, conversion
of carbon to oil was 52% or higher (maximum of 62%) whereas samples from
carbonaceous shales and cannel coals had carbon conversions of 30 to 40%. For the
latter samples they presumed that the kerogen was a mixture of Types I and II. In this
case, as for the study by Ekstrom et al.”®, the results are entirely predictable given the
types of oil shale used. Where oil shales contain abundant liptinite, more hydrogen is
available to produce low molecular weight hydrocarbons whereas with abundant vitrinite
and inertinite, less hydrogen per unit organic matter is available and more carbon
remains in the char.

3. Petrography and Geochemistry of Qil Shales.

The geochemistry of oil shales and the derived oils have been studied for a much
longer period than has the petrography of oil shales. This is logical given the need for
characterisation prior to and during the use of retort oils.

Elemental analysis was one of the earliest standard methods of chemical
characterisation and the data were, and still are, commonly shown on a van Krevelen
diagram. This diagram has been used to show the effects of weathering, comparison of
data from different oil shales and maturation paths of the organic matter. The
evolutionary paths of the types of kerogen, Types I, II, IIl (and sometimes IV), are
generally shown. Interpretation of several inconsistencies relating to the use of the term
kerogen and the interpretation of kerogen plots can be understood using organic
petrography.

The major problem with van Krevelen diagrams, as it is with any technique that
uses bulk rock properties, lies in the very nature of the kerogen (and thus the nature of
the oil shales themselves when the diagram is used for oil shales). Oil shale kerogen is
derived from at least two, and commonly many more, chemically different components.
Almost without exception oil shales contain liptinite and vitrinite and/or inertinite, the
latter being minor components in many oil shales. Notwithstanding this, the relative
hydrogen content of vitrinite is much lower than that of liptinite and correspondingly,
the oxygen content of vitrinite is higher; the hydrogen content of inertinite is lower
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than that of vitrinite. Therefore it is to be expected that the relative abundance of
hydrogen and oxygen in any kerogen will be dependent on the proportions of vitrinite,
liptinite and inertinite as much as factors such as maturation level and weathering.

It is interesting to note that the van Krevelen diagram was initially used for coal
and later for the composition of kerogen derived from demineralised oil shale. Van
Krevelen diagrams given for coal and oil shale show three clearly defined zones,
corresponding to alginite, liptinite and vitrinite, with a fourth zone sometimes added for
inertinite. Clearly, the position of a sample on the van Krevelen plot depends on the
relative abundance of each maceral group. Comparing the coal and oil shale kerogen
plots, the distribution of Types I, II, IIl and IV kerogen shows a close relationship
between the maceral group distributions and the kerogen type distributions. This is not
surprising given that the kerogen or organic matter in both coal and oil shale is
composed of macerals. The chemical composition of kerogen should be the same as
for chemical composition of the organic matter in the whole rock apart from any loss
of organic matter during demineralisation.

3.1. TERTIARY LAMOSITES

An examination of various published van Krevelen diagrams for oil shale kerogen
shows that it is difficult to divide the data into clearly defined domains although this is
sometimes attempted and is implied by demarcation of Types I, II and IIL
Considerable overlap of data is evident; this is not a problem if one accepts that oil
shales have varying compositions and the position at which an oil shale plots depends
on the kerogen composition, that is, the maceral composition. Rapid petrographic
examination commonly clarifies apparently anomalous plots.

An excellent example is a kerogen plot for Australian Tertiary lamosite deposits.
A lamosite is defined as an oil shale that contains predominantly lamalginite. These oil
shales should plot as Type I kerogen, and in the alginite field, on the van Krevelen
diagram. Although this is generally the case, exceptions are common. Some samples
always plot near the Type II kerogen field and some samples, called ’carbonaceous oil
shales’ plot as Type III. For the latter, the apparent anomaly is easily explained as the
carbonaceous 0il shales are resinite-rich cannel coals of brown coal rank. It is therefore
only logical that these brown coals with abundant resinite would plot between Types II
and III, or if the resinite content is low, they would plot as Type III. As for the oil
shales that plot near Type II, these are carbonaceous lamosites.

