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Preface to Third Edition

The first and second editions of Coal Geol-
ogy have provided the coal geologist and those
associated with the coal industry with the back-
ground to the origins and characteristics of coal
together with exploration techniques, includ-
ing geophysics and hydrogeology. Details of
coalmining techniques, resource calculations,
alternative uses of coal, and environmental
issues were also described.

Although broadly following the layout of
the previous edition, additional information
has been added to coal origins, geographical
distribution of coal, and coal exploration.
The chapter on coal resources and reserves
has been updated with current resource
classifications, together with recent world
reserves/production figures.

The chapter on the alternative uses of coal,
particularly coal-bed and coalmine methane
extraction, have been expanded to reflect the
increase in activity in these areas. Develop-
ments in environmental requirements and
regulations have also been updated.

Again, numerous sources of information
have been consulted, the majority of which are

listed in the bibliography section. International
standards relating to coal, listed in Appendix
A, have been updated and expanded to include
the People’s Republic of China, India, and
Russia, and a list of acronyms has been added
to assist the reader.

I would like to thank all those colleagues
and friends who have helped and encour-
aged me with the third edition. In particular,
special thanks are due to Steve Frankland
of Dargo Associates Ltd, Dr Gareth George
for his expertise on sedimentary sequences,
Rob Evans for his help with coal geophysics,
and to the following for their contributions
and support: Professor Vladimir Pavlovic, Dr
Dave Pearson of Pearson Coal Petrography and
Argus Media Ltd, as well as the staff at John
Wiley & Sons Ltd.

I also thank those authors and organisations
who gave permission to reproduce their work,
which is gratefully acknowledged.

Finally, I would like to thank my wife Sue for
her continued support, forbearance, and assis-
tance with the manuscript.
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Preface to Second Edition

The first edition of Coal Geology has provided
the coal geologist and those associated with the
coal industry with the background to the ori-
gins and characteristics of coal together with
exploration techniques including geophysics
and hydrogeology. Details of coal mining tech-
niques, resource calculations, alternative uses
of coal and environmental issues were also
described.

Although broadly following the layout of the
first edition, additional information has been
added to coal origins, geographical distribution
of coal and coal exploration. The chapter on
coal resources and reserves has been brought
up to date with current resource classifica-
tions together with recent world reserves/
production figures.

The chapter on geophysics of coal has been
enlarged and the alternative uses of coal, in
particular, methane extraction and under-
ground coal gasification have been expanded
to reflect the increase in activity in these areas.
Developments in environmental requirements
have also been updated.

Again, numerous sources of information
have been consulted, the majority of which are

listed in the bibliography section. International
Standards relating to coal, listed in Appendix 1,
have been updated and expanded to include
P R China, India and Russia.

I'would like to thank all those colleagues and
friends who have helped and encouraged me
with the second edition. In particular, special
thanks are due to Steve Frankland of Dargo
Associates Ltd, Rob Evans for his invaluable
help with coal geophysics, Paul Ahner in the
US.A. for providing data on underground
coal gasification, and to the following for their
contributions and support, Professor Vladimir
Pavlovic of Belgrade University, Mike Coultas,
Dave Pearson of Pearson Coal Petrography,
Oracle Coalfields plc and Robertson Geolog-
ging, as well as the staff at John Wiley &
Sons Ltd.

I also thank those authors and organisations
whose permission to reproduce their work is
gratefully acknowledged.

Finally I would like to thank my wife Sue for
her support, forbearance and assistance with
the manuscript.
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Preface to First Edition

The Handbook of Practical Coal Geology
(Thomas 1992) was intended as a basic guide
for coal geologists to use in their everyday
duties, whether on site, in the office or instruct-
ing others. It was not intended as a definitive
work on all or any particular aspect of coal
geology, rather as a handbook to use as a pre-
cursor to, or in conjunction with more specific
and detailed works.

This new volume is designed to give both
the coal geologist and others associated with
the coal industry background information
regarding the chemical and physical properties
of coal, its likely origins, its classification and
current terminology. In addition I have high-
lighted the currently known geographical dis-
tribution of coal deposits together with recent
estimates of world resources and production.
I have also outlined the exploration techniques
employed in the search for, and development
of these coal deposits and the geophysical and
hydrogeological characteristics of coal-bearing
sequences, together with the calculation and
categorisation of resources/reserves.

Chapters are devoted to the mining of coal, to
the means of extracting energy from coal other
than by conventional mining techniques, and
to the environmental concerns associated with
the mining and utilisation of coal.

Also covered is the development of computer
technology in the geological and mining fields,
and the final chapter is a condensed account of
the marketing of coal, its uses, transportation
and price.

Many sources of information have been con-
sulted, the majority of which are listed in the
reference section. A set of appendices contains
information of use to the reader.

I'would like to thank all those colleagues and
friends who have helped and encouraged me
with the book from conception to completion.
In particular special thanks are due to Steve
and Ghislaine Frankland of Dargo Associates
Ltd, Alan Oakes, Rob Evans, Dr Keith Ball, Pro-
fessor Brian Williams, Mike Coultas, Reeves
Oilfield Services, IMC Geophysics Ltd and
Palladian Publications, as well as the staff at
John Wiley & Sons Ltd.

I should also like to thank those authors and
organisations whose permission to reproduce
their work is gratefully acknowledged.

Finally I would like to thank my family for
their support, encouragement and assistance
with the manuscript.

Larry Thomas
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AMD
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ASTM
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BFBC

BOF
CBM
CCS
CDM
CFBC

CFR
CHP
CIM

CMM
CMMI

CRIRSCO

CSG

EAF

EFG
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FBC
FCCC

FGD
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American Society for Testing
and Materials

Bali Action Plan

Bubbling fluidised-bed
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Metallurgy and Petroleum
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Coal seam gas

Electric arc furnace
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Environmental Impact and
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Environmental Protection
Agency

Fluidised-bed combustion
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Climate Change
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Preview

1.1 Scope

The object of this book remains unchanged.
It is to provide geologists and those associated
with the coal industry, as well as teachers of
courses on coal about its geology and uses,
with a background of the nature of coal and its
varying properties, together with the practice
and techniques required in order to compile
geological data that will enable a coal sequence
under investigation to be ultimately evaluated
in terms of mineability and saleability. In addi-
tion, the alternative uses of coal as a source
of energy together with the environmental
implications of coal usage are also addressed.

Each of these subjects is a major topic in
itself, and the book only covers a brief review
of each, highlighting the relationship between
geology and the development and commercial
exploitation of coal.

1.2 Coal Geology

Coal is a unique rock type in the geological
column. It has a wide range of chemical and
physical properties, and it has been studied
over a long period of time. This volume is
intended to be a basic guide to understanding
the variation in coals and their modes of origin
and of the techniques required to evaluate coal
occurrences.

The episodes of coal development in the
geological column are given together with the
principal coal occurrences worldwide. It is

Coal Geology, Third Edition. Larry Thomas.

accepted that this is not totally exhaustive, as
coal does occur in small areas not indicated in
the figures or tables.

The reporting of coal resources/reserves is an
important aspect of coal geology, and interna-
tional standards and guidelines are in place to
ensure the correct reporting procedures to be
undertaken. Most national standards are now
being reconciled with these, and the principal
resources/reserves classifications are given.
Current estimates of global resources and
reserves of coal, together with coal production
figures, are listed. Although these obviously
become dated, they do serve to indicate where
the major deposits and mining activities are
currently concentrated.

In relation to the extraction of coal, the
understanding of the geophysical and hydro-
geological properties of coals is an integral part
of any coalmine development, and these are
reviewed together with the principal methods
of mining coal. The increasing use of computer
technology has had a profound impact on geo-
logical and mining studies. Some of the appli-
cations of computers to these are discussed.

An important development in recent years
has been the attempts to use coal as an alterna-
tive energy source by either removing methane
(CH,) gas from the in-situ coal and coal mines,
or by liquefying the coal as a direct fuel source,
or by gasification of coal in situ underground.
These technologies together are particu-
larly significant in areas where conventional
coalmining has ceased or where coal deposits
are situated either at depths uneconomic to
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mine or in areas where mining is considered
environmentally undesirable.

1.3 Coal Use

The principal uses of traded coals worldwide
are for electricity generation and steel manu-
facture, with other industrial users and domes-
tic consumption making up the remainder.

Lack of environmental controls in the use
of coal in the past has led to both land and
air pollution, as well as destruction of habitat.
Modern environmental guidelines and legis-
lation are both repairing the damage of the
past and preventing a reoccurrence of such
phenomena. An outline is given of the types
of environmental concerns that exist where
coal is utilised, together with the current posi-
tion on the improvements in technology in
mining techniques, industrial processes, and
electricity generation emissions.

The marketing of coal is outlined, together
with the contractual and pricing mechanisms
commonly employed in the coal producer/coal
user situation.

1.4 Background

In most industrial countries, coal has histori-
cally been a key source of energy and a major
contributor to economic growth. In today’s
choice of alternative sources of energy, indus-
trialised economies have seen a change in the
role for coal.

Originally, coal was used as a source of heat
and power in homes and industry. During
the 1950s and 1960s cheap oil curtailed the
growth of coal use, but the uncertainties of oil
supply in the 1970s led to a resumption in coal
consumption and a rapid growth in interna-
tional coal trade. This, in turn, was followed
by an increasingly unfavourable image for
coal as a contributor to greenhouse gas (GHG)
emissions and had been closely identified
with global warming. The coal industry has

responded positively to this accusation, and
modern industrial plants have much lower
emissions levels than in previous years. Cur-
rent figures show that coal accounts for 45% of
all carbon dioxide (CO,) emissions.

The world consumption of fossil fuels,
and thus emissions of CO,, will continue to
increase, and fossil fuels still meet around
86% of primary energy requirements. The
objective of the United Nations Framework
Convention on Climate Change (UNFCCC)
signed at the 1992 Earth Summit in Rio de
Janeiro is to ‘stabilise GHG concentrations in
the atmosphere at a level that would prevent
dangerous anthropogenic interference with
the climate system’. No set levels were iden-
tified, but emissions in developed countries
were expected to be reduced to 1990 levels. A
series of annual meetings by the international
body under the UNFCCC, the Conference of
the Parties (COP), have taken place, notably
COP-3 in Kyoto, Japan, in 1997, at which the
Kyoto Protocol was drawn up, setting emis-
sions targets for all the countries attending.
However, government ministers at COP-6 in
The Hague in November 2000 failed to agree
on the way forward to meet the Kyoto Protocol
targets. This placed the whole of the Kyoto
Protocol’s ambitious and optimistic plan for a
global agreement on GHG emissions reduction
in an uncertain position. This could be an indi-
cation of overambitious goals rather than any
failure in the negotiations, and it is up to the
parties concerned to establish a realistic set of
targets for emissions reductions in the future.
The Copenhagen Accord in 2009 reinforced
the need for emissions reductions, together
with providing financial assistance to help
developing countries cut carbon emissions.
In 2015, at the Paris Agreement, parties to
the UNFCCC reached agreement to combat
climate change and to accelerate and intensify
the actions and investments for a sustainable
low-carbon future. This was the first legally
binding global climate deal.

It remains a fact that many economies still
depend on coal for a significant portion of



their energy needs. Coal currently accounts
for 28% of the world’s consumption of pri-
mary energy, and, importantly, coal provides
fuel for the generation of around 39% of
the total of the world’s electricity. In 2018,
internationally traded coal was 1169 Mt, the
bulk of which was steam or thermal coal.
Globally, 5.6 Gt of coal was consumed in 2016
(BP plc 2017).

Coal reserves are currently estimated to be
around 900 Gt, and the world coal reserves
to production ratio is nearly six times that
for oil and four times that for natural gas.

1.4 Background

This, together with the globally democratic
distribution and secure nature of coal deposits,
will ensure that coal will continue to be a
major energy resource for some considerable
time to come.

With this scenario in mind, this volume
is intended to assist those associated with
the coal industry, as well as educationalists
and those required to make economic and
legislative decisions about coal.

The philosophy and views expressed in
this book are those of the author and not the
publisher.
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Origin of Coal

2.1 Introduction

Sedimentary sequences containing coal or peat
beds are found throughout the world and range
in age from middle Palaeozoic to Recent.
Coals are the result of the accumulation
of vegetable debris in a specialised envi-
ronment of deposition. Such accumulations
have been affected by synsedimentary and
post-sedimentary influences to produce coals
of differing rank and differing degrees of
structural complexity, the two being closely
interlinked. The plant types that make up coals
have evolved over geological time, providing a
variety of lithotypes in coals of differing ages.
Remarkable similarities exist in coal-bearing
sequences, due for the greater part to the
particular sedimentary associations required
to generate and preserve coals. Sequences of
vastly different ages from areas geographically
separate have a similar lithological framework
and can react in similar fashions structurally.
Itis a fact, however, that the origin of coal has
been studied for over a century and that no one
model has been identified that can predict the
occurrence, development, and type of coal. A
variety of models exist that attempt to identify
the environment of deposition, but no single
one can adequately give a satisfactory expla-
nation for the cyclic nature of coal sequences,
the lateral continuity of coal beds, and the
physical and chemical characteristics of coals.
However, the advent of sequence stratigraphy

Coal Geology, Third Edition. Larry Thomas.

has recognised the pattern of geological events
leading to the different phases of deposition
and erosion within coal-bearing sequences.

2.2 Sedimentation of Coal
and Coal-Bearing Sequences

During the last 90years, interest has grown
rapidly in the study of sedimentological pro-
cesses, particularly those characteristic of
fluviatile and deltaic environments. It is these,
in particular, that have been closely identified
with coal-bearing sequences.

It is important to give consideration both to
the recognition of the principal environments
of deposition and to the recent changes in
emphasis regarding those physical processes
required, in order to produce coals of economic
value. In addition, the understanding of the
shape, morphology, and quality of coal seams
is of fundamental significance for the future
planning and mining of coals. Although the
genesis of coal has been the subject of numer-
ous studies, models that are used to determine
the occurrence, distribution, and quality of
coal are often still too imprecise to allow such
accurate predictions.

2.2.1 Depositional Models

The recognition of depositional models to
explain the origin of coal-bearing sequences

© 2020 John Wiley & Sons Ltd. Published 2020 by John Wiley & Sons Ltd.
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and their relationship to surrounding sedi-
ments has been achieved by a comparison
of the environments under which modern
peats are formed and ancient sequences
containing coals.

Cecil et al. (1993) suggested that the cur-
rent models often concentrate on the physical
description of the sediments associated with
coal rather than concentrating on the geologi-
cal factors that control the genesis of coal beds.
They also suggest that models that combine
sedimentation and tectonics with eustasy and
chemical change have not yet been fully devel-
oped. Such integrated models would give an
improved explanation of physical and chemical
processes of sedimentation. It should be noted
that the use of sequence stratigraphy in facies
modelling is based on physical processes and
does not take into account chemical stratigra-
phy. This will prove a deficiency when predict-
ing the occurrence and character of coal beds.

