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Abstract

The development of coal petrology and the establishment of a nomenclatural system have proved of major use both for the
industrial utilization of coal and for the development of a broad understanding of coal formation and diagenesis. The
development, over the past 30 years, however, of nomenclature that includes aspects of plant origin and process is a retrograde
step (e.g. pyrofusinite, degradofusinite, and funginite). Equally problematic is the use of prescriptive formulae to indicate coal
‘origins’. This paper reviews some of the problems involved with coal petrology as it is usually practiced. In addition, new
advances in organic geochemical techniques have led to a fuller understanding of the relationship of plants and coal macerals.
Recent research on the origin of coal macerals is presented and there is a discussion of the problems and challenges facing coal
petrologists. A holistic approach to studies of the origin of coal and coal macerals, which includes not only petrographic but also

chemical and biological studies, is advocated.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In her 1989 paper on coal petrology, Marlies
Teichmiiller gave a useful review of our current state
of knowledge and discussed new advances in several
areas of study (Teichmiiller, 1989). It is clear, how-
ever, that several new ideas and techniques were
neither presented nor considered, a problem which
was also highlighted by the use of old unrevised text
in Taylor et al. (1998). Coal petrology is merely a tool
to help us understand its nature and characteristics.
When a methodology matures, then it is important to
reassess its usefulness to the various end users. Coal
petrology, while in many cases may have great utility,
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can lead to dogma in interpretation, thus slowing
progress towards a fuller understanding.

The basic language of coal petrology concerns coal
macerals. The term Maceral was first introduced by
Stopes (1935) in the following way:

I now propose the new word “Maceral” (from
the Latin macerare, to macerate) as a distinctive
and comprehensive word tallying with the word
“mineral”. Its derivation from the Latin word to
“macerate” appears to make it peculiarly appli-
cable to coal, for whatever the original nature of
the coals, they now all consist of the macerated
fragments of vegetation, accumulated under
water.The word “macerals” will, T hope, be
accepted as a pleasantly sounding parallel to the
word “minerals,” conveying the suggestion of
the fundamental difference between them.
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The concept behind the word “macerals™ is that
the complex of biological units represented by a
forest tree which crashed into a watery swamp
and there partly decomposed and was macerated
in the process of coal formation, did not in that
process become uniform throughout but still
retains delimited regions optically differing under
the microscope, which may or may not have
different formulae and properties. These organic
units, composing the coal mass I propose to call
coal macerals, and they are descriptive equivalent
of the inorganic units composing rock masses and
universally called minerals, and to which petrol-
ogists are well accustomed to give distinctive
names.

It is now proposed to give to the individual
“macerals” a distinctive set of descriptive names
with the termination -inite, which is a parallel to
the characteristic termination given to unit miner-
als in mineral rock sections.

Spackman (1958) proposed a later and shorter
definition of the term maceral:

...macerals are organic substance, or optically
homogenous aggregates of organic substances,
possessing distinctive physical and chemical pro-
perties, and occurring naturally in the sedimen-
tary, metamorphic, and igneous materials of the
earth.

We may consider coal, therefore, as comprising
several biologically formed materials with a range of
chemical and physical properties. In addition, coal is
unusual in that it has gone through several alteration
processes. The original plant (but can include animal)
material has a vast morphological and chemical vari-
ety even before being incorporated into the peat.
Equally, once deposited in the peat, a range of bio-
chemical processes take place (peatification), which
again may considerably alter the morphological, phys-
ical, and chemical nature of the existing organic
material, as well as introducing new materials (pre-
cipitates). Finally, burial diagenesis (coalification)
with increasing temperature has a significant effect
on all the individual particles, as well as on the coal as
a whole. During this process, many of the discrete
coal fractions became increasingly similar in many

(but not all) properties, which has led some to con-
sider the existence of a ‘coal molecule’.

Coal petrology has been fundamental to the devel-
opment of our understanding of coal origins and
formation. Yet, by its very nature, with tight interna-
tional agreed definitions and regulations, has created
many problems in gaining a deeper understanding.
This was recognized particularly by Spackman and
Thompson (1964). American steel companies and
many industrial users tend to ignore the International
Commission for Coal Petrology (ICCP) classification,
preferring to use a more practical version based on
maceral properties (Crelling, personal communica-
tion).

To chart the way ahead, it is important to consider
what we need to understand and the requirements of
any user of the data obtained. Coal petrology devel-
oped from the need to not only have a way to under-
stand the nature of coal, but also to develop a
language with which to discuss current issues. Many
who had studied coal thin sections were interested in
the botanical aspects of coal formation and also in
coal correlation. It was, however, the industrial use of
coal that drove forward the need to create an interna-
tionally agreed and regulated system of coal nomen-
clature. The study of coal in polished blocks under oil
in reflected light revolutionized the understanding of
coal. The identification of coal macerals and develop-
ment of the coal maceral concept have become the
foci of study for many coal petrologists under the
International Commission for Coal Petrology (ICCP).
In addition to the Stopes—Heerlen system, the ICCP
has taken care to include in its glossaries both the
USBM and Russian systems. The Stopes—Heerlen
system gives morphology primacy in determining
maceral identity. Yet, by its very nature, this classi-
fication system, while being of great utility, has also
hampered understanding. This is mainly because
many petrologists fail to appreciate the limitations of
the system. While coal specialists use coal macerals
now principally to understand coal origins, the use of
the group macerals vitrinite, liptinite (exinite), and
inertinite are more widespread, used by those, for
example, buying coal on the open market for burning
in power stations.