The apparent anomalous plots for carbonaceous lamosites from the Rundle, Stuart,
Nagoorin and Lowmead deposits of Queensland shales, defined previously as a
lamosites containing >5 vol% vitrinite and/or inertinite, is one of the major reasons for
introducing the term carbonaceous oil shale. Most of these oil shales plot as Type II
kerogen and this is clearly misleading as carbonaceous lamosite, although a lamosite by
virtue of the abundant liptinite, contains an assemblage of liptinite and vitrinite.
Carbonaceous lamosites must plot as Type II kerogen because of the very high vitrinite
content. Reference to Type II kerogen in carbonaceous lamosite is uninformative and is
of little value.

It can be argued that a van Krevelen diagram shows the average chemical
composition of the maceral assemblage rather than the chemistry of a single kerogen
type. Subdivision of Tertiary lamosite on the basis of elemental composition is quite
arbitrary because of the wide range of chemical compositions; each group is separated
by a thin line which represents insignificant changes in chemical compositions.
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Torbanites would show similar patterns because as well as containing telalginite
which plots as classic Type I kerogen, they also contain abundant vitrinite and/or
inertinite. Alginite abundance ranges from 5 vol% to 95+ vol%. Kerogen plots would
reflect this composition; plots ranging from Type I (alginite) to Types II and probably
Type III are theoretically possible. Examination of data for torbanites in Crisp et al.”
show that as the relative abundance of humic macerals increases, the plot shifts from a
position of high hydrogen-low oxygen to one of lower hydrogen-higher oxygen.

3.2. MARINITE

Kerogen derived from marinite mostly plots as Type II or between Types I and II on
the van Krevelen diagram. However, petrographic studies show that marinites are
composed dominantly of lamalginite and/or bituminite with minor vitrinite, sporinite,
inertinite. Marinites thus contain a mixed marine liptinite assemblage and again the
kerogen plot is showing this rather than plotting as a single kerogen type.

Some samples of the Devonian Ohio Shale are unusual in that they contain more
abundant tasmanitid telalginite than either lamalginite or bituminite. The kerogen for
samples which have lamalginite and/or telalginite more abundant than bituminite would
obviously plot either as Type I or close to Type I whereas samples in which bituminite
is the more abundant maceral would plot nearer to Type II.

Two factors emerge from elemental data and H/C and O/C ratios for marine oil
shales.  Firstly, the composition of kerogen reflects the maceral assemblage and
secondly, it is possible to shed some light on the nature and origin of bituminite. As
most marinites which contain abundant bituminite plot as Type II or close to this field,
bituminite has higher oxygen and lower hydrogen contents than lamalginite. One
explanation for the high oxygen content is bituminite may be derived from alginite,
either planktonic or benthonic (although the former appears to be more plausible),
which, after deposition, was degraded by mechanical, physico-chemical or biogenic
means such as bacteria and blue-green algae. This process could directly alter the
relative abundances of oxygen and hydrogen or, indirectly, the remains of the organic
matter could be oxidised before compaction thus increasing the oxygen content and
reducing the hydrogen content. It also explains the presence of bacterial biomarkers in
marine oil shales.

3.3. SHALE OILS

Because liptinite macerals have the highest specific shale oil yields, most of the shale
oil comes from liptinite macerals with lesser amounts from vitrinite and gas or very
small amounts of oil derived from inertinite. Given that liptinite derived from terrestrial
plants is chemically different to that derived from algae, it follows that the oils formed
should also have different, if only slightly, chemical properties. Also given the very
marked difference in the compositions of vitrinite and inertinite compared to liptinite,
there should also be significant differences in the compositions of the oils sourced by
the three maceral groups. Thus, if an oil shale is examined petrographically before
analysis, it should be possible to predict the nature of the retort oil unless significant
cracking occurs during pyrolysis or immediately afterwards.

Crisp et al.® and Hutton et al'® presented comparative data for twenty six oil
shales and shale oils, mostly from Australian deposits. Two types of oils were analysed
- that produced by modified Fischer assay retorting and that produced by S60°C flash
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pyrolysis. Analysis of the oils using gas chromatographic techniques showed that in
most cases there was a strong correlation between the composition of the two oils.

