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ABSTRACT.

Oil shale samples from the upper and lower units of the bipartite Duaringa oil shale
deposit, Queensland Australia, have been analysed using a variety of fast characterisation
procedures such as solvent extraction, pyrolysis-GC, isothermal pyrolysis and TGA. A
CDS-150 pyroprobe was modified to simulate Fischer assay retort conditions on a micro
scale basis and was used for the rapid assessment (pyrolysis-FID) of the hydrocarbon
generating potential of these and other oil shale samples. Results obtained for Duaringa
were extended to analytical studies on an extensive range of selected Australian and several
overseas reference oil shales. An electronically-controlled tube-furnace retort was
constructed to provide accurate control over heating rates and pyrolysis environments. The
retort was used to produce shale oils for samples from both units of the Duaringa deposit,
which were then compared with each other and with a Duaringa reference oil obtained
using the conventional Fischer assay procedure. The retort was also used to study the
composition of pyrolysate produced over narrow sequential temperature ranges to provide a
better understanding of retort processes and pyrolysis mechanisms.

Solvent extracts of the Duaringa lamosites contain a homologous series of linear
alkanals not previously reported in Australian oil shales. Following their characterisation in
the Duaringa bitumen (based on mass-spectral data and retention-index values) these
aldehydes were subsequently detected in extracts from other Australian oil shale deposits.
The possible origins and significance of these and other components found in oil shale
bitumen are discussed in relation to the source, environment of deposition, maturation and
bio-degradation of the kerogen comprising these deposits.

Results obtained from the pyrolysis-FID procedures for Duaringa were used to
characterise (type) the Australian and overseas oil shales on the basis of their relative
abilities to generate (type-dependent) quantities of hydrocarbons (oil and gas) from the
pyrolysis of their raw shale. For shales comprising type I and II organic matter,

hydrocarbon oil and gas yields correlated positively with Fischer assay oil yields,



petrographic data, kerogen content and elemental composition. The procedure provides a
rapid and inexpensive screening method for the accurate first assessment of the relative oil
-generating potential of a given deposit.

Retort oils from the upper unit (resource seams) and lower unit (> 1000 m) were
analysed by extraction and column chromatography, followed by detailed gas
chromatography and mass spectrometry of each of the 19 fractions isolated. Hundreds of
compounds were identified and their retention indices calculated where the components
eluted as discrete peaks in respective gas chromatograms. Least-squares linear regression
analysis of these data allowed retention-index equations to be calculated for a wide variety
of different compound classes. Collectively this information provides reference data which
should allow comprehensive chemical characterisation of shale oil to be achieved without
the need for mass spectrometric analysis of each column fraction.

Despite the substantial difference in the depth of burial, the chemical composition of
the upper- and lower-seam Duaringa shale oils was very similar and found to resemble
those from non-carbonaceous seams of other Tertiary Australian deposits (Condor and
Rundle). The distribution and relative abundances of some of the isomeric structures
encountered in each of them indicate that retort-product concentrations are influenced by
relative variations in the thermocatalytic activity of the mineral matrix. Accurate and
class-specific quantitative data obtained for Duaringa phenols, nitriles and ketones suggest
that these volatile componénts constitute only a minor portion of the otherwise non-volatile
column fractions in which they are found. This implies that gravimetric data published for
these compound classes for Condor and Rundle shale oils overestimate their abundance.

Data obtained from rapid characterisation techniques were interpreted in relation to
the composition of the corresponding retort oils. Advantages and limitations of microscale
screening techniques are discussed with reference to results obtained for Duaringa and

other Australian oil shale deposits.
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ABBREVIATIONS USED IN TEXT.
NB. Unless otherwise stated, all aliphatic compounds are linear.

BP -bonded phase.

- -n carbon atoms.

-total organic carbon.

org
CI -chemical ionisation.
CPI -carbon preference index.
CP/MAS  -cross polarisation magic angle spinning 13C NMR.
DSC -differential scanning calorimetry.
DTA -differential thermal analysis.
EA -elemental analysis.
ElI -electron impact (ionisation).
FAB -fast atom bombardment.
FA -Fischer assay.
FID -flame-ionisation detector.
FTIR -fourier-transform infrared.
GC -gas chromatography.

GC-MS  -gas chromatography-mass spectrometry.
HPLC -high-performance liquid chromatography.
IR -infrared.

IS -internal standard.

LC -liquid chromatography.

LTOM -litres per tonne at zero % moisture.
MFA -modified Fischer assay.

MI -matrix isolation.

MID -multiple-ion detection.

MS -mass spectrometry.

NMR -nuclear magnetic resonance.
PAH -polycyclic aromatic hydrocarbon.
R -correlation coefficient.

RI -modified Kovats retention index.
SIM -single-ion monitoring.

TGA -thermogravimetric analysis.

TLC -thin-layer chromatography.

TSQ -triple-sector quadrupole.

uv -ultraviolet.



CHAPTER ONE : INTRODUCTION .

1.1 OIL SHALES .

1.1.1 Definition.

Oil shales from different sources vary widely in composition and no precise
definition for them exists. Iﬁ practice they continue to be described primarily in terms of
their behaviour according to economic criteria. Gavin (cited by Yen and Chilingarian,
1976) defines them as compact laminated rocks of sedimentary origin, yielding over 33 %
of ash and containing organic matter that yields oil when distilled at 500-600° C, but not
appreciably when extracted with commonly used hydrocarbon solvents. Materials yielding
less than 33 % of ash should be considered as coal. Many oil shales as defined are not
shales in the restricted sense of their lithology, but have mineral and textural features which
allow them to be classified as siltstone, impure limestone, black shale or impure coal.

Simplistically oil shale may be regarded as a composite of tightly bound organic
and inorganic material with the latter comprising quartz, feldspars, clays, carbonates,
pyrites and other minerals. The organic material (usually) constitutes less than 20 % of the
shale mass and may be subdivided into fractions either soluble (bitumen) or insolublé
(kerogen) in common organic solvents. Both bitumen and kerogen dissociate when
- pyrolysed to form gaseous and liquid products. Commercially pyrolysis is.carried outina
retort where some of the gases are reused as process fuels. The liquid crude (shale oil) is
usually upgraded and refined to produce synthetic liquid fuels (synfuels). Because of its
solubility bitumen is readily extracted from shale and is then available for analysis;
however it rarely constitutes more than a few percent of the total organic shale content. The
remaining insoluble kerogen is a tough geopolymer dispersed throughout the mineral

matrix of the oil shale and requires specialized techniques for characterisation.



1.1.2 Environment of deposition.

In general terms oil shale formation may beregarded as the codeposition and
lithification of finely divided mineral matter and the organic debris derived from the
breakdown of biota. Conditions favourable for large accumulations necessarily include
abundant organic productivity, early anaerobic conditions and a lack of destructive
organisms. These conditions are met, at least in part, by bodies of still water and Duncan
(1976) has suggested oil shales were probably deposited in small lakes, bogs, lagoons
associated with coal-forming swamps, large continental lake basins and shelves in tranquil
seas. Continued sedimentation, possibly coupled with subsidence, provided sufficient
overburden pressure required for the compaction and diagenesis of organically rich strata
to produce, over geological time, the fine-grained rocks of the definition.

Oil shales deposited in lacustrine basins include the thickest deposits known and
are generally of the calcareous type, with associated sediments of volcanic tuffs, clastics
and carbonate rocks. Inland waters are usually surrounded by thick margins of swamp
vegetation which acted as an effective filter for all but the finest silt and clay brought in by
rivers and the fine-grained detrital material consisted mostly of clays plus finely
comminuted plant debris. Coarser material and large quantities of mud were introduced
during flooding.

Marine oil shales deposited in shallow seas on continental platforms are
characteristically thin and most have low oil yields; however reserves may cover hundreds
of thousands of square kilometers. They are usually the siliceéus type but some
carbonate-rich shales do occur and most of the higher grade marine deposits are of this
type. Oil shale deposits formed in small lakes, bogs and lagoons associated with coal

producing swamps are relatively small although many are high grade resources.

1.1.3 Mineralogy.
It is the environment of deposition which determines the mineralogy of oil shales
and information about the inorganic phase provides insight into the setting and process of

their formation. The inorganic constituents of any deposit may be divided into detrital,



biogenic and authigenic minerals. To date only the Green River Formation of the U.S.A.
has been studied extensively in this context. Shanks et al. (1976) have summarized some
of the information available for this deposit but point out that the data obtained are not
necessarily representative of other deposits; they allow only general conclusions about the
mineral content of other oil shales to be made.

Detrital material is composed mainly of quartz, feldspars, clay minerals and
volcanic debris, with the percentage of each determined by various factors such as source
area, mode of transport and distance transported. Biogenic materials are primarily
amorphous silica and calcium carbonate, but are not (generally) abundant. Authigenic
minerals include metal sulphides, carbonates, phosphates and various saline minerals.
Collectively the latter are important because they may provide information concerning the
redox conditions during sedimentation. Authigenic sulphides, for example, are invariably
present in oil shales and suggest formation in a reducing environment which, considering
the oxidizing nature of the oceans and the atmosphere, indicates deposition regions of
restricted water circulation. The fine grain size of detrital sediments included in oil shales is
indicative of low energy environments and supports this interpretation. Authigenic
carbonates and saline minerals are formed by evaporative concentration processes and, if
present, indicate an arid climate.

Oil shale deposits containing substantial amounts of carbonate minerals include
some of the higher-grade accumulations. The shales, particularly those of lacustrine origin,
are generally hard rocks resistant to weathering and are commonly varved. The carbonafe
minerals, often calcite or dolomite, are fine-grained and may be the dominant constituents
- at the time of depositon. Most of the carbonates probably were precipitated at the time of
deposition, whereas others may have formed as part of the process of oxidation of organic
matter to carbon dioxide and its subsequent combination with calcium, magnesium and
other elements. This process may have begun with the decay of organic matter during
deposition and continued during the early stages of cdmpaction of the shale. More than 20
such carbonate minerals have been described for the Green River Formation.

Oil shales devoid of significant amounts of carbonate minerals may have detrital



minerals as their main constituents. The siliceous shales are less resistant to weathering
than carbonate-rich shales and the oil yield of older deposits is generally poor. This
suggests that the combined effects of compaction, deformation and metamorphism have led

to the progressive depletion of organic matter through the migration and release of mobile

and volatile constituents.

1.1.4 Kerogen accumulation and abundance.

The general mineralogy of oil shales was briefly outlined in section 1.1.3; what
follows is (almost) exclusively concerned with the study of their contained organic matter.
This is not to understate the influence of mineral matter during all phases of deposition,
burial and subsequent maturation of the oil shales, but reflects limitations imposed on the
research by the range of analytical instruments available for our studies. Collectively any
physical and chemical methods for oil shale analysis should converge to provide a coherent
picture of the composite organic matter and its evolution. Before studying oil shales it is
important to have some idea of organic source material likely to be involved in their
formation and the chemical and geological processes which determined the evolutionary
fate of the original sediment. Once incorporated in a sediment, the long-term prospects of
organic matter are governed by both microscopic and macroscopic processes, the latter
including tectonic events such as subsidence or phases of uplift and erosion which
determine whether the organic content is preserved and transformed, or eroded and
oxidised.

Sedimentary organic matter is derived from living organisms and the products of
their metabolism. Mass production of organic matter on earth followed the emergence of
photosynthesis as a global phenomenon more than 2 billion years ago. Primitive
autotrophic organisms such as photosynthetic bacteria and blue-green algae utilized the
procedure to produce vast quantities of organic matter through propagation and ultimate
death as well as the metabolic processes of secretion and excretion. In doing so they
sustained heterotrophic organisms, established the basis for the evolution of higher forms
of life and enriched the earth's atmosphere in molecular oxygen. Globally less than 1 % of

the organic matter synthesized by photosynthesis escapes the carbon cycle to be



accumulated through deposition in sediments. Kerogen represents the bulk of the
preserved organic carbon in these sediments and is the most abundant "organic molecule” .
on earth. Hunt (1972) has estimated the total amount of organic carbon and graphite
formerly representing sedimentary organic carbon to be 1.07x10%¢ ¢, Durand (1980) has
taken this approximate figure, as well as data from various other sources, to draw up a
comparison between the quantity of kerogen disseminated in various deposits and the
ultimate fossil fuel resource that these represent ( Figure 1.1). The estimate of kerogen in
total oil shale resources (organic rich shales) remains very uncertain and Durand gives two
values. One of 10!t of kerogen, capable of producing 3x103t of oil by pyrolysis
(equivalent to 75 times the petroleum resources) and one of 1012t: of kerogen, which
represents an estimate of presently inventoried oil shale reserves exploitable using current
technology. Using a conversion rate of 50% for transforming the kerogen ébntent of these
oil shale resources into fossil fuel this equates to 5x10't of shale oil. Yen and
cmnngaﬁan (1976) have pitt the total world potential of shale oil at 30x10'2bbls, with
only aboﬁt 2% available for present-day commercial exploitation. Using an average déhsity

of 0.9g cm3 for shale oil this represents about 8.6x101 of shale oil, a figure close to that

given by Durand.
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Figure 1-1. Comparison between kerogen abundance and ultimate resources of fossil

fuel (from Durand, 1980).



Bacteria, phytoplankton, zooplankton and higher plants (the latter since
Silurian-Devonian times) are the main contributors to organic matter in sediments. It is the
natural associations of these groups of organisms in various facies provinces which
determine both composition and type of organic matter to be deposited and incorporated in
sediments. After the death of the organisms their component substances are subjected to
varying degrees of decomposition dependent on the sedimentation medium, in particular its
redox properties. The deposition of fine-grained sediments in subaquatic environments
limits access of dissolved molecular oxygen and the activity of aerobic bacteria ceases once

the limited amount of trapped oxygen has been exhausted. Sulphate-reducing bacteria

(Desulfovibrio) produce H,S and, where present, further limit bacterial attack by creating

toxic gas-saturated conditions within and above the sediment-water interface, particularly
in oxygen deprived bottom layers of stratified low energy bodies of water. By contrast,
the presence of free air and moisture in subaerial environments allows profuse growth of
bacteria with consequential breakdown of organic matter by chemical or microbial
oxidation. As a result large quantities of kerogen are only formed and fossilized in
subaquatic sediments, with contributions from allochthonous land-derived terrestrial plant
material transported to respective sites of deposition by the (cbmbined) actions of wind,
rivers, ocean currents etc.. In both cases the most labile or assimilable compounds are
depleted first and kerogen, a very inert fraction increases in relative proportion. Parts of the

products of any decomposition are recycled by other organisms which use them as energy

sources (heterotrophic organisms); simple molecules such as CO,, H,0, CH,, NH,, HZS,

etc. are formed as products of associated metabolic processes.

Organic matter available for accumulation comprises soluble (sugars, amino acids
etc.) and particulate forms (water-insoluble lipid material as components of highly
resistant parts of organisms such as spores, seeds, cell walls etc. or as part of the whole
organism deposited directly in the sediment). Clayésized minerals settling through the
water column are readily coated with (polar) dissolved organic compounds to form

suspended particulate matter which may be transported to, and laid down in, undisturbed



waters. This adsorption of hydrophilic compounds may be considered an extraction
process, with attendant conversion of dissolved organic matter to particulate form. Further
interactions between the various forms of organic matter and the mineral phase may cause

phenomena such as coprecipitation, flocculation, protection, catalysis etc. to occur.

1.1.5 Kerogen source material.
All organisms are basically composed of the same groups of chemical constituents namely:
proteins, carbohydrates, lignins (higher plants) and lipids.

Proteins are highly ordered polymers made from individual amino acids. In the
presence of water, insoluble proteins may be broken down, by enzymatic hydrolysis of the
peptide bond, to their water-soluble constituent amino acids with possible further
breakdown to ammonia and amines. Cane (1976) suggested that some of the hetero-atoms
originating from proteins were present in the intermediate breakdown products and were
eventually "built into" the kerogen matrix. He supported this proposal by showing that the
pyrolysis of polyene fatty acid polymers containing occluded aliphatic nitrogen compounds
produces oil containing alkyl pyridines.

Carbohydi'ates are sources of energy and form the supporting tissues of plants and
certain animals. The term is a collective name for individual sugars and their polymers,
with cellulose and chitin among the most prominent polysaccharides occuring in nature.
Degradation may proceed via bacterial or enzymatic attack to produce saccharides with
possible subsequent hydrolysis to carbon dioxide and water. This mode of totél
degradation completely eliminates any potential input to kerogen and their contribution is

- small enough to be neglected (Cane, 1976).

Lignins occur as a three-dimensional network located between the cellulose
micelles of supporting tissues of plants. They are high molecular weight aromatic
derivatives of phenyl propane and may give rise to kerogenous material by demethylation,
ring rupture and polymerizatjon. Lignin is the majbr primary contributor of aromatic
structures in Recent sediments. Pyrolysis of oil shales containing high terrestrial input

should reflect this contribution and produce shale oil high in aromatic content, contrary



to what is (usually) found. Consequently it seems unlikely that lignins (or tannins-for
similar reasons) played a significant role in oil shale kerogen formation, although
some contribution by lignin and tannin material cannot be ignored, particularly in the coaly
oil shales.

Lipids encompass fat substances, such as animal fats ,vegetable oils and waxes
such as those occuring as surface coatings of leaves. Fats are involved in the energy
budget of the organism whereas waxes are primarily designed for protective functions (eg.
cuticle wax- to prevent excessive loss of water). Fatty acids of natural fats (mixtures of

riglycerides) have an even number of carbon atoms because they are synthesized

biochemically from C,-units (acetate units). Unsaturated fats are common, especially in

vegetable oils. Among algae, diatoms are known to contain great quantities of lipids,
sometimes up to 70% on a dry mass basis especially if the algae grow under
nitrogen-deficient conditions and in colder waters away from the euphotic zone. Alkanes of
medium molecular weight are considered representative of both algal sources generally
(Gelpi et al. 1970) and of cyanobacteria in specific cases (Blumer et al. 1971). These
hydrocarbons result from the direct inheritance of individual components or may be

derived from related fatty acids. The alkane distribution normally shows an odd over

even-carbon-number preference with C,5 and C,, usually most abundant.

Copepods constitute the largest single fraction of zooplankton in most waters.
Composition of the lipids of calanoid copepods Was investigated by Lee et al. (1970), who
showed that the lipid content of certain wild types was unusually high, with wax esters of
- special interest because both the fatty acid and alcohol constituents are made up of
long-chain carbon skeletons with 18 or more carbon atoms. Total carbon numbers for
these esters were found to range from 30 to 44 and according to the authors the wax esters
of marine copepods are very probably the main source of long-chain alcohols observed in
marine sediments and in some ocean surface lipids. Blumer et al. (1963), found that the
isoprenoid hydrocarbon pristane (2,6,10,14-tetramethylpentadecane) is a major component
of the body fat of copepods, which use it for buoyancy purposes to maintain a suitable

position in the water column. They concluded that pristane from the calanoid copepods



may be the major primary source of pristane in the marine environment.

The bulk material of terrestrial plants (especially shrubs and trees) is made up of
cellulose and lignin (50-70%); however sections such as barks, leaves, spores, pollen,
seeds and fruit may be highly enriched in lipids and lipid-like substances. Pollen usually
contains 2-8% fats while leaves contain considerable amounts of lipids such as waxes,

cutin, suberin etc. Waxes differ from fats in that glycerol is replaced by complex alcohols

in the C, to C4 range. Lipids derived from higher plants contain alkanes in the range C,
to C,,which show a strong predominance of odd over even-carbon-numbered alkanes

with components C,,, C,g and C;, often most abundant in the order listed (Eglinton and

Hamilton, 1963).

1.1.6 Kerogen evolution (maturation).

Once deposited, both lipid and non-lipid fractions are subjected to biological
activity during the early stages of deposition, followed by deeper burial and the gradual
cdmbined effects of temperature and pressure. Given the comments about the biochemical
fate of the four main classes of compounds representative of living matter, it may be
deduced that the contribution of particulate lipid material (especially from exinite (liptinite)
macerals) is of major importance for the formation of oil shales. Molecules which have
been synthesized by living organisms and are deposited and preserved (relatively)
unaltered are called geochemical fossils (biomarkers) (Eglinton and Calvin, 1967). They
comprise mainly hydrocarbons or other lipids which have survived with carbon skeletons
~ indicative of their biogenic origin. Biomarkers represent only a minor portion of oil shale
bitumen with others possibly trapped in, or bound to, the kerogen polymer. They include
alkanes, fatty acids, porphyrins, steroids and terpenoids. Terpenoids may occur as
hydrocarbons, alcohols, aldehydes, ketones, acids and lactones and exhibit various
degrees of unsaturation. They are produced by chéin and ring polymerization of the
isoprene unit, a prominent biochemical building block consisting of five C-atoms. Despite
their low abundance biomarkers are extremely important since they provide chemical

information about the original organic matter and possible kerogen precursors.
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Freshly deposited subaquatic sediments comprise a chemically unstable mixture of
water, minerals and living organisms as well as contemporaneous autochthonous or
allochthonous, and reworked organic matter. During the formation and geological history

of the sedimentary column the initial deposition may be succeeded by three main stages of

evolution (Figure 1-2.).
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Flgure 1-2.

Hydrocarbon sources from the evolution (maturatlon) of orgamc matter. Subsurface

sources comprise geochemical fossils (black) and kerogen degradation products (grey)
(from Tissot and Welte, 1984).

These are:
1. - diagenesis
2. - catagenesis
3. - metagenesis/metamorphism

The extent to which this sequence of evolutionary phases has progressed depends on the
depth of burial of the deposit.
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1. Diagenesis is a process through which the system tends to approach equilibrium
under conditions of shallow burial and by which the sediment normally becomes
consolidated. It begins with microbial activity as one of the main modes of transformation.
Subsequent chemical rearrangements occur at shallow depths and result in

polycondensation and insolubilization. Diagenesis results in the disappearance of oxygen

containing functional groups which are eliminated in the form of CO,, with accessory

H,0 and CH, (the latter by Methanobacteria as the final stage in the anaerobic fermentation

of oxidized forms of organic matter). At the end of these reactions, kerogen is
impoverished in oxygen and almost completely defunctionalized. It ceases to be
hydrolyzable and extractable humic acid content has decreased to minor levels. The latter
is used as a chemical criterion to characterise the end of the diagenetic process which
corresponds to a vitrinite reflectance level of ca. 0.5%.

Continued deposition of sediments, possibly coupled with tectonic events, results
in deeper burial of previous beds and may reach thousands of metres. At these depths the
kerogen is subjeétcd to large increases in geostatic overburden pressure and depth-related
increases in temperature. Thesé increases again place the system out of balance and result

in continuing chemical changes collectively designed to reestablish equilibrium conditions.