In unraveling the nature of coal and its compo-
nents, we need to take a step back. It is quite clear that
coal petrology does not give us the whole story.
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Recent significant work in organic geochemistry and
plant biology and ecology has sent a number of
warning signals to coal petrologists. It is perhaps time
to consider what new avenues of study are being
pursued and to set the future agenda. To provide a
structure for this contribution, I will consider the new
advances under group macerals. This is done purely
for convenience for the reader. I then consider the
needs of the different end users: industrial, geological,
and academic to chart a way ahead. This paper will
doubtless be controversial for some readers but I make
no apology if it stimulates a healthy debate. It is, after
all, a personal view from the perspective of an end
user and someone who is interested in understanding
coal origins.

2. Liptinite

The ‘glue’ that unites individual coal macerals
within the liptinite group is that together, they show
predominantly low reflectance in bituminous coal and
have a range of characteristic morphologies. They
have also been shown to have characteristic fluores-
cence. Yet, it is widely accepted that macerals in this
group are varied in their origin.

Teichmiiller (1989) recognized that liptinites were
not only derived from hydrogen-rich plant organs but
also from decomposition products. The chemistry of
these materials is, therefore, key to their understand-
ing and interpretation. It has always been clear that
many plant tissue types may be found as liptinites:
cuticle—cutinite and pollen and spore walls—sporinite,
for example, but the incorporation of these into a
single group masks their real diversity.

2.1. Cutinite

It has been widely believed that cutinite is derived
from cuticles and cuticular layer of plants made of
cutin composed of fatty acids and waxes (Teichmiil-
ler, 1989; Taylor et al., 1998). Animal cuticles are
also found in coal (Bartram et al., 1987), yet their
morphological recognition in polished blocks or
chemistry is rarely discussed. For petrologists, it
appears not to matter what the origin of cutinite is,
simply that it has the morphology of cutinite. Yet, if
we are interested in the biological origin of coal and

wish to develop an understanding of coal formation,
environments, and communities, we need more infor-
mation.

Organic geochemical research, using pyrolysis—
gas chromatography—mass spectroscopy, on the
cuticle of the modern angiosperm Agave led to the
discovery of a highly resistant macromolecule, Cutan
(Nip et al., 1986). This macromolecule is highly
aliphatic and it was considered a significant compo-
nent of those plants whose cuticles survived in the
fossil record. This interpretation was further strength-
ened by the discovery that many fossil leaves also
showed a highly aliphatic signal, which may be
interpreted as cutan (Tegelaar et al., 1991). Several
fossil cuticles were subsequently analyzed by pyrol-
ysis methods and yielded a ‘cutan—like’ signature
(Van Bergen et al., 1994a, 1995a; Collinson et al.,
1994). At this stage, it seemed likely that what was
present in coal, described as cutinite, and when
macerated released cuticle, was the result of the
selective preservation of cutan, a naturally occurring
highly aliphalic, highly resistant macromolecule.
However, two problems became apparent. The first
related to the preservation of the leaves themselves.
The original work on Agave had been chemical and
had not included any microscopy. In attempting to
restudy the chemistry of Agave, Mdsle et al. (1997)
showed that the resistant macromolecule represented
only a small proportion of the leaf cuticle. In addition,
they showed that in modern Ginkgo (which has a
considerable fossil record with preserved cuticle),
cutan is not present. Further studies on Recent and
fossil cuticles using a range of techniques including
microscopy (SEM and TEM) and chemistry (FT-IR
and Py—gc—ms) demonstrated that pyrolysates of
fossils show phenolic constituents like modern cuticles
and loss of cutin fatty acid monomers and an increased
prominence of a homologous series of n-alkene and #-
alkane fragments up to n-Czo. Most recent cuticles
studied did not yield a highly resistant residue (Mdsle
et al., 1998; Collinson et al., 1998, 2000). These
authors concluded that the presence of ‘cutan’ in the
modern cuticles was not responsible for their preser-
vation in the fossil record.

The chemical analysis of Carboniferous cuticles
had let to the suggestion that although the chemical
structure is altered from the original, it does retain
data, which may be of chemosystematic significance
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(Stankiewicz et al., 1998; Collinson et al., 1998;
Zodrow and Mastalerz, 2001; Mésle et al., 2002).

In a parallel study on animal cuticles, Baas et al.
(1995), Briggs et al. (1995), and Stankiewicz et al.
(1997a,b) showed that the chitin component of arthro-
pod cuticles was rapidly lost during diagenesis. Many
animal cuticles also showed pyrolysates with a similar
signal to those of plants, leading to the suggestion that
aliphatic components may have been transferred
between the plant and animal remains (Baas et al.,
1995). In an attempt to solve this problem, Stankiewicz
et al. (1998) studied modern plant and arthropod
cuticles together with co-occurring plant and arthropod
cuticles from the same Carboniferous deposits. They
showed that while dewaxed scorpion cuticle yielded
products derived from chitin and proteins, pyrolysis
products of the fossil arthropod cuticles did not yield
these but instead a homologous series of alkanes and
alkenes, together with phenolic and other aromatic
constituents. In addition, the recent dewaxed plant
cuticles yielded fatty acids, phenols, and carbohy-
drate—derived compounds indicative of cutin polyster
and associated lignocellulose. In contrast, the pyroly-
sates of fossil plant cuticles were dominated by
alkane—alkene doublets, with minor phenolic and other
benzenoid components. There was no evidence that the
cuticles incorporated particulate organic matter from
the sediment. As, however, the chemistry and morphol-
ogy of each taxon is characteristic, it eliminates the
possibility of incorporation of randomly repolymerized
materials or the transfer of material between plant and
animal residues. Their conclusion was that the aliphatic
moieties in the fossil cuticles were the result of poly-
merization of the associated epicuticular, cuticular,
and/or tissue lipids during diagenesis. Further research
on plant tissues led to the suggestion that the preser-
vation of fossil plant cuticle resulted from the preser-
vation of a macromolecular resistant residue by
within—cuticle diagenetic stabilization of normally
labile aliphatic constituents.