The traditional depositional model used
by numerous workers was based on the
‘cyclothem’, a series of lithotypes occurring in
repeated ‘cycles’. Weller (1930) and Wanless
and Weller (1932) remarked on the similarity
of stratigraphic sections associated with every
coal bed; i.e. marine sediments consisted of
black sheety shale with large concretions,
limestone with marine fossils and shale with
ironstone nodules and bands, whereas conti-
nental sequences comprised sandstone lying
unconformably on lower beds, sandy shale,
limestone without marine fossils, rootlet bed
or seatearth, and then coal. Although all of the
members of each cyclothem vary in thickness
and lithology from place to place, the char-
acter of some beds is remarkably similar at
localities great distances apart. Their studies
showed that the entire Pennsylvanian (upper
Carboniferous) system in the Eastern Interior
and northern Appalachian Basins and the
Lower Pennsylvanian strata in the northern
part of the Western Interior Basin consist of
similar successions of cyclothems. Individual
cyclothems are persistent, and correlation of
cyclothems at widely separated localities is

possible. This concept has been modified to a
model that relates lateral and vertical sequen-
tial changes to depositional settings that have
been recognised in modern fluvial, deltaic, and
coastal barrier systems. Further studies on the
traditional model are based on work carried out
in the USA by Horne (1979), Horne et al. (1978,
1979), Ferm (1979), Ferm et al. (1979), Ferm
and Staub (1984), and Staub and Cohen (1979).
The sequences, or lithofacies, are characterised
by the sedimentary features listed in Table 2.1.
Other workers include Thornton (1979) and
Jones and Hutton (1984) on coal sequences in
Australia, Galloway and Hobday (1996), and
Guion et al. (1995) and George (2014) in the
UK. More recent studies have compared such
established depositional models with modern
coastal plain sedimentation, e.g. in equatorial
South-East Asia, and have concentrated in par-
ticular on modern tropical peat deposits (Cecil
et al. 1993; Clymo 1987; Gastaldo et al. 1993;
McCabe and Parrish 1992). Studies by Hobday
(1987), Diessel (1992), Lawrence (1992),
Jerzykiewicz (1992), Dreesen et al. (1995),
Cohen and Spackman (1972, 1980), Flint et al.
(1995), and McCabe (1984, 1987, 1991) have all
further developed the model for coal deposits of
differing ages, using the traditional model but
relating it to modern sedimentary processes.
Galloway and Hobday (1996), in their text-
book, give a detailed analysis of coal-bearing
environments with worldwide examples.

In parallel with this work, detailed studies
of peat mires have both raised and answered
questions on the development of coal geome-
try, i.e. thickness and lateral extent, together
with the resultant coal chemistry.

The traditional model is still a basis for
modern coal studies, but linked to detailed
interpretation of sedimentary sequences and a
better understanding of peat development and
preservation.

2.2.2 The Traditional Model

The interrelationship of fluvial and marine
processes results in significant variation in



2.2 Sedimentation of Coal and Coal-Bearing Sequences

Table 2.1 Sedimentary features used to identify depositional environments.

Fluvial and upper Transitional lower Lower delta Back-
Recognition characteristics delta plain? delta plain? plain® barrier® Barrier®

| Coarsening upwards

A Shale and siltstone 2-3 2 1 2-1 3-2
sequences
(i) >50ft 4 3-4 2-1 2-1 3-2
(i) 5-25ft 2-3 2-1 2-1 2-1 3-2
B Sandstone sequences 3-4 3-2 2-1 2 2-1
(i) >50ft 4 4 2-1 3 2-1
(i) 5-25ft 3 3-2 2-1 2 2

Il Channel deposits

A Fine-grained abandoned fill 3 2-3 1-2 2 3-2
(i) Clay and silt 3 2-3 1-2 2 3-2

(i) Organic debris 3 2-3 1-2 2-3 3

B Active sandstone fill 1 2 2-3 2-3 2

(i) Fine grained 2 2 2-3 2-3 2
(ii) Medium- and 1 2-3 3 3 2-3

coarse-grained
(iii) Pebble lags 1 1 2 2-3 3-2
(iv) Coal spars 1 1 2 2-3 3-2
111 Contacts

A Abrupt (scour) 1 1 2 2 2-1

B Gradational 2-3 2 2-1 2 2

IV Bedding

A Cross beds 1 1 1 1-2 1-2

(i) Ripples 2 2-1 1 1 1
(ii) Ripple drift 2-1 2 2-3 3-2 3-2
(iii) Trough cross beds 1 1-2 2-1 2 2-1
(iv) Graded beds 3 3 2-1 3-2 3-2
(v) Point bar accretion 1 3-4 3-4 3-4
(vi) Irregular bedding 1 3-2 3-2 3-2

V Levee deposits

A Trregularly interbedded 1 1-2 3-2 3 4
sandstones and shales, rooted

VI Mineralogy of sandstones

A Lithic greywacke 1 1 1-2 3 3

B Orthoquartzite 4 4 4-3 1-2 1
VII Fossils

A Marine 4 3-2 2-1 1-2 1-2

B Brackish 3 2 2 2-3 2-3

C Fresh 2-3 3-2 3-4 4 4

D Burrow 3 2 1 1 1

a) 1, abundant; 2, common; 3, rare; 4, not present.
Source: From Horne et al. (1979).
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the geometry, thickness, quality, and continu-
ity of coal seams. The resultant distribution
and composition of the facies characterising
marine deltas are controlled by a number of
variables, such as climate, sediment avail-
ability, salinity, and depth of tidal influences,
together with sea-level changes relating to
eustatic, tectonic, or compactional processes.

2.2.2.1 Prodelta and Delta Front Facies

The coastal or prodelta end of the deposi-
tional model is characterised by clean barrier
sandstones. These become finer grained in
a seaward direction and intercalate with red
and green calcareous shales and carbonate
rocks, with the latter containing marine fau-
nas. Towards the delta front, the back-barrier
facies are characterised by a gradation into
dark grey lagoonal shales with brackish water
faunas and into marginal swamp areas on
which vegetation was established. The barrier
sandstones have been constantly reworked
and, therefore, are more quartzose than those
sandstones in surrounding environments with
the same source area. Wave and tidal rework-
ing at the delta front produces barrier sand bars
parallel to the shore, whereas tidal reworking
generates bars parallel to the ebb and flow
currents (George 2014).

Barrier sandbars exhibit a variety of bedding
styles: first, extensive sheets of plane-bedded
sandstones with rippled and burrowed upper
surfaces, interpreted as storm washover sands;
second, wedge-shaped bodies that extend
landward, which can attain thicknesses of up
to 6m and contain landward-dipping planar
and trough cross-beds, interpreted as floodtide
delta deposits; and third, channel-fill sand-
stones, which may scour to depths of over 10 m
into the underlying sediments, interpreted as
tidal channel deposits.

A depositional reconstruction is shown in
Figure 2.1a based on studies by Horne et al.
(1979).

The lagoonal back-barrier environment
is characterised by upwards-coarsening,
organic-rich grey shales and siltstones overlain

by thin and discontinuous coals. This sequence
exhibits extensive bioturbation zones, together
with bands and concretions of chemically pre-
cipitated iron carbonate (sideritic ironstone).
The extent of such sequences is considered
to be in the order of 20-30m in thickness
and 5-25km in width. A typical vertical
sequence of back-barrier deposition is shown
in Figure 2.1b.

2.2.2.2 Lower Delta Plain Facies

Lower delta plain deposits are dominated
by coarsening-upwards sequences of mud-
stone and siltstone, ranging from 15 to 55m
in thickness and 8-110km in lateral extent.
The lower part of these sequences is charac-
terised by dark grey to black mudstones with
irregularly distributed limestones and siderite
(Figure 2.2a).

In the upper part, sandstones are com-
mon, reflecting the increasing energy of the
shallow water as the bay fills with sediment.
Where the bays have filled sufficiently to
allow plant growth, coals have formed. Where
the bays did not fill completely, bioturbated,
siderite-cemented sandstones and siltstones
have formed.

This upwards-coarsening pattern is inter-
rupted in many areas by -crevasse-splays
(Figure 2.2b). In the Pennsylvanian of the
USA, crevasse-splay deposits can be >10m in
thickness and 30 m to 8 km wide.

Overlying and laterally equivalent to the
bay-fill sequences are thick lithic sandstones
up to 25m in thickness and up to 5km in
width. These are interpreted as distributary
mouth bar deposits; they are widest at the
base and have gradational contacts. They
coarsen upwards and towards the middle of
the sand body. In some places, fining-upwards
sequences are developed on the top of the
distributary mouth bar and bay-fill deposits.

These distributary channel-fill deposits have
an irregular sharp basal contact, produced by
scouring of the underlying sediments. At the
base, pebble and coal-fragment lag deposits are
common.
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Figure 2.2 Generalised vertical sequences through lower delta plain deposits in eastern Kentucky, USA.
(a) Typical coarsening-upward sequence. (b) Same sequence interrupted by crevasse-splay deposits. Source:
From Horne et al. (1979).



Because of the rapid abandonment of dis-
tributaries, fine-grained mudstone fills are
common in lower delta plain deposits. They
represent silt and organic debris that has
settled from suspension in the abandoned
distributary. In some areas, thick organic accu-
mulations filled these channels, resulting in
the formation of lenticular coals. Apart from
those formed in the abandoned channels, coals
of the lower delta plain are generally relatively
thin and widespread. Such coals are oriented
parallel to the distributary patterns.

2.2.2.3 Upper Delta Plain Facies

Between the upper and lower delta plains
there is a transition zone that exhibits charac-
teristics of both sequences. This zone consists
of a widespread platform on which peat mires
were formed. This platform was cut by numer-
ous channels and the sequence disrupted by
crevasse-splay deposits. The coals formed on
the platform are thicker and more widespread
than the coals of the lower delta plain; such a
sequence is shown in Figure 2.3b.

Upper delta plain deposits are dominated
by linear, lenticular sandstone bodies up to
25m thick and up to 11 km wide. These sand-
stones have scoured bases and pass laterally
in the upper part into grey shales, siltstones,
and coals. The sandstones fine upwards with
abundant pebble conglomerates, and there are
coal clasts in the lower part. The sandstones
are characterised by massive bedding and are
overlain by siltstones.

These sandstone bodies widen upwards in
cross-section and are considered to have been
deposited in the channels and on the flanks of
streams that migrated across the upper delta
plain; see Figure 2.4a. Laterally, muds and silts
with vegetation and invertebrate activity are
characteristic. These areas are colonised by
plants, and extensive mires may develop as
the channel system becomes infilled with an
increase in available sediment.

Coal seams in the upper delta plain facies
may be >10m in thickness but are of lim-
ited lateral extent. Figure 2.4b illustrates a

2.2 Sedimentation of Coal and Coal-Bearing Sequences

vertical sequence of upper delta plain facies
from eastern Kentucky and southern West
Virginia, USA.

2.2.2.4 Fluvial Facies

Meandering rivers are developed on flood-
plains close to base level, where they transport
suspended sediment within sinuous channels.
Downcutting is minimal, with river energy
being expended laterally. The evolution and
extensive colonisation of alluvial terrains by
plants - whose beginnings lie in the Late
Silurian to Devonian and which increased dra-
matically during the Carboniferous - resulted
in rooted plants having the ability to form soils
and stabilise river margins and to produce
a decrease in surface run-off. As such, coals
commonly overlie upwards-fining sequences
accumulating on riverbanks and in back-
swamps adjacent to migrating channels. The
thickest coal development occurs between the
channels, with splitting and thinning at the
channel margins. Detailed studies of the influ-
ence of vegetation on the evolution of fluvial
systems have been documented by Davies and
Gibling (2010) and Gibling et al. (2014).

Anastomosed rivers comprise two or more
interconnected channels separated by areas of
floodplain deposits on which lacustrine and
coal deposits accumulate. Their morphology
and development are described in detail by
Makaske (2001) in his comprehensive review
of the classification, origin, and characteristic
sedimentation of anastomosing rivers. To illus-
trate the complex depositional relationships, a
depositional model of an anastomosed river is
shown in Figure 2.5 (George 2014).

These sequences characterised by meander-
ing and anastomosed rivers are considered
to be virtually absent prior to the evolution
and extensive colonisation of alluvial terrains
(George 2014; Gibling et al. 2014).

2.2.3 Modern Peat Analogues

The principal characteristics of a coal are its
thickness, lateral continuity, rank, maceral
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Figure 2.3 (a) Reconstruction of transitional lower delta plain environments in Kentucky, USA. Source: From
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eastern Kentucky and southern West Virginia, USA. Source: From Horne et al. (1979).
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content, and quality. Apart from rank, which
is governed by burial and subsequent tec-
tonic history, the remaining properties are
determined by factors controlling the mire
where the peat originally formed. These fac-
tors include type of mire, type(s) of vegetation,
growth rate, degree of humification, base-level
changes, and rate of clastic sediment input
(McCabe and Parrish 1992).

About 3% of the Earth’s surface is covered
by peat, totalling 310 x 10° ha (World Energy
Council 1998). This includes the tropical peats
(>1m thick) of South-East Asia, which cover
almost 200 000 km?.

During the last 15years, numerous stud-
ies have attempted to understand more fully
how peat-producing wetlands or mires are
developed and maintained and how, in par-
ticular, post-depositional factors influence the
formation of coals.

Diessel (1992) divides peat-producing wet-
lands into ombrogenous peatlands, or mires
(owing their origin to rainfall) and topogenous
peatlands (owing their origin to a place and its
surface/groundwater regime). A great variety
of topogenous peats form when waterlog-
ging of vegetation is caused by groundwater,
whereas ombrogenous peats are of greater
extent but less varied in character.

Based on this distinction, Diessel (1992)
gives a classification of peatlands or mires
as shown in Table 2.2. This is illustrated in
Figure 2.6, which shows the relationship
between ombrotrophic and rheotrophic mires
in terms of the influence of rainwater and
groundwater in their hydrological input. The
inorganic content of mires is seen to increase
in the topogenous rheotrophic mires.

The classification of the two hydrological cat-
egories of mire lists a number of widely used
terms. Moore (1987) has defined a number of
these:

Mire is now accepted as a
general term for
peat-forming ecosystems

of all types.

2.2 Sedimentation of Coal and Coal-Bearing Sequences

Bog is generally confined to
ombrotrophic
peat-forming ecosystems.
consists of ombrotrophic
forested vegetation,
usually an upper storey of
coniferous trees and a
ground layer of sphagnum
moss.

is an imprecise term used
to denote wetlands
characterised by floating
vegetation of different
kinds, including reeds and
sedges, but controlled by
rheotrophic hydrology.

is a rheotrophic ecosystem
in which the dry-season
water table may be below
the surface of the peat.

are a rheotrophic
ecosystem in which the
dry-season water table is
almost always above the
surface of the sediment. It
is an aquatic ecosystem
dominated by emergent
vegetation.

develop around the fringes
of lakes and estuaries and
extend out over open
water. These platforms can
be thick and extensive,
particularly in tropical
areas.

is a specific type of swamp
in which trees are an
important constituent, e.g.
mangrove swamps.

Bog forest

Marsh

Fen

Swamps

Floating swamps

Swamp forest

The resultant characteristics of coals are
primarily influenced by the following factors
during peat formation: type of deposition, the
peat-forming plant communities, the nutrient
supply, acidity, bacterial activity, temperature,
and redox potential.
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Table 2.2 Classification of mires.

Peatlands
(Mires)

Ombrogenous Topogenous
Ombrotrophic = rain fed Mineralotrophic = mineral fed
Oligotrophic = poorly fed Rheotrophic = flow fed

Eutrophic = well fed
Raised bog Tree cover increases Marsh
Sphagnum bog Fen

Bog forest Swamps
Floating swamps
Swamp forest
Transitional or mixed mires

Mesotrophic

Source: Adapted from Diessel (1992).

Figure 2.6 Proposed
relationship between mires

Ombrotrophic in terms of the relative
mires influence of rainwater and
(raised bog, groundwater in their
blanket bog, Increasing ash hydrological input (Moore
bog forest)

wient of peat 1987).