2. Catagenesis encompasses chemical changes which result largely from an
increase in temperature, with pressure effects relegated to a subordinate role (rock
compaction, expulsion of interstitial water, decrease in sediment porosity and permeability
etc.). Temperature effects, which for this phase are restricted to the range 50-1500 C, first
produce hydrocarbons (oil and gas) from thermally degraded kerogen to be followed
by the production of "wet gas" and condensate. Hydrocarbon production proceeds at the
expense of hydrogen content and in the process increases kerogen aromaticity; free lipids
present also undergo thermal evolution toward hydrocarbons. The end of catagenesis is
chemically characterised by the disappearance of aliphatic chains in the kerogen structure,
with basic units progressing structurally towards a hexagonal lattice. A vitrinite reflectance

value of about 2.0% has been accepted to coincide with this stage of sediment maturity.
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3. Metagenesis commences only under conditions of high temperature and
pressure. Remaining hydrocarbons are converted to‘methane and residual kerogen, with
kerogen as a whole expelling any last heteroatoms and evolving towards a carbon residue.
Metamorphism occurs only in deep troughs or geosynclinal zones where the sediment
has encountered very high temperatures and pressures. Here the constituents of residual
kerogen are converted into graphitic carbon.

It is obvious from the above considerations that oil shales have not been subjected
to any of the above processes other than those of diagenesis or possibly very early
catagenesis. This is why their retort products contain relatively large quantities of oil and
gas. The retorting process simulates the catagenetic phase of kerogen evolution and

produces hydrocarbons characteristic of oil shale pyrolysis.

1.1.7 General classification of kerogens.

Practically all organic matter may be classified into two major groups, sapropelic
and humic ( Potonie, 1908 cited in Hunt, 1979 ). Sapropelic organic matter comprises
the décomposition and polymerization products of high-lipid organic materials deposited
under predominantly anaerobic conditions in the subaquatic muds of marine or lacustrine
environments. It results from the reductive degradation of structured detritus of either algal
or higher plant origin by anaerobic bacterial saprophytes. This sapropelization process
produces an amorphous biomass high in bacterial bodies, relict and reworked algal and
herbaceous lipids, microbial waxes, hydrocarbons and other lipids. An overall
lipid-enrichment of the products is reflected by a higher H/C atomic ratio of the resultant
protokerogen. Lijmbach (1975) found an increase in the organic matter to oil conversion
(in conjunction with lower conversion temperatures) when heating bacterially reworked

“plankton, again indicative of overall lipid-enrichment. Humic organic matter is defined by
the decomposition and polymerization products of the lignin, tannins, and cellulose of
plant cell and wall material as well as carbonized organic matter deposited in swamps and
soils under aerobic conditions with partial restriction of oxygen (Hunt, 1979). Within these

broad groups (amorphous) kerogens may be differentiated into various (roughly
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equivalent) categories using different optical criteria and into three distinct "types” based on
results from the chemical analysis of three well-characterised reference deposits (Durand
and Monin, 1980).

Optical examinations in transmitted light allow palynologists to classify
mineral-free kerogen as algal, amorphous, herbaceous, woody and coaly. Coal
petrographers study polished rock surfaces in reflected light (visible and ultraviolet) and
base their classification on the presence of recognizable coal macerals and amorphous
organic material. The latter is generally considered by petrographers as the organic matter
richest in hydrogen and is consequently listed with the macerals of the liptinite (exinite)
family. Elemental analysis of kerogen from amorphous organic matter has shown that this
is not always the case and highlights the benefits of an interdisciplinary approach to
classification in general (Durand and Monin, 1980). Another kerogen classification was
established by Tissot et al. (1974) and characterises kerogen as types I, II, and III,

depending on its elemental composition and its evolution path in a van Krevelen diagram.

The global atomic composition of shallow immature kerogens varies with the
organic source material and the physicochemical conditions of deposition. Inherent
differences evident in the major constituent elements C, H, and O may be substantial for
different shallow sediments and, where this is the case, remain recognizable, albeit
weaker, between deeper samples from the same formations. The H/C versus O/C ratio of
each particular sample in the graph (van Krevelen diagram) provides a useful approach to
the classifications of kerogens. Kerogens obtained at various depths from the same
formation normally group along a curve called an evolution path which defines the kerogen
type. Closely related environments of deposition result in the same path, with all paths
ultimately converging to the carbon pole (graphitization) in concert with progressively
deeper burial (Figure 1-3.). A plot of this kind was first used by van Krevelen (1961) to
characterise coal macerals and their coalification paths (Figurel-4.). Oil shales may be
characterised within the framework of these varibus systems of largely analogous
classifications established primarily for the (amorphous) kerogens of petroleum source

rocks.
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It should be noted that the three systems of classification based on optical and

chemical criteria are not equivalent: boundaries between categories (types) within one

system are not always sharply defined and do not necessarily coincide with those based on

another system. An approximate relationship between the various classifications is given in

Figure 1-5.
SAPROPELIC HUMIC
KEROGEN Algal Amorphous Herbaceous Woody Coaly
(by transmitted ' (Inertinile)
light)
COAL Liptinite (Exinile) Vitrinite Inertinile
MACERALS
(by reflecled Alginite Amorphous  Sporinite Telinite Fusinite
light) Culinite Collinite Micrinile
Resinite : Sclerotinite

KEROGEN Types 1, I Type 11 Type 1 ‘Type 111
(by evolutionary
pathway) _

H/C 1.7-0.3 1.4-0.3 1.0-0.3 0.45-0.3

o/C 0.1-0.02 0.2-0.02 0.4-0.02 0.3-0.02
ORGANIC. Marine and - Terrestrial Terrestrial Terrestrial
SOURCE lacustrine and recycled
FOSSIL Predominately oil Oil and gas Predominately No oll, trace
FUELS Oil shales, boghead gas of gas

Figure 1-5.

and cannel coals

Humic coals

Classification systems for organic matter in sedimentary rocks (from Hunt, 1979).

In practice types 1, I, and II are really mixtures, with type I generally comparable

to the algal-amorphous categories typical of the kerogen of oil shales. Type 1I is

comparable to amorphous-herbaceous-woody kerogen, and type III to woody-inertinite. A
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comparison of the elemental composition of kerogen from oil shales shows that, according
to the classification established above, the amorphous sapropelic organic matter of oil
shales usually belongs to either type I or type II. There is no oil shale related to type III
(Tissot and Welte, 1984). Concentrations of type III organic material, derived from higher
plants, are usually classified as humic coals or carbonaceous shales accompanying coal.

Oil shales associated mainly with a single type of organism (e.g. algae) are
anomalous from a geological point of view and cannot be readily compared with the
classification given above. These classifications relate (primarily) to amorphous kerogens,
as opposed to algal kerogens of oil shales such as torbanite and tasmanite. Algal-derived
oil shales in general, and the unique Green River oil shales of the Uinta Basin (U.S.A.) in
particular, are accomodated within a type I classification on the basis of the highly aliphatic
character of their kerogen, as well as other criteria. The latter comprises only amorphous
kerogen (microscopic examination shows practically no identifiable remains of organisms);
it is the type I reference kerogen used by Tissot and co-workers (Tissot et al. 1974.). The
former will be classified further in the section dealing with the organic petrography of oil
shales.

Apart from sustained differences in elemental composition along respective
evolution paths, the various kerogen types also exhibit other differences such as oil and
gas generating potential ( Figure 1-6.). Oil shale classifications within this type-system are
largely predetermined by their oil yields. Sufficient kerogen of high atomic H/C ratiqs
(1.25-1.75) combined with variable but normally low atomic O/C ratios (0.02-0.20)
results in economically viable oil-generating potential. Estimates of oil yields to be
- expected can be made on the basis of H/C ratios and data obtained from other techniques
such as thermogravimetric analysis (Durand-Souron, 1980). These data show, for the
types which have been fully studied, that maximum quantities of hydrocarbons (oil +
gas) formed per unit mass of initial kerogen are approximately 75% for type 1, 50% for
type I and 30% for type I1l. These values correlate w.ell with the initial average H/C ratios

for the kerogens which are respectively about 1.6, 1.3 and 0.9 (Durand and Monin, 1980).
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Figure 1-6.
Relative oil and gas yields for various kerogen types (from Hunt, 1979).

1.1.8 Organic Petrography .

Microscopic examination reveals that oil shales were laid down in the
quiet ecosystems of the environments described in section 1.12. It appears. that the major
deposits were formed from’ the remains of algae which flourished in still waters, either
marine or terrestrial, and that algal lipids were the main source of kerogen itself (Cane,
1976). Minor contributors were spores, pollen and remains of higher plants, with
adventitious foreign matter such as insects, animal parts, fish, minute crustacea etc. also
present. All deposits are microstratified and contain banded structures showing that
environmental conditions varied on an annual, seasonal or irregular basis. Autochthonous
organic material mixed in various proportions with allochthonous matter, clays and silt
brought in by rivers and creeks, to produce stratification within the existing algal mass.

Any classification of oil shales should be based initially on easily recognisable
features, primarily those of the organic matter. This relates directly to the use of oil shale
as a fuel source and once sufficient relevant data have been established for a particular
classification they may be related more generally to the chemistry of the shale and shale oil
derived from it. Previous classifications have been baséd on criteria as diverse as industrial
use, includéd mineral matter, density and ash relationships and the chemistry of kerogen,
including its categorization into one of three types (Tissot and Welte, 1984). Organic
matter type and abundance have rarely been the dominant criteria of those classifications

which have gained wide acceptance.
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The organic matter of oil shale may be differentiated microscopically into either
amorphous or form preserving fractions. The amorphous fraction includes the maceral
bituminite, but cannot be biologically defined because it lacks observable structure.
Individual preserved forms, or macerals, may also be classified as belonging to one of the
three maceral groups exinite, vitrinite, and inertinite. Petrographic examination of
whole-rock is usually preferred over kerogen analysis because mineral-maceral
inter-relationships are preserved and incident light examination allows a simultaneous
determination of maturity parameters such as rank, to be made from vitrinite reflectance
data.

Most forms of organic matter in oil shale are included within the exinite group of
macerals as they are largely algal in origin (alginite) with a lesser contribution from spores,
pollen and cuticle of higher plants (sporinite, cutinite). Significant differences occur in
the nature of alginite from various oil shales, with the principal difference being the form
of the macerals. Hutton et al. (1980), have divided alginite into two morphologically
distinct submaceral groups to reflect these differences. They based a classification of oil
shales on these subgroupings, using the dominant alginite submaceral as the foremost
classification criterion. The groups comprise alginite A, consisting of discrete elliptical,
spherical or disc-shaped algal bodies (both colonial and unicellular) which form the
characteristic components of the oil shales known as torbanites, tasmanites and kukersites
and alginite B, a finely banded lamellar alginite (green or blue-green algae) intimately
interbedded with mineral matter in well laminated deposits. More recently thi.s
nomenclature has been changed and alginite A and alginite B are now respectively referred

" to as telalginite and lamalginite (Hutton 1982).

Botryococcus (green algae), Tasmanites (green algae) and Gloeocapsomorpha
(primitive, blue-green) are representative of telalginite, while lamalginite is derived, at least
in part, from the green planktonic alga Pediastrum and is generally referable to
Cyanophyceae (blue-green algae) or Chlorophyceae (green algae). Using their established
nomenclature, Hutton et al. (1980) proposed the term lamosite for laminated oil shale in
which the dominant organic matter is lamalginite. Lamosite occurs as thick seams in some

Tertiary sequences in eastern Queensland and in the Green River Formation which occurs
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in four sedimentary basins in the western U.S.A.. The above terminology allows six major
classes of oil shales to be described using a classification based solely on organic matter

type.

These are:

Cannel coal - a dull black or brownish-black oil shale containing abundant
liptinite derived from terrestrial plants, such as sporinite, cutinite, resinite and

liptodetrinite with smaller amounts of vitrinite and inertinite.

Torbanite - black to greenish-black oil shale synonymous with boghead coal or
kerosene shale. It is a form of sapropelic coal containing telalginite derived from

algae related to the extant genus Botryococcus.

Tasmanite - a greyish-brown to black shale with its main organic constituent,
telalginite , derived from the remains of the unicellular marine alga Tasmanites
which closely resembles the extant genus Pachysphaera. Despite the widespread

occurence of Tasmanites in marine sediments only two deposits are known

(Tasmania and Alaska ).

Kukersite - a shale of marine origin containing telalginite from algae referable

to Gloeocapsomorpha.

Lamosite - a compact laminated organic-rich rock characterised by the presence
of lamalginite as the dominant organic constituent. Hand-specimens are normally

olive-grey or brown to brownish-black.

Marinite - (formerly Mixed oil shale , Hutton et al. 1980), - marine rocks
containing a wide variety of organic matter which may include significant
amounts of any or all of the macerals telalginite, lamalginite, sporinite, cutinite and

vitrinite. Samples are generally greyish-brown to dark brown.
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Classification by organic petrography allows Australian oil shales to be divided

into five of the genetically different categories introduced above (Figure 1-7.).

OIL SHALES

TERRESTRIAL LACUSTRINE MARINE

/N /N

CLASSIFICATION: Cannel coal Torbanite  Lamosite Marinite Tasmanite

MACERALS: (Sporinite (Telalginite) (Lamalginite) (Lamalginite) (Telalginite)
Cutinite

Resinite )

Figure 1-7.

Petrographic oil shale classifications representative of Australian deposits.

1.2 The shale oil industry.

The viability of a shale oil industry depends on the cost and quality of shale oil
derived liquid fuels compared with conventional supplies or synfuels produced from coal
or gas. The energy c_r}Sis of the 1970s created worldwide interest in synfuels which peaked
about a decade later, but has declined since in line with sustained low crude oil prices.
Research on oil shale today is particularly depressed as a direct consequence of the
continuing supplier-controlled oil glut . World crude oil reserves are finite however and
should a continuance of low oil prices lead to a return to earlier consumption patterns, then

the next oil crisis could be much more severe than in 1974.
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Lead times of more than 10 years just for the investigation, assessment and design
phases preceding the construction of any large-scale shale oil facility highlight the need to
continue research into all of the processes required to take oil shale out of the ground and
into the marketplace. The current oil glut has made a potential industry even less
competitive; but it has created an opportunity to continue fundamental research into
retorting, product upgrading and waste management.

Any shale oil based synfuel industry will obviously be established first by those
countries which are net importers of oil and/or have large reserves of exploitable oil shale.
In meeting these criteria the U.S.A. appears to be a key player in the creation of such an
industry, both for commercial as well as strategic resons. Other countries such as Australia
and Japan may choose to develop the industry on a cooperative basis, applying technology

and expertise from many sources to Australia's proven reserves.

1.3  Australian oil shale deposits.

Total world reserves (in-situ) of shale oil have been put conservatively at 30x1012
barrels (Yen and Chilingarian, 1976), with Australian resources making up an estimated
5% of this total. Qil shale deposits in Australia range in age from Cambrian to Tertiary and
major resources are located mainly in the eastern part of the continent ( Figure 1-8 ).
Petrographic analyses have shown that liptinite is the dominant organic matter and
(presumably) shale oil source (Crisp et al., 1987).

Shale oil was first produced in Australia about 100 years ago and was originallvy
obtained from the relatively small torbanite deposits of New South Wales and the tasmanite
deposits of Tasmania. Torbanite has the highest grade of all Australian oil shales because
of the high percentages of liptinite normally present and probable higher specific oil yield
of telalginit¢ than other forms of liptinite. Utilization of established torbanite deposits has
been sporadic and ultimately declined because of the small size of deposits, irregular seam
thickness, unsuitability for mechanical mining and low production rates. The last
remaining venture, the Permian deposit at Glen Davis ceased operation in 1952.
Production of shale oil from tasmanite was centred on the Mersey River locality of

Tasmania and ceased in 1934 after relatively small quantities had been won.
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Figure 1-8.

Location of Australian oil shale deposits.

Despite a recent decline in interest in oil shales, research into their properties has
~continued generally and in Australia. particularly for the Tertiary lamosites of coastal
Queensland and the Cretaceous marinite of the Toolebuc Formation. Prospects for their
development are discussed in section 1.4.
For Australian deposits much of the recent research information has been
presented at one of the four workshops on oil shale held since 1983 and has been
published in the proceedings covering these meetings. The workshops cover a diverse

range of research interests in Australian oil shales and the proceedings include articles
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dealing with the status of current Australian oil shale projects, the geology, petrology and
mining of oil shales and their chemistry and characterisation. Other subjects covered
include oil shale retorting , the analysis and upgrading of shale oil and environmental
studies. In most published results little information is given about sample origin and the
samples are often inferred to be representative of a particular deposit although, strictly
speaking, no truly representative sample exists and in practice oil shale properties may vary
significantly with depth and locality. While the workshops have proved an effective forum
for the dissemination of progress in specific areas, particularly for major deposits with
commercial potential, many of the other (minor) deposits have remained poorly
characterised in terms of their geology and chemistry.

Crisp et al. (1987) have addressed some of the problems outlined above by
producing a compendium of geological and chemical data for Australian oil shales. The
study was carried out during 1984-1986 at the University of Wollongong (Department of
Geology and Chemistry) and at the CSIRO Institute of Energy and Earth Resources
(Division of Fossil Fuels). It presents petrographic, mineralogic and chemical data
obtained under the same experimental conditions for specific samples from the range of
Australian oil shale types presently known. General information provided includes a
location map for each deposit, its geology and stratigraphy, the environment of deposition
as well as a brief history and resource levels. Specific geological data includes an accurate
description of the sample source and its petrographic and mineralogic properties. Chemical
details of the shale include Fischer assay retdrt yields, elemental analysis of shale oii,
kerogen content and kerogen elemental analysis. A chromatogram of the FA oil and
" pyrolysis-chromatogram of the raw shale are also given, with a brief description of
prominent features of each profile accompanying the chromatograms. In conclusion the
reader is directed to references considered important for the deposit under consideration.
These references are listed in the compendium in a comprehensive bibliography covering
research publications on Australian deposits over the last decade or so. |

It is only by studying a large number of diverse samples under the same

conditions that trends and correlations, if any, become evident. Interdisciplinary studies
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such as those employed in the above project use different techniques to provide a variety of
data for a particular sample. These need to be interpreted interdependently to establish a
comprehensive picture of the oil shale. By doing this for a large number of sufficiently
well-defined samples we can hope to establish a meaningful data base to which we can add
more information as it becomes available and which allows us to compare new results with

those already obtained.

1.4 Australian prospects for a shale oil industry.

To assess the need for Australia to establish a synfuel industry based on
indigenous raw materials one must first look at any potential problems underlying the
supply to its conventional petroleum industry. In 1985 Australia became virtually
self-sufficient in oil for the first time; since then there has been a downward trend in oil
prices through market manipulation by some O.P.E.C. producers, resulting in the
current world-wide oil glut.

Locally this has resulted in a dramatic cut in exploration expenditure
(Haselhurst,1986) which has serious long-term implications for Australian supplies. To
maintain self-sufficiency Australia must find an additional 200 million barrels of reserves a
year. That is double Australia's annual discovery rate over the last 15 years and coupled
with the low level of exploration activity is a figure not likely to be achieved. With known
oil reserves sufficient to meet consumption levels for only about 10 years we will see Bass
Strait production declining to an estimated 75 % of current output by 1990 and to less than
- 40 % towards the end of the century.

Based on Australian oil and condensate demand and supply projections to the year
2000 (Figure 1-9),lMc Farlane (1984) concluded that Queensland's Condor oil shale
deposit could provide 500,000 barrels of upgraded shale oil per day within about 18
years. Projected development costs were given at US $ 2.3 billion (mid-1983 base) with
annual operating costs at full production put at US $ 265 million. Reddan et al. (1984)
reported on the technical aspects of the major feasibility study of the Condor project,
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carried out by Southern Pacific Petroleum (SPP )/Central Pacific Minerals (CPM ) and the
Japanese Australia Oil Shale Corporation (JAOSCO ). Further studies are continuing under
an agreement signed in July, 1984 between the venture partners and the Japan Oil Shale

Engineering Corporation (JOSECO), a consortium of 36 interested Japanese companies.
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Supply and demand-graph for Australian oil and condensate requirements.

Progress in their development of new processing technology and efforts to construct a
Japanese oil shale pilot plant with a 300 tonnes per day .capacity is described in the paper
by Uchida et al. (1986). Current Australian strategy favours a staged overall development

based on smaller facilities and is focussed on the maximum utilization of known deposits
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through the selective mining and upgrading of high-yield resources. The Kerosene Creek
seam of the Stuart deposit meets the latter criterion and has proven reserves of 175 million
tonnes of shale averaging 135 LTOM (litres per tonne at 0 % moisture) these could be
high-graded by selective mining to around 70 million tonnes at 180 LTOM. Major
operating cost reductions could be achieved by improved retort designs and/or higher
throughputs and by reducing product-enhancement costs through selective upgrading of
only part of the crude shale oil.

SPP/CPM envisage a first stage demonstration project producing 9,000 barrels per
day, to be followed by a facility with a target design for 50,000 barrels per stream day.
Such a facility at Stuart is estimated to cost just under US $1 billion and would produce
over 300 million barrels of shale oil during its 20 year operational life-span, at a cost of
approximately US $20 per barrel in terms of Middle East crude. Other deposits continue to
be investigated with a view to commercial exploitation. Noon (1986), summarized oil shale
exploration in Queensland during 1985-86, while Tolmie (1986), and Neale and
Thompson (1986), reported on the technical status of the Julia Creek and Rundle oil shalé
projects respectively.

Synfuel prbduction will not have to rely exclusively on shale oil for feedstock,
since both gas and coal are abundantly available materials capable of supporting the
industry. A study undertaken by BHP Petroleum concluded that the first large-scale
production of synfuels will use gas as feedstock. This view is partly shared by Shell
Australia who state that shale and gas have the best prospects for conversion to
synfuels depending on the improvement of shale oil technologies and location of the gas
fields (Curnow,1986). This assessment shows that research needs to continue into all
aspects of oil shale utilization with the aim of making shale oil viable in a competitive
marketplace. Areas where future savings should be realized include the mining, retorting,
chemical characterisation, upgrading of raw materials and products and environmental
management. Ultimately it will be commercial considerations in the Australian marketplace

which determine the prospects of our shale oil; research alone will not produce a synfuel

industry.
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1.5 THE DUARINGA OIL SHALE DEPOSIT.

The Duaringa Tertiary oil shale deposit is one of at least 12 other Tertiary deposits
located (mostly) along about 900 km of Queensland's east coast with a combined in-situ
resource potential of 25 billion barrels of shale oil. Figure 1-10 shows the location of some

of these deposits which collectively contain over 90% of the demonstrated resource.

1.5.1 Locality and setting.

The Duaringa deposit is part of the Tertiary sequence of the NW-SE trending
Duaringa Basin, a half-graben approximately 180 km long and 20 km wide centred 110 km
west of Rockhampton, Queensland (Figure 1-11 a). The sequence crops out in three
topographic highs up to 100m above low-lying country. The basin sequence overlies the
deformed eastern margin of the Permo-Triassic Bowen Basin and abuts the Connors Arch
of pre-Permian intrusive rocks and the Gogango Overfolded Zone (an arcuate structure,
composed of Permian sedimentary and volcanic rocks) along the eastern margin.

Permian sedimentary rocks of the Folded Zone are faulted against the Tertiary
sedimentary rocks along the western edge of the basin (Figure 1-11 b).