This research highlights a number of issues for the
coal petrologist. Not only may the plant cuticles show a
range of chemical preservation states, but also many
animal cuticles present in coal may have been inter-
preted as plant! Maceration of many Carboniferous
coals, for example, yields scorpion cuticle (Bartram et
al., 1987), yet no such cuticles have been described by
coal petrologists.

The importance of combined petrographic and
chemical studies of individual macerals is well exem-
plified by the study of Mastalerz et al. (1998) on the
Upper Devonian problematic plant Protosalvinia.
While it resembles cutinite, it has many unusual
chemical characteristics and although it can be placed
petrographically into the liptinite group of macerals,
the authors did not believe that it fitted into any of the
established categories of liptinite macerals.

Study of the petrography of dispersed cuticles,
therefore, would be very valuable. We have, as yet,
no method to tell plant and animal cuticle apart in
petrographic blocks.

2.2. Sporinite

Sporinite is one of the least controversial of the
maceral groups. This is partly because it has a range
of characteristic shapes and reflectance features, and
also because it can be isolated from coals. There have
been several attempts in recent years to understand the
chemistry of spore walls. Sporopollenin has been
notoriously difficult to characterize. A wide range of
chemical techniques have been used to try to unravel
the complex macromolecular structure including '*C
NMR, pyrolysis GC—MS and chemolysis (RuOy)
(e.g. Van Bergen et al., 1993, 1995a; Hemsley et al.,
1992, 1994a,b, 1995, 1996; Hayatsu et al., 1988;
Hatcher and Clifford, 1997; Guildford et al., 1988).
Until this work, it was generally believed that the
structural building blocks of sporopollenin were car-
otenoids and/or carotenoid esters. This was demon-
strated not to be the case. It is now clear that there are
at least two chemically different types of sporopolle-
nin with aromatic or aliphalic building blocks. During
diagenesis, the aromatic properties appear to be selec-
tively lost, enhancing the aliphatic property in the
fossil material. Most importantly, it has been shown
that the chemical changes that take place in spore
walls during coalification do not result in morpholog-
ical changes (Scott and Hemsley, 1993). It has also
been shown (Hemsley et al., 1995, 1996) that some
chemosystematic signature is retained.

While spores and pollen have been widely recog-
nized and studied in coals, other propagules (e.g.
fruits and seeds) have been largely neglected. Van
Bergen et al. (1994b,c and references therein) show
that fruits and seeds may be multilayered with cutic-
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ular membranes together with the more “woody”
fruit walls or seed coats. Many propagules have a
sclerotic outer covering (sclerotic endocarp or sclerot-
esta) and a translucent inner layer (translucent testa or
tegmen) (Van Bergen et al., 1995a). Most of the
sclerotic layers have been shown to be lignin—
celluloses or hemicelluloses which are digenetically
modified during diagenesis, causing the loss of all
carbohydrates as well as severe modification of the
lignin biomacromolecule. In contrast, the thin testa or
tegmen layer are cuticular and are highly aliphatic,
similar to those of leaf cuticles. Given the multi-
layered nature of the seeds with distinctive morphol-
ogies and chemistries, it is unclear how they would be
classified petrographically. I know of no examples
where coalified seeds have been embedded in pol-
ished blocks and observed in reflected light under oil,
such as might be found in the Brandon Lignite
(Spackman, 2000). Would we have a distinctive
new maceral or vitrinite with layers of cutinite? The
latter seems likely to be the case. If this is indeed true
and several different types of fertile structures are
included in the maceral group (or indeed several
macerals), then this will limit the interpretation that
can be placed upon the maceral data.

2.3. Alginite

The characterization of alginite has been thought to
be relatively secure with a distinctive morphology and
characteristic low reflectance and distinctive fluores-
cence. Classical alginite is seen in boghead coals and
is formed from a range of Botryococcus—type green
algae (Han et al., 1999; Han and Kruge, 1999). Recent
chemical analysis of a range of algae indicates that
their walls may be highly aliphatic (algenan) (see
Collinson et al., 1994 for a review). Stasiuk (1999)
showed, using confocal laser scanning fluorescence
microscopy of Botryococcus alginite, that there was
selective preservation of microalgal components. This
technique yielded details not visible using normal
petrographic methods (see also Scott, 1989b for an
analysis of the technique). While Botryococcus is
readily recognizable, others may not be so. It is quite
possible that we have not been able to easily distin-
guish other algae and that this component may be
underrepresented in coals. Hutton et al. (1994), Hut-
ton (1987), and Hutton and Hower (1999) have

examined algal-rich coals and oil shales in detail so
I do not propose to discuss these further here.