Five groups of oils were recognised with a strong correlation between the
composition of the pairs of oil and the types of oil shales. Clearly the oil compositions
were related to the maceral compositions.

Group 1 - flash pyrolysate characterised by alkene/alkane homologues which are

most abundant at higher carbon numbers; 1-pristene, phenols and other aromatics are
also abundant; oil with very high oxygen contents indicating a terrestrial plant origin;
Fischer oil with abundant low carbon alkene/alkane homologues.
Petrography. With the exception of one sample, the oils were produced from cannel
coals which contain mostly liptinite derived from terrestrial plants (resinite, sporinite,
cutinite and liptodetrinite) with vitrinite and trace inertinite in some of the samples.
The exception was an oil from the Tertiary Stuart deposit. The oil contained phenols
and aromatic compounds. The apparently atypical composition of the oil is easily
explained when the petrography of the samples are reviewed. The parent oil shale was
a carbonaceous lamosite composed of interlaminated lamosite and cannel coal, the latter
containing abundant vitrinite which gives the apparently atypical molecular signature.

Group 2 - both the pyrolysate and the Fischer oil are typically aliphatic and
dominated by homologous alkene/alkane homologues with the Fischer oil showing a
monotonous decline in the relative abundance of components having carbon number
greater than C,;; the alkenes/alkanes in the flash pyrolysate generally with a slightly
bimodal distribution with a low carbon number maximum and a second maximum at, or
beyond, C,;; homologous alkene/alkane pairs indicate an algal source; oils contained the
lowest sulphur content of any of the oils analysed.

Petrography. The samples were torbanites, dominated by the maceral telalginite which
is derived from Botryococcus-related algae.

Group 3 - both oils dominated by alkene/alkane doublets with the pyrolysate oils
having a greater proportion of alkenes and a much higher proportion of higher carbon
number (>C;;) homologues; 1-pristene and 2-pristene generally more abundant in the
flash pyrolysate than in the Fischer oil; oils typically with low oxygen and sulphur.
Petrography. The oil shales were lamosites in which the organic matter was sourced
mostly from lamalginite derived from Pediastrum.

Group 4 - oils characterised by complex chromatographic profiles below C,, arising
from a large aromatic content, including alkyl-substituted thiophenes and
benzothiophenes; latter relatively more abundant in the flash pyrolysate, especially
beyond C,; oils had the highest sulphur content of any of the oils analysed and this is
thought to confirm a marine origin for the bulk, if not all, the organic matter.
Petrography. The oil shales were marinites which contain mostly bituminite and
lamalginite.

Group S - both traces dominated by alkene/alkane pairs in the range Cq4 to C,, with
a maximum at C,; tricyclic diterpoids show prominent peaks in the range C,, to C,
which were more pronounced in the flash pyrolysate suggesting that the Fischer oil may
have undergone thermal cracking; pristenes are not detectable and the concentration of
aromatic compounds extremely low, reflecting an algal source.

Petrography. The oil shale was a tasmanite in which the dominant liptinite is telalginite
derived from tasmanitid algae.

The analytical data for shale oils show that the not only are the chemical properties
of the oil shale dependent on the maceral composition but so also are the chemical
properties of the shale oils. Saxby and Sato'’ carried out a simple experiment which
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demonstrated this for Rundle lamosite. The experiment also showed that chemical
properties have limited use for defining boundaries when rocks are composed of two
maceral types.

Saxby and Sato compared the properties of oil derived from synthetic mixtures of
coal and lamosite with naturally occurring carbonaceous lamosite from Stuart. Using
mixtures containing 0, 25, 50, 75 and 100% lamosite, it was found that modified
Fischer assays were linearly dependent on the composition of the synthetic mixture and
most parameters of oil quality also varied linearly. Oil parameters that did not vary
linearly included H/C ratios which, for the mixtures, were slightly lower than predicted.