P/E
ratio
Rheotrophic mires
(fen, carr, swamp, swamp forest)
Wetlands with higher
inorganic content
in their sediments
(marsh, saltmarsh)
Temperature
———— Influence of groundwater
In order for a mire to build up and for peat to The conditions necessary for peat accu-
accumulate, the following equation must bal- mulation, therefore, are a balance between
ance: plant production and organic decay. Both are

Inflow + Precipitation = Outflow a function of climate, plant production, and
organic decay. Such decay of plant mate-

+ Bvapotranspiration + Retention rial within the peat profile is known as



humification. The upper part of the peat
profile is subject to fluctuations in the water
table and is where humification is most active.
The preservation of organic matter requires
rapid burial or anoxic conditions (McCabe
and Parrish 1992), the latter being present in
the waterlogged section of the peat profile. In
addition, an organic-rich system will become
anoxic faster than an organic-poor one, as the
decay process consumes oxygen. This process
is influenced by higher temperatures, with
decay rates being fastest in hot climates. Rates
of humification are also affected by the acidity
of the groundwater, as high acidity suppresses
microbial activity in the peat.
Peat formation can be initiated by:

e Terrestrialisation, which is the replacement
due to the setting up of a body of water (pond,
lake, lagoon, interdistributary bay) by a mire.

Figure 2.7 Evolutionary Floating swamp on lake margins 4

sequence of swamp
types showing the
development of a
raised swamp with
distinct peat
zonations. Source:
From McCabe (1984).
Reproduced with
permission of
Blackwell Scientific

Diverse and luxuriant flora

2.2 Sedimentation of Coal and Coal-Bearing Sequences

e Paludification, which is the replacement
of dry land by a mire, e.g. due to a rising
groundwater table.

As peat is relatively impermeable, its growth
may progressively impede drainage over wide
areas, so that low-lying mires may become
very extensive. In those areas where annual
precipitation exceeds evaporation, and where
there are no long dry periods, a raised mire
may develop. Such mires are able to build
upwards because they maintain their own
water table. The progression of a peat-forming
environment from the infilling of a water
course or lake to a low-lying mire and finally
to a raised mire should produce zonation in
the peat accumulated, as shown in Figure 2.7.

Depositional models may show peat forma-
tion adjacent to and intercalated with areas of
active clastic deposition. Such peats accumu-
lating on interchannel areas on the delta plain

Publications.

Restricted flora
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may be disrupted by clastic contamination
from crevasse splays or by subsidence of the
interchannel area resulting in submergence of
the peat, cessation of peat development, and
clastic influx. Sediment may also be introduced
into low-lying mires by floods, storm surges,
or exceptionally high tides. The overall result
of clastic contamination is an increase in the
ash content of the peat. Also, inundation of
mires by aerated waters helps to degrade the
peat and enrich it with inorganics.

Basin subsidence combined with ombroge-
nous peat accumulation such that the rise in
the peat surface continues to outstrip the rate
of subsidence will lead to the formation of
thick and clean (low mineral matter content)
coals (McCabe 1984). Low-ash coals, therefore,
must have formed in areas removed or cut off
from active clastic deposition for long peri-
ods of time, e.g. centuries. Partings in coals,
such as mudstone. indicate the interruption of
peat formation and may represent intervals of
thousands of years.

For a thick peat layer to form in a topogenous
setting it is essential that the rise in the water
table and the rate of peat accumulation are
balanced. In the case of a slower rise in water
level, peat accumulation could be terminated
by oxidation. but in a very wet climate the peat
formation might continue under high moor
conditions. Actual rates of peat accumulation
or accretion vary in different climates and with
the type of vegetation. Assuming a compaction
ratio of 10 : 1 (Ryer and Langer 1980) to operate
in the transition from peat to bituminous coal,
and considering that some of the coal seams are
tens of metres thick, optimum peat-forming
conditions must, therefore, require the main-
tenance of a high groundwater table over very
long periods of time, i.e. 5-10ka for every
metre of clean bituminous coal.

As peat accumulation is regulated by
temperature and precipitation, tropical and
subtropical regions are well suited for large
peat development, where rates of decay are
higher. Most modern peats are situated in low
terrains not far above sea level. However, even

in conditions of slow plant accumulation, peat
can still develop in large quantities. Diessel
(1992) quotes evidence that most Gondwana
coal deposits have been formed under cool to
temperate conditions, whereas the European
Palaeogene-Neogene coal formations began in
tropical conditions in the Eocene, changing to
temperate conditions in the Miocene.

A number of peat types have been sum-
marised by Diessel (1992):

e Fibrous or woody peat, which shows the
original plant structures only slightly altered
by decay and may include branches, trunks,
and roots of trees.

e Pseudo-fibrous peat, comprised of soft plas-
tic material.

e Amorphous peat, in which the original
structure of the plant’s cell tissue has been
destroyed by decomposition, resulting in a
fine organic plastic mass.

e Intermediate forms of peat consisting of
more resistant elements set in an altered
matrix. Mixed peats are alternating layers of
fibrous peat and amorphous peat.

However, these types can display overlap-
ping characteristics dependent upon types of
vegetation and mire setting.

In contrast to the traditional depositional
model, studies of modern environments sug-
gest that significant areas of low-ash peats are
not present on delta plains and that most mires
on coastal or floodplain areas are not sites of
true peat accumulation. The exception appears
to be those areas where raised mires have
developed. Floating mires may also produce
low-ash peats, but these are thought generally
to be of limited extent. Examination of modern
delta plain peats shows that they have an ash
content of over 50% on a dry basis and that
peats with less than 25% ash on a dry basis
rarely exceed 1 m in thickness. These peats, if
preserved in the geological record, would form
carbonaceous mudstones with coaly stringers.

Studies of raised mires indicate that ash
levels can be less than 5%, and over large areas
they may be as low as 1-2%. Rates of organic



accumulation in raised mires outstrip rates of
sedimentation from overbank or tidal flood-
ing. However, although some low-ash coals
have doubtless originated as products of raised
mires, many coals are thought to have formed
under palaeoclimates unsuitable for raised
mire development. One suggestion is that
low-ash coals originated as high-ash peats and
were depleted in ash during the coalification
process. Acidic waters may hasten the disso-
lution of many minerals; but not all mires are
acidic, and some may even contain calcareous
material. Another concept is that peat accu-
mulation was not contemporaneous with local
clastic deposition, suggesting that resulting
coals are distinct from the sediments above
and below the coal. Those areas of the mire
that have been penetrated by marine waters
may be identified in the resultant coal by high
sulfur, hydrogen, and nitrogen contents.

As a corollary to the mechanism of clastic
contamination of peats, those raised mires that
are able to keep pace with channel aggradation
could confine the fluvial sediments to defined
narrow courses. If this is so, the presence of
thick peats could influence the depositional
geometry of adjacent clastic accumulations,
(Figure 2.8).

The majority of coals are developed from
plants that have formed peat close to where
they grew. Such coals are underlain by
seatearths or rootlet beds and are known
as autochthonous coals. However, coals that

Raised swamp Meandering

Low ash

peat

Stacked point bar deposits
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have formed from plant remains which have
been transported considerable distances
from their original growth site are known
as allochthonous coals, e.g. large rafts of
peat or trees drifting on lakes or estuaries.
Allochthonous coals do not have an under-
lying rootlet bed; instead, they rest directly
on the bed below. In the Cooper Basin, South
Australia, thick Gondwana (Permian) coals
show evidence of both autochthonous and
allochthonous deposition. The allochthonous
coals are closely associated with lacustrine
sediments and are thick and widespread (B.P.J.
Williams, personal communication).

2.2.3.1 Palaeobotanical Composition

of Ancient Mires

The petrographic composition of a coal seam
is genetically linked to the composition of
its ancestral peat deposit. This is determined
by the kinds of peat-forming plants and the
biochemical conditions under which they were
converted to peat.

Cellulose, pectin, and lignin form the bulk of
material contained in plant cells and, therefore,
are significant contributors to the composition
of a coal seam.

The plant communities that make up the
composition of peat have changed and evolved
over geological time. Embryophytes (land
plants) first appeared in the Late Silurian and
Early Devonian, and are significant in becom-
ing life forms on land rather than in water,
although most began in swampy environments

river

Overbank sediment

Figure 2.8 Theoretical model of fluvial architecture in areas of raised swamps. The elevated swamp
restricts overbank flooding and prevents avulsion, leading to the development of stacked channel
sandstones. Source: From McCabe (1984). Reproduced with permission of Blackwell Scientific Publications.
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and over time exerted a profound influence
on fluvial sedimentation. Davies and Gibling
(2010) described such influences on erosion,
sediment transport, and deposition, links
between biological and physical systems that
in turn would have influenced the natural
selection of plant types. Charcoal is known
from the Pridolian (Late Silurian) of the Welsh
Borderland and from the Emsian (Early Devo-
nian) of Quebec; and the carbonaceous shales
of Emsian age found in the Eifel (Germany)
contain thin layers of vitrinite derived from
land plants (Diessel 1992). Coal accumulation
reached a peak in the Carboniferous Period in
the Northern Hemisphere. This was a period
of slow and repeated subsidence in tectonic
basinal settings. The predominant plant group
was the pteridophytes, consisting of lycop-
sida (lycopods), sphenopsida (horsetails), and
pteropsida (true ferns). These are all wetland
plants with shallow root systems susceptible
to changes in the groundwater levels. A drop
in groundwater level resulted in such vege-
tation dying back, and this accounts for the
numerous thin stringers and bands of coal
found throughout the Carboniferous coal mea-
sures of Europe. Collinson and Scott (1987)
described those plant features that influence
peat formation as being anchoring systems,
reproductive biology, leaf and shoot biology,
and the detailed structure of woody axes. The
lycopsids were not a diverse group; they had a
poorly developed root system, of which Stig-
maria is an example. Other associated forms
had root systems, details of which are poorly
known. The lycopsids reproduced using the
heterosporous technique, i.e. the ability to
produce both megaspores and microspores
(e.g. Lepidocarpon and Sigillaria), whereas
some ferns were homosporous, producing
only one kind of spore. All of these groups
are thought to have had difficulty surviving
in drier environments. Raymond et al. (2010)
examined cordaiteans from the Carboniferous
of the USA. These are an extinct group of
gymnosperm trees and shrubs characterised
by large strap leaves and woody stems and

were seed bearing. Their nearest living rel-
atives are the modern conifers. Plants in
cordaite-dominated peats probably grew in
coastal mires in climate zones with seasons of
low rainfall. In the Middle and Late Pennsylva-
nian in Eastern Kentucky, coal-forming floras
consist of a diverse assemblage of large and
small lycopod trees and tree ferns, characteris-
tic of rheotrophic-ombitrophic mires, together
with domed mires (precipitation dependent)
with perched water tables. The range in diver-
sity may be a response to changes in nutrient
availability, or variations in soil character,
together with changes in water table levels
(Johnson et al. 2017). Some authors inter-
pret such cordaite-rich peats as indicative of
mangrove habitats.

Zhao and Wu (1979) examined Carbonif-
erous macrofloras from South China and
established a Lepidodendron gaolishense—
Eolepidodendron assemblage for the early
Carboniferous, and Neuropteris gigantea—
Mariopteris acuta f. obtusa assemblage for the
middle Carboniferous. The late Carbonifer-
ous is represented by transgressive marine
strata with no plant content. Wang (2010)
studied the late Palaeozoic (Carboniferous—
Permian) macrofossil assemblages in the
Weibei Coalfield, Central Shaanxi Province,
People’s Republic of China (PRC). Four floral
assemblages were established, each reflecting
the impact of climate changes, the so-called
‘cehouse-greenhouse’  climatic ~ changes
(Gastaldo et al. 1996). Within these assem-
blages, some plant types are present through-
out the period; for example, species of Lepido-
dendron, Stigmaria, Sphenophyllum, Calamites,
and Cordaites (Figure 2.9), as well as forms
of Pecopteris and Neuropteris. Correlation of
these Cathaysian floras with Euroamerican
floras is still problematic. This is in part influ-
enced by the very nature of sedimentation
in peat-forming areas, creating the persistent
problem of difficulties in correlation between
chronostratigraphic and lithostratigraphic
units.



Figure 2.9 Late Palaeozoic
plant assemblages, Weibei
Coalfield, PRC. (A) Calamites
cistii Brongniart, Upper
Shihhotse Formation;

(B) Calamites cf.
schutzeiformis Longmans,
Upper Shihhotse
Formation;

(C) Lepidodendron tienii
(Lee), Taiyuan Formation;
(D) Lepidodendron
oculus-felis Abb. Lower
Shihhotse Formation;

(E) Cathaysiodendron
acutangulum (Halle), Upper
Shihhotse Formation;

(F) Cathaysiodendron
nanpiaoense Lee, Taiyuan
Formation;

(G, H) Lepidodendron
posthumii Jongmans et
Gothan, Shanxi Formation;
() Sphenophyllum thonii
Mahr, Shanxi Formation;
()) Sphenophyllum
speciosum (Royle), Upper
Shihhotse Formation; (K)
Sphenophyllum cf. sinense
Zhang et Shen, Upper
Shihhotse Formation;

(L) Sphenophyllum
emarginatum Brongniart,
Lower Shihhotse
Formation. Source: (Wang
2010). Reproduced with
permission of Elsevier
Publications.

Bartram (1987) studied the distribution of
megaspores (Figure 2.10) and the relation-
ship to coal petrology using the Low Barnsley
Seam (Westphalian B) from Yorkshire, UK. Six
megaspore phases were recognised within the
Barnsley Seam, suggesting a floral progression
with changing environment (Figure 2.11).
However, no positive correlation was found
between individual species and lithology.
Smith (1968) produced a profile through a
Carboniferous coal seam showing miospore
phases and petrographic types (Figure 4.4). The
leaf and shoot biology will affect peat-forming
environments. Frequent leaf fall will allow

2.2 Sedimentation of Coal and Coal-Bearing Sequences

continuous decomposition, whereas seasonal
leaf fall may prevent further decomposition
in the lower layers of leaf litter. Leaf fall was
not characteristic of Carboniferous plants,
unlike the later floral forms of the Cretaceous
and Palaeogene-Neogene Periods. The early
plants had a different internal anatomy from
the later flora, and such differences may have
influenced decomposition rates.
Post-Carboniferous vegetation adjusted to a
larger tolerance of groundwater levels, which
enabled thicker accumulations of coals to
occur; e.g. the Permian coals of the Sydney
Basin, Australia (Diessel 1992). The Permian
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Period was dominated by the spermatophyta
(seed plants); these had existed in the Car-
boniferous, but the Permian Period marked
the end of the dominance of pteridophytes.
Pteridosperms (seed ferns) reached their
maximum development in the late Carbonif-
erous and Permian Periods (Gondwana) in
the Southern Hemisphere. This led to the
formation of large, extensive coal deposits
characterised by the plant Glossopteris, after
which the flora is named. Iannuzzi (2010)
has reviewed Early Permian (Gondwana) flo-
ras in the Parana Basin, Brazil. Post-glacial
global warming during the Permian led to
the appearance of spore-producing lyco-
phytes (e.g. Brasilodendron, pecopterids, and
sphenopterid ferns) and pollen-producing

Figure 2.10 Selected
megaspores from the Low
Barnsley Seam. (a) Lagenicula
subpilosa (Ibrahim) Potonie &
Kremp x50; (b) Setosisporites
hirsutus (Loose) Ibrahim x50;
(c) Zonalesporites brasserti
(Stach & Zerndt) Potonie &
Kremp x25; (d) Cystosporites
varius (Wicher) Dijkstra x50;
(e) Zonalesporites rotates
(Bartlett) Spinner x50; (f)
Tuberculatisporites mamillarius
(Bartlett) Potonie & Kremp x25.
Source: (Bartram 1987).
Reproduced with permission of
the Geological Society.

glossopterids (Figure 2.12) together with an
increase in sphenophytes (leaf-bearing) plants.
Cordaiteans and lowland-habitat conifers
continued from the Carboniferous into the Per-
mian without significant change. These floras
represent swamp (lycophytes, sphenophytes),
floodplain  (sphenophytes, glossopterids),
and elevated terrains or more upland plant
communities (conifers).