2.4. Resinite

This maceral is not only derived from resins but
also from a range of other chemicals such as balsams,
latexes, fats, and waxes (Teichmiiller, 1989). The
range of chemical composition is, however, large.
Fossil resins may be subdivided into three main types
based upon their macromolecular constituents (e.g.
Anderson et al., 1992). It is clear that from both a
petrographic as well as a chemical point of view, it is
necessary for studies to be performed on botanically/
anatomically well-described samples to prevent erro-
neous interpretations (Van Aarssen et al., 1990; Van
Bergen et al., 1995a,b). Particularly problematic is if a
medullosan resin rodlet is partially charred—should it
be called resinite or secretinite (Lyons et al., 1982,
1986, Lyons, 2000; Lyons and Mastalerz, 2001)?
Numerous authors including Kosanke and Harrison
(1957), Collinson et al. (1994), and Van Bergen et al.
(1995b) have documented the morphology and chem-
istry of resin rodlets. As also pointed out by Teich-
miiller (1989), “resinites tend to be converted to
bitumen (partly exsudantinite) during the early stages
of coalification.”

3. Inertinite

There has been considerable controversy over the
origin of the inertinite group macerals. Almost cer-
tainly, this is because of the artificial nature of the coal
petrographic classification system (that it is based
predominantly on morphology). In addition, it reflects
a major problem in separating features of the original
tissues with processes that affect them. Inertinites are,
therefore, a diverse group, yet they are classified
together. Any interpretation on the origin and signifi-
cance of the macerals must take account of this. The
characteristic properties of inertinites include high
reflectance, little or no fluorescence, high carbon
and low hydrogen contents, and strong aromatization
(Teichmiiller, 1989). The term inertinite was originally
claimed to refer to its behavior in coals of coking rank
in which the maceral was not thought to soften during
carbonization (Teichmiiller, 1989). Controversy has,
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however, concerned inertinites from Gondwana coals
that have been shown to be partly reactive (Diessel,
1983, 1985; Brown et al., 1985). This issue will be
covered later.

The most important debate over recent years con-
cerns the role of fire in charring plant tissues to form
various inertinites. Scott (1989a) showed that the coal
lithotype fusain probably represented fossil charcoal
formed by the burning of plant tissues by wildfire.
This immediately creates a problem for the coal
petrologist. Plants contain a wide range of tissue types
from wood to leaves to spores, pollen, seeds, etc. All
these tissues may be charred. Jones et al. (1991)
demonstrated that increasing the temperature of char-
ring caused an increasing reflectance measured in
polished blocks under oil. Clearly uncharred, partially
charred, and charred wood (which may occur as a
continuum) may occur in the same sample (Jones et
al., 1993), yet be given different petrographic names.
Therefore, it is quite possible for a single piece of
wood to be vitrinite at one end and fusinite at the
other. This is what would be expected. However, it is
not just wood that is charred but other organs also. It
would appear that this is not recognized in the current
petrographic system.

3.1. Fusinites and semifusinites

According to Taylor et al. (1998), “Fusinites and
semifusinites are distinguished primarily by their
degree of fusinitization.” However, they are charac-
terized by their high reflectance (greater than vitri-
nite) and their open cellular structure. In what I
regard as unhelpful development, these macerals
were subdivided with regard to their presumed
process of origin into: pyrofusinite, degradofusinite,
rank fusinite, and primary fusinite (Teichmiiller,
1989). This has led to an interpretive dogma. It is
assumed by this classification that pyrofusinites (and
semifusinites) are related to fires and hence represent
charcoal. While this is almost certainly true (see
Scott, 2000 for a review), many other inertinites
may have had a fire origin. The comment by Taylor
et al. (1998, p. 229), citing the work of Given et al.
(1966) that fusains were exposed to temperatures of
400-600 °C, indicates an unfamiliarity either with
modern fires or the recent literature on modern and
fossil charcoals.

Key advances in our understanding of these mac-
erals have come from a combination of experimental
work and work on modern fire systems and their
products. Experimental charcoalification by a number
of authors has shown that increasing temperature
gives rise to increased reflectance under oil (Jones et
al.,, 1991; Guo and Bustin, 1998; Bustin and Guo,
1999; Scott and Jones, 1991; Scott, 2000). In addition,
the length of heating time may also be important (Guo
and Bustin, 1998). These authors showed that char-
coals with reflectances greater than 2% (i.e. fusinites
sensu Jones et al., 1997) form only at temperatures
higher than 400 °C, regardless of heating duration.
However, as pointed out by Scott (1989a) and Scott
and Jones (1994), many modern fires may be cool and
pass rapidly through vegetation, yielding charcoals
with reflectances less than 2% (i.e. semifusinite). For
example, a heathland fire in Surrey formed extensive
charcoal deposits. Reflectance studies on the char-
coals showed that all assemblages had means of less
than 2% (Scott et al., 2000). This study also high-
lighted another important issue. A significant propor-
tion of the charcoal was produced from the decaying
plant litter. In these cases, fungal infestation was
common. Taylor et al. (1998) argue that degradofu-
sinite (oxyfusinites) are poorly preserved and have a
reflectivity of semifusinite. They regarded that this
material was formed by the desiccation of variably
gelified humic matter, leading to the retention of
oxygen. In addition, it has been claimed that “degra-
dofusinite can also form during the mouldering of
wood as a result of the activity of wood-decomposing
fungi” (Taylor et al., 1998, p. 230). In fact, all of the
observed instances of ‘degradofusinite’ may be
explained by the activity of fire. It has been claimed
that degradofusinites are especially abundant in Gond-
wana coals, up to 50% (Taylor et al., 1989). However,
Glasspool (2000) has shown that these too are likely
to have had a fire origin, being formed from frequent
‘cool’ fires.

Studies of modern charcoals and experiments have
highlighted a number of other issues. It has been
shown that different tissue types char at slightly
different rates. This may lead to variation of reflec-
tivity in a specimen (Guo and Bustin, 1998; Scott et
al., 2000). In addition, fungally affected wood chars at
a slightly different rate from unaffected wood (Guo
and Bustin, 1998). In some cases, there may be higher
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reflecting rims along the fungal cracks. This increased
reflectance is due to charring and not to fungal action.