1.5.2 History of the deposit.
Tertiary oil shale was discovered in the late nineteenth century during
dredging of the Narrows Graben of coastal Central Queensland. In 1973, SPP/CPM
commenced exploration in the area and by 1979 had delineated the Rundle deposit, a
| major oil shale resource with indicated in-situ reserves in excess of 2 billion barrels of
shale oil. The success of this undertaking led to the search for similar deposits elsewhere,
including an area of about 4000 sq. km in Central Queensland, effectively covering the
Duaringa Basin. In that area, buff carbonaceous shale had been recovered from a bore in
1900 and an outcrop of oil shale was reported in 1928 in the banks of the Dawson River,
near the confluence with the Don River. In 1938 oil shale was reported from a bore near

Merion homestead, 115 km N- NE of Duaringa.
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Location and reserves of some of Queensland's major Tertiary oil shale deposits.
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The first drilling was carried out by the Queensland Department of Mines who
drilled three holes near Duaringa in 1942. SPP/CPM commenced drilling in 1978 and to
date 66 holes, recovering 8856 m of core have been completed. The Geological Survey of
Queensland (GSQ) drilled two stratigraphic holes to depths of 1224 m (GSQ Duaringa
3-5R ) and 1303 m (GSQ Duaringa 1-2R) during 1979-80. During this drilling programme
a lower oil shale unit separated from the known resource seams by a thick claystone

interval, was discovered.

1.5.3 Geology of the deposit.

A drilling programme by SPP/CPM during 1978-79 delineated two thin but
laterally extensive oil shale seams in the upper 100 m of the Tertiary sequence. These
seams constitute the accessible resources and comprise an upper 8 m thick seam (unit D),
separated from the lower 25 m thick seam (unit B) by 20-25 m of mudstone. Because the
Duaringa tablelands have a deep soil and weathering profile ranging from 40-60 m,
much of the upper seam as well as some of the lower seam has been affected where
topographic relief is not very pronounced (Figure 1-11 ¢).

Two stratigraphic holes subsequently drilled by GSQ in the Central and Southern
areas penetrated more than 1200 m of sedimentary rocks, most of it bioturbated silty and
sandy oxidised claystone, and intersected a lower oil shale unit below about 600 m. The
geology of the deposit has been briefly described by Ivanac (1983) and Lindner (1983), as
well as in unpublished company reports (Green et al. cited in Hutton (1986 ). |

Hutton (1986), in a comprehensive geological study of the deposit, described the

Duaringa resource as a bipartite oil shale deposit comprising three distinct lithological
units. The stratigraphically younger unit consists of dominantly grey to olive-green
lamosites and claystone,with rare coaly intervals. The middle claystone interval contains
negligible organic matter and overlays a lower unit of interbedded brown to dark
greyish-brown lamosites, brown coal, carbonaceous shale and claystone (Figure 1-11 d.).

The oil shales from the two units have different physical and petrographic
properties and are termed lamosites as defined by Hutton et al. (1980) because they contain

abundant lamellar alginite derived from planktonic algae. The two lamosite dominated units
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may be categorised on the basis of data related to global properties such as hand-specimen
colours, lamalginite fluorescence and abundance, humic matter content, precursor algae
and reflectance of vitrinite macerals. Comparisons of these data distinquish the upper
"Duaringa-type" lamosite from the lamosites of the ldwer oil shale unit which contain
microflora similar to that of the Rundle-Stuart resource and (generally) possess many
features in common with that deposit.

Based on these similarities Hutton concludes that the lower oil shale unit appears
to be an equivalent of the Rundle-Stuart oil shale sequence, with minor differences
between lamosites from the two localities probably related to local variations in conditions

at the time of deposition.

1.5.4 Organic petrology.

Hutton (1981) has studied 60 core samples of oil shale, claystone and coaly
material from GSQ Duaringa 1-2R for analysis of included matter and determination of
reflectance. Samples were chosen so that data could be obtained for the entire Tertiary
sequence of the Duaringa region. Results show that lamosites from the upper and
lower oil shale units have markedly different hand-specimen and petrographic
properties.

Lamosite from the upper unit is typically olive to olive-grey and contains abundant
grey to greenish-yellow fluorescing lamalginite, much of which is derived from the algae
Pediastrum and the dinoflagellate Septodinium as well as telalginite derived frorh
Botryococcus. Samples contain up to 35% lamalginite and up to 25 % telalginite (although
mostly less than 5 % ). In many hand-specimen samples Botryocoécus occurs as white,
ovoid spots up to 1 mm diameter. An above-average abundance of Botryococcus accounts
for the high shale oil yields obtained from stratigraphically equivalent intervals in several
drill holes.

Lamosite from the lower unit is typically brown to dark greyish-brown and
contains orange to yellowish-orange fluorescing lamalginite, most of which is derived
from Pediastrum, with Cleistosphaeridium a precursor for a small proportion. Telalginite is

derived from Botryococcus and samples contain up to 45 % lamalginite but less than 2 %
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telalginite. Carbonaceous oil shale, termed carbonaceous lamosite, also occurs and is of
two forms. The first comprises interlaminated (generally microlaminated) coal and lamosite
whereas the second form is dominantly a lamosite with greater than 5 %, ubiquitous
vitrodetrinite. Both forms are dark greyish-brown to black.

Brown coal contains vitrinite (composed of ulminite, corpohuminite, and minor
resinite) and clarite (comprising ulminite, corpohuminite, attrinite, resinite, sporinite and
cutinite). Thus the lamosite, carbonaceous lamosite and brown coal of the lower unit
contain macerals with the same optical properties as corresponding macerals in lamosite
from the Rundle-Stuart deposit.

Differences between the properties of macerals in the lamosites from the upper and

lower units suggest that the environments of deposition in which the two were formed

were not the same.

1.5.5 Environment of deposition.

Although any interpretation of the environment of deposition of an oil shale is
dependent on a sound knowledge of the mineralogy, sedimentary structures and fossils
(both macro- and micro-fossils) present in the oil shale, identification of the microfloral
components permits some generalizations to be made. Pediastrum is the dominant alga in
the Duaringa deposit. It is a blooming colonial green alga which swarms during the day
under laboratory conditions. At least three well preserved types have been recognized in
the lamosites and there are possibly further species. Pediastrum has been identified m
other Australian Tertiary sediments as well as in those of other countries. In several of
these occurrences the algae were associated with Botryococcus in sediments believed to
be of freshwater lacustrine origin.

Pediastrum together with Botryococcus was found in Cainozoic sediment of
Lake George, New South Wales and its occurrence, based on the alga’s salinity tolerance,
was believed to be an indicator of water depths of at least 7 m for long periods.
Botryococcus was thought to indicate open water and a water depth of at least 7m is
therefore not unreasonable for the ancestral Lake Duaringa. The large area covered by the

Tertiary lake provided water conditions ideal for growth and conducive to divergent
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evolution of the Pediastrum genus. Large inputs of clastic sediment produced relatively
low-grade lamosites. Stratigraphic variations in organic matter from GSQ Duaringa 1-2R

allow five stages of sedimentation to be recognized in the deposit.

a ). During the formation of the lower lamosite unit cyclic sedimentation of
lamosite, carbonaceous lamosite and claystone predominated. The lake was shallow
(possibly less than 10 m) and subject to periodic flooding. During flooding abundant
sediment was deposited by streams which drained the undulating hills flanking the lake.
Nutrient supply increased significantly and planktc‘)nic algae flourished. During sporadic
dry periods marginal zones were characterised by low lying areas with algal-inhabited
shallow pools. Carbonaceous layers of the lower oil shale unit probably represent
both allochthonous plant matter carried into the lake by floods (represented by thin coaly
layers interbedded with lamosite ) with the thicker coaly layers representing limited
encroachment of marginal swamps along waterways. Periods of flooding were probably
infrequent. Partial degradation of plant matter would increase the nutrient supply and
promote algal growth. Interbedded coal-carbonaceous shale and lamosite probably indicate
fluctuating conditions. Anoxic conditions below or near the sediment-water interface,
associated with the rapid accumulation of algal matter, probably promoted the accumulation

and preservation of algal matter.

b ). During the second stage, abundant clay-sized clastic detritus entered the lake.
This stage is now represented by the thick sequence of claystone separating the upper and
~lower oil shale units. Conditions were evidently unsuitable for the vigorous growth of

algae when this interval was deposited.

¢ ). During the third stage the lower lamosite seam of the upper unit was
deposited. Water depths and salinity parameters weré probably similar to those prevailing
when the lower oil shale unit was deposited. Algal bodies would have sunk to the bottom
of the lake and mixed with incoming fine-grained mineral matter. Rapid burial inhibited

bacterial degradation and much of the algal matter was preserved with little alteration.
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Pyrite is much less abundant in the Duaringa deposit than elsewhere but reducing
conditions probably still prevailed. Very little humic matter entered the basin at this time.

Minor incursions of clastic sedimentation are indicated by claystone layers.

d ). Algae were unable to survive during the fourth stage of deposition cycles
which formed the claystone interval separating the upper resource seams. The rapid input

of clastic sediment and consequently muddy waters, presumably inhibited algal growth.

e ). The fifth stage is represented by the upper lamosite seam; conditions
prevailing during formation would have been similar to those in force during stage three .

The discovery of the deeper oil shale unit is significant in that it illustrates that two
alginite-bearing oil shales, with different petrographic properties, can form in the one basin

given suitable conditions.

1.5.6 Resource potential and development status.

Implications from recent project studies on the Duaringa deposit were reported by
Moore et al. (1986) and are summarized below.

Shale oil yields for the upper and lower resource seams are cited at 46-66 LTOM
and 63-92 LTOM respectively. Using a cutoff grade of 50 LTOM and a minimum mining
thickness of 4 m this equates to an average grade of 82 LTOM and combined in-ground
reserves of 3.72 billion barrels of shale oil. Although the lower oil shale unit also contains
significant reserves, its potential has not been assessed. During 1985 SPP/CPM conducted
a prefeasibility study to examine the technical and economic viability of a project designed
to produce 20,000 barrels of syncrude per day. To meet this target production requires the
retorting of 66,000 tonnes of oil shale per stream day with total utilization of more than
500 million tonnes over a 30 year period; any of the three outcrops of the Duaringa deposit
could satisfy this rate of shale production. Oil shale gréde and depth of burial are important
economic criteria in assessing the development prospects of any resource. There are
obvious cost benefits in selecting the richest shale grades for retorting, while minimizing

the amount of overburden to be removed will reduce overall mining costs. The Duaringa
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Central plateau best meets both shale grade and strip ratio requirements and contains over 4
billion tonnes of oil shale with grades greater than 50 LTOM. A northern-edge section of
this plateau could supply the tonnage required for the 30 year project life-span. It contains
oil shale at a grade of 70 LTOM and has a volumetric overburden ratio of 2.7:1. In-situ
moisture is very high at approximately 30 % of the shale mass as mined.

Compared to other resources Duaringa suffers the following disadvantages:

a. - shale is medium grade

b. - in-situ moisture is very high

¢. - the deposit is remote from existing infrastructure.

The impact of the above factors on the overall energy balance results in the requirement of
2,000 tonnes of coal per stream day, mainly for pre-drying of retort feed. This represents
a substantial cost penalty.

Based on the above considerations the prefeasibility study concludes that
"development of the Duaringa deposit in the near term would not be commercially viable.
However, on the basis that the real price of oil will return to 1985 levels by 1990 and then
progressively increase through the end of the century, the project could show an adequate
return on investment if constructed in the late 1990s". Prior to any resource development,

the deposit needs to be fully characterised. This characterisation involves many areas of
research and needs to include a detailed chemical analysis of retort products, in particular
shale oil, since it represents the feed-stock for any marketable products. The chemical

characterisation of Duaringa shale oil is one of the main objectives of the present study .
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CHAPTER TWO : CHEMICAL CHARACTERISATION OF OIL

SHALE AND SHALE OIL.

2.1  INTRODUCTION.

Information about oil shales can be obtained using various physical and chemical
methods. These include extraction procedures, elemental analysis (EA), spectroscopy
(e.g. IR, UV), thermogravimetric analysis (TGA) etc. Robinson (1969), has reviewed
the main techniques of constitutional analysis for kerogen of the Green River Formation.
More recently researchers at the Institut Francais du Petrole investigated various coherent
stratigraphic sequences of organic matter and have published a complete review of the
principal analytical techniques and their contribution to the understanding of kerogen
structure (Durand and Monin, 1980; Durand-Souron, 1980; Rouxhet et al., 1980; Oberlin
et al., 1980; Marchand et al., 1980; Vandenbroucke, 1980). Varied analytical procedures
are collectively very important especially when, as in the above case, they are carried out
on the same sample at one research facility. This allows data from one approach to be
correlated with results obtained using complementary methods and ultimately provides a
comprehensive picture for the composition and properties of the material under
investigation.

The organic phases of interest in oil shales comprise shale extracts (bitumen),
pyrolysis products (shale oil, gases) and kerogen, and exhibit an increase in structural
complexity in the order listed. Bitumen usually makes up no more than a few percent of
total organic content, but is readily extracted and may then be analysed (directly) using
conventional methods. Shale oil, though substantially more complex than the
corresponding bitumen is analysed using similar techniques and provides additional
information about organic source material, while its detailed composition has obvious
commercial implications (e.g. synfuel feedstock). Kerogen, a tough insoluble geopolymer

is less accessible to direct analysis and requires specialized indirect techniques for
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characterisation. Many chemical procedures, including those listed above, are global
characterisation methods which provide only limited structural information about the
heterogeneous materials under investigation. More specific data on constituents can only be
obtained from these techniques in conjunction with prefractionation and isolation
procedures or by using more sophisticated approaches such as gas chromatography (GC),
liquid chromatography (LC), mass spectrometry (MS), nuclear magnetic resonance
(NMR), etc. or a combination of some or all of these techniques (e.g. pyrolysis-GC,
GC-MS). Although there are no direct chemical methods providing detailed structural
information for solids at the molecular level, both IR spectroscopy and solid-state 13C
NMR (Cross Polarization, Magic Angle Spinning (CP/MAS) 13C NMR) of the raw oil
shale reveal certain structural features of its kerogen.

In general IR spectra of oil shales are similar to those for other carbonaceous
solids such as humic substances and coals. They are characterised by several broad bands
attributed variously to aliphatic, aromatic etc. structures, as well as to functional groups
(e.g. hydroxyl, carboxyl, carbonyl). This information provides a semi-quantitative
functional analysis of the complex solid and makes IR spectroscopy suitable for
monitoring global changes coinciding with progressive evolution due to natural or
artificially induced processes (Rouxhet et al., 1980). Fourier transform infrared
spectroscopy (FTIR) has some advantages over dispersive IR including a high signal to
noise ratio, high speed of operation and data handling capability. However, sample
preparation for FTIR remains a difficult and time-consuming step in the overall analytical
procedure. Krishnan et al. (1981) have avoided the sample preparation step by directly
~ studying a variety of solid samples, including coal, using photoacoustic FTIR.

CP/MAS 13C NMR allows an evaluation of the aliphatic/aromatic carbon in
kerogen. Miknis et al. (1982) used the technique to evaluate the genetic potential of oil
shales but noted limitations to the interpretation of NMR, due to the complexity of
kerogen. Kalman and Saxby (1983) used it to study thermal alterations in Rundle oil shales
caused by a small diabase sill intrusion in the deposit while Miknis et al. (1984) adopted

the technique to study a range of oil shales from Queensland, Australia. Hagaman et al.
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(1984) have reported that relative aliphatic resonance areas obtained for oil shales correlate
linearly with oil yields thereby obviating the need to determine mass percent organic carbon
for each specimen. Evans et al. (1986) have examined raw shale as KBr-shale discs (IR)
and in the form of powders (CP/MAS 13C NMR) to assess the aliphatic content of
Australian oil shales. They used these data in conjunction with total organic carbon values
to predict Fischer Assay oil yields.

Both oil shales and kerogens are best studied at the molecular level by analysis of
their degradation products. When these products are generated naturally they are dependent
on the burial history of the deposit and reveal information about the source, evolution and
maturation of the kerogen. In the laboratory they are produced by chemical or thermal
means. Natural degradation products are generated at lower temperatures and in conditions
devoid of additional reactants. This ensures better preservation of structural information
than is the case for laboratory simulation; however many natural products are less easily
recovered under geological conditions than those generated by artificial degradation in a
controlled environment. This applies particularly to the collection of gases, volatile
hydrocarbons and water, all of which may disperse or migrate away from the region of
their natural formation.

The various techniques used for the study on Australian oil shales are outlined
below and often represent procedures available to us either directly, or after modifying
existing equipment. The range of application is necessarily restricted by a desire to work
with raw shale wherever possible, but this direct approach avoids the tedious and
time-consuming step of kerogen isolation and the sample changes this procedure may
“ produce. Most approaches are described in a cursory manner except in those cases
where the technique is used extensively in subsequent sections. Even then the information
is not in the form of a review, but is restricted to references most relevant to the specific

context in which the method is used.

2.2 Solvent extracts.

Solvent extraction of the finely-crushed rock is a logical first step in the analysis
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sequence for any oil shale. It liberates the bitumen fraction for subsequent study and
prepares the oil shale for later demineralization and kerogen isolation. It is reasonable to
expect different oil shales to yield different solvent extracts, however (quantitative)
variability should also be anticipated for different samples from the same deposit,
especially where these are taken from different levels of a highly-evolved stratigraphic
sequence. Extractions should be carried out immediately after grinding of the shale, using
solvents having little or no solvolysis effect. Most methods use ultrasonic agitation at room
temperature, or Soxhlet extraction at the boiling point of the solvent (Robirison, 1969).
Various solvents such as benzene (Anders et al., 1973), benzene/methanol (Burlingame et
al., 1968), chloroform/methanol (Brown et al., 1980), dichloromethane (Wakeham et al.,
1980) etc. have been used. Extraction yields generally increase with extraction temperature
as well as solvent polarity and reactivity. Vitorovic and Pfendt (1967), have reported a
hundred-fold increase in extractables from Aleksinac oil shale for aniline (~53%) over
petroleum ether (~0.5%). The high extraction yield was associated with oxidation and
chemical alteration, contrary to what 1s desired (the objective is to liberate only free
components as opposed to fixed products, which are considered part of the kerogen
polymer). Other reactions such as esterification of acid groups by methanol or ethanol may
also occur, particularly when clay minerals are present to catalyze them (Arpino and
Qurisson, 1971). |

Treibs (1936) identified porphyrins in crude oils and proposed that they originated
from the chlorophyll of plants. Since this pioneering work numerous types of
hydrocarbons, or related structures, have been traced from living organisms through
Recent sediments into ancient sediments and crude oils (Eglinton and Calvin, 1967;
Maxwell et al., 1971; Blumer, 1973). These biomarkers (paraffins, terpanes, steranes etc.)
resist chemical change and are preserved over geological times to be found in the extracts
of almost all sediments, regardless of depth or age (Gallegos, 1976). They stem either
directly from living organisms without chemical alteration, or indirectly with only minor
changes. Most changes occur early during diagenesis of the young sediment and,

depending on the molecules involved, may include loss of functional groups, stabilisation
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by hydrogenation, aromatization etc.. The resultant molecules retain structures indicative of
their biogenic origin and persist in a free state, or may be trapped in the kerogen network,
or bound to it by chemical bonds. In the latter circumstances they are released from
kerogen with an increase in depth and temperature. In this context certain biomarkers (e.g.
alkanes) are less diagnostic for mature oil shales since highly evolved kerogens generate
these hydrocarbons as part of any oil and gas production.

Once formed, biomarkers are not only stable over long periods of time in their
geological environment but remain intact during extraction and analysis. Since they are also
the easiest to isolate, they have been subjected to intensive investigation by an increasingly
large number of researchers. They are important from the viewpoint of molecular origin

since this provides information on kerogen source material and biological environment.

2.3  Elemental analysis (C, H, N, O, S).

Elemental analysis of kerogen is one of many approaches for characterising the
origin and evolution of oil shales and establishes a broad framework within which other
analytical methods can be used more effectively (Durand and Monin, 1980). However it is
not very precise and lacks the ability to resolve globally similar materials disparate at the
molecular level; consequently not too much should be expected from it alone and it needs
to be used in conjunction with other relevant analytical techniques.

The elemental analysis of any kerogen is complicated by the need to isolate it from
its mineral matrix. Ideally this is achieved by dissolution of the mineral phase while
retaining chemically unaltered kerogen. In practice the methods most widely used are based
on acid treatment of the finely-ground shale. Initially HCI is used to remove the bulk of the
minerals (e.g. carbonates, oxides, sulphates etc.) and is followed by addition of HF to
facilitate the removal of silicates. Several reviews have been published dealing with
procedures for kerogen isolation and confirm that the isolated organic material (generally)
represents chemically altered kerogen, particularly in the case of immature sediments

(Robinson, 1969; Saxby, 1970, 1976).
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Specific changes are sample-dependent but include:

1). -loss of organic matter

2). -decreases in the nitrogen content of residual kerogen

3). -increases in kerogen solubility

4). -interaction of the demineralizing agents with organic functional groups.
To minimize potential chemical alterations, acid treatment should be performed under mild
conditions in a nitrogen atmosphere. A cornplete operating procedure, incoprporating these
requirements in a patented apparatus, has been reported by Durand and Nicaise (1980).
Acid treatment of oil shales invan'ébly leaves residual minerals, most commonly pyrite,
although heavy oxides, sulphates and silicates are also found. Complex fluorides may be
formed during HF attack, while other indigenous minerals may survive, protected from
the acids by a preservative coating of organic’ material which deactivates the encapsulated
mineral grain. Pyrite removal constitutes a major problem, especially where it is associated
with organic matter in framboidal form. Its abundance needs to be reduced before

meaningful elemental sulphur values can be obtained for the kerogen. Various oxidative

and reductive methods have been evaluated, with HNO, and LiAlH, reported as the most
effective reagents (Saxby, 1970).

Elemental analyses are carried out on dried kerogen (1 hour at 105° C under

nitrogen) and must be reported on a mineral-free basis, with corrections made for residual
FeS,, oxides, silicates and fluorides. To do this the true mineral content of the kerogen is

determined from the ash yield and the corrected mineral-free elemental composition
then calculated. H/C values give a first indication of the aromatic nature of the kerogen,
while H/C and O/C atomic ratios may be plotted on a van Krevelen diagram to establish the
kerogen type (cf. section 1.17 ). However, since elemental analysis does not differentiate
between mixtures of different types of kerogen, any definitive typing should only be made
in conjunction with supportive data obtained using other relevant techniques.

Elemental analysis of shale oil does not involve a prior isolation step, however the
viscous oil is difficult to sample quantitatively, with at least some components lost during

handling prior to analysis. Retort oil is wet when produced and contains dispersed or
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dissolved water. The presence of water obviously modifies both H and O content and it
needs to be removed prior to analysis. Drying agents such as magnesium sulphate are
commonly used for this purpose and may involve further losses of components. To
minimize oxidation of reactive components shale oil should be analysed as soon as

possible after it is produced; where this is not possible it needs to be stored under nitrogen.

2.4 THERMAL DEGRADATION STUDIES ON OIL SHALES.

2.4.1 Fischer Assay.

The standard procedure for the laboratory evaluation of the oil generating capacity
of oil shales is the modified Fischer Assay (MFA), described by Stanfield and
Frost (1949).