Tian (1979) examined coal balls from the
Late Permian of China; these contained
well-preserved plants of the Cathaysian flora.
The coal balls were considered to result from
floating blocks of vegetation, saturated and
accumulated in paralic peat bogs. Psaro-
nius is preserved in great abundance and is
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Figure 2.11 Schematic diagram of idealised uninterrupted sequence of megaspore assemblages through a
coal seam. Source: From Bartram (1987). Reproduced with permission of Geological Society.

indicative of a hot, humid climate, such as
tropical rain forest.

Gymnosperms, i.e. plants with naked seeds,
became the dominant plant type from the
Permian Period to the Cretaceous Period.
Also during this time, the angiosperms,
which first appeared in the Triassic, devel-
oped rapidly and are characterised by plants
with covered seeds — namely the grasses,
palms, shrubs, and trees, all of which make
up the present-day vegetation. The large
diversity of angiosperm pollen, fruits, and
seeds meant a better resistance to changes in
environment.

During the Palaeogene-Neogene Period,
gymnosperms and angiosperms dominate.
Duigan (1965) carried out a review of
Palaeogene-Neogene brown coal flora from
the Yallourn area of Victoria, Australia. In all,
five gymnosperms and 11 angiosperms were
identified. Patton (1958) concluded that the
forests which formed this brown coal were
predominantly coniferous, and deciduous
trees, although occasionally present, were
subordinate. Collinson and Scott (1987) also

stressed the importance of the taxodiaceous
conifers in coal formation from Cretaceous
to Recent. In central Europe, Kasinski (1989)
described the formation of lacustrine lig-
nite deposits in Poland. In his designated
lignite microfacies, he listed the frequency
of occurrences of taxodiaceous conifers and
Sequoia wood tissue, water plant pollen
grains and fungal spores, together with the
related maceral content in each microfacies
(see Table 4.11). More recently, Celik et al.
(2017), in a study of late Oligocene coals in
the Thrace Basin (north-west Turkey), iden-
tified 5 gymnosperms and 20 angiosperms
and interpreted the environment as one of
deposition in freshwater mires in back man-
grove areas and in a forest zone along rivers
and lakes in moistured open areas where the
palaeomire surface was covered with arboreal
vegetation.

These studies all indicate the changes in the
palaeobotanical make up of peats, and subse-
quently coal, and account for different maceral
make-up in coals of differing geological age and
geographical location.
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2.2.3.2 Case Studies

A number of studies of peat accumulation in
tropical South-East Asia (Neuzil et al. 1993;
Cecil et al. 1993; Ruppert et al. 1993; Gastaldo
et al. 1993; Gastaldo 2010) show possible sim-
ilarities between the extensive coastal plain
peat deposits in Indonesia and Malaysia and
the North American/European Carboniferous
coal-bearing sequences in terms of sediment
accumulation, mineralogy, geochemistry, and
maceral content.

Cecil et al. (1993) produced an Indone-
sian analogue for Carboniferous coal-bearing
sequences, in which it is suggested that the
domed (convex upper surface) ombrogenous
peat deposits of the ever-wet tropical area may
represent the modern equivalent of Lower

Figure 2.12 Early Permian
macrofossil assemblages, Parana
Basin, Brazil. (A) Glossopteris
occidentalis; (B) Gangamopteris
obovata var. major;

(C) Kawizophyllum sp.; (D) Arberia
minasica; (E) Coricladus
quiterensis; (F) Samaropsis gigas.
Source: (lannuzzi 2010).
Reproduced with permission of
Elsevier Publications.

to mid-Middle Pennsylvanian (Carbonifer-
ous) coal deposits of the eastern USA. In
their study on the island of Sumatra, they
conclude that peat formation has been con-
trolled primarily by the allogenic processes
of sea-level change and the modern ever-wet
climate. Autogenic processes, such as delta
switching, channel cutting, and barrier-bar
migration, are considered to be of secondary
importance as a control on the formation
of peat. This is in contrast to the traditional
model described earlier. The tropical climate is
seen to favour formation of laterally extensive,
thick, low-sulfur, low-ash peat deposits rather
than active clastic sedimentation. Erosion
and sediment transportation are restricted in
the tropical rainforest environment. Gastaldo



(2010) compared the Rajang and Mahakam
deltas in Borneo and observed that only the
Rajang delta, on the western side of the island
of Borneo, contains thick, extensive blanket
peat. High degradation and ombrogenous mire
accumulation rates have resulted in domed
peat bodies up to 15m in thickness, the sur-
faces of which reach heights above nearby
channels. This contrasts with the organic
accumulation in the Mahakam delta on the
east side of Borneo. Gastaldo et al. (1993) and
Gastaldo (2010) observed no autochthonous
peat formation, but rather accumulations of
allochthonous (derived and transported) peat
on the lower delta plain tidal flats, the peats
having derived from swamps and tropical
forest higher on the delta plain. This is in part
due to the deposition of expandable clays,
a high proportion in the Rajang delta and a
low proportion in the Mahakam delta, result-
ing in a regionally extensive aquiclude. Such
an aquiclude promotes ombrogenous mire
development and accumulation.

Neuzil et al. (1993) studied the inorganic
geochemistry of a domed peat in Indonesia.
The inorganic constituents in peat are the
primary source for mineral matter in coals,
and the study showed that large amounts
of low-ash peat can develop close to marine
conditions and above a marine substrate with-
out high sulfur or pyrite contents. In domed
ombromorphic peats, the geochemical controls
on mineral matter are dominantly autogenic,
independent of surrounding depositional envi-
ronments. Neuzil et al. (1993) also considered
that quality predictions for coal derived from
domed peat deposits cannot be based on facies
relations with enclosing sedimentary rocks.
Rather, prediction of coal quality should be
based on autogenic geochemical processes
and controls of peat formation, recognised by
the composition and distribution of mineral
matter in coal.

Grady et al. (1993) carried out petrographic
analysis on Indonesian peat samples and
found that the optical characteristics of peat
constituents are comparable to the maceral

2.2 Sedimentation of Coal and Coal-Bearing Sequences

content of brown coals. The distribution of
maceral types in the modern peat was also
found to be analogous to maceral profiles from
Carboniferous coals in the USA and could be
used to interpret the changing conditions in
the original peat mire. Styan and Bustin (1983)
studied the sedimentology of the Frazer River
delta peat and used it as a modern analogue
for some ancient deltaic coals.

Studies of modern peat-forming environ-
ments, both in tropical and non-tropical areas,
will continue to improve the understand-
ing of coal-forming environments and, more
importantly, the mechanisms for the retained
accumulation of peat, its lateral development,
and chemical constituents. This will have
economic significance when applied to higher
rank coals.

2.2.4 Sequence Stratigraphy

The concept of sequence stratigraphy has been
described by Vail (1987), Van Wagoner (1987),
and Wilson (1991), and in relation to coal
deposition by Diessel (1992). The principal
four elements to be considered are eustatic
sea-level change, basin subsidence, sediment
supply, and climate. Sequence stratigraphic
units consist of genetically related lithological
sequences, referred to as parasequences. These
parasequences and their depositional settings
are then combined into systems tracts, identi-
fiable in outcrops, borehole logs, and seismic
profiles. Such systems tracts can be recognised
by their three-dimensional (3D) geometries,
including vertical characteristics and iden-
tifiable stratal surfaces. Parasequences are
selected representing depositional types within
differing systems tracts. Vail (1987) identified
four kinds of system tract, and Diessel (1992)
summarised this concept (Figure 2.13).
Systems tracts are a response to changes in
sea level and availability of sediment supply.
Changes in sea level are caused by rates of
basin subsidence and variations in eustatic sea
level. Eustatic changes have a strong influence
on changes in shoreline morphology, and
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when combined with climate they determine
lithofacies types over geological time.

The result of a eustatic drop in sea level
exceeding the rate of basin subsidence is
erosion on the exposed shelf platform and
associated land surfaces together with deposi-
tion on the sea-floor as deep-water sedimentary
sequences in the form of a basin floor fan and
slope fan with a greater development of pro-
grading composite wedge sediments. These
are nominated as part of a lowstand systems
tract. The erosion of the shelf and adjoining
areas plus the increase of surface water gra-
dients produces deltas dominated by rivers
with a high rate of progradation that comprise
immature or reworked clastic sediments. This
is further defined when deposition during rel-
ative sea-level fall produces a distinctive falling
stage systems tract (FSST). This lies basinward
of the highstand systems tract (HST) and is
overlain by the lowstand systems tract (LST)
(Plint and Nummedal 2000).

Figure 2.14 illustrates the relationship of ris-
ing and falling mean sea level and the relative

positions of highstand, falling stage, lowstand,
and transgressive systems tracts (TSTs) and
their resultant sediment profiles (George 2014).

In the opposite sense, a relative rise in sea
level due to a eustatic rise combined with
basin subsidence produces a TST. This marine
transgression covers the delta plain and incised
valley fill sediments of the lowstand systems
tract, producing onlap sedimentation. This
forms a maximum flooding surface that rep-
resents the upward termination of the TSTs.
The periods of eustatic change may be short
and numerous, producing a sequence of delta
development and curtailment. The reversal
of the eustatic rise in sea level in balance
with basin subsidence produces periods when
sedimentation occurs on the exposed shelf and
adjoining upland, referred to as the HST. It
is during this phase that coal formation will
be maximised and sedimentation reflecting a
regressive sequence will be established. These
depositional settings of transgression and
regression control coal formation, particularly
the types of coal and their composition, and



2.2 Sedimentation of Coal and Coal-Bearing Sequences

HIGHSTAND HIGHSTAND
STAGE STAGE

rising

'_ _oMEAN, .

g SEA-LEVEL
falling

LOWSTAND
STAGE

Figure 2.14 Simplified asymmetrical glacio-eustatic sea-level curves showing relative positions of
highstand, falling stage, lowstand, and transgressive tracts (George 2014).

together with fluctuations in groundwater
levels and the prevailing climatic conditions
determine the extent and thickness of organic
material that will be produced. Areas sub-
ject to episodic tectonic activity will produce
coals of different properties to those formed in
geologically quiescent environments.

Sequence stratigraphy has been applied
to coal measure sequences by a number of
authors in all the major coal deposits. Diessel
(1992) makes the valid point that, in order
to place coals in a sequence stratigraphic
model, it is important to study the nature and
genesis of those sediments enclosing a coal,
the composition of the coal, and the lateral
development of the coal, whether synchronous
or diachronous.

Figure 2.15 (Diessel 1992) illustrates a
number of systems tracts in a coal measure
sequence. The pattern of coal seam develop-
ment relates to small-scale changes in sea level.
Such changes in water levels produce the fea-
tures of variable coal thickness and coal seam
splitting. The sequential position of coal seams
in relation to the TST and HST illustrates the
changes in the types of surrounding sediments
to the coal seam. Coals are designated ‘T’ or ‘R,
depending on whether they have formed dur-
ing a marine transgressive or regressive phase.

During the TST, the presence of seawater on
or within the peat accumulation can produce
high sulfur levels that may be preserved in
the resultant coal seam. Coal maceral types
may also vary dependent on whether the peat

accumulated in the transgressive or regressive
phases.

Flint et al. (1995) applied sequence stratig-
raphy to Westphalian coal measure sequences
of the UK; their conclusions were that the
development of regionally extensive mires
required a slow rising water table, character-
istic of a TST. Coals of economic significance
occur principally in the TST of high-frequency
sequences. Thick coals may be time equivalents
of flooding surfaces.

2.2.5 Facies Correlation

The recognition of the variety of facies types
described in the facies model is essential in
order that their lateral and vertical relation-
ships can be determined and correlated to
produce the geometry of lithotypes within a
study area.

In order to achieve this, examination of sur-
face exposures, both natural and man-made,
and borehole data are required to establish
the particular lithological sequence present at
each data point. It is the correlation between
data points that is critical to the understand-
ing of the patterns of coal development and
preservation in any given area of interest.

It is an unfortunate fact that, for a great
number of coal-bearing sequences, good
recognisable and widespread marker hori-
zons are rare. In part, this stems from the
very localised patterns of deposition within
many coal-forming environments. However,
some distinctive deposits may be present;
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Figure 2.15 Diagrammatic model of a number of sequence stratigraphic settings of coal seams. TST,
transgressive systems tract; HST, highstand systems tract; R; -R,, marine regression; T, -T,, marine
transgression; mfs, maximum flooding surface. Source: From Diessel (1992).

for example, marine mudstones, usually
overlying a coal seam, may contain marine or
brackish-marine fauna and may also have a
particular geochemical/geophysical profile. In
areas where contemporary volcanic activity
took place during coal deposition, deposits
of fine-grained volcanic ash intercalated with
coal-bearing sediments produce widespread
‘tonstein’ horizons, which also have a distinc-
tive geochemical/geophysical signature.
Other, less reliable, lithotypes can be used,
certainly on a local scale (for example, within a
mine lease area), such as sandstone complexes,
freshwater limestones with their associated
fauna, and the coal seams themselves.
Lithotype correlation from boreholes and
surface exposures is dependent on the use of
identifiable lithological horizons. Figure 2.16
shows correlation of irregular sand bodies
within a coal-bearing sequence (Nemec 1992);
such complexity makes individual coal seam
correlation difficult, and in some cases impos-
sible. The use of a widespread coal horizon
is commonly used; however, owing to the

differential rates of sedimentation both above
and below the chosen coal horizon, depiction
of the sequence can result in distortions of the
succeeding coal bed, as shown in Figure 2.17,
where borehole sections have been used to
determine the facies character of coal-bearing
strata in the Arkoma Basin, USA (Rieke and
Kirr 1984). Similar lithotype correlations
are shown in Figure 2.18 from the USA and
Figure 2.19 from India, the latter illustrated by
the much-used ‘fence’ diagram presentation.

In modern coal sequence correlation,
increasing use is being made of downhole
geophysical logs of boreholes. The individual
profile of each borehole can be compared
with its neighbouring boreholes. An example
of Canadian coal-bearing sequences show-
ing the correlation of lithotypes with their
geophysical profiles is shown in Figure 2.20.
Details of the variety of geophysical logs used
in coal sequence correlation are described in
Chapter 8.
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Source: From Nemec (1992).

Once the distribution pattern of the various
lithotypes present in an area has been estab-
lished, it may be possible to predict the likely
sequence in adjacent areas. This is particu-
larly important for neighbouring areas with
proven coal reserves, which may be concealed
beneath younger deposits, or which may lack
quantitative geological data. If it is likely that
coal is developed at economic thickness and
depth, then a facies study of the known area
may guide predictions for drill sites in adjacent
areas. In the early stages of exploration, this
can be an important tool to deploy.

In the example shown in Figure 2.21, Area 1
has a known distribution pattern of coal and
non-coal deposits, determined from the cor-
relation of the boreholes present. Area2 is as
yet unexplored, but from the data available
in Areal, together with an appraisal of the
topography in Area?2, it is likely that Coal A
will be present at similar depth and thick-
ness, at least in that part closest to the nearest
known data points in Areal, i.e. at points
2a-2d. If Area 2 is considered for development,

exploratory drill sites would be located at sites
2a-2u before any close-spaced drilling would
be sanctioned. Similarly, the areas of split coal
and channel sandstone in Areal would need
to be identified in Area2 to determine how
much coal loss is likely to occur here.