Rank fusinite is claimed to have been formed during
the geochemical coalification of huminitic liptinitic
cell tissues. Again, all of the features seen can be
explained by charring. Likewise, much primary fusin-
ite has been identified based on the lack of under-
standing of the original plant chemistry and charring
effects.

A significant problem is highlighted by the evolu-
tion of the coal maceral concept. Coal macerals were
initially defined on physical properties alone. They
had the purpose of allowing coal description and had a
use in predicting properties of the coal during the
coking process. The attempt to further refine the coal
maceral concept, especially in relation to fusinites and
semifusinites, adding an element of interpretation of
the formation history, is fraught with danger. This
approach makes a number of often-unnecessary
assumptions, some of which may prove to be incor-
rect. It is often our lack of study that causes confusion.
This approach leads to significant argument in the
literature (see Winston, 1993; Moore et al., 1996).

3.2. Sclerotinite

Sclerotinites are generally thought to represent
fungal sclerotia. It has generally been assumed that
melanins are responsible for the dark colour and high
reflectivity of the sclerotinite—forming fungal re-
mains, i.e. that the high reflectivity is established in
the original plants (Taylor et al., 1998). However, in
studies of charred litter after a recent fire (by the
author), high-reflecting sclerotia were found. These
sclerotia showed much higher reflectance than that of
charred wood tissues. This observation supports the
view that some tissues show a much more rapid rise in
reflectance than others do. No highly reflecting scle-
rotia were observed in the uncharred litter. To fully
demonstrate the primary nature of the sclerotinite
reflectance, it is necessary to study the reflectance
properties of uncharred fungal material. To my knowl-
edge, no such study has yet been published. It is also
possible that some of the material will represent
charred resins (Koch, 1970).

The chemistry of resin rodlets from medullosan
pteridosperms was described by Van Bergen et al.
(1995b). Such remains have been described petro-

graphically by Lyons (2000) and chemically (Lyons
and Mastalerz, 2001). However, these rodlets, which
show varying reflectance, have probably been charred.
Despite this, a new maceral term secretinite has been
introduced (Lyons, 2000).

In addition, the term funginite has been introduced
(Lyons, 2000) for presumed fungal remains. Lyons
argues that funginite is cellular, but there is no attempt
to discuss what type of fungus is being described or
any attempt to isolate the fungus and describe it
morphologically. Lyons (2000) states that the term
sclerotinite should no longer be used and be replaced
by the terms secretinite or funginite. It has also been
suggested that all previous analyses are reexamined
and the new terms are used.

This approach to coal maceral identification and
nomenclature raises a number of fundamental prob-
lems and issues. If we are interested in what fungal
remains look like petrographically, then there are two
useful approaches. Firstly, a range of modern fungal
bodies should be examined both unaltered and altered
either by artificial coalification or by charring. We will
then have a much better idea of what we are looking
at. Chemical analyses can also be performed on the
range of altered and nonaltered material. A second
approach is to identify fungal remains morphologi-
cally, e.g. in coal ball sections, and to view such
material in reflectance on polished surfaces. If, as is
shown by Lyons (2000, Fig. 1), that funginite is
common, then a thin slice of the specimen can be
taken and the fungal bodies may possibly be macer-
ated from the coal for morphographic examination.
Assumption of botanical (or even animal) identifica-
tion based upon polished blocks alone is dangerous.

3.3. Macrinite

Macrinite has been considered as a ‘gel-like’ sub-
stance but has been ‘fusinitized’, i.e. shows high
reflectance (Taylor et al., 1998). This has been con-
sidered as an ‘oxidation’ product. However, Petersen
(1998) has considered that some of this material at
least may be the result of charring peat.

3.4. Inertodetrinite

Inertodetrinite is considered to represent “‘redepos-
ited debris of fusinite, semifusinite, sclerotinite and
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macrinite and of small plant remains which decom-
posed and were fusinitized within the peat™ (Taylor et
al., 1998, p. 236). However, much of the fine inertinite
debris probably represent what Quaternary workers
call microcharcoal (see Scott, 2000). These are pre-
dominately wind-blown, small high-reflecting par-
ticles. In addition, when wood is charred at high
temperatures, the highly reflecting cell walls fragment
(Scott and Jones, 1991) and this material is easily
broken into small fragments. It may also be noted here
that coprolites in decayed plant litter may be charred
and show high reflectance (Scott et al., 2000, Fig.
12c¢). Clearly, some thin-walled cells that are charred
(e.g. from mosses, cf. Scott et al., 2000, Fig. 13f) may
be easily fragmented and added to the debris (it
should be noted that this does not show obvious
cellular structure). It is probable that hot fires may
produce larger quantities of highly reflecting inerto-
detrinite than cool fires, but equally concentration of
fine material may be reflecting a number of different
taphonomic processes.

3.5. Micrinite

Micrinite often shows a distinctive original mor-
phology where the cell substance has been converted
to small highly reflecting particles. Chemical analyses
of micrinite often show high hydrogen contents (Tay-
lor et al., 1998). The main origin of the material is
probably from various liptinite macerals. It is likely
that these were formed by heating. For example, Koch
(1970) heated resin rodlets to 350 °C and obtained
micrinitic agglomerates. While it is well known that
micrinite is commonly associated with sporinite
(Stach, 1964), there have been no petrographic stud-
ies, to my knowledge, on experimentally charred
spores. In their study of charred spores, Hemsley et
al. (1996) were able to demonstrate the changing
chemistry of the sporopollenin using '>*C NMR and
it is likely that this chemical change would result in
increasing reflectance as can be seen using wood
(Jones, 1993).