A 100g charge of air-dried, crushed raw shale is loaded in 5 layers around a
central vent tube in an aluminium retort. The layers are separated by perforated aluminium
disks, which serve as vehicles for heat transfer. The retort is heated by a gas burner to
500° C at an approximate rate of 10°C min™! and is held at that temperature until no further .
product formation is observed. Pyrolysis products (oil, gas, water) pass through a
stainless steel transfer tube connected to a glass adaptor with a teflon plug. Condensable
material is. recovered in a 100 mL graduated centrifuge tube immersed in an ice bath
(Fiure 2-1). The transfer tube is gently warmed to assist oil drainage and to ensure
maximum product recovery. The collecting tube is then centrifuged to separate the water
and oil phases; warming again facilitates this process. The entire procedure takes about an
hour and the collected oil yield is generally reported as litres of oil tonne ! of shale at 0 %
moisture (LTOM).

Although the assay is not a precise basic analysis and gives oil yields often lower
than those obtained from modern commercial retorts, it continues to be used as the basis

for the quantitative evaluation of their design and performance characteristics.
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Figure 2-1.

Schematic diagram of Fischer Assay retort (a.) and retort assembly (b.). The retort is made
up of: 1, lid; 2, retort housing; 3, thermometer; 4, perforated aluminium spacer discs; 3,
perforated vent tube; 6, stainless steel transfer tube. The assembly comprises: 1, water
cooled condenser; 2, glass adaptor; 3, teflon plug; 4, glass collecting tube; 5, ice bath; 6,

s.s.transfer tube; 7, thermometer; 8, safety housing; 9, retort; 10, gas burner; 11, stand.
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Fischer Assay oil may be used for the characterisation of the oil shale from which it is
produced, but its composition is, at least partly, influenced by retort parameters such as: -
1). -changes in raw shale particle size, packing density and retort atmosphere.
2). -variations in heating rates and final temperature.
3). -catalytic effects of the mineral matrix.
4). -homogeneity of the raw shale.

5). -residence time of pyrolysis products in the retort.

Some of these problems arise as a consequence of inherent design flaws in the Fischer
retort, while others relate to the poor control exercised over the retorting process. The latter
may be overcome by well-designed retorts monitored by, and operating under the control

of, modern electronic devices.

2.4.2 Commercial retorts (shale oil production).

Shale oil is produced commercially using above-ground retorts, although
subsurface in-situ retorting processes have also been investigated (Marcovich, 1983;
Paine, 1983). The latter may offer an attractive alternative to conventional surface mining
processes for shallow, thin oil shale deposits where high stripping ratios would otherwise
preclude exploitation of the deposit.

Comprehensive literature on oil shale retorting technology is presented in the
relevant sections of the proceedings of the three Australian workshops on oil shale held
since 1983. The economic viability of oil shale production was discussed earlier (cf.
sections 1.2 & 1.4 ); today the only commercial retorts continuing to operate are located in
the U.S.S.R and China, with Brazil's embryonic industry ready to move into the semi
-commercial phase (Prien, 1976).

Retorts may be grouped broadly into three categories according to the principle of
heat transfer during the process of oil production. These categories include designs where
the crushed shale is heated directly, by internal combustion gases produced in the retort, or

indirectly by externally heated gases or solids. The latter design utilizes solids (e.g. hot
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spent shale or heated ceramic balls) to achieve heat tansfer and oil recovery through contact
mixing. Detailed descriptions of the various commercial retorts and their principles of

operation are presented in the Oil Shale Data Book (1979). The most relevant current

development is the proposed 300t day™! pilot plant commissioned by JOSECO in 1981.

This facility is based on a shaft-type retort which was chosen ahead of both fixed-bed and

cross-flow designs following the evaluation of all three in bench-scale retorts of 3t day™!
capacity (Uchida and Yabushita, 1986). Directly heated retorts have high thermal
efficiencies but produce low-BTU gas and achieve relatively poor oil recoveries (80-90 %
of MFA yields). Indirectly heated designs produce better oil yields (up to 100 % of MFA)
but exhibit lower thermal efficiencies.

All systems require large amounts of external energy and are capable of releasing
at best only about 70 % of the total organic matter contained in oil shales. Mining,
transport and crushing of the shale are major costs incurred in the overall shale oil
production process. Retorted shale undergoes a volume increase of about 10 %, and the
relocation of large amounts of spent shale presents a major disposal problem. In-situ
retorting, although still in its infancy, offers potential answer to at least some of these
problems since it does not involve the production and subsequent disposal of the oil shale.
These benefits should realize major cost savings, however there are other problems
associated with the process (e.g. the need for explosive fracturing of the rock to improve
permeability; possible ground-water leaching of retort products etc.) and it needs to be

fully evaluated before it is put into practice.

2.4.3 Thermogravimetric analysis.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are
two fast techniques which respectively record weight-loss data (thermogram) and the
speed, size, reversibility and temperature at which exothermic and/or endothermic reactions
take place in the sample as it is subjected to increasing temperature. The two techniques are
complementary and usually combined in the one instrument. This allows results obtained

simultaneously on the one sample to be perfectly comparable.
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Various factors, common to most thermal techniques, influence the degradation
behaviour of samples analysed using TGA and DTA. These include equipment design,
sample size and homogeneity, heating rates and pyrolysis atmosphere. Equipment
variables are of concern primarily when relating data obtained by different laboratories.
They are virtually eliminated when samples are analysed at only one facility using the same
equipment under identical conditions. Sample size affects both the heat transfer into and
out of the sample and the diffusion of products formed during heating. Diffusion of
products from large samples may take long enough to allow secondary reactions to occur.
These in turn may increase or decrease the loss of mass at a particular temperature. The
overall influence of size variation is sample dependent and, if required, needs to be
determined experimentally. Oil shale is a heterogeneous mixture of organic material
disseminated through a mineral matrix. To ensure good sample representation and
reproducibility, any specimen to be analysed must be ground to a fine powder and sieved
to produce a uniform mixture of consistent particle size.

Samples may be heated in reactive (air, oxygen, hydrogen) or inert (nitrogen,
helium) atmospheres to observe the effects of possible oxidation/reduction processes on
the pyrograms and DTA curves. Although TGA may provide some global information
about the kerogen structure (type) of oil shales, its main use has been to follow the
evolution of kerogen within stratigraphic sequences and to simulate natural maturation of
kerogen in the laboratory (Figure 2-2). In this regard shallow (immature) samples of the
three types of kerogen have been artificially transformed using TGA and then compared to
naturally transformed samples from greater depths of the same formation (Durand-Souron,
~ 1980). When combined with anciliary procedures for characterising the products and
residues from this pyrolysis, TGA provides valuable information on the kerogen structural
type. The various techniques suitable in this context include many of those described in
this chapter dealing, more generally, with the analysis of volatile products and solid
residues.

Durand-Souron (1980) has reported the comprehensive analysis of volatile and

residual matter obtained from the artificial maturation of kerogens by TGA and associated
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techniques. Results obtained for several hundreds of kerogen samples from various origins
were able to demonstrate TGA as a valid procedure for the simulation of kerogen
maturation in the laboratory. This was established by comparing the simulation data with
those obtained for naturally matured samples of the same kerogen. These detailed and
comprehensive analyses delineated broad temperature regions within the TGA pyrolysis

range that are associated with specific changes occuring in the kerogen structure.
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Figure 2-2.

TGA pyrograms for type II kerogens showing the effects of increasing maturation (from

Durand-Souron, 1980).
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For type II kerogen heated in non-oxidising atmospheres these are:

1). - a first stage up to ~350°C characterised by a (generally) small mass loss and
associated with a decrease in oxygen content. This is indicated by a progressive
disappearance of oxygen functionality in respective IR bands of the residue, most

prominently C=0, and the release of water, carbon dioxide as well as small quantities of

SO, and H,S near the end of the temperature range. The observed data, including elemental

analysis, correlate this artificial heating stage with subsurface late diagenesis equivalent to a

burial depth of 1000-1500m.

2). - a second stage from ~350-500°C which involves a major mass loss and
corresponds to the region of maximum oil formation. A decrease in hydrogen content
(disappearance of IR band for C-H) for residual kerogen substantiates hydrocarbon
production (mainly aliphatics) during this phase. Acids, esters and ketones are
progressively eliminated and the overall effects of heating can be equated with natural
catagenesis.

3). - a third stage from ~500-600°C which corresponds primarily to a structural
reorganisation of the residual kerogen towards a thermodynamically more stable form
(stacking of aromatic sheets to form aggregates or clusters) and does not involve any great
mass loss. Observed transformations correlate with deeply buried, highly-evolved samples
and this interval corresponds to natural metagenesis.

Absolute mass losses occuring within the first two of the above temperature
regions characterise the kerogen as rich in oxygen or hydrogen, while relative mass losses
serve to classify it according to its degree of evolution and its potential to generate
hydrocarbons. Artificial evolution of type I and type III kerogens are comparable to those
of type II, with quantitative variations reflecting compositional differences. Total amount
of products generated, as measured by TGA mass loss, are highest for type I kerogen and
least for type III. Consistent with the compositional criteria used for their typing, the
proportion of hydrocarbons in these products is higher for types I and II and lower for

type III kerogens.

Levy and Stuart (1983) have used TGA and derivative thermogravimetry (DTG) td
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investigate several oil shale and kerogen samples from Australian deposits. They were able
to correlate evolved gas analysis, and changes in infrared results observed during pyrolysis
and oxidation of the kerogens, with their thermoanalytical data. Later the same authors
extended their approach to include differential scanning calorimetry (DSC) in their
investigations and used results from TGA in air and nitrogen for comparative studies of

selected Australian oil shales (Levy and Stuart, 1984).

2.4.4 Isothermal pyrolysis.

Apart from the more common thermal techniques described above, there are many
other pyrolysis procedures which provide fundamental information for oil shale studies.
One technique, described by Wall and Dung (1984) is able to simulate various retort
configurations and 6perating conditions and is suitable for studying pyrolysis kinetics of
oil shales basgd on very accurate compositional data, which the method provides. Dried

raw shale (~200mg) is heated rapidly (2000°C min™!) to the selected temperature and is

then held there (¥ 1°C) for the required peridd of time (usually 1000 s). Individual products
(oil, gas, water) generated under these, essentially isothermal, conditions are quantitatively
collected within the chilled quartz tube enclosing the sample holder. These products are
subsequently analysed, with a mass balance better than 99 % routinely achieved for the
entire procedure. Compositional data obtained at various discrete pyrolysis temperatures
allows fractional conversions to be determined relative to product yields at 600°C.
Finally, an oil yield equation is derived covering production over the entire range of

temperatures investigated (~400-600°C). Apart from the kinetic data it produces, the
technique is a very accurate and comprehensive approach for the comparative study of oil
shales, particularly in terms of oil and gas generating potential. Further, analysis of the
quantitative data produced for the entire range of products allows pyrolysis mechanisms to
be investigated. The excellent mass balance gives an indication of the product partitioning
for the constituent atoms of kerogen when these data are used in conjunction with relevant

elemental data for the demineralized shale and shale oil.
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2.4.5 Thermal distillation and pyrolysis-FID.

Pyrolysis-FID may be described as pyrolysis-GC without a chromatographic
column. It is a rapid, quantitative technique suitable for very small quantities of untreated
sample and may be used for crushed raw shale or kerogen concentrates. Data obtained for
these samples characterise the oil shales and determine the extent of their evolution. Hunt
(1979) has described some of the pyrolysis approaches employed to address these
questions. There are many variations of the pyrolysis-FID procedure commonly in use.
These include the commercially available Rock-Eval method for source rock
characterisation and evaluation and others which may employ switching valves, sample
traps and GC columns (Whelan et al., 1980). In most cases the technique consists of
heating small samples of kefogen or finely-crushed rock (1-300 mg) in,a stream of helium
at a selected fixed rate (5-40°C min'l), up to a temperature around 600-800°C.

Hydrocarbons produced are selectively detected by a FID ( the device does not respond to

components such as H,0, CO,, H,S, NH; etc.) with signal levels proportional to the total
mass of those components reaching the detector. In this context the FID functions
essentially as a hydrocarbon-selective mass detector.

Free hydrocarbons contained in pore water and adsorbed to mineral surfaces in the
rock are released as a first peak (P;) by thermal distillation in the temperature range of

100-200°C; actual temperatures depend on programming rates and experimental

conditions. Hydrocarbons, released by the thermal breakdown of kerogen in the sample,

are observed at higher temperatures as a second peak (P,). Its area (mass) may be

considered as a measure of the potential of the sample to generate hydrocarbons with
continued maturation. Pyrolysis-FID data need to be interpreted on a relative basis since
procedural differences will give different absolute values for the same sample. Relative
interpretations will be the same however provided the method is standardised and evaluated
against known samples. The technique may be used for stratigraphic sequencing of

prospective deposits since it reflects evolutionary changes occuring in the sample down the

sedimentary column. In general, as burial depth increases so does the relative area of P, in
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response to a progressive increase in generated free hydrocarbons produced at the expense

of thermally altered kerogen; this causal relationship is reflected by a gradual shift in area

from P, to P,. At the same time the temperature corresponding to the P, maximum (T, )

moves to a relatively higher value, with both phenomena indicative of increasing
maturation. Petroleum geochemists have quantified the peak area information by
calculating a Production Index, or transformation ratio, to characterise the sample's

evolutionary stage (Barker, 1974; Espitalie et al., 1977).
This is defined as : PI = area Py / area (P1 + P3) and is a measure of the

quantity of previously generated but unmigrated hydrocarbons expressed as a percentage
of the total generating poteritial (Figure 2-3). It is clear from the definition that low PI
values are consistent with shallow, immature samples, which will yield large amounts of
hydrocarbons with deeper burial. It should also be noted that PI data is able to identify
migrated material within an otherwise continuous sequence. Upward migration of free
hydrocarbons produced at greater depths, for example, is generally indicated by an index
value greater than that expected for a sample corresponding to the respective depth within
the stratigraphic column. Barker (1974) has looked more generally at the question of
generated hydrocarbon migration. Using pyrolysis-FID he calculated a migration index
from the relative abundances of benzene and octane contained in rock-pore micro
-reservoirs and subsequently released by pyrolysis. He then used these values in an
attempt to classify the rocks into source and nonsource categories.

The PI ratio for individual samples is obviously affected by the loss of volatile free
hydrocarbons through evaporation and adverse sample handling; however relative values

are again meaningful for samples with the same storage history. Barker (1974) studied

only low molecular weight hydrocarbons up to ~C,, and avoided component losses by

storing samples under water from the moment of production. Claypool and Reed (1976)

adopted the opposite approach and oven-dried their samples to remove hydrocarbons up to

about the C,s, range. They found that the first peak obtained up to 400°C correlates

directly with the concentration of extractable C, s, hydrocarbons in the rock, while the
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second peak is approximately proportional to the organic carbon content of the sample.
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Figure 2-3.

Characterisation of source rock maturity by pyrolysis-FID, showing an increase in T,__

(a) and (c), and transformation ratio (b), as a function of depth (Tissot and Welte, 1984).

2.4.6 Pyrolysis gas chromatography.

Pyrolysis gas chromatography is an indirect method in which the substance under

mvestigation is characterised on the basis of the chromatographic profile (pyrogram) of the

volatile products of its pyrolysis. The technique has found wide-spread acceptance for
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studying polymers and has seen an exponential growth in practical applications since its

inception, about 30 years ago. Various authors have presented detailed treatments of the

terminology, apparatus, applications etc. since then. Berezkin (1981), has published a
comprehensive review of the development of pyrolysis-GC .

By analysing pyrograms of the volatile pyrolysis products formed at different
temperatures, one can arrive at conclusions about the structure and composition of oil shale
kerogen, bitumen content and the likely composition of retort shale oil. Larter (1984) has
reviewed the application of analytical pyrolysis techniques to kerogen characteﬁsation and
fossil fuel exploration/exploitation.

The pyrolysis unit is usually an independent device fitted (directly) to the gas
chromatograph and can be classified as a static (enclosed) or dynamic (continuous flow)
system. In static devices the primary products of thermal degradation can participate in
various inter-and intramolecular reactions because of prolonged heating in a confined
environment. Products from these secondary reactions make it very difficult to draw valid
conclusions about the material under investigation and this approach will not be described
further. Dynamic systems include pyrolyzers which are electrically heated conductors
(filament or coil) or a rod of ferromagnetic material heated with a high-frequency current to
the Curie-point temperature of lthe alloy. One advantage of the resistive device is the
possibility of stepwise pyrolysis at several successively increasing temperatures
(Leventhal, 1976). Curie-point pyrolyser temperatures can only be changed discretely to
certain fixed temperatures within the range ~300-1000° C; actual Curie-point temperatures
attained depend on the composition of the alloy used for the sample support. In dynamic
systems the sample is rapidly heated in a continuous flow of carrier gas. Volatile pyrolysis
products are diluted by carrier gas and swept away from the heated zone to the separation
célumn. For oil shales the complex mixture (mainly hydrocarbons) is usually resolved on a
capillary column under programmed-temperature conditions and using a (universal) flame
ionization detector (FID), or others which are more selective. Specific requirements (e.g.

gas analysis) may employ other combinations, such as packed molecular-sieve columns

and thermal conductivity detectors.
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To obtain reproducible results and characteristic pyrograms (fingerprint profiles),
relevant experimental conditions must be established and once optimised need to be strictly
standardised. This is essential since pyrograms reflect the influence of parameters such as:

1).-temperature and time of pyrolysis. |
(Both factors interdependently control the extent of thermal degradation).

2).-sample size and homogeneity.

(Sample size influences heat transfer and diffusion processes within the sample and has a
bearing.on potential secondary reactions. Qil shales need to be finely ground fof the sample
to be representative)

3).-nature and flow rate of carrier gas.

(Chosing different gases allows pyrolysis to proceed in reactive (air, hydrogen etc.) or
inert (nitrogen, helium) atmospheres. High carrier gas rates reduce product residence-time
and minimize secondary processes).

4).-chromatographic separation and detection.

(Separation columns need to resolve (all) components of interest, while the detector must
respond to each of them).

Pyrolysis-GC profiling of oil shales, using the dynamic technique, is a rapid
procedure adequate for comparative purposes and provides information on kerogen source
material, thermal history of the deposit and the kind of oil the shale can generate in
commercial retorts. Reliable data on the relative abundances of the various components is
normally obtained and quantitative values may be calculated by adding appropriate internal
standard(s); however interpretations of the fingerprint profiles are rather subjective and
cannot easily resolve differences between, for example, continuous series of mixed type II
and type III kerogens. Pyrolysis-GC-MS is used, where required, to positively identify
(all) individual peaks in the pyrogram; this is absolutely essential where the components of
interest are present at low levels or obscured by major peaks.

Pyrolysis-GC and pyrolysis-GC-MS have been widely used in attempts to
characterise petroleum source rocks, to elucidate the structure of kerogens and to type them

according to their chemical properties and physical characteristics (Larter et al., 1978,1979-
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Horsfield and Douglas, 1980; Solli et al., 1981; van Graas et al., 1981, 1983; Dembicki et
al., 1983). Gallegos (1975) used pyrolysis-GC-MS to show that biomarkers (steranes and
triterpanes) were produced by pyrolysis of Green River shale. Philp and Gilbert (1984)
have used pyrolysis-GC-MS and multiple ion detection to characterise source rocks by
determining the distribution of certain biomarkers, particularly triterpanes, produced during
pyrolysis. They extended their investigation of source rock biomarker distributions to
include asphaltenes and compared biomarkers produced by pyrolysis of the latter with
thase produced from the corresponding kerogens and soluble extracts (Philp and Gilbert,
1985). Larter and Senftle (1985) have reported an improved kerogen typing for petroleum
source rock characterisation. The method provides an improved classification for kerogen
at all maturity levels, particularly for those of mixed type from near-shore marine settings.
It is based on a quantitative pyrolysis-GC approach using an internal standard,
polymethylstyrene, to determine the absolute concentrations of specific kerogen pyrolysis
products. Using cross-plots of normal hydrocarbons, aromatic hydrocarbons and total
hydrocarbon yields from their kerogen pyrolysis-GC data, the authors were able to
recognize eight separate nodes of kerogen composition. This represents an improvement
over traditional kerogen typing based on microscopy and bulk chemical methods, which
fail to provide adequate resolution of the complex mixture of kerogen components
encountered in oil shales and petroleum source rocks. Crisp et al., (1986) have used flash

thermal pyrolysis of oil shale powders, heated on nickel wires with a Curie-point

temperature of 358°C, as an alternative to solvent extraction for the determination of

Cq-C;5 hydrocarbons in oil shales. They analysed samples from various deposits and

proposed the technique as a qualitative exploration tool for oil shales and petroleum source
rocks. Ellacott (1986) has used pyrolysis-GC-MS to establish a link between the chemistry

and geology of a wide range of marine oil shales.

2.5 Chemical degradation of oil shales.
Chemical methods such as oxidative degradation, alkaline hydrolysis, functional

group analysis etc. have been widely used to study kerogen structure. The main aim of



56

each approach is to make the degradation as specific as possible in an attempt to obtain
smaller identifiable compounds which retain their structural relationship to the kerogen. In
this respect chemical methods are more specific than the thermal procedures described in
later sections. However any reconstruction of the products into a structure representative of
the original kerogen is difficult since the nature of the linkages and bonds between the
various fragments is not clearly defined. Chemical reagents attack primariiy at, or next to,
carbon atoms bearing a functional group and may consequently give misleading
information about the functional groups from which they are derived. Thé oxidative
production of carboxylic acids from various precursors is an example of this. Functional
group analysis is therefore an important complementary method for any degradative
approach.

Many oxidants have been employed for the study of kerogens, with alkaline
potassium permanganate and chromic acid most frequently used,‘usually as part of a
stepwise procedure to prevent further degradation of products formed at various stages of
the oxidation sequence. Robinson et al. (1961) and Burlingame et al. (1968) have studied
kerogen from the Green River Formation using oxidation procedures, in an attempt to
characterise the structure of this type I geopolymer. The latter authors proposed a kerogen
structure (Figure 2-4) based on their findings. Vitorovic (1980) has reviewed most of the
procedures used for the structure elucidation of kerogen by chemical methods, with special
emphasis on oxidative degradation. Vitorovic et al. (1984) have used multi-step alkaline
permanganate oxidation to investigate the relationship between kerogen concentrates
obtained from Green River (type I), Toarcian (type II) and Manville (Canada) shales (type
II). GC-MS analysis of the methyl esters revealed typical saturated aliphatic mono- and
dicarboxylic acids as the main components (>90 %) for type I kerogen and ranged to
typical aromatic mono-, di- and tricarboxylic acids as the main products (>90 %) for type
III kerogen. Type II kerogen yielded primarily aliphatic acids (ca. 80 %), with less, but
significant amounts of, aromatic acids and subordinate quantities of alkane-polycarboxylic
acids also produced. Costa Neto et al. (1984) have used a similar approach to study the

stepwise oxidation of kerogen from Irati shales. GC-MS was again used to identify the
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isolated carboxylic acids ahd revealed a product composition indicative of a type II
kerogen. Chaffee and McLaren (1986) have used electrochemical oxidation to investigate
the chemical structure of the kerogen concentrate from Julia Creek oil sﬁalc. The 1solated
acids were derivatised and analysed using capillary GC-MS. The authors showed that
electro-oxidation leads to a complex mixture of both aliphatic and aromatic acids, with

product distribution broadly similar to that obtained by permanganate oxidation of a type I

kerogen.
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Structure proposed for Green River Formation kerogen (type I). (From Burlingame et al.,

1968).
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2.6 CHROMATOGRAPHIC PROCEDURES.