As the percentage of lamosite in the mixture decreased, the relative abundance of
vitrinite macerals increases because of the addition of a component with a much higher
vitrinite content. The experimental data clearly showed the variations in properties with
increasing vitrinite content and from this it is easy to deduce that there is no single
vitrinite content which brings about a significant change in properties of either oil
shales or derived oils.

4. Other Uses of Organic Petrography for Qil Shales

Fluorescence microscopy allows the researcher to see the organic matter in an oil shale.
This is fundamental to many studies as visual observations of the end products or
intermediate products can be highly beneficial during interpretive stages.

4.1. SHALE OIL YIELDS

The modified Fischer assay is the normal method for shale oil yield determination.
Estimated errors for this method are not expected to be greater than 5% relative.
Organic petrography provides an alternative method for oil yield determinations with
approximately the same relative error.

Hutton'® showed that oil yield (as determined by modified Fischer assay [in litres
per tonne at 0% moisture, LTOM]) is linearly related to the percentage of alginite
(lamalginite + telalginite) for five Australian Tertiary lamosite deposits. Correlation
coefficients ranged between 0.91 and 0.96. For three deposits (Duaringa, Rundle and
Stuart) the intercept on the y axis was negative but for the other two deposits (Byfield
and Condor) the intercept was positive. The negative intercept was interpreted as
indicating that either incomplete pyrolysis had occurred or alternatively, not all the oil
was recovered. It has been shown that oil shales with high clay mineral contents give
low oil yields and this is the most likely of the two reasons. The positive intercept
was thought to be related to an increase in oil volume as a result if cracking of the oil
before it was remove from the pyrolysis vessel.

As with many techniques, the petrographic method for oil yield determination
requires calibration; the method must be standardised for each deposit. It is unrealistic
to expect that each of the six types of oil shales would have the same specific oil
yield. For example, Green River lamosite contains abundant bitumen as well as layered
lamalginite, Rundle lamosite contains discrete lamalginite and marinite contains
bituminite which has a lower specific oil yield than alginite.

Notwithstanding the above, petrographic oil yield determinations provide an easy
and rapid method for oil yield determination with approximately the same relative error
as the standard modified Fischer assay.
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4.2. BENEFICIATION STUDIES

One of the problems hindering development of an oil shale industry in Australia and
elsewhere is low grade of the oil shale. Beneficiation to increase the grade of the
retort feedstock would greatly improve the economics of an oil project and many
studies have been carried out to review beneficiation techniques. Organic petrography
is a useful technique for reviewing beneficiation experiments because it allows
observation of both the mineral-organic relationships, grain size determination and
microscale variations in components.

Hutton® studied several beneficiation trials on Australian lamosites, which had
shown that upgrading was technically feasible, and compared the results with predictions
for torbanite and marinite. It was concluded that upgrading depended on the
abundance, type, distribution and size of both the organic and mineral components.
Given that lamalginite is less than 0.002 mm thick and generally less than 0.08 mm
long, it was concluded that liberation of lamalginite would require a grain size of less
than 5 microns to provide significant separation of the mineral matter from the organics.
The very small grain size required for separation is a limitation on beneficiation of
lamosite.

It was concluded that similar results would be obtained for marinite as for lamosite,
especially as bituminite is an amorphous maceral and the lamalginite is also very small.
Tasmanitid telalginite would be more readily separated from the mineral matter but it is
such a minor component that liberation of this maceral would not greatly enhance
beneficiation of marinite. It was concluded that torbanite would be more easily
beneficiated because of the larger size of the Botryococcus telalginite.

One limitation of petrographic studies of beneficiation products is the difficulty in
preparing samples for optical analysis. Where the grain size is less than 2 microns, the
mineral and organic components form an incoherent mass which is difficult to resolve
optically.

4.3. PARTIAL PYROLYSIS OF OIL SHALES

Just as it is possible to identify the components of oil shales, it is also possible to
recognise the constituents of spent (retorted) shales. Spent shale from the partial
pyrolysis of Tertiary lamosite has a bitumen impregnated rim to the grains and for one
sideritic oil shale, microfractures developed within the rim. The reason for the
development of the microfractures is not known; it was noted however, the oil shale
evolved 82% of the total recoverable oil whereas the oil shales which did not develop
microfractures only evolved 64 % of the total o0il'.