2.2.6 Facies Maps

In close association with the correlation of
facies, the most significant sedimentological
features for the coal geologist are those of
seam splitting, washouts, and floor rolls, as
well as the more obvious variations in seam
thickness, seam quality, and interburden and
overburden nature and thickness, together
with the identification of igneous intrusions
in the coal-bearing sequence. From borehole
and surface data, all of these features can be
quantified and portrayed in plan or map form.

Facies maps are usually compiled for the
area of immediate interest, i.e. the mine lease
area, but plans covering larger areas can be
produced that give a useful regional picture
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Figure 2.18 Cross-section showing correlation of lithofacies and associated coals above and below the
Beckley Seam, West Virginia, USA, based on borehole data. Source: From Ferm et al. (1979).

of coal development. Such a large-scale study
is shown in Figure 2.22, which illustrates a
palaeogeographic reconstruction of the deposi-
tional setting of the Beckley Seam of southern
West Virginia. The reconstruction is based on
1000 cored boreholes in an area of 1000 km?.
In this example, coal thickness variations are
closely related to the pre-existing topography,
produced by depositional environments that
existed prior to coal formation. The shape
of the coal body also has been modified by
contemporaneous and post-depositional envi-
ronments, such as channels. Consideration
of these features during mine planning can
maximise the recovery of the thicker areas of
coal whilst avoiding the areas of ‘want’, i.e.
those areas depleted in coal.

Figure 2.23 shows a lithofacies map of part
of the Patchawarra formation (Permian) in
Australia, on which clastics-to-coal ratio con-
tours are plotted, indicating areas of coal and
no coal (or non-coal deposition). Figure 2.24
then shows the palaeogeographic reconstruc-
tion of the same interval, and the area of high
clastics-to-coal ratio represents an area dom-
inated by fluvial channel deposits (Thornton
1979).

2.2.6.1 Seam Splitting

This common phenomenon occurs when a
coal seam, traced laterally, is seen to ‘split’ into
a minimum of two individual coals or ‘leaves’
separated by a significant thickness of non-coal

strata. Such non-coal materials within a seam
are referred to as ‘partings’ or ‘bands’ and
may composed of a variety of lithotypes. Such
partings and bands are the result of clastic
deposition replacing organic accumulation.
They may represent crevasse-splay overbank
deposits, or, if the partings are well developed
laterally, represent either widespread flooding
of the mire from adjacent river courses or peri-
odic marine flooding into those mires close to
the coast.

Seam splitting can be simple or form a
complex series of layered organic and clastic
materials. Simple splits occur when organic
accumulation is interrupted and replaced for
a short period by clastic deposition. Once the
influx of detrital material ceases, vegetation
is re-established, and organic accumulation
thus continues. This may occur once or many
times during the deposition of a coal seam.
When traced laterally, splits may coalesce or
further divide. This has the detrimental effect
of reducing good sections of coal that can be
mined, particularly if the partings are quartz
rich, thus creating mining difficulties, partic-
ularly in underground workings. Figure 2.25
illustrates differential splitting of a coal seam
across a mine working; such variations are
significant to the economics of coalmining,
more particularly in underground operations.

Other types of seam splitting are known
as ‘S’ or ‘Z’ splits (Figure 2.26). This feature
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is characterised by two seams usually sep-
arated by 20-30m of sediment. The upper
seam splits and the bottom leaf apparently
descends through the clastic interval to unite
with the lower seam. Such features are well
documented in the UK (Fielding 1984) and
Australia; they are considered to be produced

by accelerated subsidence induced by differ-
ential compaction of peat, clay, and sand-rich
lithotypes that have been deposited in two adja-
cent ‘basin’ areas on the delta plain and require
continuous peat formation and accumulation
on the abandoned ‘basin’ surfaces and in inter-
basin areas. Coal seam splits are also formed by
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the influence of growth faulting, as described uneconomic to exploit. Such splitting effec-

in Section 2.3.1.2 and illustrated in Figure 2.33. tively limits those areas of economically
Splits are of considerable significance: coals recoverable coal reserves.
that have been identified as being of work- High-angle splitting can produce instability,

able thickness may in one or more areas particularly in opencast workings, where mud-
split into two or more thinner seams that are stones or fractured sandstones overlying such
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Figure 2.21 Lithofacies map illustrating how such mapping can be extended to an adjoining area. To locate
an additional area of thick coal and an area of coal split.

an inclined split may readily allow passage of
groundwater and/or produce slope failure.

2.2.6.2 Washouts

Washouts occur where a coal seam has been
eroded away by wave or river current action
and the resultant channel is filled with sed-
iment. The coal may be wholly or partly
removed by this process. Washouts are usually
elongate in plan and infilled with clastic mate-
rial, either as mudstone, siltstone, or sandstone
depending on whether the erosive phase was
followed by a reduction in current energy,
so reducing the grain size of the sediment
transported to infill the channel (Figure 2.27).

Initially, the edges of the washout tend to
be sharp but then may have become diffused
by differential compaction of the coal and
non-coal materials.

Washouts are a major problem in mining
operations, particularly in underground work-
ings. Washouts can seriously reduce the area
of workable coal; therefore, the delineation
of such features is an essential prerequisite to
mine planning. Detailed interpretation of the
sedimentary sequences exposed in outcrops,

boreholes, and in underground workings
allows a facies model to be constructed; this,
in turn, may help to predict the orientation
of washouts. Contemporaneous fault and fold
influences during sedimentation can result
in clastic wedges pinching out against these
positive elements, with coal seams tending
to merge over the structural highs. Another
feature is the ‘stacking’ or localisation of
channelling along the flanks of such flexures,
producing elongate sandstone bodies that can
influence mine planning operations.

2.2.6.3 Floor Rolls

These are the opposite phenomenon to
washouts. They are characterised by ridges
of rock material protruding upwards into the
coal seam. Like washouts, they reduce the
mineable thickness of the coal seam. If they
have to be mined with the seam, as is com-
monly the case, the dilution of the coal quality
will result in an increase in the ash content.
Floor rolls are often the result of differential
compaction of peat around clastic deposits in
the lower part of the seam as the upper part of
the seam accumulates.
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Figure 2.22 Mapped lithotypes
compiled from 1000 boreholes
over an area of 1000 km?,
illustrating the regional
depositional setting of the
Beckley Seam, West Virginia,
USA. Source: From Horne et al.
(1979).
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2.2.6.4 Coal Seam Thickness Variations

The production of isopach maps of coal seams,
sandstone thickness, or percentages of litho-
types present in any area of interest is an
important guide to the eventual exploitation of
coals. Figure 2.28 shows two contour maps of
the north-eastern Fuxin Basin, PRC (Wu et al.
1992), in which sand percentage decreases to
the west, which coincides with thicker coal
development. Similar maps showing splitting
of coal seams, their change in thickness and
distribution, and the thickness and trend of
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the non-coal interburden are essential to the
mine planning process (see also Figure 2.23).
The importance of these is self-evident,
since, depending on the economics of the
mine site, coal less than a predetermined
thickness will not be mined. This means that
an area containing significant reserves may
not be exploitable due to the thinness of a
good mining section, particularly if the coal
becomes inferior above and below the good
coal section, i.e. makes a poor floor and roof to
the seam. Conversely, there can be problems
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Figure 2.23 Lithofacies map of part of the Patchawarra Formation (Permian) South Australia, showing
sandstone/shale and sandstone + shale/coal ratios. Source: From Thornton (1979).

with an excessively thick coal in underground
conditions producing poor roof or floor con-
ditions. In opencast mines, thick coals are
desirable, and the geotechnical nature of the
overlying and underlying strata is important,
particularly with regard to water movement
and collection, as well as ground and slope
instability.

Figure 2.29 shows an example of the vari-
ations in thickness of a coal in which the
areas of thick/thin coal are clearly defined.
The areas of coal thinning may indicate the
attenuation of the seam or that the seam is
splitting, producing a thinner upper leaf. Such
occurrences are influential on the siting of
mining panels in underground workings, and
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they also affect the coal/overburden ratios in
opencast operations.

2.2.6.5 Interburden/Overburden Thickness
The amount and nature of the lithotypes
present between coal seams and between

the uppermost coal seam and the present
land surface all have particular relevance
to opencast mining operations. If the ratio
of the thickness of such sediments to the
thickness of workable coal is excessive then
the deposit will be deemed uneconomic. Such
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Figure 2.25 Development of a coal seam splitting in the Beckley Seam across a mine working. Source: From
Ferm et al. (1979).
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Figure 2.26 Common types of coal seam split: (a)
simple splitting; (b) multiple splitting; (c) Z" -
‘S’-shaped splitting.

ratios are variable and may be dependent on
other costs, such as labour and transport.
Most desirable coal/interburden/overburden
ratios are in the order of 2:1-5:1, although
they may be higher in certain circumstances,
i.e. 10:1-15:1. In addition, if the lithotypes
include hard indurated sandstone that will
require blasting, then this is an added cost that
has to be allowed for in the economic appraisal
of the coal deposit.

2.2.6.6 Coal Seam Quality Variations

Variations in the environments of deposition
strongly influence the resultant quality of
coals. As described in Section 2.2.3, peat mires

can intermittently receive influxes of detritus
by marine invasion, overbank flooding, or
from airborne sources such as contemporane-
ous vulcanism. Such occurrences will cause
all or part of the coal seam to contain a higher
ash level, which may be local or widespread.
If the peat mire has been invaded by marine
waters for a long period of time, precipitation
of minerals into the uppermost part of the peat
is likely; in particular, the sulfur content in
those parts of a coal seam so affected may be
greatly increased.

The plotting of coal seam quality parame-
ters will not only give an indication of their
distribution but also indicate the palaeoenvi-
ronmental influences that existed during the
depositional and post-depositional phases of
coal formation. Conversely, the interpretation
of the palaeoenvironment will help to predict
coal quality in selected areas. That is, those
areas considered distant from marine influence
should have lower sulfur contents, and coals
deposited away from the main distributary
channels and only subjected to low-energy
currents can be expected to have lower ash
contents.

The above relationships have been sum-
marised in the literature as follows: rapid
subsidence during sedimentation gener-
ally results in abrupt variations in coal
seams, but is accompanied by low sulfur
and trace-element content, whereas slower
subsidence favours greater lateral continuity
but a higher content of chemically precipitated
material.

The examination of the coal quality analyses,
particularly from cored boreholes, allows the
coal geologist to plot coal quality variations
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Figure 2.27 Channelling in coal seams. (a) Sand-filled channel producing a sandstone roof to the coal
seam. (b) Sand- and coal-detritus-filled channel with coal seam eroded. (c) Mudstone-filled channel with
coal seam eroded. (d) Multiple channel sequence with sandstone and mudstone fills; the channel has

removed the upper leaf of the coal seam.
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Figure 2.28 Isopach maps of the north-eastern Fuxin Basin, PRC, showing (a) percentage of sandstone and
(b) coal isopachs for the middle part of the Haizhou Formation (Lower Cretaceous) showing the relationship
of increased sandstone thickness with decreasing coal thickness. Source: From Wu et al. (1992).

across the study area. The parameters that
are particularly relevant are volatile matter,
ash, and sulfur content. Deficiencies in the
volatile matter content (notably in proximity
to igneous intrusions) and too high amounts of

ash and sulfur can lead to the coal under con-
sideration being discarded as uneconomic due
to increased costs of preparation or by simply
just not having those properties required for
the market that the coal is targeted for.
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2.3 Structural Effects on Coal

Any significant lateral or vertical structural
change in a coal seam has a direct bearing on
its thickness, quality, and mineability.

Such changes can be on a small or large
scale, affect the internal character of the coal,
or simply displace the coal spatially, replac-
ing it with non-coal sediment, or, in certain
circumstances, with igneous intrusives. Dis-
ruption to coal seam thickness and continuity
can lead to the interruption or cessation of
mining, which will have economic reper-
cussions, particularly in underground mines
where mining flexibility is reduced. Therefore,
an understanding of the structural charac-
ter of a coal deposit is essential in order to
perform stratigraphic correlation, to calcu-
late coal resource/reserves, and to determine
the distribution of coal quality prior to mine
planning.

2.3.1 Syndepositional Effects

The majority of coal-bearing sediments are
deposited in or on the margins of tectonic
basins. Such a structural environment has
a profound influence on the accumulating
sediments, both in terms of the nature and the
amount of supply of detrital material required
to form such sequences and on the distribu-
tion and character of the environments of
sedimentation.

Figure 2.29 Coal seam
thickness isopach map;
hypothetical example
(thickness values are in
metres).

In addition, diagenetic effects within the
accumulating sediments produce structural
deformation; this may be due to downward
pressure from the overlying strata and may be
combined with water loss from the sediments
whilst still in a non-indurated or plastic state.

2.3.1.1 Microstructural Effects

The combination of thick sediment accu-
mulation and rapid basin subsidence can
produce instability, particularly along the
basin margins.

The effects on coal-bearing sediments are
frequently seen in the form of slumping and
loading structures and in liquefaction effects,
the latter being characterised by the disruption
of bedding laminae and the injection of sed-
iment into the layer above and below. Under
such loading effects, coal may be squeezed into
overlying strata and the original seam struc-
ture may be completely disrupted. In addition,
coals may be injected by surrounding sediment
in the form of sedimentary dykes. Interbed-
ded sequences of mudstone, sandstone, and
coal that have undergone loading deforma-
tion exhibit a variety of structures, such as
accentuated loading on the bases of erosive
sandstones, flame structures, distorted and
dislocated ripples, and folded and contorted
bedding (Figure 2.30).

Instability within environments of depo-
sition, whether induced by fault activity or



Figure 2.30 Deformed bedding in
Palaeogene-Neogene coal-bearing sediments, East
Kalimantan, Indonesia. Hammer length is 37 cm.
Source: Photograph by LPT.

simply by overloading of accumulated sedi-
ment, can produce movement of sediments in
the form of gravity flows. Figure 2.31 illustrates
such a phenomenon. If a coal is transported
in this fashion, the result can be an admixture
of coal material and other sediment with no
obvious bedding characteristics. Figure 2.32
shows a coal that has become intermixed with

2.3 Structural Effects on Coal

the surrounding sediment; it now is in an
unworkable state as the ash content is too high
and the geometry of the coal seam is irregular.

2.3.1.2 Macrostructural Effects

Within sedimentary basins, existing faults in
the underlying basement may continue to be
active and influence the location, thickness,
and character of the sedimentary sequence.
Many coal-bearing basinal sediments display
evidence of growth faulting. In West Virginia
and Pennsylvania, USA, broad-scale tectonic
features have caused local thickening of the
sequence in response to an increased rate
of subsidence, as distinct from more stable
platform areas (i.e. less rapidly subsiding),
where sedimentation prograded rapidly over
the shelf. In South Wales, UK, growth faults
have again influenced sedimentation; here, in
addition to active basement elements, faults
are developed that owe their origin to gravity
sliding within the sedimentary pile (Elliott and

Figure 2.31 Normal-fault
reactivation causing
instability in a partially ==
coalified peat sequence;
downslope slumping
produces a ‘melange’ of
coal and intermixed
sediment.

Partially coalified peat

Unconsolidated
mudstone/sandstone
sequence

Lagoon

Peat/mudstone/sandstone

sequence ‘sliding’

Peat/mudstone/sandstone
sequence ruptured and
sliding downslope to

form ‘melange’
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Figure 2.32 Cores exhibiting a ‘melange’ or mixing of lithotypes due to gravity sliding in
Palaeogene-Neogene coal-bearing sediments, East Kalimantan, Indonesia. (a) Left core: mixing of
sandstone and siltstone with subordinate coal. Centre core: coal mixed with mudstone and siltstone. Right
core: coal and mudstone mixing. (b) ALl cores: sandstone, siltstone, and coal mixing. Source: Photographs
by LPT.