2.6.1 Adsorption chromatography.

Shale oil and bitumen fractions may be analysed directly by GC without prior
separation or fractionation. This direct approach has some of the disadvantages mentioned
in the next section, while further problems associated with the procedure arise from the
sample size restrictions imposed by the use of capillary columns. As a consequence low
level components may be masked by coeluting peaks, obscured by very large -peaks with
similar retention times, or may not be detected at all if present at only very low
concentrations. To overcome some of these limitations, samples are normally separated
prior to analysis to obtain concentrates of fractions containing the components of interest.

Shale oil and bitumen samples are extremely complex mixtures of compounds
including numerous homologous series of hydrocarbons and many classes of heterocyclic
compounds of varying polaﬁty. Many fractionation schemes have been reported in the
literature to isolate these for further study. Most procedures achieve a class separation by
using either open column or high performance liquid chromatography (HPLC) and
adsorbents such as silica, alumina or a combination of both. Other adsorbents (Florisil,
Sephadex etc.), reversed-phase and ion-exchange procedures as well as thin-layer
chromatography (TL.C) have also been used to isolate particular fractions. Jewell et al.
(1972) adopted the widely-used SARA technique (saturates-aromatics-resins-asphaltenes)
for the separation of petroleum distillates. This procedure combines ion-exchange,
coordination-complex and adsorption chromatography (alumina or silica-alumina) to
separate acidic, basic and neutral nitrogen compounds, saturated and aromatic
hydrocarbons. Jones et al. (1977) have reported the separation of aliphatic and aromatic
hydrocarbons as well as nitrogen heterocyclics and polar aromatic compounds in crude oil
derived from coal and shale. They used acid-base extraction followed by solid-liquid
chromatography on Sephadex LH-20, silicic acid and basic alumina to achieve this. Other
researchers have used classical chromatography emloying both single- and dual-packed

silica, alumina and alumina-silica columns to resolve heavy petroleum fractions, shale oil
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and coal-derived liquids (Hirsch et al., 1972; Schwatzky et al., 1976; Shue et al., 1981;
Later et al., 1981). Hertz et al. (1980) have used acid/base extraction followed by reversed
-phase C-18 HPLC and GC, GC-MS to identify and quantify several phenols,
N-heteroaromatic compounds and PAH in shale oil.

The use of HPLC, with activated silica as the stationary phase, has shown that
petroleum feedstocks can be separated rapidlyv into saturates, aromatics and polar
fractions with cleaner class separations compared to conventional chromatography. The
inherent greater efficiency of HPLC has recently been augmented by improved selectivity
through the development of bondcd phases (Miller, 1982), the application of Switching
techniques and the introduction of high-resolution microcapillary columns. Despite the
success of HPL.C in resolving components within a chemical class and model compound
mixtures, these separations have not translated directly to the analysis of complex oils,
with the overlap of classes such as saturates/olefins and aromatics (mono-, di-, and
polyaromatics) remaining a problem. Novotny et al. (1984) have used reversed-phase
microcolumn-HPLC for the separation and characterisation of very large polycyclic
molecules in the non-volatile neutral polyaromatic fraction of coal-derived fossil fuels.
Using microcolumns with efficiencies over 200,000 theoretical plates they resolved over
170 components. Trapped components were analysed by MS, which showed the presence
of numerous isomers of the parent and alkylated polycyclic compounds within five- to
nine-ring structures. It is the presence of these isomers which normally prevents a clean
separation of this fraction in shale oil using more conventional HPL.C columns.

The class fractionation of fuel oils by TL.C has not been widely reported. Column
chromatography followed by TLC has been used by Hurtubise and Phillip (1979) to
separate and identify the polyaromatic hydrocarbons in shale oil. Huc and Roucache
(1981) have carried out a comparison between TLC and column chromatography as a
technique for separating aliphatic, aromatic and polar compounds in the extracts from
sedimentary material. Harvey et al. (1984) have used silica TLC to separate the organic
components in shale oil into 14 classes. Individual compounds within these classes were

identified using GC-MS and IR procedures.
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Regtop (1983) has reviewed some of the more commonly used separation
procedures including open column chromatography, HPLC and liquid-liquid extraction.
Using a combination of alumina and silica adsorbents he isolated various fractions from
Rundle shale oil and biturnen by eluting them from a gravity-fed chromatographic column
using solvent mixtures of increasing polarity. The isolated fractions were then concentrated
and analysed further by GC, GC-MS and gravimetry (Regtop et al., 1982; Regtop et al.,
1983). Ingram et al. (1983) used the same procedure for the comparative study of oil
shales and shale oil from the Mahogany Zone, Green River Formation and Ker(:)senc Creek
Seam, Rundle Formation. Roveré ét al. (1983 ) modified the solvent elution program of
the method to obtain 20 fractions for shale oil from the Condor deposit, Australia.
Aliphatic fractions obtained from adsorption chromatography may be further fractionated
by urea adduction or molecular sieving, to separate linear compounds from branched and
cyclic components. It should be appreciated that the resolution achieved by any column (or
other) -fractionation step is not as critical when the isolated fractions are subsequently
analysed by GC, GC-MS or GC-FTIR. Under those circumstances the main requirement
from these procedures are separation efficiencies adequate to obtain (clean) class
separations and (complete) recovery of the sample. Other important considerations relate to
cost, sample capacity, reproducibility and speed of the procedure. Apart from the latter, the
use of the gravity-fed mixed-bed open column used by Regtop et al., (1983) has been

shown to satisfy most of these criteria .

2.6.2 Gas chromatography.

Even narrow fractions obtained from adsorption chromatography often contain
hundreds of components at varying concentrations. These components need to be resolved
and subsequently identified, or simply monitored for the presence of a particular
compound. Capillary-GC, interfaced to complementary equipment, goes a long way
towards achieving most of these requirements.

Gas chromatography (GC) separates complex mixtures of chemicals into those

constituent components amenable to the technique. A stream of inert gas carries a



61

vaporised sample of volatile components through a column containing a non-volatile
stationary phase. The components that have little or no affinity for the stationary phase
remain partitioned in the gas phase and are swept through the column quickly. Other
components may interact with the stationary phase and be temporarily removed from the
gas stream, with individual passage through the column dependent on the respective
affinity. Where the affinity is too great, components may be totally retained, never to
emerge from the column (e.g. some high molecular-weight polar or non-volatile
compounds). The time from sample injection to component appearance ('rctention time) is
characteristic of the componen.t identity, assuming that the column, gas velocity,

temperature and other appropriate parameters are held constant.

Mc Nair and Bonelli (1969) have covered the basic concepts of GC and Douglas
(1969) has reviewed some of the earlier applications of gas chromatography to the field of
organic geochemistry.

In the context of oil shale research, the most important recent advance in GC has
been the development of fused-silica capillary columns coated with a cross-linked (bonded)
stationary phase. Compared to the previously available packed or capillary columns made
of either stainless steel or glass, fused-silica bonded-phase (BP) columns now routinely
provide vastly improved column to column reproducibility, resolution and retention
characteristics. Other advantages include the virtual elimination of breakage, a highly inert
inner-column surface, a wide dynamic temperature range and rinsability. Collectively these
attributes have made the large number of stationary phases previously required for packed
and glass capillary columns virtually redundant. Jennings (1980) has reviewed the
development and use of glass capillary columns leading up to this latest innovation.

It is the inertness, reproducibility and great resolving power which makes the use
of BP capillary columns almost mandatory for the compositional analysis of such complex
mixtures as bitumen and shale oil. Low-cost commercially available columns (25m)
routinely exceed 100,000 effective plates and are available in a narrow range of non-polar
(silicone rubber) to polar (carbowax) stationary phases. Used with high-speed modern

integrators, they are capable of analysing almost the entire range of volatile components
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normally found in the complex mixtures of organic compounds isolated from sediments,
rocks and oﬂ. In conjuncﬁon with specific detectors which are selective for, or enhance the
signal of, nitrogen, sulphur, phosphorous and halogen containing molecules, they provide
direct information about the presence of these compounds in complex mixtures without the
need for prior fractionation or isolation. Earlier comments about retained components
should caution the researcher against any direct analysis of complex mixtures.
Indiscriminate injections of unknown samples may lead to the build-up of contaminants
which may prove difficult, if not impossible, to remove from the column. When used with
fractionation procedures, such as column chromatography, and followed by
post-separation identification (GC-MS, GC-FTIR), BP columns form an indispensible part
of the most powerful analytiéal approach available to the geochemist today.

The advent of BP capillary columns has rendered obsolete much of the early data
obtained from packed or glass capillary columns using different phases; there is now a
need to provide retention times obtained using BP columns under standard conditions.
This will result in the establishment of a large data base of important and easily
- reproducible information (e.g. retention indices for GC-MS identified components in

bitumen and shale oil).

2.7 Mass spectrometry.

Mass spectrometry has been used in the petroleum industry and related areas for
many years. In the early stages it was used mainly to monitor refinery products and to
determine crude oil compositions. Burlingame and Schnoes (1969) have reviewed the
instrumentation, techniques and applications of this early work. Their comprehensive
review covers the analysis of organic matter from geological sources but emphasises those
applications in which mass spectrometry has played a major role in the structural
characterisation of individual components within the main compound classes
comprising crude oil.

The applications of MS to organic geochemistry, particularly in the case of

GC-MS, have increased dramatically in the last few years. This has been in conjunction
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with the development of high-resolution capillary columns, quadrupole and laminated
-sector mass spectrometers, cheap and powerful computers and sophisticated software to
control the instruments and process the data. Consequently GC-MS is now used
routinely in fossil fuel studies for the identification of individual components in the
complex oils and extracts obtained from a variety of sources. GC-MS is also used
extensively to monitor and quantify biomarker compounds present in these mixtures,
particularly where these components are present at relatively low concentrations and
consequently obscured in the baseline of the respective chromatograms. Philpv (1985) has
compiled and published a comprehensive collection of mass spectra for these compounds.
Their presence and djsuibuﬁon can provide valuable information about the evolution and
source of a particular deposit and their study is proving to be an important tool in the area
of petroleum exploration (Ourisson et al., 1984).

Many biomarkers and other molecules (e.g. members of homologous series)
fragment in a systematic way to produce fragment ions characteristic of their structural
identity. These characteristic ions can be used to detect and monitor individual components
of that type within unresolved complex mixtures even in the presence of coeluting GC
peaks, provided the coeluting component does not itself produce an ion of the same mass.
This technique of multiple ion detection (MID) enhances the sensitivity of the MS
dramatically. Since it obviates the need for complete scans, greater dwell-times are attained'
for the restricted number of discrete, preselected ions chosen to monitor the components of
interest. Philp and Gilbert (1984) have used pyrolysis-GC-MS-MID to characterise
selected Australian and Alaskan petroleum source rocks and oil shales. Later the same
authors extended this approach to include the characterisation of asphaltene biomarkers
produced by microscale pyrolysis of extracted source rocks, kerogens and asphaltenes
(Philp and Gilbert, 1985). The GC-MS-MID mode of operation is particularly effective
when used with high-resolution mass spectrometry. Choosing fractional-mass ions, totally
specific for the monitored compounds, eliminates possible contributions at these masses
from unrelated components and increases selectivity to the extent where complex mixtures

may now be analysed without the need for time-consuming fractionation steps (Mackenzie

et al., 1983).



64

An alternative approach to mixture analysis is to utilise a tandem MS-MS
configuration either directly, using a batch inlet or direct-insertion procedure, or more
 appropriately, as part of a GC-MS-MS facility. Even further selectivity has been achieved |
in commercial systems in the form of a triple-sector quadrupole (TSQ) mass spectrometer.
This configuration comprises three sequential quadrupole mass-filters and is able to utilise
most of the available inlet systems and ionisation methods. The recent development of
extremely compact ion-trap mass spectrometers offers the future possibility of
stacked-array multiple-trap arrangements with virtually unlimited MS ﬂeﬁdbility and
selectivity. With continued innévam’ons in instrument design and major advances in
computer technology, it may eventually be only financial constraints that limit the
complexity and availability of these extremely powerful systems.

Interfacing a high-resolution capillary GC to a modern fast-scanning mass
spectrometer (quadrupole or sector) creates a combined GC-MS system capable of
resolving and identifying most of the hundreds of components normally encountered in oil
shale analysis. Most capillary columns are interfaced to the MS via an open-split coupling,
or coupled directly, with the column terminating close to the MS ionising region. The
former arrangement allows part of the column eluent to be diverted and recorded by a
FID and retains the column's normal retention characteristics. The latter achieves
maximum sensitivity with all components entering the MS source and avoids losses
associated with problems in the interface (e.g. activity of the transfer line). In this case
profiles almost identical to conventional FID traces are obtained from the total ion
chromatogram produced by the MS data system.

High performance liquid chromatography-MS (LC-MS) is another combined
technique which may play a greater part in future geochemical studies. Some of the early
work was concerned with the analysis of PAH in coal-derived liquids (Dark et al., 1977).
Ironically this is an area where fused-silica columns are now competing with HPLC, since
relatively large polyaromatic compounds are now easily chromatographed using these
columns (Hirata et al., 1981). However, with improvements in interfacing (e.g.

thermospray) and the development of high-resolution microbore columns (Novotny et al.,
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1984) it is now possible to ‘take the total HPLC eluate directly into the ion source of the
mass spectrometer system. The latter should provide an improvement for the analysis of
high molecular -weight, polar compounds which may be retained by capillary columns or
prove too labile to survive alternate MS introduction systems.

Mass spectra are normally produced by electron-impact (EI) ionisation, since this
mode of operation achieves the highest sensitivity and provides maximum structural
information for individual molecules; consequently all mass-spectral libraries are based on
information obtained from this ionisation method. Chemical ionisation (CI) using various
reagent gases may also be employed, although it is only suitable for restricted classes of
compounds (Mackenzie et al., 1981). It is a soft ioni§ation technique involving
ion-molecule reactions and has only limited applications to hydrocarbon-type analysis,
however it may be more useful for heteroatomic molecules. This restricted application can
be used to advantage in the analysis of suitable mixtures, since it may allow selective
ionisation of certain classes of compounds in the presence of others. CI produces fewer
fragments ions than the EI procedure and provides primarily molecular weight information
for those molecules accessible by the technique. A common approach with older
instruments is to analyse suitable GC-MS fractions sequentially in both the EI and CI
mode, while some modern installations are capable of alternate scan EI/CI operation during
a single analysis (Taylor et al.). The latter is invariably associated with the loss of some EI
spectral resolution due to the higher MS source pressure required to produce CI
conditions. Alternating positive-ion / negative-ion scans may also be performed with
modern instruments. As with CI, the negative ion phase of this pulsed-mode of operation
does not find universal application but gives selective information for specific compounds
that produce a high proportion of negative ions under (predominantly) EI conditions.

Other ionisation techniques such as field ionisation, field desorption and fast atom
bombardment (FAB) are also available but have not found wide-spread application in
geochemical research. Ekstrom et al. (1983) have used FAB to study porphyrins isolated
from shale extracts, but the technique is generally more popular in the biomedical field,

where molecular weight information on complex molecules, of up to 5000 daltons, has
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been obtained using this ionisation procedure. The need to analyse high molecular-wejght
molecules and polymers, from polar fractions such as the asphaltenes, will undoubtedly

see an increase in the use of this approach in an effort to unravel fundamental kerogen/oil

relationships.

2.8 Modern infrared techniques.

Most of the characterisation work on crude oils and rock extracts has been carried
out using GC-MS techniques. Although this situation is likely to continué, relevant
advances in other techniques will progressively contribute more and more complementary
data obtained from alternate identification methods. Infrared spectrometry, for example,
can now be combined with GC to obtain IR spectra for peaks eluting from capillary
columns. GC-FTIR uses a light pipe approach to obtain real-time spectra as the
compounds leave the column. An alternate, matrix-isolation infrared approach (MI-IR) was
first demonstrated by Reedy et al. (1979). Their GC-MI-IR procedure immobilises the
eluting molecules in a matrix of solid argon deposited on a gold-plated disk held at ~10K.
The cryogenically trapped components are then analysed at the end of the chromatographic
run, with a computer serving to synchronise the column peaks with respective disk
positions.

Laude et al. (1984) have linked GC-FTIR-FTMS with integrated EI and CI
ionisation to analyse a mixture of model compounds comprising a variety of functionalities
including aliphatic and aromatic halogen, carbonyl and hydrocarbon compounds. The IR
part of the linked technique is inherently less sensitive than the MS analysis and overall the
procedure requires greater sample levels and a capillary column with consequently higher
sample capacity to avoid column overloading. Smith (1986) has overcome the deleterious
effects of high sample concentrations by using a two-dimensional capillary GC-FTIR. This
involves two capillary columns of different polarities located in two discrete, independently
controlled ovens in the same gas chromatograph. He uséd a heart-cutting technique to
obtain FTIR spectra for components of a terpene mixture. Reedy et al. (1985) have used

high-resolution GC-MI-IR to study a mixture of PAH, PCB, dioxin and aliphatic
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hydrocarbon compounds. They obtained excellent IR spectra for 50 ng of fluorene, about
40 times better than the detection limit for the compound using a light pipe approach.
Infrared spectrometry is unique for every chemical compound and is consequently
well suited to distinguish between closely related structures such as isomers. In mass
spectrometry, identifications of chemical compounds are based on fragmentation patterns
which may be similar for a variety of molecules. Infrared spectra are measured for intact
molecules and any change in the identity or position of a substituent on a molecule alters
the vibrati;n modes of the molecule, resulting in distinctive infrared spectral features. Even
in those cases for which neither MS nor IR nor a combination of the two is able to identify
a particular compound, IR is a good source of information about the functional groups
present in the molecule. This data often indicates whether the molecule may respond to
CI-MS analysis. If so, the molecular weight, mass-spectral fragmentation pattern, and all

of the IR information, may collectively allow complete structural assignments.
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CHAPTER THREE : EXPERIMENTAL

3.1 General procedures. _

Raw oil shale samples were crushed, as received, to < 2.8 mm diameter and
divided into sub-fractions using a riffle sample splitter. The top size (1.4-2.8 mm) was
used for retorting purposes, while the finely-powdered fraction was used for solvent
extraction and pyrolysis-GC, pyrolysis-FID etc. All sieved fractions were stored in glass
containers fitted with alfoil-lined lids.

All solvents were distilled prior to use and checked for chromatographic purity
using GC. Water was triple-distilled (the last two distillations from a quartz still) to ensure
the absence of plasticiser contaminants.

All glass containers were initially cleaned using a cycle of detergent, hot tap-water,
Decon 90 (or chromic acid) washing, followed by rinsing with hot tap-water, distilled
water, acetone and chromatographically-pure dichloromethane. All screw-cap vial hds
were fitted with teflon-lined silicon-rubber septum-seals to maintain sample integrity and to

prevent evaporation of the contents during prolonged storage.

3.2 Solvent extraction.

Finely-crushed raw shale (10 g) was placed into a 100 mL round-bottom flask and
50 mL dichloromethane added. The flask was placed in an ultrasonic bath filled with water
(35°C) to a level ~1cm above the flask contents, which were then stirred for 4x15 min
(Figure 3-1). At the end of each extraction period evaporated dichloromethane was
replaced with fresh solvent and the bath adjusted to the 1nitial temperature. After 60 min the

solvent extract was decanted, filtered, concentrated to ca. 4 mL (rotary evaporator, 30°C,
4.7 kPa.), dried (anhydrous MgSQO,) and centrifuged. The supernatant was transferred to a

5 mL amber screw-cap vial and the solvent evaporated under a gentle stream of dry
nitrogen until component concentrations suitable for GC analysis were obtained, or
completely for gravimetric quantitation. When a large number of samples needed to be
processed, smaller quantities (0.5 g) of powdered raw shale were extracted with 10 mL of
solvent in 20 mL screw-cap vials bundled together with rubber bands. These vials were
shaken gently for 12 h and the exiracts then treated as described above.
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___ [:3] water (35 ©)
Sieved raw shale

Figure 3-1.
Schematic diagram of ultrasonic extraction of raw shale : 1, retort stand; 2, stirrer motor; 3,
thermometer; 4, flask clamp; 5, ultrasonic bath; 6, round-bottom flask.

3.3 THE RETORTING OF OIL SHALE.

Air-dried, crushed raw shale (60 g) from the Duaringa deposit (5391-C) was
retorted using the modified Fischer Assay procedure of Stanfield and Frost (1949). The
shale oil produced (FA-retort oil) was fully characterised and served as a reference
sample for further studies.

3.3.1 Retort construction and shale oil production.

A copper tube-furnace and a stainless steel retort of ca.60 g capacity were
constructed to overcome at least some of the inherent design problems evident in the F.A.
retort (cf. section 2.4.1). The furnace was positioned centrally inside an aluminium can
and thermally insulated from it with quartz wool. All other oil shales were retorted using
this facility (Figure 3-2) and oil produced will be referred to as retort oil, to differentiate
it from the oil obtained as above. The tube-furnace was controlled by a Varian
column-oven linear temperature programmer, supplying two 115 V, 300 W cartridge
heaters connected in series. Retort temperatures were monitored by a sensing probe located
in a hole drilled close to the internal wall of the copper tube. Dry nitrogen sweep-gas was
controlled by a fine needle valve and introduced to the furnace via a drilled-through 1/8"
swagelok fitting silver-soldered to the retort lid. Retort products were collected in a
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centrifuge tube(s) immcrscd in an ethanol bath held at -20°C by a cold finger (Nesiab
Cryocool).
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Figure 3-2.

Schematic diagram (0.5 x actual size) of stainless steel retort (a) and cut -away section of
copper-tube furnace (b). 1, thermocouple probe; 2, sweep-gas inlet; 3, drilled through
1/8" Swagelok fitting; 4, fastening bolt; 5, silver-wire gasket; 6, retort; 7, stainless steel
gauze; 8, 1/8" Swagelok fitting; 9, lead to temperature programmer; 10, furnace-control
sensor; 11, aluminium can; 12, quartz-wool insulation; 13, Firerod cartridge heater @ 115
V, 300 W, connected in series; 14, copper furnace block; 15, electrical supply from

temperature programmer; 16, ceramic terminal block; 17, lead connecting cartridge heaters.
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The stainless steel retort exit tube was resistively-heated directly by a low-voltage
high-current transformer. This ensured that all products left the tranfser tube and avoided
the need for rinsing to achieve total product recovery. A purge-gas velocity of 50 mL
"1 was chosen to sweep pyrolysis products into the collection tubes. With an interstitial
volume of ~30 mL for a normal retort charge of 60 g, this flow rate equates to a maximum
product-residence time of ca.30 s. The whole assembly was located in a fume cupboard to
minimise problems associated with fumes and unpleasent odours (Figure 3-3).

min

Figure 3-3.

Retort facility for producing shale oil. 1, sweep-gas cylinder; 2, needle valve; 3, linear
temperature programmer; 4, pyrometer; 5, timer; 6, on/off toggle valve; 7, furnace-control
sensor; 8, gas inlet, 9, ceramic terminal block; 10, aluminium can; 11, chiller "cold-finger";
12, teflon stopper; 13, five figure digital volt meter; 14, Cryocool (Neslab) chiller; 15,
low-voltage, high-current transformer.