A closely-related study involved petrographic examination of lamosite samples from
near a sill which had intruded the Stuart deposit®. The aureole from the sill averages
46 m with a maximum of 64 m. Four zones, with gradational boundaries, are
recognised within the aureole. As the sill is approached, there was a dramatic decrease
in fluorescence intensity associated with, closer to the sill, a marked shift towards the
red end of the spectrum in the fluorescence colours. The lamellar form of the
lamalginite was retained within these two zones. In zone 3, the lamalginite is distinctly
brown and towards the sill end of this zone, the lamellae become ragged and
decomposition is apparent. In the fourth and closest zone, lamalginite is not
recognisable but abundant pyrolytic carbon is present.
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Near the sill, vitrinite reflectance increases rapidly but in zone 2, the reflectance
decreases noticeably; this corresponds with a zone of bitumen which accumulates where
porosity is quite high.

4.4. SPENT SHALE STUDIES

Organic petrography of spent shales is a field that invites research as it may provide an
insight into mechanisms of pyrolysis. For example, pyrolysed torbanite comprises a
network of organic and mineral matter with numerous large ovoid pores where the
telalginite was located prior to pyrolysis. There is no recognisable remains of
telalginite and this indicates that the alginite has completely devolatilised; there is no
fluorescence except for small residual droplets and thin films of presumed high
molecular, relatively immobile oil/bitumen fractions which are in and coat pores and
fractures.

The very interesting aspect is the composition of the spent shale - homogeneous
inert grains, a mozaic and, less commonly, sulphides. Homogeneous inert grains are
angular to rounded, have a high reflectance, have diameters ranging from <0.05 mm to
0.5 mm and are enclosed within the mozaic. All grains take a good polish, exhibit a
uniform texture or have cell structure and reflectance. Some of the grains have
significantly higher relief than the mozaic.

These grains are analogous to the inerts in cokes, produced from bituminous coal,
both in appearance and reflectance and as for the imerts in coke, are derived from
inertinite, especially inertodetrinite. The homogenous texture of the grains suggests that
they remain relatively unchanged during pyrolysis and probably produced only gas, if
anything; the reflectance increases marginally.

The mozaic consists of an interlocking mesh of elongate to subequant fine-grained,
anisotropic particles of 0.001 to 0.002 mm dimensions which enclose not only the
homogeneous inert grains but also patches of isotropic vitrinite-like organic matter that
has a lower reflectance than the inert grains but a significantly higher reflectance than
the vitrinite in the parent torbanite. The anisotropic mozaic is similar in appearance to
the mozaic of coke and as with coke, it is clearly shown using an antiflex objective or
crossed polars. The ratio of anisotropic to isotropic mozaic is quite variable within any
field of view; generally the anisotropic mozaic occurs as a rim around the large pores
previously occupied by telalginite or as rims around and irregular veins throughout the
remaining mozaic.

The mozaic probably develops in either of two ways - condensation of gases
derived from the algal components or alteration of vitrinite. The anisotropic character
of the mozaic is similar to that of pyrolytic carbon, a relatively common constituent of
many organic-rich rocks and products which are thought to form from a gaseous phase.
Whilst this mode of formation is an option, especially as it is known that oil shale
vapours can form residues during pyrolysis, thus reducing the effective yields, it is not
favoured. The texture, composition of the mozaic and association of large pores and
mozaic suggests that it is derived from vitrinite, especially desmocollinite that is
interstitial to the telalginite in the parent torbanite.

Whereas pyrite is the only sulphide in torbanite, both pyrite and pyrrhotite occur in
the pyrolysed torbanite residue. The small pyrite grains that infilled and partly replaced
the telalginite in the torbanite are still recognisable in the voids remaining after the
devolatilisation of the telalginite but is same cases, have thin rims of pyrrhotite.



31

4.5. ’FORENSIC’ PETROGRAPHY

The main advantage of organic petrography is that the organic components can be
recognised and any variations in the morphology or optical properties of any organic
constituent is readily noted. Two examples clearly illustrate the usefulness of organic
petrography in problem solving.