Lapido 1981). Overpressured, non-compacted
argillaceous sediments initiate faults on gentle
gradients. Such faults tend to have a curved
cross-sectional profile, steep at the top and
flattening progressively into bedding plane
faults, often along the roof of a coal. In many
cases, such faults are partially eroded before
the succeeding sediments are laid down.

Seam splitting can also, in certain circum-
stances, be attributed to growth faulting.
Reactivation of faults with changes in the
sense of movement can result in the down-
warping of sections of peat beds; this is then
followed by non-peat deposition on the down-
warped section, and then peat deposition is
resumed at the original level of the first peat.
Figure 2.33 shows the possible mechanism for
the formation of such a coal seam split.

Periodic changes in base level in deltaic areas
through fault activation will result in changes

in the development and character of coals.
With emergence, coals may become more
extensive and, where the influx of detritus is
curtailed, have a lower ash content. If submer-
gence occurs, coals may be restricted areally
or receive increased amounts of detritus that
may increase the ash content, or even cease to
develop at all. Furthermore, submerged coals
may be contaminated with marine waters,
which could result in a higher sulfur content
in the uppermost parts of the seam.

Growth folds also influence the deposition
patterns in coal basins; local upwarping can
accelerate the rates of erosion and deposition in
some parts of a basin, but they can also have the
effect of cutting off sediment supply by uplift or
by producing a barrier to the influx of detritus.

In very thick sedimentary sequences, the
continued growth of such folds can result in
the production of oversteepened fold axes.



Figure 2.33 Seam splitting

caused by differential 205
movement of faults during = [
peat deposition. (a) Fault =l

downthrow results in
downwarping of the peat.

(b) Downwarp filled in with
mudstone; peat development
resumed at original level.

(c) Fault throw sense reversed;
uplifting split coal and
downthrowing unsplit section
of the coal seam. Source: From
Broadhurst and Simpson
(1983).

Lower split coal
Mudstone

Upper peat
Mudstone
Lower peat

Mudstone

Peat
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Where this occurs, overpressured mudstone
at depth may be forced upwards and actually
breach the anticlinal axial areas; this can be
seen by the breaking up of the surface strata
and the intrusion of material from below. Such
diapiric intrusion breccia can be found in
East Kalimantan, Indonesia, and this is often
accompanied by the development of mud vol-
canoes along the axial region of the anticlines.
Development of diapiric structures can disrupt
as well as distort coal beds; in the Belchatow
opencast coalmine in Poland, a large diapir
has intruded into the coal-bearing sequence,
dividing the coal reserve into two distinct areas
(Figure 2.34).

In the Kutei Basin in East Kalimantan,
Indonesia, the established structural pat-
tern continually evolved throughout the
Palaeogene-Neogene Period. In this area, the
anticlines are tight with steep or overturned
dips accompanied by steep reverse and nor-
mal faults in the complex axial regions. The

Upper split coal _, |
Mudstone ————
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synclines are broad and wide with very low
dips; the transition between the two struc-
tures can be abrupt, now represented by steep
reverse faults. These growth folds are thought
to have been further accentuated by gravity
sliding associated with very thick accumula-
tion of sediment (up to 9000 m) in the Kutei
Basin and rifting in the Makassar Strait to the
east. The structural grain and the palaeostrike
were roughly parallel in this region; the resul-
tant sequence is characterised in its upper
part by upper delta plain and alluvial plain
This
structural pattern is shown in the map in
Figure 2.48b (Land and Jones 1987).
Penecontemporaneous vulcanism can also

sedimentation with numerous coals.

have a profound effect on the character of
coals. Large amounts of airborne ash and dust
together with waterborne volcanic detritus
may result in the deposition of characteristic
dark lithic sandstones, possible increases in
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Figure 2.34 Section across Belchatow opencast mine, Poland, showing effect of a diapiric intrusion into the
thick coal seam. The diapir in this instance is a salt dome and effectively divides the coal reserves into two

distinct areas.

the ash content in the peat mires, and the
formation of tonstein horizons.

2.3.2 Post-Depositional Effects

All coal-bearing sequences have undergone
some structural change since diagenesis. This
can range from gentle warping and jointing
up to complex thrusted and folded coalfields
usually containing high rank coals.

These post-depositional structural elements
can be simply summarised as faults, joints
(cleats), folds, and igneous associations. Min-
eral precipitation may also produce some
changes in the original form and bedding of
coal-bearing sequences.

2.3.2.1 Jointing/Cleats in Coal
Coal, and particularly all ranks of black coal,
is noted for the development of its jointing,
more commonly referred to as cleats. This reg-
ular pattern of cracking in the coal may have
originated during coalification, the burial,
compaction, and continued diagenesis of the
organic constituents results in the progressive
reduction of porosity and permeability. At this
stage, microfracturing of the coal is thought
to be generated. The surfaces and spaces thus
created may be coated and filled with mineral
precipitates, chiefly carbonates and sulfides.
Cleats are fractures that occur in two sets
that are, in most cases, mutually perpen-
dicular, and also perpendicular to bedding.

Abutting relations between cleats generally
show one set pre-dates the other (Figure 2.35).
Through-going cleats are formed first and are
referred to as face cleats; and cleats that end at
intersections with through-going cleats formed
later are called butt cleats. These fracture sets
and partings along bedding planes impart a
blocky character to coal. Figure 2.36a shows
a well-developed orthogonal cleat pattern in a
Carboniferous bituminous coal from the Mid-
lands, UK, and Figure 2.36b shows a strong
cleat pattern in an anthracite of Triassic age
from the Republic of Vietnam. Figure 2.36¢
shows cleat development together with con-
choidal fracture in a Palacogene-Neogene
brown coal from the Republic of Serbia.
Figure 2.36d shows a well-developed cleat and
joint pattern in a Gondwana bituminous coal
from Central India. It is noticeable that cleats
can be seen in all thicknesses of coal, even
in the thinnest films of coal included within
other lithotypes.

Cleats are subvertical in flat-lying beds and
are usually orientated at right angles to the bed-
ding, even when strata are folded. In a num-
ber of cases, cleats are confined to individual
coal beds, or to layers composed of a particu-
lar maceral type. These are usually uniform in
strike and arranged in subparallel sets that have
regional trends (Laubach et al. 1998).

Research has shown that cleat spacing varies
with coal rank, decreasing from lignite, via
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Figure 2.35 Schematic illustrating cleat geometrics. (a) Cleat-trace patterns in plan view. (b) Cleat
hierarchies in cross-section view. The following conventions are used for cleat: length is the dimension
parallel to the cleat surface and parallel to the bedding; height is parallel to the cleat surface and
perpendicular to the bedding; aperture is the dimension perpendicular to the fracture surface; spacing
between two cleats is the distance between them at right angles to the cleat surface. Source: From Laubach
et al. (1998). Reproduced with permission from Elsevier Publications.

medium-volatile bituminous coal, increasing
to anthracite coals. Law (1993) found cleat
spacing ranged from 22cm in lignites (R,
[vitrinite reflectance] values of 0.25-0.38%)
to 0.2cm in anthracites (R, values >2.6%).
Such spacing in higher rank coals may reflect
competing processes of fracture formation and
annealing. Tectonism may obliterate previ-
ously formed cleats in anthracites; if this is so,
then regular variations in cleat spacing with
rank in the lignite-high-volatile bituminous
coal range might not occur. Another parame-
ter that has been studied with regard to cleat
spacing is coal type and ash content. Dawson
and Esterle (2010) identified four major classes
of cleats in coals from Queensland, Australia.
These are master cleats, single vitrain (bright
coal) cleats, multiple vitrain package cleats,
and durain (dull coal) cleats. Bright coal litho-
types (vitrain) have smaller cleat spacings than
dull coal lithotypes (durain) do (Stach 1982);
and coals with low ash content have smaller
cleat spacings than coals with high ash content

do. Laubach et al. (1998) have produced a com-
prehensive review of the origins of coal cleat.

2.3.2.2 Faulting

The development of strong joint and fault pat-
terns in coal-bearing sequences is the common-
est post-depositional structural expression.
Briefly, the principal fault types are normal,
reverse, and strike-slip faults.

Normal faults are produced by dominantly
vertical stress resulting in the reduction of
horizontal compression, leaving gravity as
the active compression; this results in the
horizontal extension of the rock sequence.

This form of faulting is common, move-
ments can be on the order of a few metres
to hundreds of metres. Figure 2.37 shows a
normal fault with a throw of about 2 m. Such
faulting is not too problematical in opencast
workings, but larger throws can result in the
cessation of opencast mining either locally
or totally. Figure 2.38 shows a local highwall
termination due to faulting in an opencast
mine in Bosnia-Herzegovina, and Figure 2.39
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Figure 2.36 (a) Orthogonal cleat pattern in Meltonfleet Coal, Upper Carboniferous, Yorkshire, UK. Source:
Reproduced with permission: IPR/25-6C British Geological Survey. © NERC. All rights reserved.

(b) Well-developed joint and cleat pattern in Triassic anthracite, Republic of Vietnam. Source: Photograph by
LPT. (c) Cleat development and conchoidal fracture in Palaeogene-Neogene brown coal, Republic of Serbia.
Source: Photograph by courtesy of Dargo Associates Ltd. (d) Well-developed joint pattern in Permian
(Gondwana) coal, Central India. Source: Photograph by courtesy of Dargo Associates Ltd.

illustrates a normal fault downthrowing over-
burden (light colour) against a coal seam in
an opencast mine in India. In underground
workings, even small-scale faulting can result
in cessation of the mining of fully automated
faces, resulting in loss of available reserves.
The dip of normal faults ranges widely. In
coalfields, most are thought to be in the region
of 60-70°. Some normal faults die out along
their length by a decrease of throw towards
either one or both ends of the fault. Again,
a fault may pass into a monoclinal flexure,
particularly in overlying softer strata. Such
faulting also produces drag along the fault
plane, with the country rock being pulled
along in the direction of movement. Where

large faults have moved on more than one
occasion, and this applies to all kinds of fault-
ing, a zone of crushed coal and rock may
extend along the fault plane and have a width
of several metres. Such a crush zone can be
seen in the highwall of an opencast working in
the UK shown in Figure 2.40.

Large-scale normal faults are produced by
tensional forces pulling apart or spreading the
crustal layer. Where these faults run parallel
with downfaulted areas in between, they are
known as graben structures. Many coalfields
are preserved in such structures; the brown
coalfields of northern Germany and eastern
Europe, and the Gondwana coalfields of India
and Bangladesh are examples.
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Figure 2.37 Normal fault with downthrow of 2 m
to the right. Palaeogene-Neogene coal-bearing
sediments, Sumatra, Indonesia. Source: Photograph
by LPT.

Figure 2.38 Highwall termination due to faulting
in Palaeogene—Neogene brown coal opencast
mine in Bosnia-Herzegovina. Source: Photograph by
courtesy of Dargo Associates Ltd.

Low-angle faults with normal fault displace-
ments are known as lag faults. They originate
from retardation of the hanging wall during
regional movement, as shown in Figure 2.41.
Lag faults are common in the coalfields of
South Wales, UK.

Reverse faults are produced by horizontal
stress with little vertical compression. This
results in the shortening of the rock section in
the direction of maximum compression.

Very high angle reverse faults are usually
large structures, associated with regional uplift
and accompanying igneous activity. In coal
geology, those reverse faults with low angles
(<45°) are more significant. A typical reverse
fault structure is seen in Figure 2.42, where
the fault has dislocated a coal seam by several

Figure 2.39 Normal fault downthrowing
overburden (light colour) against a coal seam in an
opencast mine in Central India. Source: Photograph
by courtesy of Dargo Associates Ltd.

metres. When the angle is very low and the
lateral displacement is very pronounced, such
faults are termed thrust faults. The shape of
such low-angle reverse faults is controlled by
the nature of the faulted rocks, especially when
a thrust plane may prefer to follow the bedding
plane rather than to cut across it.

In typical sequences of coal, seatearth, and
mudstone with subordinate sandstone, such
low-angle faults often follow the roof and/or
the floor of coal seams, as these allow ease of
movement, with the seatearths often acting as
a lubricant. One detrimental effect is the con-
tamination of the coal seam with surrounding
country rock, so reducing its quality and, in
some cases, its mineability.

In highly tectonised coal deposits, a great
number of coal seam contacts have undergone
some movement and shearing. In some cases
the whole seam will have been compressed
and moved. This may be displayed in coals as
arcuate shear planes throughout. Figure 2.43
portrays this feature.

The development of thrust zones in coal
sequences is illustrated in Figure 2.44. Here,
lateral compression has produced thrusting
along preferred lithological horizons, and con-
tinued compression has resulted in the upper
part of the sequence being more tectonically
disturbed than the lower part. This defor-
mation is now termed progressive easy-slip
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Figure 2.40 Large fault zone exposed
in highwall in an opencast mine, South
Wales, UK. Source: Photograph by LPT.

Coal
seam

Lag fault

~—  Thrust
fault

Figure 2.41 Lag fault produced by retardation of
the upper part of the sequence during the forward
movement of the lower sequence by thrust
faulting. Source: From Sherborn Hills (1975)
Elements of Structural Geology, 2nd ed., with kind
permission of Kluwer Academic Publishers.

thrusting. Such events are particularly com-
mon in coalfields that have suffered crustal
shortening, as is the case in South Wales, UK
(Gayer et al. 1991), and in the Appalachians,
USA. Thrusting is also accentuated where

Figure 2.42 Coal seam dislocated by reverse fault,
with throw of 1.5 m, in UK opencast mine. Source:
Photograph by M C Coultas.

coal and mudstone sequences are sandwiched
between thick sequences of coarse clastics,
the upper and lower portions of the sequence
reacting to compressive forces quite differently
to the incompetent coals and mudstones.



Figure 2.43 Highly sheared anthracite coal seam
(seam thickness 1.2 m) in opencast mine, South
Wales, UK. Source: Photograph by LPT.

Strike-slip faults have maximum and min-
imum stress in the two horizontal planes
normal to one another. This has the effect of
producing a horizontal movement either in a
clockwise (dextral) or anticlockwise (sinistral)
sense. Strike-slip faulting is usually found on
a regional scale. Although important, it has a
lesser influence on the analysis of small coal
deposits and mine lease areas.

Evidence of faulting on the rock surface can
be seen in the form of slickensides, which are

2.3 Structural Effects on Coal

striations on the fault plane parallel to the
sense of movement. Some fault planes have a
polished appearance, particularly where high
rank coal has been compressed along the fault
plane. Conical shear surfaces are characteris-
tically developed in coal. These are known as
cone-in-cone structures and are the result of
compression between the top and bottom of
the coal.

Coal responds in a highly brittle manner
to increasing deformation by undergoing
failure and subsequent displacement along
ever-increasing numbers of fracture surfaces
(Frodsham and Gayer 1999). In tectonically
deformed coalfields, and particularly in mine
workings, it is important that a rapid assess-
ment of the physical state of the coal can be
made. Visual assessment of the appearance
of coal can be made in hand-specimen sam-
ples, core samples, or by outcrop observations
(see Section 6.4.10). The average structural
index (ASI) can be used to assess the relative
strength of deformed coal samples on the basis
of appearance and the frequency of fractures
in the specimen. Table 2.3 shows the coal types
and the ASI rating for coals of differing levels

Figure 2.44 Model for four stages in progressive easy-slip thrusting. (a) Thrusts develop simultaneously as
flats along the floors of overpressured coal seams, cutting up to the roofs of the seams along short ramps;
propagation folds grow at the thrust tips. (b) Thrusts continue to propagate with amplification of the tip
folds, until a lower propagation fold locks up a higher thrust, producing downward-facing cut-offs.