Actual shale temperatures attained during retorting (Figure 3-4) were monitored by
a chromel-alumel thermocouple probe fitted through the retort lid and connected via a 0°C
reference junction to a five figure digital voltmeter or recorder. At maximum heating rate
shale temperature was almost linear over the entire heating range and for the pyrolysis
region (~300-500°C) had a gradient of 9.6°C min™! (c¢f.10°C min‘! required for FA retort
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studies). During step-wise retorting, samples corresponding to particular temperature
regions were collected in 10 mL screw-cap vials. These were immediately sealed and
stored in a freezer for subsequent analysis.
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Figure 3-4.
Plot of actual shale temperatures during retorting. Values ( ® ) were obtained by convertin g
digital voltmeter readings from a chromel-alumel thermocouple located in the shale.
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3.4 INSTRUMENTATION.

3.4.1 Gas chromatography.

GC analyses were carried out on a Varian Model 3700 gas chromatograph fitted
with a FID and equipped with a thin film (0.25 micron) 25 m x 0.22 mm i.d.vitreous-silica
BP5 column (S.G.E.A code: 25QC2/BP5 0.25). The GC oven was temperature
-programmed from 50°C to 280°C (isothermal) at a rate of 4°C min™!. The inlet splitter
was set to a split ratio of 15:1 and the pressure drop across the column was maintained at
100 kPa throughout the analysis. At 50°C this corresponded to a hydrogen carrier gas
linear flow-rate of 19.4 cm s’!, as determined from the retention time of methane.
Hydrogen carrier gas was used for all of the GC analyses except for the initial phase of
pyrolysis-GC (cf. section 3.5.2). GC profiles and quantitative data were obtained using a
Shimadzu C-R3A integrator. The integrator was time-programmed to exclude any solvent

contribution (< hexane) from the total peak area value (except for pyrolysis-GC, where all

data were quantified). Peak detection parameters were chosen so that components present
at levels greater than twice the background noise level contributed to the total area.

3.4.2 Mass specfrometry.

Direct insertion (DI) and GC-MS data were obtained from either a Vacuum
Generators V.G. MM 12-12 or MAT-44 quadrupole mass spectrometer system. Both
instruments have a 1200 amu mass range and each is able to operate in either EI or CI
ionisation modes. The V.G. system also operates in a pulsed positive-negative ionisation
mode and is equipped with a FAB source. For GC-MS analysis helium was used as
carrier gas and a BPS5 capillary column was connected directly to the ion-source (250°C) of
the respective mass spectrometer via heated (250°C) deactivated vitreous silica transfer
tubing. EI spectra were obtained at 70 eV. CI data were obtained using isobutane as
reagent gas. Scan times for both modes were normally 1s, although faster rates were
occasionally used to resolve closely eluting components. Mass-spectral data from the V.G.
system were acquired and processed using a Data General Nova 3 computer interfaced to a
top-load Pertec hard disk drive (2 x 5 megabyte). The MAT-44 mass spectrometer system
operates under the control of its own microprocessor and stores spectra on single-sided 8"
floppy-disks. Compounds were identified by matching their mass spectra with commercial
libraries (M.S.D.C., 1974; Stenhagen et al., 1974) or by comparison with literature
spectra (Anderson et al., 1969; Anders and Robinson, 1971; Gallegos, 1971, 1973;
Simoneit et al. 1971; Simoneit, 1977, Seifert, 1978; Seifert and Moldowan, 1978, 1979:
Mackenzie et al., 1981; Philp, 1985), or by comparison with spectra of reference
compounds analysed using the above facilities.

FT-NMR analyses (H and 13C) were carried out on either a 90 MHz (Jeol FX
90Q) or 400 MHz (Jeol INM GX 400) spectrometer. Other instruments are described in
those sections dealing with their specific application to oil shale and shale oil analysis.
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3.5 PYROLYSIS PROCEDURES.

3.5.1 Pyroprobe calibration.

Pyrolysis-GC was performed using the platinum-coil probe of a CDS 150
Pyroprobe. To obtain accurate shale temperatures during flash pyrolysis, the pyroprobe
was first calibrated in situ. This was done to establish accurate and reproducible instrument
conditions and to obtain an indication of actual shale temperatures during pyrolysis. Prior
to calibration the rubber septum-seal, normally used for the probe, was replaced by teflon
tape. This was wound tightly around the probe shaft to a thickness slightly less than the
internal diameter of the septum nut and was retained in it by a shallow stainless steel
capture sleeve (Figure 3-5). A teflon seal was then formed by screwing the éepmm-nut
onto an unused drilled-out (1/4") injection port of a Varian 2700 GC. The injection port
was held at 300°C and the probe left inits position overnight to outgas the teflon, which
deformed and compressed at this temperature to form an inert seal inside the nut. This seal
has now been used on over 100 occasions without any problems or contributions to the
chromatogram.

Figure 3-5. »

Schematic diagram of CDS 150 Pyroprobe shaft-section showing teflon-tape seal and
capture-sleeve arrangement. 1, pyroprobe shaft; 2, stainless steel capture sleeve; 3,
tightly-wound teflon tape; 4, septum-nut.

The platinum coil was calibrated inside the injection port held at 300°C by placing
a fine chromel-alumel thermocouple into the middle of a quartz pyrolysis tube located in the
coil. The coil was positioned in the centre of the injection port and the thermocouple output
referenced to a 0°C cold-junction. Pyroprobe instrument parameters were: RAMP: OFF,;
INTERVAL: 20 s; FINAL TEMPERATURE (DIAL): 300, 400............... ,999. Voltages
generated during the pyrolysis period were recorded on a calibrated chart recorder against
controller dial settings (Figure 3-6) and the maximum voltages reached during each run
converted to temperatures using standard conversion tables. Individual profiles clearly
show the poor heating rates (e.g. a rate of ca. 1200°C min™! was achieved with the dial set
to 700 -- curve 5 of Figure 3-6) and the restricted time interval during which the sample is

actually in the region of the maximum temperature attained.
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The maximum recorded temperature values of Figure 3-6 were plotted agai.nst
Tespective controller dial settings to establish a calibration curve covering the entire range
of available temperatures. Figure 3-7 shows the actual temperatures achieved are
substantially lower than the settings on the instrument dial; a dial setting of 750 was
satisfactory for flash pyrolysis. This gave a probe temperature of ~570°C, althou gh any

temperature gradient into the sample necessarily reduces the temperature which the entire
sample actually experiences.
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Figure 3-6.

Profiles of quartz-tube temperatures for platinum pyroprobe heater coil operated in the
flash-pyrolysis mode. Curves 1-8 correspond to CDS controller dial settings of 300, 400,
500, ....... , 999 respectively.
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Figure 3-7.

Plot of CDS pyroprobe dial-setting against maximum quartz-tube temperature attained
during flash-pyrolysis. Maximum temperatures reached were obtained from appropriate
curves 1-8 of Figure 3- 6.

3.5.2 Pyrolysis gas chromatography

Finely crushed raw oil shale samples were flash-pyrolysed using a CDS 150
Pyroprobe and those instrument settings previously chosen to calibrate the platinum
pyrolysis coil (final-temperature dial setting: 750). Quantities of shale, dependent on the
richness of respective samples but usually within the range of 0.5 - 3 mg, were placed in a
quartz pyrolysis tube (25mm x 2mm i.d.), which was then plugged at both ends with

quartz wool. Prior to use this wool had been solvent extracted (CH,Cl,), DMCS

deactivated and subsequently baked out (1h) in a muffle furnace at 800°C. The
pyroprobe was introduced directly into the 1/4" injection port of a Varian 3700 gas
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chromatograph, fitted with a splitter insert, cut down to accommodate the pyroprobe.
Following lock-down of the probe shaft the sample was allowed to equilibrate for 10 s,
after which the pyrolysis process was initiated. At the end of this period (20 s) the GC
carrier gas was changed from helium to hydrogen, using a three-way switching valve, and
the GC temperature program started. The carrier gas was changed back to helium once the
analysis had been corhpleted. This provided time adequate for reequilibration from
hydrogen to helium during the GC cool-down phase (~10 min). All other GC operations
and conditions were as described in section 3.4.1.

3.5.3 Pyrolysis-FID.

Although the CDS Pyroprobe platinum coil functioned satisfactorily for small
samples (up to ~5 mg), its low thermal mass, axial thermal gradient and relatively slow
heating rates were obvious limitations. To overcome at least some of these problems the
platinum wire was replaced with a heater made from nichrome ribbon. 12 cm of nichrome
ribbon (20 ohm m'!) were wound tightly onto a 2.1 mm drill shaft (16 turns) and the
preformed coil spotwelded to the pyroprobe. The finished heater is a closely spaced coil of
comparatively high thermal mass which exhibits uniform heating along its entire axis;
consequently it can accomodate samples up to 20 mg. The heater was calibrated as
previously described, with appropriate CDS control-circuit potentiometers adjusted to
compensate for the change in resistance between the two different coils. Figure 3-8 (a)
shows the quartz-tube temperature profiles obtained for dial settings of 400, 500, 600 and
700 respectively, after the control circuits had been adjusted to produce an optimum heater
response for the 500°C dial setting. As can be seen from the plots, the heater produces
minimal temperature overshoot for that setting and exhibits a heating rate of ca. 4000°C

“min), almost 4 times faster than that obtained for the platinum coil.

The CDS control circuits were further modified, and a temperature-ramp rate
selection switch ( two positions: x 1 and x 0.01) installed on the front panel of the
instrument. By selecting one of the two switch positions, the probe functioned as either a
flash-pyrolysis unit, or generated slow temperature ramps at rates roughly equivalent to
0.01 times the selected ramp dial setting. In practice linear heating rates of 9°C min! and
25°C min! were used to simulate the retorting of oil shales and to evaluate their oil and gas
generating capacity by pyrolysis-FID (Figure 3-8 (b)).

To evaluate the oil and gas potential of oil shales, a known weight (1-2 mg) of
air-dried raw shale was loaded into a quartz pyrolysis tube as described previously. The
probe was then pushed into the injection-port of the gas-chromatograph (300°C) and
locked-down. For pyrolysis-FID work the splitter was removed from the injection-port
and the total products swept directly to the FID via a length of 1/16" o.d. deactivated
glass-lined steel tubing (40 cm x 0.4 mm i.d.). To avoid product condensation in this
transfer tubing the GC oven was held at 300°C throughout the procedure. The selectivity

of the detector and the use of an integrator ensured that very accurate area values were
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Figure 3-8 (a).

Pyroprobe quartz-tube temperature proﬁlés for nichrome-ribbon heater coil operated under
flash-pyrolysis conditions. Curves 1-4 correspond to dial settings of 400, 500, 600 and
700 respectively.

Figure 3-8 (b).

Pyroprobe quartz-tube temperature profiles obtained using the nichrome-ribbon coil under
programmed temperature conditions (20 min total duration). Curves 1 and 2 correspond to
final-temperature dial settings of 500 and 700°C. Heating rates obtained were 9.6°C min"!
and 25°C min'! respectively. S denotes the start of each temperature programme; profiles
were deliberately offset.
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obtained for the oil and gas produced. These area values were converted to areas per
unit mass of raw shale and were used to compare oil and gas generating potential for shales
analysed under identical conditions. To enable comparisons to be made between samples
analysed on different days, the Duaringa 5391-C sample was analysed 5 times to establish
reproducibility and then used each day as a reference sample.

3.5.4 Thermogravimetric analysis.

Thermogravimetric and differential thermal analyses of finely-crushed raw oil
shale (10-20 mg) and kerogen samples (ca. 10 mg) were carried out on a Rigaku thermal
analyser. Samples were loaded into open aluminium pans and heated in either air or
nitrogen gas to a final temperature of 600°C at a rate of 10°C min! (cf. rates used for oil
shale retorting). The instrument was operated in the thermogravimetric-differential mode

and TGA-DTA profiles were recorded simultaneously against Al,O, referencé material.

Weight loss data from the pyrograms were normalised and plotted to predict kerogen type
and to assess the oil and gas potential for the raw shale. Two raw oil shale samples were
analysed in aluminium pans fitted with pin-holed crimped lids to assess the influence of a

confined pyrolysis environment (increased product residence time) on their TGA-DTA
curves.

3.6 CHEMICAL CHARACTERISATION OF SHALE OIL.

3.6.1 Asphaltenes.

Freshly retorted shale oil (2 g) was added to distilled pentane (20 mL) in a pyrex
screw-neck culture tube (# 9826), vortex-mixed (2 min) and then allowed to stand for 1 h.
The mixture was vortex-mixed for a further 2 min and again allowed to stand for 1h, then
centrifuged and the supernatant decanted. The pentane insoluble material (asphaltenes)
was transferred to a 5 mL Reactivial. The asphaltenes were vortex-mixed with fresh
pentane (5 x 3 mL) and centrifuged. The isolated asphaltenes (ca. 20 mg) were dried to
remove traces of solvent (50°C, 30 min) and retained for further studies.

3.6.2 Acid-base extraction.

Freshly retorted shale oil (1.5 g) was added to dichloromethane (20 mL) in a
pyrex screw-neck culture tube (#9826) and vortex-extracted (2 min) with saturated sodium
bicarbonate (3 x 2 mL), followed by distilled water (1 x 4 mL). The oil solution was
retained and the aqueous extracts combined (culture tube #9826), saturated with sodium
chloride and extracted with hexane (3 x 2 mL). The hexane extracts (containing water

soluble neutrals and bases) were combined and dried (MgSQO,). The aqueous phase was

acidified to pH <1 with 10N HCl and extracted with dichloromethane (3 x 10 mL). The
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extracts, containing carboxylic acids, were pooled and dried (MgSO,) and the

aqueous phase discarded. The hexane was removed using a gentle stream of dry nitrogen
(20°C). The acids were quantified gravimetrically and then converted to their methyl esters

using 14% BF;-MeOH (30 min at 100°C). The mixture was cooled, diluted with 1 mL of
distilled water and the methyl esters vortex-extracted into hexane (2 mL). The hexane
extract was dried (MgSQO,), centrifuged and the solution transferred to a clean vial. The

solvent was evaporated under dry nitrogen until a concentration suitable for GC analysis
was obtained.

The retained oil solution was vortex-extracted with 3M sodium hydroxide (3 x 2
mL), and distilled water (1 x 4 mL). The aqueous extracts were pooled (c-ulture tube
#9826), acidified to pH <1 with 10N HCI and extracted with hexane (3 x 10 mL). The
aqueous phase was then discarded. The combined hexane extracts (containing phenols)
were dried as above and the solution concentrated (dry nitrogen gas) to a component level
suitable for GC analysis. Phenols extracted from the oil were quantified gravimetrically, or
using GC quantitation with an internal standard (cf. section 3.6.4).

The remaining oil solution was vortex-extracted with SN HCI (3 x 5 mL), distilled
water (1 x 5 mL) and retained. The aqueous extracts were combined (culture tube #9826)
saturated with sodium chloride and extracted with hexane to remove any water soluble
neutrals (3 x 2 mL); the hexane extracts were pooled and dried as above. The remaining
aqueous extract was basified to pH>10 and extracted with hexane (3 x 5mL) to
recover the basic components. The aqueous phase was discarded. The extract was dried

(MgSO,) and the solvent evaporated under a stream of dry nitrogen until concentrations of

bases suitable for GC analysis were obtained, or completely for gravimetric quantitation.

3.6.3 Column chromatography.
The neutral shale oil solution was dried (MgSO,), filtered and reduced in volume

to ca. 3 mL under a stream of nitrogen at room temperature. The viscous oil solution was
warmed gently with a hair dryer and applied to a combined alumina-silica column packed
with pre-extracted (dichloromethane) activated adsorbents. To check for possible adsorbent
contaminants, which could show up in the column eluates, the activated adsorbents were
vortex-extracted with each of the previously analysed solvents (mixtures) of the eluant
series. Each extract was filtered, concentrated and analysed by GC. The chromatography
column (120 x 1.5 cm i.d.) was slurry-packed in hexane according to Regtop et al., (1982)
with alumina (23 g, neutral activity 1, activated 12 h at 300°C) overlying silica gel (58 g
Kieselgel 60, 70-230 US mesh, activated 12 h at 130°C). To obtain uniform packing
densities for the respective adsorbents, the glass column was vibrated during
slurry-packing until reproducible packing heights (silica: 86 cm, alumina: 105 cm) were
obtained. These levels were indicated on the column and were used as calibration marks
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for all subsequent column chromatography (Figure 3-9).

105cm

Eluting solvent
o . X 86 cm
2] Alumina adsorbent :
et Silica adsorbent : :

a.

S BeEa
e—1 0 cm

Figure 3-9.

Schematic diagram of the chromatographic separation of shale oil. The gravity-fed column
assembly (a) comprises: 1, solvent reservoir; 2, adaptor; 3, retort stand; 4, glass column;
5, collection vessel (appropriate measuring cylinder). The adsorbent packing-heights
indicated in (b) are relative to the column frit (6).

Shale oil components were eluted from the column using an eluotropic series of
solvents and mixtures. Appropriate eluate volumes were collected in suitable measuring
cylinders and the fractions concentrated to ca. 4 mL. using either a rotary evaporator
(30°C, 4.7 kP), or dry nitrogen, or both. The reduced fractions were transferred to amber
screw-cap vials (4 mL) and, where necessary, concentrated at room temperature under a
gentle stream of dry nitrogen to a level suitable for GC and GC-MS analysis. For
quantitation, fractions were further evaporated under dry nitrogen and the pre-tared vial
monitored gravimetrically until an abrupt change was observed in a weight-time plot..

The chromatographic solvent program used was that adopted by Rovere et al.
(1983) and comprised the column fractions, elution volumes and eluants listed in Table
3-1.
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TABLE 3-1. Fraction, elution volume and eluant correspondence for the column
chromatographic separation of neutral shale oil components.

FRACTION VOLUME (mL) ELUANT
0 0-95 hexane
1 95-125 hexane
1 125-130 hexane
2 130-135 hexane
2 135-140 hexane
3 140-145 hexane
-3 145-175 hexane
i 175-215 hexane
5 215-315 hexane
6 315-400 hexane
7 400-450 hexane
8 450-500 hexane
9 500-600 hexane
10 600-750 hexane-dichloromethane
(9:1, v/v).
11 750-850 hexane-dichloromethane
9:1, v/v).
12 850-1000 hexane-dichloromethane
4:1, v/v).
13 1000-1100 hexane-dichloromethane
4:1, v/v).
14 1100-1350 dichloromethane
15 1350-1600 dichloromethane-chloroform
9:1, v/v).
16" 1600-1750 chloroform-ether (9:1,v/v).
17 1750-1850 chloroform-ether (9:1,v/v).
18 1850-2100 ether
19 2100-2250 methanol

* Two distinct brown bands were resolved in this fraction and were collected separately.



83

Solvents (mixtures) were changed whenever the preceding eluant had reached a
level 1 cm above the column packing. Fraction O represents the column void volume and
was discarded. Aliquots of fractions 1 and 2, containing alkanes and alkenes respectively,
were evaporated at room temperature under a stream of dry nitrogen and dissolved
separately in cyclohexane (5§ mL). Molecular sieve (2 g, 0.5 nm; preheated at 300°C for 5
h) was added and the solutions refluxed for 6 h. The molecular sieve, containing occluded
linear components, was removed by filtration. The filtrates, containing branched and cyclic

compounds, were evaporated under dry nitrogen to concentrations suitable for GC and
GC-MS analysis.

3.6.4 Gas chromatographic determination of phenol in shale oil. ’

A standard solution of phenol (30 mg in 3.5 mL. CH,CL,) was prepared and stored

in a 4.5 mL amber screw-cap vial fitted with an open-top cap and two teflon-lined silicon
-rubber septum seals. An aliquot (50 UL) of a benzyl alcohol stock solution (300 mg in 3.

mL CH,Cl,) was added to the phenol solution through the septum seals and the mixture

| y=0.0392 +0.8749x R =1.0|

AREA RATIO (STD. : PHENOL)
T

0 f L . 1 L 1
0 1 2 3
WEIGHT RATIO (STD. : PHENOL)

Figure 3-10.

Mass ratio versus area ratio plot for benzyl-alcohol (std.) and phenol. Area values were
obtained from gas chromatographic data using a BP-5 fused-silica capillary column.
Calibration curve equation was obtained by linear regression analysis of the data.

analysed by GC (split ratio: 10:1, oven temperature 150°C isothermal). Both compounds
were found to be chromatographically pure since each produced only one component peak
in the GC profile. Benzyl alcohol was chosen as a standard for GC quantitation because it
has a structure similar to that of phenol and has suitable retention characteristics (on

a BP-5 capillary column the alcohol is well resolved and elutes between phenol and
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2-methylphenol). Further aliquots of standard were added to the previous mixture and the
solution analysed as above after each addition (aliquots 8-11 comprised 100 1l each). The
‘eleven mixtures analysed cover the wide range of phenol concentrations likely to be found
in shale oil extracts. Alcohol : phenol mass and area ratios were plotted against each other
and the calibration curve determined by linear regression analysis (Figure 3-10). Using the
slope and intercept values given in the figure, the mass of phenol present in the the
appropriate fraction from an oil shale extract is given by:
" mass of phenol = 0.875 x (mass of std. added) / (area ratio - 0.0392).

A schematic diagram of the analytical sequence used for the chemical characterisation of oil
shale and shale oil is given in Figure 3-11.

OIL SHALE | EXTRACTION

OLL+GAS |——] PYROLYEIS

RETORTING
|
SHALE OIL
N-HEXANE
§OLUBLE PRECIPITATE ABFBALTENES
[Acms, BASES, NEUTRALS |
ACID - BABE EXTRACTION
1

ACIDS ~ PHENOLS BABES

CARB.ACIDB

COLUMN CHROMATOGRAPHY ( ALUMINA - BILICA)

COLUMN FRACTIONS 0-19.
0|1|2|3|[4|S5|6 7 89 10 11 12 13 14 15 16 17 18 19

QUANTITATION

MOLECULAR BIEVES A

I |

LINEAR COMPORENTS | i BR. AND CYCLIC COMPONENTS

Figure 3-11.
Schematic diagram of the analysis sequence used for the chemical characterisation of oil
shale and shale oil from the Duaringa deposit.
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3.7 Oxidation of Prist-_l-ene.

~ Prist-1-ene ((6R,10R) - 2,6,10,14 - tetramethylpentadec-1-ene) - (0.2g) was
refluxed with acidified KMnO4 (1g, Sh) in acetone (20mL). The KMnQ4 was added
stepwise (ca. 0.1g) after each previous portion had been reduced. Distilled water (20mL),
pre-extracted with hexane, was added and the acetone and volatile oxidation products
recovered by distillation. The distillate was collected in a pear-shaped flask kept at 0°C.
The residual aqueous phase was extracted with hexane (2x 20mL) filtered and dried

(MgSQ,). The pooled hexane extracts were concentrated (ca. 1.5mL) and analysed using

GC and GC-MS. Prist-1-ene remaining in the hexane extract was separated from more
polar products (isoprenoid ketones) by column-chromatography on alumina (6g, neutral).
Fraction 1 was eluted with 3 bed volumes of hexane (ca. 20mL.). Fraction 2 was eluted
with chloroform-hexane (3:1 v/v, 30mL). Both fractions were concentrated as above and
analysed using GC and GC-MS where necessary.