One Australian company, trialing innovative retorting technology, sent a sample of
oil shale overseas for testing. Before shipment, samples were sent for modified Fischer
assaying and on arrival at its destination, a second sample was sent for analysis. The
latter sample indicated approximately 10% lower grade for the sample. The results
were confirmed with duplicate samples. Petrographic examination of a sample of the
shipment indicated that many grains possessed a dark, nonfluorescing, partial pyrolysis
rim, similar to that identified in the partial pyrolysis study of Hutton et al. Further
investigation revealed that the samples had been dried in an oven, probably at a much
higher temperature that recommended!

The second case study is that of the American Creek deposit, at Mount Kembla,
near Wollongong (New South Wales, Australia) which was the site of Australia’s first
commercial oil shale project. The industry commenced in the 1860s and finished in the
early 1870s. This deposit was reported to be a torbanite deposit. = However,
examination of available data showed that oil yields were much lower that expected for
a torbanite. Petrographic examination of a suite of samples showed that far from being
a torbanite, the ’oil shale’ was a carbonaceous shale that was impregnated with orange
fluorescing bitumen. Clearly, the Mount Kembla ’torbanite’ was not a torbanite!

5. Petrography of Selected Oil Shales
5.1. AUSTRALIAN TERTIARY LAMOSITES

Australian Tertiary oil lamosites are the Rundle-type lamosite with abundant discrete
lamalginite and minor Botryococcus telalginite, vitrinite, inertinite and trace sporinite.
For most Australian Tertiary deposits, the organic assemblages are such that six
*organic’ lithologies are recognisable.

1. Lamosite. Massive or laminated oil shale containing >5% lamalginite and <5%
humic macerals. Lamalginite is of three types:

* Type I - lamalginite derived from Pediastrum, a stellate colonial alga; fluorescence
varies from weak to moderately strong yellow to dull orange but dominantly yellowish-
orange to orange; generally <0.002 mm thick and <0.08 mm long but rarely 0.1 mm
long.

* Type II - minor component constituting <5% of the total alginite; derived from
acritarchs such as Cleistosphaeridium and dinoflagellates such as Septodinium;
moderately strong yellow or green fluorescence, generally <0.08 mm long.

* Type II - minor component constituting <10% of the alginite; intense green,
greenish-yellow or yellow fluorescence, ranging from 0.05 to 0.4 mm long, commonly
composed of several interconnected lamellae; origin is unknown but possibly represents
fragments of large multicellular sheet-like algal thalli.

2. Carbonaceous Lamosite - massive or laminated lamosite (>5% lamalginite) with
>5% humic macerals; two types: that composed of interlaminated lamosite and coal
laminae and that predominantly a lamosite with >5% ubiquitous vitrinite and/or
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inertinite.

3. Claystone/Shale - fine-grained clastic rock with <5% liptinite; vitrinite-inertinite
rare.

4. Carbonate - dolomitic or sideritic rocks with <5% liptinite; rare vitrinite-inertinite.
5. Coal - laminated or massive rock composed of >50% organic matter with
predominantly vitrinite-inertinite; where liptinite is >5% (and always derived from
terrestrial plants) best termed a cannel coal; alginite mostly absent.

6. Carbonaceous Shale - laminated or massive rock composed of <50% organic matter
comprising mostly vitrinite-inertinite and <5% liptinite.

5.2. GREEN RIVER LAMOSITE

Green River lamosite is composed of interlayered pale mineral-rich and brown to dark
brown organic-rich laminae ranging in thickness from 0.05 to 10 mm. Higher grade
samples contain thicker and more organic-rich layers.

Lamalginite is the dominant submaceral with layered lamalginite much more
abundant than discrete lamalginite. Layered lamalginite has weak to moderately intense
yellow, yellowish-green or rarely green to greenish-brown fluorescence. In sections
perpendicular to bedding, the layered lamalginite appears to be composed of numerous
lamellae which are continuous over several millimetres suggesting a blue-green algal
mat origin. In sections parallel to bedding, the sheets appear to envelop mineral grains.
Bitumen is a significant component and occurs as pods and blebs or as an interstitial
matrix to minerals grains. It has yellow to yellowish-orange fluorescence and is
generally brown or pale brown in reflected light. Minor components include sporinite,
vitrinite and inertinite.