(c) Continued out-of-sequence movement on higher thrusts results in break-back thrusting in the hanging
wall and footwall areas; thrusts locally cut down stratigraphy in the transport direction. (d) Progressive out
of sequence hanging wall break-back produces distinctive geometry, with the structure in a lower thrust
being apparently unrelated to that in a higher thrust slice. Progressive footwall break-back produces folded

thrusts. Source: From Gayer et al. (1991).
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Table 2.3 The average structural index (ASI) for coals.

Basic coal type ASl value Type and frequency of fracturing Structural state of the coal
Normal 1 Entirely non-tectonic Undisturbed bright hard coal
Normal 2 Mainly non-tectonic; 1-2 striated Strong, bright, and hard but
fractures easily split along fractures
Normal 3 Mainly non-tectonic; 1-2 Strong, bright, and hard but
polished fractures easily split along fractures
Normal 4 Mainly non-tectonic, several Bright, but coal becoming
tectonics of either kind noticeably weakened by tectonic
fractures
Abnormal 5 Mainly tectonic fractures of Coal exhibiting a change in
either kind but also several overall structure, has largely dull
non-tectonic or shiny lustre and lacks strength
Abnormal 6 Striated fracture planes dominant Disturbed and very dull
with only a few non-tectonic
Abnormal 7 Polished fracture planes Disturbed and excessively shiny
dominant with only a few
non-tectonic
Abnormal 8 Wholly tectonic fractures, no Disturbed, either dull or
non-tectonic left excessively shiny
Outburst 9 Pervasive microfractures Highly friable, soft sooty texture,

no in-situ strength

Source: From Frodsham and Gayer (1999).

of structural intensity. On a larger scale, the
coal Bedding Code is based on the principle
that the bedding planes in coal seams become
progressively obscured with increasing fre-
quency of tectonic fracturing. Frodsham and
Gayer (1999) describe five categories of bed-
ding plane obscurity and large-scale fracture
intensity within coal seams from South Wales,
UK (Figure 2.45). These categories range from
Bedding Code 4 (Excellent, where coal exhibits
very clear bedding with fractures moderately
spaced at less than one per metre) to Bed-
ding Code0O (Absent, where the bedding is
completely destroyed by tectonic fracturing).
The use of coal bedding codes has proved
successful in predicting the location of coal
outbursts as more deformed parts of the mine
are approached (Frodsham and Gayer 1999).

2.3.2.3 Folding

Coals in coal-bearing sequences may be folded
into any number of fold styles. An example is
shown in Figure 2.46. In coalfield evaluation,

the axial planes of the folds need to be located
and the dips on the limbs of the folds calcu-
lated. In poorly exposed country the problem
of both true and apparent dips being seen has
to be carefully examined. Also, in dissected
terrain, dips taken at exposures on valley sides
may not give a true reflection of the structural
attitude of the beds at this locality; many valley
sides are unstable areas and mass movement
of strata is common, resulting in the recording
of oversteepened dips. This is characteristic of
areas of thick vegetation cover where a view of
the valley side is obscured and any evidences
of movement may be concealed. If the field
data suggest steeper dipping strata this will
give less favourable stripping ratio calculations
for an opencast prospect and may contribute
to the cancellation of further investigations.
Similarly, in underground operations, if the
dip of the coal seams steepens, it can make
the working of the coal difficult, and in the
case of longwall mining can prevent further
extraction. Therefore, it is important to be sure
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Figure 2.45 The coal Bedding Code, showing five categories of bedding plane obscurity and large-scale
fracture intensity within coal seams in South Wales, UK. Source: From Frodsham and Gayer (1999).

that all readings taken reflect the true nature
of the structure in the area of investigation.
Compression of coal seams during folding
can produce tight anticlinal folds with thrust-
ing along the nose of the fold; these have been

termed queue anticlines. Coal seams can be
pinched out along the fold limbs and appear
to have flowed into the axial areas of the
anticlines. Where this occurs from two direc-
tions approximately normal to one another,

51



52

2 Origin of Coal

Figure 2.46 Intensely folded Carboniferous
coal-bearing sediments, Little Haven,
Pembrokeshire, UK. Source: Photograph by courtesy
of Dargo Associates Ltd.

coals can be concentrated in ‘pepperpot’-type
structures. Such features are usually found
only in highly tectonised coalfields. Examples
of such intense deformation are illustrated
in Figure 2.47a, and a coal seam squeezed in
this way is shown in Figure 2.47b, where the
coal has been compressed in and around the
overlying sandstone. In many instances, such
structural complications will render a coal
seam unmineable except by the most primitive
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of methods, but coal concentrations in the
axial regions of folds have been mined in the
same fashion as mineral ‘saddle reefs’.

Detailed mapping of folded coal deposits
is an essential part of the exploration pro-
cess. Examples of folded coal deposits are
illustrated in Figure 2.48a, where a pattern
of zigzag folds characterises the Wurm Coal
Basin, Germany (Stutzer and Noe 1940), and
Figure 2.48b shows a series of asymmetrical
folds with associated thrusting from the Kutei
Basin, Indonesia (Land and Jones 1987). Such
examples serve to show the necessity of acquir-
ing a good understanding of the structural
elements and style of the coal deposit in order
to identify those areas where coal is preserved
in such quantities, attitude, and depth as to
allow mining to develop.

2.3.2.4 Igneous Associations
In many coalfields, associated igneous activity
has resulted in dykes and sills being intruded
into the coal-bearing sequence.

The intrusion of hot molten rock into the
coals produces a cindering of the coal and

Figure 2.47 (a) Tectonic deformation of coal seams due to compression: (i) squeezing into the overlying
formation; (ii) queue anticline; (iii) pepper-pot’ structure; (iv) rosary’ structure. (b) Carboniferous anthracite
squeezed in and around overlying sandstone, Samcheog Coalfield, Republic of Korea. Source: Photograph

by LPT.



a marked loss in volatile matter content,
which has been driven off by heat. This can
have the effect of locally raising the rank of
lower rank coals and can, therefore, in certain
circumstances make the coal attractive for
exploitation. Such ‘amelioration’ of coal seams
is a common feature in areas of igneous activ-
ity. Good examples are found in Indonesia and
the Philippines, where Palacogene-Neogene
sub-bituminous coals have been ameliorated
up to low-volatile bituminous and some even
to anthracite rank.

The majority of dykes and sills are doleritic
in composition, as in the case of South African
and Indian coalfields, but occasionally other
types are found: in the Republic of Korea,
acidic dykes and sills are intruded into the
coals. Figure 2.49 shows acidic igneous mate-
rial intruding a coal seam in an underground
working.

In areas where igneous intrusions are
prevalent in mine workings, plans showing
the distribution and size of igneous bodies
are required in order to determine areas of
volatile loss where the coal has been baked;
and because of the hardness of the igneous
material, tunnelling has to be planned with

2.3 Structural Effects on Coal

the position of intrusions in mind. Igneous
sills have a tendency to jump from one coal
seam to another, so that close-spaced drilling is
often required to identify precisely the nature
and position of such intrusions. Igneous intru-
sions are found in coal sequences worldwide,
but they are a particularly common feature
of South African coal workings. Where such
igneous bodies exist, the coal geologist must
identify the areas occupied by igneous material
within the mine area, and also those seams
affected by igneous activity.

In addition, the possibility of methane gas
driven off during intrusion may have collected
in intervening or overlying porous sand-
stones. Mine operatives need to investigate
this possibility when entering an intruded area
of coal.

2.3.2.5 Mineral Precipitates

A common feature of coal-bearing sequences
is the formation of ironstone, either as bands
or as nodules. They usually consist of siderite
(FeCO,) and can be extremely hard. Where
ironstone nucleation and development takes
place either in, or in close proximity to, a coal
seam, this can deform the coal, cause mining

Figure 2.48 Outcrop
patterns in folded
coalfields. (a) Zigzag
folding of coal seams and
associated faulting,
Wurm Coal Basin,
Germany. Source: From
Stutzer and Noe (1940)
By permission of the
University of Chicago
Press. (b) Asymmetrical
folding, broad synclines,
and sharp anticlines
associated with thrusting,
East Kalimantan,
Indonesia. Source: From
Land and Jones (1987).
Reproduced with
permission of the author.
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Figure 2.49 Jurassic anthracite (dark colour)
intruded by granitic dykes and sills (light colour),
Chungnam Coalfield, Republic of Korea. Source:
Photograph by LPT.

2.3 Structural Effects on Coal

difficulties, and, because of the difficulty in
separating coal and ironstone whilst min-
ing, will have an effect on the quality of the
run-of-mine product.

Iron sulfide in the form of iron pyrite may be
precipitated as disseminated particles, as thin
bands, or, as is more common, as coatings on
cleat and bedding surfaces (the coal specimen
in Figure6.7a displays pyrite in this form).
Inorganic sulfur held in this form in coal can
be removed by crushing and passing the coal
through a heavy liquid medium. Organic sulfur
held elsewhere in the coal cannot be readily
removed and remains an inherent constituent
of the coal.

Other mineral precipitates usually are in the
form of carbonates, coating cleat surfaces or
occasionally as mineral veins. Where quartz
veining occurs, this has the detrimental effects
of being hard, liable to produce sparks in
an underground environment where gas is a
hazard, and, when crushed, is an industrial
respiratory health hazard.
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Age and Occurrence of Coal

3.1 Introduction

Although land plants first developed in the
Palaeozoic Era, and coal deposits of Late Sil-
urian and Early Devonian age are the earliest
known, it was not until the Upper Palaeozoic,
particularly the Carboniferous and Permian
Periods, that sufficient plant cover was estab-
lished and preserved to produce significant
coal accumulations.

Coal deposits have been formed throughout
the geological column, i.e. from the Car-
boniferous Period to the Quaternary Period.
Within this time range, there were three major
episodes of coal accumulation.

The first took place during the late
Carboniferous-Early Permian Periods. Coals
formed at this time now form the bulk of
the black coal reserves of the world, and
they are represented on all of the continents.
The coals are usually of high rank and may
have undergone significant structural change.
Carboniferous-Permian coal deposits stretch
across the Northern Hemisphere from Canada
and the USA, through Europe and the Com-
monwealth of Independent States (CIS) to the
Far East. In the Southern Hemisphere, the
Carboniferous-Permian coals of Gondwana-
land are preserved in South America, Africa,
the Indian subcontinent, South East Asia,
Australasia, and Antarctica.

Coal Geology, Third Edition. Larry Thomas.

The second episode occurred during the
Jurassic-Cretaceous Period, and coals of this
age are present in Canada, the USA, the
People’s Republic of China (PRC), and the CIS.

The third major episode occurred dur-
ing the Palaeogene-Neogene Period. Coals
formed during this period range from lignite
to anthracite. Palaeogene-Neogene coals form
the bulk of the world’s brown coal reserves, but
also make up a significant percentage of black
coals currently mined. They are characterised
by thick seams and have often undergone min-
imal structural change. Palaeogene-Neogene
coals are also found worldwide, and they are
the focus of current exploration and produc-
tion as the traditional Carboniferous coalfields
become depleted or geologically too difficult
to mine.

Figure 3.1 shows the generalised distribution
of world coal deposits in terms of geological age
and area (modified from Walker 2000).

3.2 Plate Tectonics

Evidence of ocean floor spreading and the
identification of modern plate margins has
enabled the mechanism of plate tectonics
to be understood, i.e. the Earth’s crust and
upper part of the mantle consist of a num-
ber of mobile plates that have responded to

© 2020 John Wiley & Sons Ltd. Published 2020 by John Wiley & Sons Ltd.
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Figure 3.1 Geological age distribution of the world’s black coal and lignite deposits. Source: Modified from

Walker (2000).

convection currents in the mantle. This has
resulted in the amalgamation and fragmen-
tation of plates throughout geological time.
du Toit (1937) proposed that the supercon-
tinent Pangaea consisted of Laurasia in the
Northern Hemisphere and Gondwanaland
in the Southern Hemisphere. These two land
areas split apart in the Early Triassic, followed
by further rifting that has produced the various
smaller continents that exist today.

During the Carboniferous Period, in the
northern part of Pangaea (Laurasia), the coal
basins of western and central Europe, eastern
USA, and the CIS were equatorial in nature,
and tropical peat mires containing a flora of
Lepidodendron, Sigillaria, and Chordaites were
characteristic of coal deposition (Figure 3.2a).

The climate changed during the Permian
Period and coal deposition ceased in the
northern area. In the southern part of Pangaea
(Gondwanaland), covering what is now South
America, southern Africa, India, Australia, and
Antarctica, peat mires formed under cooler,
more temperate conditions, characterised by
the Glossopteris flora (Figure 3.2b). After the
break-up of Pangaea, coal deposition con-
tinued through the Triassic, Jurassic, and
Cretaceous Periods (Figure 3.3a) and the
Palaeogene-Neogene Period (Figure 3.3b),
where another change in the floral types
took place, heralding the onset of angiosperm
floras. These changes in vegetation type are
reflected in the type and proportion of maceral
types present in the coals (see Section 2.2.3.1).
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Figure 3.2 Palaeogeographical reconstructions of (a) late Carboniferous and (b) Permian-Triassic showing

principal areas of coal deposition.

The Laurasian coals are rich in the vitrinite
group of macerals, whereas the Gondwana
coals have a much higher percentage of the
inertinite group of macerals with varying
amounts of vitrinite. Gondwana coals have a
higher content of mineral matter but lower
sulfur contents than the Laurasian coals (see
Section 4.1.2).

The Palaeogene-Neogene coals are, for the
most part, lignites and are found worldwide,
although in some areas they have undergone
severe temperature and pressure changes. This
has produced higher rank coal, ranging from
subbituminous to high-volatile bituminous
in areas such as Indonesia, Colombia, and
Venezuela.
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3.3 Stratigraphy

The age of all the major coal deposits is well
documented, and the stratigraphy of each
deposit has been studied in detail. This is
particularly true for those deposits that have
an economic potential.

The origin of coal is characterised by
deposition in foredeep and cratonic basins.
The essentially non-marine nature of these
coal-bearing sequences has meant that detailed
chronostratigraphy has often been difficult to
apply due to the lack of biostratigraphic
evidence, notwithstanding studies of floras
and non-marine faunas.

In the Carboniferous of western Europe, a
number of marine transgressions have enabled
the coal-bearing sequences to be divided into
a number of stratigraphic sections, and where
individual coal seams have either an overly-
ing marine mudstone or non-marine bivalve
band then correlations are possible over large
distances. In the Carboniferous of the USA,
and also of the PRC, discrete limestone beds
within coal-bearing sequences have enabled
good broad stratigraphic control over large
areas. The later Permian, Mesozoic, and Ceno-
zoic coal deposits all have similar constraints
on detailed correlation. In the UK, the long
history in studying the Carboniferous (West-
phalian) has enabled the chronostratigraphy
and biostratigraphy to be classified as shown
in Table 3.1 (Lake 1999).

The establishment of a stratigraphic frame-
work for a coal-bearing sequence can be
approached in two ways: an examination
of the sedimentary sequence in which the
coals occur, and a detailed study of the coals
themselves. It is usual to apply a combination
of chronostratigraphy (where possible) and
lithostratigraphy for individual coal deposits.
This may be supported by geophysics and
detailed sedimentological studies. In addition,

3.3 Stratigraphy

this can be augmented by petrographic anal-
ysis of the coals and palynological studies,
which will aid the identification of individual
coals or series of coals. The combination of all
these studies is the basis on which to build the
geological model and to develop a 3D picture
of the coal deposit.