3.6. Missing inertinites
The use of a prescriptive coal petrographic termi-

nology hides the fact that many important features of
charred plants and animals may have been over-

looked. Studies on recently charred plant litter have
highlighted the range of plant and indeed animal
tissues that may be preserved. For example, plant
tissues include leaves, flowers, pollen, and seeds. In
addition, charred mosses yield a characteristic mor-
phology (Scott et al., 2000). Likewise, coprolitic
material is frequently charred. Perhaps the most sur-
prising result is the recognition of charred animal
remains showing high reflectance. For example, bee-
tle elytra were shown to have a characteristic mor-
phology (Scott et al., 2000, Fig. 13h), yet such
material has yet to be identified in the fossil record.

It is clear, however, that petrographic study is not
sufficient on its own to understand and interpret
inertinite assemblages. Inertinites are easily extracted
using acids and a combined SEM/reflectance study
would appear most appropriate. The importance of
inertinite origin for the interpretation of coal seam
formation appears crucial and a topic will be consid-
ered below.

4. Vitrinite

By far, the most abundant of the coal maceral
groups, certainly the most difficult to study, are the
vitrinites. Not only does this group contain true plant
cell walls, but also detrital material and chemical
precipitates. For most coal petrologists, a morpholog-
ical distinction is made between cell walls (telinites),
detrital material (detrinites), and gels (gelinites/collin-
ites) (Teichmiiller, 1989). In many summaries of coal
petrography, vitrinite is equated to woody cell walls,
leading to the view that this implies forested peats
(Diessel, 1986, 1992). In an excellent review, Hatcher
and Clifford (1997) review the organic geochemistry
of coal, tracing the original plant tissues and their
incorporation into peat and, subsequently, coal. These
authors trace the changes of lignified cell walls in
Recent wood during burial in waterlogged environ-
ments and subsequent coalification at different ranks.
New studies combining '*C NMR with pyrolysis—
gc—ms have allowed a much more detailed under-
standing of how chemical structures in wood evolve
to coal structure (Hatcher and Clifford, 1997). It has
been shown that this transformation of wood to
coalified wood begins at the peat stage where cellu-
lose (an aliphalic component) is preferentially de-
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graded and removed from the wood. Lignin, which is
an aromatic macromolecular biopolymer, is selec-
tively preserved. As pointed out by Hatcher and
Clifford (1997), it is surprising that if as much as
70% of the cell wall components are lost, that cellular
structure should remain. Some of the wood tissues are
degraded to form matrix in addition to other compo-
nents of other plant tissues. Lignin can be well
preserved in peatified wood. In this case, therefore,
lignin becomes the primary precursor of vitrinite
(Hatcher and Clifford, 1997). However, not all cell
walls are lignified and still may be structurally pre-
served. It is clear that lycopsid cortical tissues are not
lignified, yet they may be preserved in coal balls and
Pennsylvanian bituminous coals as vitrinite (Winston,
1986), yet chemically they comprise a highly aliphatic
macromolecular structure similar to suberan, found in
the barks of modern trees (Tegelaar et al., 1995;
Collinson et al., 1994). We also know that “woody”
seed coats have a lignin component (Van Bergen et al.,
1994c), but such specimens have not been identified
petrographically in coals.

Plants produce a wide range of specialist cells with a
wide range of chemical composition (Van der Heijden
and Boon, 1994). There have been few published
systematic studies of the petrography and chemistry
of botanically identified cell wall types (Cohen and
Spackman, 1980; see the recent interesting work of Sun
and Wang, 2000; Sun, 2001). Interestingly, some bark
cell walls (including suberinized cell wall of cork) are
recognized as suberinite, one of the liptinite macerals.
This tissue may also contain a highly resistant aliphatic
macromolecule that has been called suberan (Tegelaar
et al., 1995). However, Phillips and DiMichele (1992)
noted that lycophyte periderm was quite different from
‘traditional bark’ and that the chemical composition of
lycophyte periderm cell walls was unknown but, as
shown by Collinson et al. (1994), it is preserved as a
series of n-alk-1-enes and n-alkanes that indicate the
presence of a highly aliphatic biomacromolecule. How-
ever, it is uncertain whether this represents the original
chemistry or is highly modified. There are, in addition,
significant contributions from alkylbenzene and naph-
thalene derivatives and, although it might be suggested
that these are derived from lignin, they have a rather
different structure from those derived from lignin that
have been altered by diagenesis (Van Bergen et al.,
1994c).

An additional problem is that of low-temperature
charring. Wildfire may produce large quantities of
charcoal (Scott, 2000). Some of the fires are hot, pro-
ducing fusinites. Cooler fires may give rise to semi-
fusinites (Scott et al., 2000; Scott and Jones, 1994).
However, some plant tissues, including wood, may be
only slightly heated. This can be well seen in charred
litter layers where charring may affect only a few
millimeters of the soil (Scott et al., 2000). In this case,
most of the material would become vitrinite and only a
small amount showing increased reflectance. Temper-
atures may be raised tens of centimeters down in some
soil profiles making only small changes to the plant
tissues (Scott, 1989a). This heating may be sufficient to
slightly alter the physical nature and chemical compo-
sition of some vitrinite precursors. There have been no
studies on this type of material and it may help explain
the occurrence of “pseudovitrinite’” which has a
slightly raised reflectance over other vitrinites.