Acidic compounds present in the aqueous phase (pH 9) were recovered by
extraction (hexane, 2x 10mL) after acidifying the solution (HCl, pH 1) and saturating with
NaCl. Recovered carboxylic acids were converted to their butyl esters (Rovere, 1980) and

methyl esters (BF;-MeOH). Derivatised acids were analysed using GC and GC-MS.
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CHAPTER FOUR : CHEMICAL CHARACTERISATION OF OIL SHALE
AND SHALE OIL FROM THE DUARINGA DEPOSIT

QUEENSLAND, AUSTRALIA.

The bipartite Duaringa oil shale deposit comprises two resource seams (within an
upper unit) and a lower unit consisting of several thin oil shale seams interbedded with
carbonaceous oil shale, brown coal and claystone. The locality, history, geology, organic
petrology, environment of deposition and development status of the resource were detailed
in section 1-5. |

Oil shales studied for the Duaringa deposit are listed in Table 4-1. Specimens were
supplied by the venture pai'tners SPP/CPM through Dr. A. Hutton (Geology Dept.,
University of Wollongong), who also provided data on their organic petrology (Table 4-2,
4-3).

All samples were analysed as received using (mainly) fast characterisation
techniques such as solvent extraction, GC, pyrolysis-GC(-MS), pyrolysfs—FID, TGA, etc.
Data obtained from a large number of complementary (screening) procedures should allow

- samples to be categorised on the basis-of observed similarities or differences. Two oil shale
samples, 5391-C and 686, were fully characterised including GC-MS analysis of their
open-column shale oil fractions. This is essential for the former oil shale since it represents
a resource-seam sample with economic potential. The latter was studied in detail to
determine the effects, if any, of deeper burial on oil shale and shale oil characteristics. It
was chosen for comparison because its mineralogy and maceral analysis was very similar
to that of 5391-C, with burial depth and time possibly the only major differences between

the two samples.

4.1  Oil shale petrology.
Samples 5391-C to 812 (Table 4-1) are grey to olive-green oil shales comprising

dominantly clay-sized quartz and clay minerals (95 % montmorillonite and 5 % illite), with
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accessory apatite and pyrite (<1 %). Sample 674 is a dark brown oil shale

composed of four lithologies (lamosite, coal, carbonaceous lamosite and claystone)

comprising dominantly clay-sized Ciuartz and clay minerals (55 % montmorillonite, 30 %
kaolinite and 15 % illite) with accessory apatite and anhedral pyrite ( <1 %).

TABLE 4-1. Sample designation, location and burial depth of oil shales studied for the
Duaringa deposit, Queensland, Australia.

SAMPLE LOCATION" DEPTH (m)
5391-C DD-51 86 - 88

686 GSQ-Duaringa 1-2R 1023 - 1026
789 GSQ-Duaringa 1-2R 86 - 90

822 GSQ-Duaringa 3-5RD 97 -99

812 GSQ-Duaringa 3-5RD 95-97

674 GSQ-Duaringa 1-2R 920 - 922

* See location map Figure 1-11 (b). In the diagram drill-sites DD-51, 1-2R and 3-5RD
are denoted by m and e respectively.

TABLE 4-2. Maceral composition for the Duaringa oil shale samples.

MACERAL ANALYSIS* (VOLUME % OF WHOLE ROCK)

SAMPLE LAM. TEL. VIT. SPO. S.FR. PYR. M. MATTER

5391-C 25.0 1.6 0.6 tr. 72.8
686 24.6 1.2 0.2 tr. 1.2 1.2 71.2
789 10.8 4.2 1.2 tr. tr. 0.2 83.6
822 242 3.0 0.8 tr. 0.2 71.8
812** 14.0 2.0 84.0
674" 27.0 14.0 58.0

*  Apart from the macerals tabulated above, sample 686 contained 0.4 % (v/v) of bitumen
blebs and 674 contained 1 % resinite (v/v). ** Data from Crisp et al. (1987).
Abbreviations : LAM.- lamalginite, TEL. - telalginite, VIT. - vitrinite, SPO. -

sporinite, S.FR. - shell fragments, PYR. - pyrite, M.MATTER - mineral matter, tr. -
trace level.
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Samples 5391-C to 822 (Table 4-2) have similar organic assemblages dominated
by yellow to yellowish-green fluorescing lamalginite (rarely orange fluorescence - lamellae
0.02 - 0.1 mm long ) derived in part from at least three species of the colonial alga
Pediastrum , with small contributions from larger lamalginite of unknown affinity (yellow
fluorescence 0.06 - 0.2 mm diameter) and telalginite with yellow fluorescence (< 0.4 mm
diameter) derived from Botryococcus. Other macerals are found at very low to trace levels

| (Table 4-2). Sample 674, from the lower oil shale unit of GSQ-Duaringa 1-2R, is
differentiated from the others by a very high percentage of vitrinite and a much higher

vitrinite reflectance value (Table 4-3).

TABLE 4-3. Vitrinite reflectance data for Duaringa oil shale samples.

SAMPLE MEAN MAX. RANGE NO. OF S.D. (n>10)
REFL. ( % ). READINGS

5391-C 0.19 0.12 - 0.31 16 0.06
686 0.26 022 - 0.30 12 0.02
789 0.25 0.20 - 0.26 21 - 0.04
822 0.23 0.21 - 0.26 17 0.05
812" 0.18 0.16 - 0.20

674" 0.40 0.29 - 0.51

* Data from Crisp et al. (1987).

4.2 Elemental composition of kerogen and shale oil.

The elemental composition for some of the retort oils and kerogens from the
Duaringa resource are listed in Table 4-4. The retort oils were obtained using the stainless
steel retort and tube-furnace, while the kerogens were produced by HCI-HF
demineralisation of the raw shale. Analyses were carried out by Analytische Laboratorien
(FGR), unless stated otherwise. All kerogen compositions were calculated on an ash-free

basis. Those data obtained from Crisp et al. (1987) (footnote Table 4-4) are from duplicate
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or triplicate analyses of the kerogens and have been adjusted for residual FeS,, TiO,,

ZrSi0, and fluornides. Compositional data for other Duaringa resource samples are given by

Lindner (1983).

TABLE 4-4. Elemental composition of Duaringa shale oils and kerogens.

SAMPLE % C %H %N %0 %S H/C 0O/C
5391-C (O) 85.64  11.92 0.99 1.12 0.37 1.67 0.01
686 (0) 8242  11.96 0.92 3.38 0.97 1.74 0.03
789 (0) 85.40  11.79 1.04 1.37 0.28 1.66 0.01
822 (0) 8434  12.10 1.13 1.82 0.38 1.72 0.02
674 (0)™ 82.8 11.40 1.11 4.08 0.53 1.65 0.04
5391-C (K)" 71.64 9.67 190 16.78 1.62 0.18
686 (K)" 74.88  10.03 1.92 13.16 1.61 0.13
812 (K)** 74.1 9.58 1.60 13.8 0.89 1.55 0.14
674 (K)™ 71.5 7.26 242 173 1.53 1.22 0.18

O = shale oil. K= kerogen.

* The percent elemental values were calculated on an ash- and sulphur-free basis to
compensate for mineral residues and to exclude the contribution of sulphur from pyrite (the
original elemental analysis figures did not differentiate between sulphur from pyrite or the
kerogen).

** Elemental analysis values were taken from Crisp et al. (1987). Percentage values for
oxygen were obtained by difference. Sulphur values were adjusted for residual pyrite.

Because sample preparation and subsequent analyses are both time consuming and
costly, elemental analysis cannot be regarded as a rapid screening procedure which is
routinely available; consequently only those samples considered most informative were
analysed. Even when available, compositional data is (usually) not very precise and lacks

the ability to resolve globally similar material disparate at the molecular level. For typing
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and identifying kerogen source material not too much should be expected from it alone and
it needs to be used in conjunction with other relevant analytical techniques; however, H/C
ratios do give an indication of the aromatic nature of the sample.

Atomic ratios H/C and O/C for the kerogens were plotted on a van Krevelen
diagram (Figure 4-1) to assess both the type and relative evolution (maturation) of the
respective samples. The van Krevelen diagram is a practical means for the interpretation of
the origin and evolution of sedimentary organic matter (cf. section 1.1.7) but again only in
conjunction with data obtained from other techniques for the characterisation of kerogen. In
the absence of other relevant information, the position of a singe sample or those for an
unrelated series of samples is limited because elemental analysis provides only average
compositional data and is inherently unable to distinquish between mixtures of different
types in the one sample.

An interpretation of the position of samples 5391-C, 8§12 and 686 on the diagram
suggests that all are highly-aliphatic type I kerogens, with the latter two more evolved than
the former as indicated by their relative positions (displaced along the oxygen axis),
consistent with defunctionalisation of oxygen moieties due. to diagenetic changes. In the
absence of geological data one cannot attribute the relative position for 686 solely to
increased maturation due to burial (Table 4-1), since kerogen from sample 812 occupies
a similar position on the diagram but originates from a shallow resource seam. Given that
elemental oxygen values for 812 (and 674) were obtained by difference, errors inherent in
this calculation may have had an effect on its position on the graph, particularly since
oxygen values are in general less reliable than C and H data. Further uncertainties in
elemental composition may arise as a consequence of the heterogeneity of the samples. In
light of these comments .and vitrinite reflectance data, which indicates an evolutionary
stage of diagenesis for both, it seems reasonable to associate the relative positions of
812 and 686 predominantly with variations in organic matter for the former and a
combination of this, and deeper burial, for the latter. Sample 674, on the conftrary, is
relatively poorer in hydrogen content. In conjunction with its petrology (particularly the

maceral analysis) its position on the diagram is consistent with the incorporation of a
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greater percentage of higher plant material in the organic matter and is relatable to a mixed

type 1 (ca. 66 % - liptinite) and type III (ca. 33 % - vitrinite) kerogen, with overall

properties expected to reflect this composite nature.
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Figure 4-1.

Van Krevelen diagram for kerogens 5391-C (1), 686 (2), 812 (3) and 674 (4).

4.3 Solvent extracts (bitumen analysis).

Lipids deposited in lacustrine environments are derived from biological systems
which may be autochthonous (planktonic and benthic vegetation), allochthonous (mainly
higher plant vegetation from surrounding land areas) or detrital (material eroded from
geological deposits). These diverse organic inputs may survive unaltered or be modified
either by biota in the water column, or through biological or chemical alteration during
diagenesis. Changes in the trophic status of the aquatic environment produce variations in

composition of source materials and sedimentation rates affecting the preservation of lipid
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components (Didyk et al. 1978). Certain lipids become inextractable from the sediment as a
result of physical and/or chemical entrapment in the evolving kerogen or in the mineral
matrix (Nishimura, 1977). Both bound and free lipids can provide valuable information
about the biological inputs to sediments and their depositional environments, with the latter
ideally suited to fast characterisation procedures. Lipidic fractions recovered from mixed
biological sources usually contain compounds with similar chemical properties such as
long-chain hydrocarbons, free fatty acids, alcohols and ketones. The common characteristic
for fatty esters, acids and alcohols is that they contain an even number of carbon atoms,
which is the result of their biosynthesis by means of acetyl-S-coenzyme A, which operates
by successive additions of two carbon atoms (Vandenbroucke, 1980).

All Duaringa oil shale samples were extracted with dichloromethane as described
earlier. Four of the samples (5391-C, 686, 789 and 822) were also soxhlet-extracted with
dichloromethane (72 h) and compared with those above. Extracts of suitable concentration
were analysed by GC, and various relevant parameters calculated from integrator data for
each chromatogram (Table 4-5). Several of the exwracts were analysed by GC-MS and the
identity of components in other extracts subsequently inferred from relative retention data
and the general appearance of the chromatogram.

In programmed-temperature gas chromatography, the simple expression of elution
behaviour as retention relative to an arbitrary standard is not applicable, and the logarithmic
relationship which exists under isothermal operation between n-alkane carbon number and

retention in the Kovats Index is replaced by the approximately linear relationship:

T, - T

RI = 100 +100 C
TC+1 - TC

where T | is the retention time of the substance for which the retention index is to be

calculated, T, and T, are the retention times for the linear alkane standards which

bracket the substance of interest, and C is the number of carbons in the alkane that elutes

just prior to the substance of interest (Lee et al., 1979).
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The GC-profile for the ultrasonic extract from sample 5391-C (Figure 4-2a) shows

a trimodal distribution of alkanes in the region C,,to C;, of the chromatogram, with

local maxima at C; and in the ranges C5- C,; and C,, - C;;.

Regular isoprenoid alkanes are present at very low concentrations, although two
isoprenoid ketones, identified by GC-MS as 6,10-dimethylundecan-2-one and
6,10,14-trimethylpentadecan-2-one in order of their elution, are very prominent. Cardoso
and Chicarelli (1981) have suggested that the latter is an oxidation product of the labile
alcohol phytol and that high relative abundances of acyclic isoprenoid ketones in
conjunction with low concentrati.ons of pristane and phytane are in keeping with
oligotrophic conditions of deposition.

The extract is further characterised by a homologous series of linear alkanals

ranging from nonanal to at least the C,y-aldehyde (Figure 4-4b, 4-5b, 4-6b). Modified

Kovats retention indices (RI) were calculated for these components (equation 1) and a
retention-index equation was obtained from> the least-squares regression analysis of these
data (Table 4-6, Figure 4-9a). Structural assignments for the alkanals were based on
comparison with literature mass spectra and were verified from retention and GC-MS data
for a mixture of standard linear aldehydes (Theta-Kit No.0151, Alltech Associates). The
alkanals were found at comparatively high concentrations in the solvent extracts from all of
the shallow oil shales studied and were present in 686, albeit at relatively lower
concentrations. Quantitation of aldehjzdes relative to other components found in the extract
was based on relevant discrete-peak areas in the total-extract profile. In general this is the
most accurate approach for resolved constituents since it obviates the need for further
separation-quantitation éteps thereby reducing losses (volatile and labile components)
attributed to sample handling.

Aldehydes have been rarely reported in sediments (Costa Neto et al., 1980;
Dastillung et al., 1980; Cardoso and Chicarelli, 1981) and their origin is uncertain. The
possibility of their formation during extraction or sample manipulation is excluded by their
absence in other samples processed the same way. Chicarelli et al. (1984) cite the

similarities between alkane, aldehyde and alkan-2-one distributions in their extracts from
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Paraiba Valley oil shale, as first indications of the importance of microbial diagenesis in
reworking the original biolipid profiles of this thermally unaltered sediment. They further
report identification of alkan-2-ols in these samples, with a carbon number-distribution

qualitatively similar to the ketone profiles, to substantiate their conclusions. The authors
| used the correspondence of the alkanal distribution with those of alkanes extracted from

Paraiba Valley oil shale to suggest a possible product-precursor relationship. Wils et al.

(1982) have found long chain alkanals up to C,4 in aerosol particulates and have postulated

their formation by oxidation of epicuticular wax alcohols from terrestrial plants. Formation
by oxidation of unsaturated acids has also been proposed (Gschwend et al., 1982).
Albaiges et al. (1984) have found small quantities of aldehydes and ketones in

lagoon sediments, where these compounds occured as homologous series of alkanals

and alkan-2-ones, ranging respectively from C, , to C;, and C,, to C;,. They point out that

these compounds in coastal lagoons do not arise from primary plant input but as oxidation
products of in-situ microbial activity. The authors found ketones in both free and bound
fracﬁons, whereas supposedly less stable aldehydes were only found in the bound fraction,
from which they were released after saponiﬁcation of the soxhlet-extracted sediment. Both
bound and free lipids can provide valuable information about the biological inputs to
sediments and their depositional environments, with the latter ideally suited to fast
characterisation procedures. Their diagnostic use may be limited however since it has been
suggested that bound lipids are characteristic of autochthonous sources, including bacteria,
whereas those of free lipids are typical of terrestrial organic matter (Cranwell, 1978). Prahl
and Pinto (1987) have studied long-chain aldehydes in Washington coastal sediments and
consider these components to be common to depositional environments that receive
substantial input of detrital organic matter from higher plants.

Regtop (1983) has studied the soxhlet extractable compounds (benzene-methanol
4:1 (v/v), 72 h) of oil shales from the Kerosene Creek seam of the Rundle formation. The
bulk of the organics extracted comprised asphaltenes (66.2%) and polymeric material
(8.7%). The balance (hexane-soluble fraction) was separated into various constituent

classes using an open column procedure (silica-alumina) similar to that described earlier for
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Figure 4-2.

Gas chromatographic profiles for the solvent extracts from Duaringa 5391-C (a) and 686
(b). Major components are linear alkanes with carbon numbers for odd alkanes indicated;
alkanals from nonanal (9) are denoted by 1 ; x denotes presumed artifacts; peaks denoted o
are isoprenoid ketones, 6,10-dimethylundecan-2-one and 6,10,14 -trimethylpentadecan
-2-one, in order of their elution; other components (alkanoic acids) are marked in Figure
4-3 to avoid obscuring peaks in the above profiles.
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Figure 4-3.

Gas chromatographic profiles for the soxhlet extracts from Duaringa 5391-C (a) and 686
(b). Major components as in Figure 4-2 (key alkane components as marked); 119 and 120 in
b are pristane and phytane respectively. Homologous series of linear alkanals ( i ) from
nonanal (9) and alkanoic acids ( » ) from heptanoic acid (7) as indicated.
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Figure 4-4.

Relative peak area distribution profiles, over the carbon number ranges indicated, for
compound classes found in the solvent extract of oil shale from Duaringa 5391-C.
Respective profiles comprise linear alkanes (a.), alkanals (b.) and alkanoic acid methyl
esters (c.). Distributions a. and b. are directly comparable since peak areas were obtained
from the same chromatogram. Profile c. is suitable only for a comparative analysis of the
distribution of individual components.
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Figure 4-5.

Representative mass spectra for linear alkanals (C,y-homologue) and alkanoic acids
(C,, -homologue) found in the solvent extracts of oil shales from the Duarin ga resource are

givep in b and ¢ above. Diagnostic fragment-ions m/z 82 and 73 were used to verify the
continued presence of higher members of respective homologous series in unresolved

regions of the gas chromatogram (see Figure 4-6).
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Figure 4-6.

Representative mass spectral data for the C,,- Cy5 region of the chromatogram for the
soxhlet extract from Duaringa 5391-C. Trace a represents the total-ion current profile with
alkanes as indicated; components marked e are alkan-2-ones (see text for details). Trace b

is the fragmentogram (m/z 82) corresponding to alkanals; trace ¢ is the fragmentogram (m/z

73) corresponding to free alkanoic acids. Carbon numbers for each homologous series as
indicated.
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shale oil fractionation. Among other classes of compounds Regtop reported lbw
concentrations (collectively < 1 % of total extractable organic matter) of homologous series
of linear alkan-1-ols and alkan-2-ols, of even- and odd-carbon number preference
respectively. Similar even- and odd-carbon number predominance for these primary and
secondary alcohols havé been reported in plant waxes by Eglinton and Hamilton (1967).
Aliphatic alcohols could well be precursors for linear alkanals and alkanones previously
reported, with oxidation of alkan-1-ols and alkan-2-ols producing alkanals and
alkan-2-ones respectively. Regtop did not report any aldehydes or ketones in his soxhlet
extract, probably due to their very low abundances and/or sample losses associated with his
fractionation procedure (it has been reported that alumina adsorbs aldehydes irreversibly).

The relatively high concentrations of linear aldehydes in the extract from 5391-C
and the prospect of their origin from alkanols prompted a closer examination of the profile

in an attempt to identify alkan-2-ones possibly derived from similar sources. The latter

were found by positive GC-MS identification of the C,,- C,; homologues (the
members C,5 - C,, coelute with the C,5- C,4 alkanes) as well as fragment-ion profiles

(m/z 58 and 59) and retention data for higher members up to C,; (Table 4-6). Alkan-2-ones

in the 5391-C extract were present at relatively high concentrations (ca. 35 % of the
aldehyde content), consistent with a high abundance of the isoprenoid ketones previously
mentioned (Figure 4-6). Linear alkan-2-ones were also present in the extracts from the
other shallow oil shale samples, though at reduced relative concentrations (< 10 % of the
corresponding aldehyde content) and were not observed in the chromatogram for sample
686 (again consistent with the presence of the isoprenoid ketones in the former samples
and their absence in the latter).

The bar graph below shows the relative distribution of alkanes (column 1),
alkanals (column 2) and alkan-2-ones (column 3) for the 5391-C extract. Over the
component range depicted it does not indicate any obvious genetic, or common-source
relationship for these compounds. Quantitative data for the alkan-2-ones (from peak areas)
was available only for a restricted range of carbon numbers because of resolution problems

mentioned above.
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alkanals (column 3) for the solvent extract of oil shale from Duaringa 5391-C.

The GC-profile for the ultrasonic extract from 686 (Figure 4-2b) shows a bimodal

distribution of alkanes in the region C;,- G, of the chromatogram, associated with a

weak predominance in the C,5- C,g and a strong predominance in the C,;to Cs,

range. The linear alkane distribution is heavily biased towards the high molecular weight

region, with C, by far the most abundant component in the entire chromatogram (Figure

4-7a.), and shows a very pronounced CPI for odd alkanes in the latter part of the profile
(Table 4-5). This rather common odd-carbon-number predominance of alkanes of high
molecular weight is derived from epicuticular waxes of higher plants and is frequently
reported for Recent detrital sediments, with an important contribution from contintental
runoff and comprising both clay minerals or silts and organic material from plants. The
heavy, predominently-odd alkanes are inherited as such from the continental higher plants,
which synthesise them directly, or they may be obtained from an early diagenesis
(defunctionalisation) from the .even-numbered acids, alcohols or esters associated with

higher plant accumulations (Tissot and Welte, 1984).



200000

100000

RELATIVE PEAK AREA

ljlfLrlflelﬁLJﬁl*],l_l.I,I, ,LI;

1112131415161718192021222324252627282930

10000

8000

LA §

6000 -

4000

i

RELATIVE PEAK AREA

=TT T T T T

101112131415161718192021222324252627

RELATIVE PEAK AREA
T 1T 71

=T

--.-.--lljl-lll-ll,
A n o B B N R u B B N & N B N

T

LA

0 T

T

€ 7 8 910111213141516171818202122232425262728293031

Figure 4-7.

Relative peak area distribution profiles, over the carbon number ranges indicated, for
compound classes found in the solvent extract of oil shale from Duaringa 686. Respective
profiles comprise linear alkanes (a.), alkanals (b.) and alkanoic acid methyl esters (c.).
Distributions a. and b. are directly comparable since peak areas were obtained from the
same chromatogram. Profile c. is suitable only for a comparative analysis of the

distribution of individual components.
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Table 4-5. Bitumen parameters obtained from GC data for the solvent-extracts of oil

shale samples from the Duaringa deposit (bold numbers highlight major differences
between 5391-C and 686).