6. Summary

The organic matter in oil shales has been studied using many methods including
elemental analysis, chemical oxidation, thermogravimetric analysis, infrared spectroscopy,
electron microscopy, electron spin resonance, nuclear magnetic resonance and optical
microscopy. Of the methods listed above, identification of the organic matter in oil
shales is best achieved using a combination of white light and fluorescence mode
incident microscopy or organic petrography. With petrographic studies it is possible to
characterise and quantify the organic matter, including each type of organic matter,
whereas bulk rock chemical methods do not allow separation of the components and
thus the properties given are an average of several sets of properties. Organic
petrography should be an integral part of any kerogen study. Such integration of
techniques is commonly missing in many published chemical accounts of kerogen in oil
shales. '

The importance of the organic matter in oil shales should not be overlooked as it
is the type and abundance of the organic constituents that not only determine the
chemical and physical properties of the oil shale, but the oil yield, chemistry and
physical properties of the derived shale oil. Data pertaining to probable yield, seam
thickness, environment of deposition and both lateral and vertical variation in the type
and abundance of organic matter can be obtained using organic petrographic methods.



33

7. References

10.
11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

R.F. Cane, Geological semantics. Nature, 1970, 228, 1009.

T.F. Yen, and G.V. Chilingarian, Introduction to Oil Shales; in T.F. Yen and G.V.
Chilingar, (eds) Oil Shale. Elsevier, (1976).

E. Stach, M.-Th. Mackowsky, M. Teichmuller, G.H. Taylor, G. Chandra and R.
Teichmuller, Stach’s Textbook of Coal Petrology, 2nd Ed., Gerbruder Bomtraeger,
Berlin (1975).

E. Stach, M.-Th. Mackowsky, M. Teichmuller, G.H. Taylor, G. Chandra and R.
Teichmuller, Stach’s Textbook of Coal Petrology, 3rd Ed., Gerbruder Bomtraeger,
Berlin (1982).

A.C. Hutton, AJ. Kantsler, A.C. Cook and D.M. McKirdy, Organic matter in oil
shales. J. Aust. Pet. Explor. Assoc., 1980, 20, 44.

A. C. Cook, A.C. Hutton, and N. R. Sherwood, Classification of Oil Shales. Bul.
Centr. Rech. Expl. Prod. EIf Aquit., 1981, §, 353.

P. Robert, Classification des matieres organique et fluorescence application aux
roches-meres petrolieres. Bul. Centr. Rech. Explor. Prod. Elf Aquit., 1979, 3, 223.
P. Robert, Classification of organic matter by means of fluorescence; application to
hydrocarbon source rocks. Int. J. Coal Geol., 1981, 1, 101.

B. Alpern, Schistes, bitumineux reserves, petrographie, valorisation. Indust. Miner.,
1979, August-September, 1.

B. Alpern, Les schistes bitumineux: constitution, reserves, valorisations. Bul. Centr.
Rech. Expl. Prod. EIf Aquitaine, 1981, §, 319-352.

A.C. Cook, 1987: Organic petrological studies of oil shale. Abs Prog. Soc. Org.
Petrol., 14.

R.D. Rigby, B.D. Batts and J.W. Smith, The characterisation of Australian oil
shales by nitrogen isotope abundance. Proc. 2nd Aust. OQil Workshop, Brisbane,
Dec. 6-7, 1984, 103.

A. Ekstrom, H.J. Hurst, and C.H. Randall, The chemical and retorting properties
of selected Australian oil shales. Proc. 1st Aust Oil Shale Workshop, Lucas
Heights, May 18-19, 1983, 123.

AlJ. Gannon, D.A. Henstridge, and A.N. Schoenheimer, Stuart oil shale deposit -
relationships of organic carbon with shale oil y