4.1. Chemical precipitates

Alteration and recombination of humic substances
may result in the precipitation of gels. Such material
may precipitate within cell walls, filling cell lumina
and solidifying the groundmass. Much of this gelifi-
cation is biochemical and takes place during the
peatification process, especially in waterlogged con-
ditions (Cohen et al., 1987). In woods, therefore,
apparent cell structure is lost as the lumina are filled
with gelified material. The resulting vitrinite (collin-
ite) will show no cellular structure. However, either by
the use of etching techniques (cf. Pontolillo and
Stanton, 1994) or by different microscopical techni-
ques (e.g. Laser Scanning Microscopy, Scanning
Acoustic Microscopy), the cellular structure may be
revealed (Scott, 1989b,c).

The diverse way in which such a wide range of
vitrinites may be formed creates an additional layer of
complexity to understanding coal formation. It is
necessary to examine more closely the purpose of
coal petrology for the next 20 years.

5. Botanical and ecological interpretations

Perhaps the most difficult area of development has
been the use of various petrographic indices. In a
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study of Australian Gondwana coals, Diessel (1986)
developed two such indices: the “gelification index”
(GI) and the “‘tissue preservation index” (TPI). He
proposed that

vitrinite + macrinite

Gl = — — - —
semifusinite + fusinite + inertodetrinite

and

TPI — telinite + tellocollinite + semifusinite -+ fusinite

desmocollinite + macrinite + inertodetrinite

These were then plotted and claimed to provide
data on not only water conditions of the coal but also a
tree density.

These indices however, are fundamentally flawed.
In peats, charcoal, resulting from wildfires, may result
in the formation of fusinite, semifusinite, and inerto-
detrinite. This may happen in situ or be blown or
washed into the peat from elsewhere. Its occurrence in
the peat cannot be used, therefore, without consider-
able additional data, to interpret the peat-forming
conditions. Equally, the TPI cannot be used to inter-
pret tree density—trees do not equal wood. There are
many trees that do not have wood and woody plants
that are not trees (see DiMichele and Phillips, 1994).
In addition, the percentage of fusinite, semifusinite,
and inertodetrinite in a sample is both a result of fire
temperature and charcoal transport (wind vs. water)
(see Scott, 2000).

In an excellent piece of research, Wiist et al.
(2001) examine the relationship between vegetation,
the resultant peat and petrography and apply the
Diessel calculations. They show that while petro-
graphic methods can contribute valuable information
about the palacoecological settings of mire deposits,
maceral indices have little utility. In a study of New
Zealand peats and their petrology, Shearer and
Moore (in press) come to similar conclusions. They
conclude “The use of organic composition to infer
depositional environment is highly flawed.” Like-
wise, these authors conclude that using maceral
ratios to indicate depositional setting or climate
should be unacceptable.

The elegance of making simple calculations, plot-
ting data and diagrams, and making simple interpreta-
tions has been too much of a pull for coal petrologists

(e.g. Kalkreuth and Leicke, 1989). We need to step
back and consider what we want to learn about the coal
and choose appropriate methods of study.

We need to clearly link vegetational data with
coal petrographic data. Several authors have attemp-
ted this but each attempt has raised some difficulties.
Several authors have attempted to integrate petro-
graphic and palynological/palacobotanical data to
interpret the vegetation and environments of Tertiary
brown coals. These studies are not without their own
difficulties, as can be seen from divergent interpre-
tations (Teichmiiller, 1958; Hagermann and Wolf,
1987). Figueiral et al. (1999) have shown, for
example, that angiosperm and gymnosperm woods
decay at different rates and macroscopic and micro-
scopic (palynological) plant data must be used
together to interpret palaeovegetation.

In his classic study, Smith (1962) examined the
relationships between coal petrology and miospore
assemblages. He interpreted the data in terms of
‘phases’. While this work has been widely used,
reinterpretation of the data has proved difficult. In
the paper, we are presented with interpretations of the
palynological data rather than the raw data itself. This
is important, in that now we know the plant affinities
of most of the taxa, it would be possible to interpret
the data in terms of vegetation and compare this data
from that obtained using coal balls from North Amer-
ica. It has also been shown that in addition to
miospore data, we may add data from megaspores
and other palynodebris to aid vegetational analysis
(Scott, 1978; Scott and King, 1981; Bartram, 1987;
Pearson and Scott, 1999).

The study by Hacquebard and Donaldson (1969)
on Carboniferous coals from Nova Scotia raises other
issues not least the interpretation of the coal petro-
graphic data in terms of moor types based upon
modern environments. As was pointed out by Collin-
son and Scott (1987), “models for ancient peat-form-
ing environments based upon modern analogues
cannot have full worth unless these differences
between modern and ancient plants and plant com-
munities are taken in to account.”

Finally, the scale of sampling often proves a prob-
lem. For example, in their study of tropical peat from
Panama, Cohen et al. (1989) show that in a peat of
840 cm thick, there may be up to 16 changes in the
vegetation. When compacted and coalified, this would
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yield a coal seam less than 1 m thick. Considering also
the thickness of some of the vegetational zones, a
sampling programme of between 5 and 10 cm would
be needed to identify these changes. This conclusion
is confirmed by the study of Bartram (1987) who
showed in a Carboniferous coals that there could be as
many as six vegetational zones in 50 cm of coal.
Providing vegetational data for complete seams, as is
commonly practiced, alone will yield only part of the

story.