SAMPLE

PARAMETER

5391-C 686 789 822
extract (mass % of 1.57 1.16 0.6 0.6
raw shale)
pristane/phytane 2.17 2.04 4.0 22
pristane/ C,, 0.26 1.69 0.46 0.36
phytane/ C,q 0.13 1.12 0.18 0.22
alkane C No. range - 10-131 10-31 10-31 10-31
alkane C No. maximum 11 27 14 27
C,;/ Cy; 1.1 9.1 08 - 1.5
CPI (alkanes)™" 2.00 3.25 3.20 2.91*
% total GC peak area 20 51 27 17

(for alkanes > C)

* C,4 contribution to the CPI value was estimated to adjust for coeluting component.
** The CPI ratio was calculated using the equation:

20 Cyg + Cypy + Cys + Cyy)
CPI = _ (2)

Ci9 +2(Cyhg + Ch + Cyp) + C,,

where C,,, Cy3, ..., C4y are GC-peak areas for the respective linear alkanes (or

appropriate areas for other components under consideration). Equation 2 ensures that a
smooth distribution of compounds in this range is assigned a CPI ratio close to 1.

In ancient detrital sediments the important predominance of the original odd
alkanes is preserved in relatively shallow shales and silts, where degradation of kerogen
has not yet started. Odd alkanes derived from higher plants have been found in shallow

European shales (Tissot and Welte, 1984) and have been reported in the Green River shales

(Robinson et al., 1965). Alkanes in the region C,, - C,, are probably derived from a

mixture of algal and bacterial sources. The latter is not linked to any pronounced carbon
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number preference while the former is usually associated with odd-carbon-number

alkanes of medium molecular weight, mostly C,sand C;,, which may represent a direct

heritage from the hydrocarbons present in algae and from related acids. In upper beds of

the Green River shales (Mahogany beds), C,,is the main alkane constituent in the

medium molecular weight range. In the above context the predominance of undecane in the

5391-C extract is rather unusual.

Compared to linear C;5and Cig, the regular acyclic isoprenoids pristane (i19),

phytane (i20) and 116 are substantially more abundant than in the solvent extract from

5391-C. Regtop (1983) has suggested that the ratios pristane/ C,, and phytane/ C;¢ can be

used as maturation indicators in sediments, with both ratios decreasing as maturation
progresses. This proposition is at variance with the results for the 686 oil shale sample,
since it is arguably more evolved as a consequence of substantially deeper burial (note
however that vitrinite reflectance values for this sample are close to those for 5391-C, with
both values consistent with a diagenetic stage of evolution). A reduction of pristane and
phytane concentrations through cracking of these components, and a further dilution by
thermally produced alkanes, could be expected at a maturation stage which corresponds to
(early) catagenesis and is associated with a higher vitrinite reflectance value. The relatively
higher pristane and phytane concentrations may be due to selective depletion of linear
alkanes through microbial degradation or may reflect diagénetic contributions from high
concentrations of the phytol moiety of chlorophyll, consistent with input from
allochthonous plant material evident in the high molecular weight alkane distribution. Work
by Carreta et al. (1985) suggests that the selective depletion of algal-derived linear alkanes
may be due to, at least in part, the action of syn-sedimentary bacteria and is consistent
with the higher abundance of (framboidal) pyrite in 686, possibly derived from sulphate

reducing bacteria (Table 4-2). Aldehydes present in the extract appear less abundant

than in 5391-C; however, their relative abundance in the Cy - C5; region of the

chromatogram is obviously influenced by the high concentration of alkanes covering that

molecular weight range. From nonanal to the C,;-homologue, individual members
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show a reduced but similar abundance to the alkane eluting before them as do the alkanals
in 5391-C. Their reduced abundance may be due to their incorporation into the bound
fraction of the sediment, which generally affords protection to the more labile compounds
(Cranwell, 1981 ; Farrington and Quinn, 1973).

GC-MS analysis of the broad peaks (denoted by » in Figure 4-3b) identified them

as members of a homologous series of alkanoic acids extending from hexanoic acid to at

least the C,;-alkanoic acid. The fact that these free fatty acids were detected highlights the

inert nature of the chromatographic column. The same homologous alkanoici acid series
was also detected in each of the extracts from the shallow oil shale shale samples, albeit at
lower concentration.

Soxhlet extracts of the above samples were identical to the ultrasonic extracts as
regards the presence of the components described above and only minor quantitative
differences were observed. The profiles differed markedly only in respect of the
concentration of presumed artefacts (Figure 4-3, X) which were consistently higher in the
soxhlet extracts.

Carboxylic acids in the solvent extracts were isolated from them by extraction of

aliquots of the solution with NaOH (1N, 3 x 2 mL) and recovered with dichloromethane

from the acidified aqueous phase (pH 1). The combined extracts were dried (MgSOy),

evaporated to dryness and the fatty acids converted to their methyl esters using BF,/MeOH.

The methyl ester profiles (Figure 4-8) were compared to the alkane distribution of the
respective total extract chromatogram, to evaluate possible product -precursor relationships
(Figure 4-4, 4-7). For 5391-C there is no genetic relationship between the fatty acid and
alkane profiles, with thé distribution probably reflecting differences in organic source
material and possibly selective maturation and/or reworking by microorganisms. A possible
genetic relationship between alkanes and fatty acids is clearly evident for the 686 sample,
with some of the high molecular weight odd alkanes probably derived by decarboxylation
of the corresponding even carboxylic acids. Welte and Waples (1973) suggest that in very
reducing environments, reduction of linear fatty acids, alcohols from waxes, and

phytanic acid or phytol is prevalent over decarboxylation, resulting in predominance of
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Figure 4-8.

Gas chromatographic profiles of alkanoic acid methyl-esters isolated from the solvent
extracts from Duaringa 5391-C (a) and 686 (b). Acid carbon numbers as indicated.
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even-carbon-numbered alkane molecules over odd molecules (CPI<1) and a predominance
of phytane over pristane. In less reducing environments, decarboxylation results in a
majority of odd alkanes (CPI>1) and a predominance of pristane over phytane. Shimoyama
and Johns (1972) proposed an alternative interpretation of the even alkane predominance.
They carried out experimental degradation of linear fatty acids in the presence of
montmorillonite or calcium carbonate. The two minerals seem to have different catalytic
effect: decarboxylation with loss of one carbon atom is favored by montmorillonite, while
beta cleavage with loss of two carbon atoms is favored by calcium carbonate. Therefore, an
original even-numbered fatty acid. would generate mostly an odd alkane in shales and an

even alkane in carbonates. Nishimura and Baker (1986) and Grimalt and Albaiges (1987)

Table 4-6. Modified Kovats retention indices for alkanals and alkanoic acids identified in
the solvent extracts from the Duaringa oil shale samples.

RETENTION INDEX ( RI )*

C No.
alkanals alkanoic acids methyl esters**

7 1082.80 1024.57
8 1183.90 1125.63
9 1105.53 1279.70 1225.73
10 1207.04 1375.46 1326.12
11 1308.78 1471.10 1426.03
12 1410.30 1568.67 1526.24
13 1512.01 1666.67 1626.38
14 1613.88 1765.72 1726.91
15 1715.59 1865.10 1827.26
16 1817.84 1964.66 1927.82
17 1919.70 2063.95 2027.95
18 2022.28 2164.55 2128.74
19 2124.28 2265.00 2228.97
20 2226.25 2365.85 2330.06
21 2328.67 2466.75 2430.78
22 2430.48 2568.39 2531.48
23 2532.97 2632.71
24 2635.09 2733.49
25 2736.20 : 2834.66
26 2838.29 2935.28
27 2940.52 3035.61
28 3137.48

* Modified Kovats retention indices were calculated using equation (1).

** Retention indices for the methyl esters of the alkanoic acids are listed against the
carbon number corresponding to the free fatty acid (e.g. octanoic acid methyl ester is listed
against carbon number 8).
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Figure 4-9 a.

Plot of modified Kovats retention indices (RI) against carbon numbers for alkanals (upper
plot) and alkanoic acids (lower plot). Retention index equations (RI=mx +b), where x
denotes the appropriate carbon number, and correlation coefficients (R) were obtained by
least-squares regression analysis.
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Figure 4-9 b. Plot of modified Kovats retention indices (RI) against carbon numbers for
alkanoic acid methyl esters. Retention indices for the esters are plotted against the carbon
number corresponding to the free fatty acid (e.g. octanoic acid methyl ester is plotted
against carbon number 8). Retention index equation (RI=mx +b), where x denotes the
above carbon number, and correlation coefficients (R) were obtained by least-squares
regression analysis.

have shown that alkanes with a strong even CPI occur in a wider type of sedimentary
environment than previously described. A variety of direct biological sources including
both marine and freshwater bacteria as well as fungi and yeast species were suggested to
account for their distributions.

The residual base extracted organic phase from each solvent extract was also
analysed by GC, to determine whether the comparatively high concentrations of free fatty
acids affected the original alkane distribution in the initial total-extract profile, through
possible decarboxylation in the injection port of the gas chromatograph. In each case no
relative differences between individual components were observed.

In conjunction with petrological data, the above results suggest that alkanes in the
shallow oil shale samples were predominantly derived from algal lipids with probably
(minor) contributions to the higher molecular weight regions from bacterial reworking of
the algal biomass and comparatively little input from allochthonous or detrital higher plant
material. The low pristane, phytane levels and the high relative abundance of the isoprenoid
ketones suggest an oligotrophic environment of deposition, which is consistent with the
shallow depth proposed for the ancestral Lake Duaringa in section 1.5.5. For the lower

oil shale, petrology also indicates kerogen originating predominantly from an algal source.
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The alkane profile suggests comparatively higher levels of detrital plant contributions
responsible for probably the bulk of the high molecular weight components. Further alkane
contributions in this region may have been derived through montmorillonite catalysed

decarboxylation of the free fatty acids evident at similar distributions (CPI) and over the
genetically required carbon number range. A depletion, relative to pristane and phytane
concentrations, of alkanes normally associated with algal sources, may be due to the
selective depletion of linear a]kﬁnes through more pronounced microbial reworking of the
'oﬂginal biomass. The lower concentration of aldehydes and isoprenoid ketonés as well as
the absence of linear alkanones subport this proposal, with oxygenated moieties in general
possibly oxidised further to the respective free acids. This suggestion is not at variance
with earlier remarks about the possible activity of sulphate reducing bacteria in the
sediment, but merely reflects the changes from oxic to anoxic conditions which accompany
deeper burial. Defunctionalisation, particularly of oxygenated components, is a
well-documented process associated with these diagenetic changes due to progressive
burial. It should be stressed at this stage that solvent extract information should not be

overinterpreted in the absence of other relevant data.

4.4 Pyrolysis-GC-MS.

All of the Duaringa samples listed in Table 4-1 were analysed using flash-pyrolysis
GC of the bitumen-free oil shales obtained from the solvent extraction procedure. The
finely powdered and pre-extracted raw shales were dried under nitrogen (105°C, 1 h) and
flash -pyrolysed using the modified CDS-150 pyroprobe and those experimental conditions
detailed earlier. |

Figure 4-10 shows the pyrolysis-GC profiles obtained for raw shale samples from
5391-C and 686. Both are dominated by 1-alkene/ alkane peaks extending over the entire
region of the pyrolysate chromatograms. Except for sample 674, the pyrograms of the
other oil shale samples show no major qualitative differences compared to those above and
are again dominated by the alkene/alkane doublets, typical of algal shales. 1-alkenes and

alkanes in the pyrolysates for the shallow oil shale samples are present at about the
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Figure 4-10.
Flash-pyrolysis-GC profiles (560°C, 20 s) obtained for ca.2 mg of raw oil shale samples
from 5391-C (a) and 686 (b). Major components are alkanes (1 ) and 1-alkenes (m) from

octane (8) as indicated. Samples were pyrolysed using quartz pyrolysis tubes and the
modified CDS-150 pyroprobe.
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same relative concentrations. The latter exhibit broad modalities in the ranges C,, - C,, and

C,s- C,; and at C,;; in each case they show a slight odd carbon-number preference in the

region C,5 - C,;. The alkane distribution for both of the deeper samples (686 and 674)

show a comparative bias towards higher carbon number, particularly for sample 674

(Figure 4-11b) with again only slight odd carbon-number preference in the C,5 - C,; region
for both samples.

For each of the shallow samples the 1-alkene distribution is smooth and
monotonically decreasing. It is biased towards the low molecular weight region with
1-decene the most prominent peak in each of the pyrograms. This distribution is consistent
with an origin from cracking reactions, which generally result in the formation of low
molecular weight hydrocarbons. The relatively greater abundance of alkenes in this region
arises partly from the very short residence times for the pyrolysis products generated. This
short residence time, associated with flash-pyrolysis conditions, prevents hydrogen
capping reactions from saturating the alkyl radicals formed by the pyrolysis proCéss and
results in the relatively high concentrations of the alkenes. The 1-alkene distributions for
the deeper oil shale samples are similar to those described, although the bias towards the
low molecular weight region of the chromatogram is less pronounced for both.

The great similarity between most of the pyrograms indicates a common source for
the oil shales; an inference consistent with their respective petrology. In addition to the
major components, a number of other minor constituents were detected in the baseline of
the chromatograms using pyrolysis-GC-MS. Several homologous series were inferred to
be present after a number of representative individual components had been positively
identified; the presence of each series was confirmed from appropriate fragment-ion
profiles. For the above samples, homologous series of alkylbenzenes, alkylnaphthalenes
and other substituted aromatics were detected.

The pyrogram for 674 differentiates it from the other samples on the basis of a
pyrolysate which is relatively richer i.n the commonly observed isoprenoids prist-1-ene and

prist-2-ene, and in higher carbon-number alkenes/alkanes. It is is generally agreed that
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these pristenes, like other isoprenoid compounds, are derived from a biological source,
although their biological precursors in sediments are unknown. It has been proposed that
both aré derived from a common source - the phytol side chain of chlorophyll (Didyk et al.,
1978), although precursors such as the diphytanyl ethers of archaebacteria (Chappe et al.,
1982) and tocopherols (Goossens et al., 1984) have also been proposed. |

17
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Figure 4-11.

Flash-pyrolysis-GC profile for raw oil shale from Duaringa 674 (b); notation as for Figure
4-10. Prist-1-ene and prist-2-ene are indicated by (1) and (2) respectively. Insert (a) shows
a portion of the pyrogram obtained for kerogen from the same sample and highlights the

catalytic effect of the mineral matrix on absolute and relative concentrations of the pristene
isomers.
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Regtop et al. (1986) have shown that the principal source of prist-2-ene in
pyrolysates of the Tertiary Condor oil shale is prist-1-ene, which isomerises to prist-2-ene
in the presence of mineral catalysts such as kaolinite and in proportions determined by the
residence time of the pyrolysis vapours in contact with the catalyst. The production and
subsequent isomerisation of shale-derived alkenes is generally considered to proceed via a
thermolytic radical-induced mechanism, followed by clay-catalysed carbocationic processes
involving double bond rearrangement (Alexander et al., 1984; Wilson et al., 1986;
Williams, 1987). Based on these results, the relative abundance of the pristene isomers in
the flash-pyrolysate of sample 674 reflects the thermocatalytic activity of the mineral
matrix. In view of the maceral composition, the relatively higher concentrations of the
pristenes and high molecular weight alkenes/alkanes for 674, are probably due to the
genetic conuributionv to the pyrolysate of compounds (mainly) derived from the greater
percentage of terrestrial content in its kerogen.

Although the Duaringa samples showed virtually no variation in their pyrolysate
profiles, except where the oil shale was of mixed algal and terrestrial origin (674), a
significant variation in the distribution of pyrolysis products has been observed for other oil
shale samples representative of Australian deposits (Crisp et al., 1987). Where these
variations do occur, they result from source and maturity differences. Generally speaking,
pure algal shales are dominated by alkene/alkane components in the chromatogram whereas
mixed algal and higher-plant shales contain mixtures of both aliphatic and aromati‘c
products, with the latter often relegated to subordinate concentrations resulting from the
lower generating potential (oil and gas) of type III kerogen.

In each case where shallow raw shale and the corresponding kerogen were
pyrolysed, the respective profiles were qualitatively almost identical. This is not surprising
since the mineral matrix plays an important role only for that portion of the kerogen or
pyrolysis products which have actual contact with the mineral surface. Under those
circumstances the former is likely to produce relatively more, but probably still subordinate
concentrations of those mineral-catalysed products normally found in flash-pyrolysates. In
Figure 4-11a the relatively reduced concentration of prist-1-ene and the virtual absence of

prist-2-ene, in the pyrolysate of kerogen from sample 674, illustrate the catalytic effect of



115

the mineral matrix on pyrolysate composition in line with Regtop's findings above. The

mineral matrix, through promoting cracking reactions, alters the C,,/ pristene ratio (the

pristenes in Figure 4-11b are collectively much larger than C,,). Alternatively that

portion of the total kerogen actually coating the mineral phase may have a lower generating
potential (oil and gas) since it is likely to be involved to a greater extent in coking
reactions than the rest of the kerogen (Espitalie et al., 1984).

For rapid screening of numerous samples the use of pre-extracted or raw shale is
most suitable, since it obviates the need for costly and time-consuming kerogen isolation.
The use of raw shale is particularly relevant in the commercial context since its pyrolysate
relates more directly to the composition of pyrolysis products likely to be obtained using
commercial retorts.

The relevance of flash-pyrolysis data can be enhanced further by quantitative
information which allows a calculation of the yield of chromatographable pyrolysate
produced as a percentage of raw shale used. To obtain these data the shale to be pyrolysed

needs to be weighed and the profile peaks summed over the entire chromatogram; however,

this procedure is limited to relatively low molecular weight, volatile compounds (up to G5,

for the samples analysed) and ignores higher molecular weight compounds which may also
be formed. Quantitation is further complicated by the fact that even for small samples of
raw shale, in the 1-2 mg range, not all of the sample necessarily reaches the desired
pyrolysis temperature and only a portion of the potential pyrolysate is observed in the
pyrogram.

This situation of incomplete pyrolysis is demonstrated by sequential flash -pyrolysis
of the one sample of raw shale from 5391-C (Figure 4-12). The shale was flash
-pyrolysed repeatedly under conditions identical to those used for the above procedure but
at a calibrated temperature of S00°C (20 s) and with a delay of 5 s between each cycle to
allow the heater coil to cool down. The pyrolysate was passed directly into the FID via
heated glass-lined stainless steel tubing under experimental conditions described earlier for
thermal distillation pyrolysis-FID (cf. section 3.5.3). Sequential pyrolysis was continued

until the pyrolysate-FID signal diminished to background levels (usually 25 cycles). The
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Figure 4-12.

FID-integrator trace for sequential flash-pyrolysis (500°C, 20 s) of raw oil shale 5391-C.
Peak 3 corresponds to the first cycle of the sequence.

above procedure was repeated several times with fresh samples of the same raw shale, to
determine the reproducibility of pyrolysate produced from the first cycle as a percentage of
the total pyrolysate obtained. Results showed that the first pulse always produces the bulk
of the total pyrolysate releasable from flash-pyrolysis, but varies sufficiently for repeated
analysis of the same sample (between 30 - 35 % of total pyrolysate) to introduce errors
into any absolute quantitation based on the above proposal. Larter and Senftle (1985) have

overcome some of these limitations by adopting a quantitative approach for characterising



117

(typing) pre-extracted kerogen. The authors used an internal standard (polymethylstyrene)
to directly determine the absolute concentrations of specific kerogen pyrolysis products.
Using this approach for raw shale may resolve some of the problems outlined, but those of
sample heterogeneity and incomplete pyrolysis would remain. Flash-pyrolysis of oil shales
carried out at Jower temperatures (e.g. 358°C - flash thermal desorption) has been shown to
yield thermal desorbates virtually indistinguishable from the respective solvent extracts
(Crisp et al., 1986). When used in conjunction, flash thermal-desorption and flash
-pyrolysis are rapid procedures which provide information on the thermal history,

hydrocarbon generating potential and shale oil composition.

4.5 Oil shale hydrocarbon potential - (Pyrolysis-FID).

All of the Duaﬁnga oil shale samples were pyrolysed using the CDS-150 pyroprobe
and those modifications of the device designed to achieve complete pyrolysis of the sample
under conditions simulating retort environments (cf. section 3.5.3). Data obtained from this
procedure provides immediate information on comparative hydrocarbon generating
capacities of the shales, as well as related information, which may be used to assess the
extent of their (thermal) evolution (cf. section 2.4.5).

During the assay, those hydrocarbons already present in the oil shale in a free or
adsorbed state are first volatilised at the temperature of the injection port (300°C). This

volatile (bitumen) fraction of the shale is flushed directly into the FID where it is detected as
a (usually) small peak P,. Crisp et al. (1986) have shown that when raw shale from

Condor, Australia was pyrolysed using a Curie point pyrolysis device at 358°C, its thermal
desorbate was virtually identical to the solvent extract obtained from the same sample.
Subsequent heating of the shale results in pyrolysis of the kerogen and the generation of
hydrocarbons and other compounds, whose yields and structures clearly dependend on
both abundance and type of the organic matter. Other volatiles such as carbon dioxide and

water are also produced, but are not detected by the FID, which is selective for combustible

compounds and detects these components as a second peak P,. Collectively P, and P,

provide an evaluation of the genetic potential of the oil shale to produce hydrocarbons,
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since their sum takes into account that portion of the kerogen which has already been
transformed into hydrocarbons, as well as the residual hydrocarbon potential locked up in
the kerogen and released during pyrolysis.

The genetic potential may be expressed in absolute units (kg hydrocarbons tonne'!
raw shale), or be related to a well characterised oil shale sample which then serves as a
reference for subsequent analyses. The latter approach was adopted for the current studies
since it obviates the need for time consuming calibration procedures. Used in that context,
the procedure provides a rapid and inexpensive screening method for evaluating the relative
genetic potentials of oil shale samples taken from different locations and stratigraphic
sequences within a given resource. The method requires no sample pretreatment, and in
conjunction with pyrolysis-GC, obtained using the same device in the flash-pyrolysis
mode, yields data for both the quality and quantity of shale oil obtained from
commercially-viable resource seams, first recognised as such by using hydrocarbon
-generation criteria applied to the pyrolysis-FID data.

Another parameter available from the pyrolysis-FID technique is the temperature
Tyax corresponding to the maximum of hydrocarbon production during pyrolysis. For
comparative work only relative Ty;,x values are meaningful, since the temperature is
obviously affected by experimental factors such as heating rates. For stratigraphic

sequences of sedimentary rock containing kerogen of uniform type, Ty, Shows a

systematic shift to relatively higher values in concert with deeper burial and is thus suitable

for establishing relative maturation (rank of thermal evolution) under these conditions.
Where these constraints are not met within a given deposit, Ty, variations may reflect
differences in kerogen type, rather than thermal evolution due to burial. In general the
temperature Ty, is lower for terrestrial kerogen of type IlI and higher in the marine or

lacustrine types I and II (Tissot and Welte, 1984). Interpretations of a comparatively
| anomalous T,y value for a particular sequence of oil shale samples need to be made in

conjunction with either petrographic data, elemental analysis or a cross-plot of hydrogen
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indices (P, /Corg) and oxygen indices (CO, /Corg) obtained from the Rock-Eval procedure.

The production of CO, was not monitored in the pyrolysis-FID procedure above, but CO,
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