6. The uses of coal petrology: problems and
challenges

Most early studies of coals were born out of a need
to understand the botanical nature of coal or to find
ways to use petrography to aid coal correlations. The
important work of Raistrick and Marshall (1939, for
review) exemplifies this approach. This involved the
use of thin sections, which was replaced by the use of
polished blocks. Few have subsequently tried to
identify structures botanically, but a few have made
useful attempts such as Lapo and Druzdova (1989),
Winston (1986, 1989), and numerous Chinese coal
petrologists (China National Administration of Coal
Geology, 1996).

Industrial use of coal generated the need for the
development of agreed terminologies and study tech-
niques. Clearly, this was a major success, and coal
petrology, as observed in polished blocks under oil, is
the mainstay of coal geology (Taylor et al., 1998).

However, this approach is not without cost. Coal
petrography reduces and simplifies coal composition.
Generalizations are made and these are used to make
wide-ranging interpretation of the origin and forma-
tion of all coals (Taylor et al., 1998). Even in the fields
of carbonization and utilization, problems are being
encountered in the straight jacket of coal petrology. A
good example is with perhydrous vitrinites. Tradition-
ally (on specifications for coal combustion cargoes),
only the percentage of vitrinite, liptinite, and inertin-
ites are given for most coals. High inertinite coals
from the Southern Hemisphere Permian differ in their
burning characteristics from typical Northern Hemi-
sphere Pennsylvanian coals.

Coal petrology can provide useful data and help
characterize coals, but even in the area of coal com-

bustion, we need other data such as combustion
behaviour characteristics.

Traditionally, coal petrology has been used also to
interpret coal-forming environments, but even in this
field, there is increasing attention drawn to problems.
Shearer and Moore (in press) go as far as stating that
coal type (based upon maceral data) at best “only
represents to what degree the original plant compo-
nents were degraded, but not how they were de-
graded.”

What then is the way ahead for coal petrology?

7. Coal petrology: a way ahead?

Coal petrology may be of great use in a number of
areas. It may provide data on the maceral percentages
(and hence volume percentages) of a coal together
with reflectance values. From these data, some con-
clusions may be drawn about chemistry and provide
some indications about depositional environments.

However, with coal, we are usually concerned with
four aspects:

¢ What is it made of?

e How did it form?

e How has it been altered?
e How can it be used?

The simplicity of coal petrology and the ability
(seemingly) to generate quick results have proven
attractive to many coal geologists.

We need, however, to step back and consider what
it is we are trying to learn. It is possible that we need
two quite different approaches to coal studies and
linking the two may prove problematic. We have the
fundamental need to predict coal behaviour in a
number of industrial processes. We also have the
fundamental need to understand what coal can tell
us about past life and environments.

From this review, it should be clear that coal
petrography is not the only answer to either of these
two areas. If we are interested in past life and
environments, we need to integrate a range of studies
including coal petrology, organic geochemistry, palae-
obotany, and palynology. If we are interested in
technological uses of coal, we will certainly need to
be aware of not only the physical and chemical
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characteristics of the coal, but also of its biological
nature (see for example Schneider, 1995). We need,
therefore, to develop a holistic approach to the study
of coal (Fig. 1).

Despite the vast literature on coal petrology, we do
not understand many fundamental aspects. Recent
studies combining microscopical and chemical tech-
niques have shown that we still lack a complete
understanding of plant tissues: not only how they
can be characterized, but also how they can be altered
by both biochemical and geochemical processes. If we
do not understand Recent plant tissues, how can we be
expected to interpret fossil tissues? Important strides
have been made with woods, spores, and, in partic-
ular, cuticles (Hatcher and Clifford, 1997; Collinson et
al., 1998; Hemsley et al., 1996). We know little about
a range of other material, e.g. fungi and animal
tissues. Too often incorrect assumptions are made
about the morphology and chemistry of plant tissues.

A second problem relates to the understanding of
process and the study of recent environments (Wiist et
al., 2001). In some cases, incorrect assumptions are
made through ignorance, and in other cases, we have a
genuine lack of knowledge. We can take wildfire as an
example. Many have commented on the products of

Field Data

Experimental Data

wildfire (note the debate about pyrofusinite and
degradofusinite), yet few have looked at the products
of modern wildfires. Recent research (Scott et al.,
2000) has indicated the range of plant and animal
tissues that may be charred and their petrography has
been illustrated. It is clear that a single fire may
produce a wide range of petrographic entities. Despite
this, how much charred animal tissue has been iden-
tified petrographically in the fossil record? This type
of study may lead to an enhanced understanding on
the potential variety of coal macerals in the fossil
record.

To this approach, we should add an experimental
one. Several authors have looked at the alteration of
individual plant parts or tissues by both artificial
coalification and charring experiments. This has led
to an improved understanding of the relationships
between modern and fossil material (see for example
studies on wood (Hatcher and Clifford, 1997; del Rio
et al., 1998), spores (Hemsley et al., 1996), cuticles
(Collinson et al., 1998; Mdsle et al., 1997), and on
charcoal (Jones et al., 1991; Scott and Jones, 1991;
Scott, 2000; Guo and Bustin, 1998).

Targeting of plant parts and tissues should lead to a
much greater understanding of the components of
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Fig. 1. Coal study: a holistic approach.
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coals (Van der Heijden and Boon, 1994). To this
approach, we can add the range of new coalification
experiments on modern peats (e.g. Cohen and Bailey,
1997).

Coal petrography, and the definition of coal mac-
erals, will no doubt remain important. We must learn,
however, the limitations of coal petrology and to make
future progress, we need to engage in a multidiscipli-
nary multi-technique approach to understanding coal.
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