In the UK, detailed studies over the last
150years of the various coalfield areas has
resulted in a wealth of geological data being
collected and interpreted. For example, in
the Yorkshire coalfield, the identification of
coals and marine and non-marine fossiliferous
horizons has enabled a detailed stratigraphy to
be built up. Figure 3.4 shows the stratigraphic
column of 1120 m of the Westphalian succes-
sion for the Wakefield district of Yorkshire
(Lake 1999). The compilation of detailed strati-
graphic logs from sections, boreholes, and
mines then allows correlations to be made.
Figure 3.5 depicts a series of logs within the
Leicestershire coalfield and shows correlations
based on faunal horizons and coals (Worssam
and Old 1988).

In the USA, a large amount of geological
investigation took place in the Pennsylvanian
coal-bearing sequence in the Illinois Basin.
Correlation studies have been based on spores
(Kosanke 1950) and on sedimentological anal-
ysis of the shape and distribution patterns of
sand bodies and their effect on the principal
economic coal seams in the basin (Potter
1962, 1963; Potter and Glass 1958; Potter and
Simon 1961). Figure 3.6 illustrates the use
of lithological and electric logs to show the
stratigraphic relationships due to the devel-
opment of the Anvil Rock Sandstone and
its effect upon the Herrin No.6 seam (Potter
and Simon 1961). Similar studies have been
carried out in all the major coal deposits
worldwide with a view to identifying the
effects on coalmining economics by geological
processes.
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Table 3.1 Detailed chronostratigraphy and biostratigraphy of the Carboniferous (Westphalian A-C)
coal-bearing sequence of the UK (Lake 1999). IPR/23-10C British Geological Survey. © NERC. All rights

reserved.
CHRONOSTRATIGRAPHY BIOSTRATIGRAPHY
SERIES STAGE CHRONOZONE MARINE BAND NONMARINE BIVALVES MIOSPORES  MEGAFLORA
Phillipsi Anthraconauta phillipsi Torispora
zone
(X)
BOLSOVIAN :
Upper Similis-Pulchra
. . Paripteris
Anthracon'ala' adamsi- linguaefolia
hindi
Vestispora
magna
(1X)
:
Lower Similis-Pulchra Anthracosia aira
DUCKMANTIAN
Maltby
Anthracosia caledonica Lonchopteris
Lowton rugosa
Estheria Dictyotriletes
Anthracosia phrygiana bireticulatus
Modiolaris - (vim)
Anthracosia ovum
Vanderbeckei
=z - -
< Anthracosia regularis Schulzospora
-
< Carbonicola crista-galli rara (V1)
=
g Carbonicola pseudorobusta:
Carbonicola bipennis
Comrmunis Radiizonates
aligerens
Carbonicola torus D)
Langley
LANGSETTIAN Carbonicola Proxima
Lyginopteri:
hoening.
Carbonicola extenuata hausii
Triquitrites
. —— sinani
Lenisulcata Listeri Cirratriradites
saturni
(59)
Springwood
Carbonicola fallax-protea
Holbrook
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3.4 Age and Geographical
Distribution of Coal

A brief summary is given of the geographical
distribution of the known coal deposits of
the world. This is designed as a guide to the
location of the principal coalfields throughout
the world. The detailed stratigraphic ages of
the deposits are not given; usually, only the

period in which they were formed is given.
The distribution of coal deposits through-
out the world is shown in Figures 3.7-3.15
and is dealt with based on nine geograph-
ical regions. Details are principally based
on Walker’s (2000) review of the major
coal-producing countries of the world and
Saus and Schiffer’s (1999) review of lignite in
Europe.
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Figure 3.7 Coal deposits of the USA. A, Eastern Province; B, Interior Province; C, Northern Great Plains
Province; D, Rocky Mountains Province; E, Pacific Coast Province; F, Gulf Coastal Plain Province.

Figure 3.8 Coal deposits of Canada: (1) south Saskatchewan; (2) central and eastern Alberta; (3) south-east
British Columbia; (4) west central Alberta; (5) north-east Coal Block; (6) north-west British Columbia; (7)
Watson Lake; (8) Whitehorse; (9) Dawson; (10) Mackenzie Bay; (11) Prince Patrick Island; (12) Cornwallis
Island; (13) Axel Heiberg Island; (14) Ellesmere Island; (15) Baffin Island; (16) Minto Coalfield; (17) Sydney
Coalfield.



Figure 3.9 Coal deposits of Europe: (1) Tirane; (2) Tepelene; (3) Korce; (4) West Styria; (5) Kempen; (6)
Dobrudza; (7) Maritsa; (8) Ostrava-Karvina; (9) North Bohemia; (10) Sokolov; (11) Herning; (12) Lorraine; (13)
Nord et Pas de Calais; (14) Provence; (15) Aachen; (16) Ruhr; (17) Saar; (18) Lower Saxony; (19) Rhenish; (20)
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Halle Leipzig Borna; (21) Lower Lausitz; (22) Florina Amyndaeon; (23) Ptolemais; (24) Serrae; (25)
Megalopolis; (26) Disko; (27) Nugssuag; (28) Mecsek; (29) Leinster; (30) Kanturk; (31) Slieveardagh; (32)
Connaught; (33) Valdarno; (34) Sulsis; (35) Upper Silesia; (36) Lower Silesia; (37) Lublin; (38) Belchatow; (39)
Konin; (40) Lausitz; (41) Turoscow; (42) Sao Pedro da Cova; (43) Cabo Mondego; (44) Rio Maior; (45) Jiu; (46)
Almas; (47) Comanesti; (48) Banat; (49) Oltenia; (50) Leon; (51) Puertollano; (52) Teruel; (53) Garcia
Rodriguez; (54) Calaf; (55) Mequinenza; (56) Arenas del Rey; (57) Longyearbyen; (58) Svea; (59) Zonguldak;
(60) Elbistan; (61) Canakkale; (62) Mugla; (63) Bursa; (64) Ankara; (65) Cankiri; (66) Istra; (67) Dobra; (68)
Sarajevo-Zenica; (69) Trans-Sava; (70) Stanari; (71) Kosovo; (72) Scotland; (73) North-east England; (74)

Yorkshire—Nottinghamshire; (75) Lancashire—North Wales; (76) East and West Midlands; (77) South Wales;
(78) Kent; (79) North and South Staffordshire; (80) Warwickshire; (81) Leicestershire; (82) Northern Ireland;
(83) Visonta-Bukkabrany; (84) Kolubara; (85) Gacko; (86) Tkibuli.

3.4.1 United States of America

The US coal resource base is the largest in
the world; they are widely distributed, being
found in 38 states. The coal deposits of the USA
have been divided into six separate areas or
provinces, based on the findings of the US Geo-
logical Survey (Figure 3.7) and Nelson (1987).

The Eastern Province is the oldest and
most extensively developed coal province in
the USA. The coal is of Carboniferous age
(Pennsylvanian), and the province contains
two-fifths of the nation’s bituminous coal plus
almost all the anthracite. Coal rank increases
from west to east, so that high-volatile bitumi-
nous coal gives way to low-volatile bituminous
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Figure 3.10 Coal deposits of Africa. (1) Lungue-Bungo; (2) Luanda; (3) Moropule; (4) Mmamabula; (5)
Bamenda; (6) Al Maghara; (7) Imaloto-Vohibory; (8) Sakoa; (9) Sakamena; (10) Antanifotsy; (11)
Livingstonia; (12) North Rukuru; (13) Ngana; (14) Lengwe; (15) Mwabvi; (16) Jerada; (17) Ezzhiliga; (18)
Tindouf-Draa; (19) Meknes-Fez; (20) Moatize; (21) Mmambansavu; (22) Chiomo; (23) Itule; (24)
Enugu-Ezimo; (25) Orukpa-Okaba-0gboyoga; (26) Asaba; (27) Karoo Basin; (28) Waterberg; (29) Springbok
Flats; (30) Limpopo; (31) Lebombo; (32) Mhlume; (33) Mpaka; (34) Maloma; (35) Ketewaka-Mchuchma; (36)
Ngaka; (37) Songwe-Kiwira; (38) Galula; (39) Njuga; (40) Ufipa; (41) Luene; (42) Lukuga; (43) Luangwa; (44)
Luano; (45) Maamba; (46) Kahare; (47) Wankie; (48) Lubimbi; (49) Sessami-Kaonga; (50) Tuli; (51) Bubye;
(52) Chelga; (53) Wuchalle; (54) Dobre-Brehan; (55) Bourem.

and anthracite. The sulfur content of the coals The Appalachian Basin extends for over
is higher in the west and decreases to the east, 1500 km from Pennsylvania in the north to
with the older coals containing the highest Alabama in the south-west, with a width
sulfur levels. of 400km in the north tapering to 25km
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Figure 3.11 Coal deposits of the Indian subcontinent. (1) Heart; (2) Sari-i-Pul; (3) Dara-i-Suf; (4)
Barapukuria—-Khalaspir; (5) Jamalganj; (6) Sylhet; (7) Raniganj; (8) Jharia; (9) Bokaro; (10) Ramgarh; (11)
Karanpura; (12) Singrauli; (13) Bisrampur; (14) Pench-Kanhan-Tawa; (15) Godavari; (16) Talchir; (17)
Neyveli; (18) Makum; (19) Elburz; (20) Khorasan; (21) Kerman; (22) Quetta-Kalat; (23) Salt Range; (24)

Makerwal; (25) Tharparkar.

in the south. The Pennsylvanian sequence
is around 1000m thick and the basin is
subdivided into regions: a northern region,
comprising south-west Pennsylvania, eastern
Ohio, northern Virginia, and north-eastern
Kentucky; a central area, which reaches across
southern West Virginia, eastern Kentucky,
western Virginia, and northern Tennessee;
and a southern region, covering southern Ten-
nessee and northern Alabama. The northern
region contains over 60 coal seams of varying
economic significance, the central area con-
tains around 50 coals, and the south-central
area has up to 26 economic coal seams. Seams
are usually between 0.5 and 3.6 m in thickness,
with varying degrees of structural intensity.

Deep mines characterise the older workings;
more recently, opencast mining in the form of
contour mining and mountain top removal has
been established.

Most reserves are in high- and medium-
volatile bituminous coal, used chiefly as steam
coal. The USA’s largest reserves of coking coal
are low-volatile, low-sulfur coals situated in
central Pennsylvania and West Virginia.

The Interior Province comprises a number of
separate basins containing Carboniferous bitu-
minous coal. The eastern area is the Illinois
Basin, which extends across central and south-
ern Illinois, south-west Indiana, and western
Kentucky. Pennsylvanian sediments reach
1200m in thickness, with around 25 coals
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Figure 3.12 Coal deposits of South America. (1) La Rioja; (2) San Juan; (3) Mendoza; (4) Neuguen; (5) Pico
Quemado; (6) Rio Turbio; (7) Copacabana Peninsula; (8) Tarija Basin; (9) Amazon; (10) Rio Fresco; (11)
Tocantins-Araguaia; (12) Western Piaui; (13) Parana; (14) Santa Catarina; (15) Rio Grande Do Sul; (16)
Candiota; (17) Copiapo; (18) Arauco; (19) Valdivia; (20) Magallanes; (21) Cundinamarca; (22) Santander; (23)
El Cerrejon; (24) Valle del Cauca; (25) Malacatus; (26) Loja; (27) Canar-Azuay; (28) Alto Chicama; (29) Santa;
(30) Oyon; (31) Jatunhuasi; (32) Zulia; (33) Lobatera; (34) Caracas—Barcelona; (35) Naricual; (36) Venado; (37)
Zent; (38) Uatsi; (39) Coahuila; (40) Sonora.
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Figure 3.13 Coal deposits of the Commonwealth of Independent States: Donbass Basin; Kuzbass Basin; Karaganda Basin; Pechora Basin; South Yakutsk Basin;
Ekibastuz Basin; Kansk-Achinsk Basin; Moscow Basin; Dnepr Basin; Neryungri; Lena Basin; Tunguska Basin; Turgay; West Kamchatka Area; Tajikistan; Georgia.
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Figure 3.14 Coal deposits of the Far East. (1) Bandar Seri Begawan; (2) Belait Basin; (3) Kalewa; (4)
Pakkoku; (5) Panlaung; (6) Henzada; (7) Heilung-kiang; (8) Kirin; (9) Liaoning; (10) Shen Fu-Dong Shen; (11)
Shanxi; (12) Hopeh; (13) Shantung; (14) Shaanxi; (15) Honan; (16) Anhwei; (17) Hupeh; (18) Hunan; (19)
Kweichow; (20) Yunnan-Guizhou; (21) Xinjiang-Uygur; (22) Bukit Asam; (23) Ombilin; (24) Bengkulu; (25)
Sangatta; (26) Berau; (27) Senakin-Tanah Grogot; (28) Tanjung; (29) South Java; (30) Central Java; (31)
South Sulawesi; (32) Bintuni; (33) Ishikari; (34) Kushiro; (35) Joban; (36) Omine; (37) Mogami; (38) Miyagi;
(39) Nishitagawa; (40) Miike; (41) Chikuho; (42) Pyongyang; (43) North Pyongyang; (44) Kowon-Muchon;
(45) Kyongsang; (46) Kilchu-Myongchon; (47) Anju; (48) Samcheog; (49) Jeongseon-Kangnung; (50)
Mungyeong; (51) Chungnam; (52) Boeun; (53) Kimpo-Yeongcheon; (54) Phongsaly; (55) Ventiane; (56)
Saravan; (57) Muongphan; (58) Silimpopon; (59) Bintulu; (60) Silantek; (61) Bukit Arang; (62) Baganur; (63)
Sharin Gol; (64) Nalayh; (65) Mogoyn Gol; (66) Achit Nuur; (67) Khartabagat; (68) Tavan Tolgoi; (69) Cagayan;
(70) Mindoro; (71) Semirara; (72) Catanduanes; (73) Cebu; (74) Zamboanga; (75) Gigaquit; (6) Bislig; (77)
Chilung; (78) Hsinchu; (79) Mae Moh-Li; (80) Mae Tun; (81) Nong Ya Plong; (82) Krabi; (83) Vaeng Haeng;
(84) Na Duang; (85) Nan Meo-Phan Me-Bo Ha; (86) Quang Yen; (87) Nong Son; (88) Huong Khe.
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Figure 3.15 Coal deposits of Australasia. Australia: (1) Collie Basin; (2) Fitzroy Basin; (3) Bowen Basin; (4)
Galilee Basin; (5) Cooper Basin; (6) Sydney Basin; (7) Brisbane Basin; (8) Gippsland Basin; (9) Ackaringa
Basin; (10) Tasmania. New Zealand: (1) Northland Coalfield; (2) Waikato Coalfields; (3) Taranaki Coalfields;
(4) Otago; (5) Southland; (6) Ohai; (7) Kaitangata; (8) Reefton; (9) Collingwood; (10) Buller; (11) Pike

River-Greymouth.

of economic interest. In Illinois, coal rank
increases from high-volatile bituminousC
coal in the central and northern areas, to
high-volatile bituminousB and A in west
Kentucky. Coals generally have a high sulfur
content of 3-7%, although low-sulfur coals are
present.

Coal seams range from 0.5 to 2.5 m in thick-
ness, and two seams, the Springfield and
Herrin Coals, are >1.5m and cover thou-
sands of square kilometres. These seams
have accounted for more than 90% of produc-
tion from this region. The western Interior
Province includes deposits in Iowa, Missouri,
Kansas, Oklahoma, Arkansas, and Texas and
is characterised by thinner (<1.5m) but lat-
erally extensive seams, mined exclusively by
opencast stripping.

The southernmost part, the Arkoma
Basin, has coals of higher rank, including
semi-anthracites with low sulfur contents.
Some of the low-sulfur coal has coking
properties.

The Northern Great Plains Province contains
coals of Cretaceous to Palacogene-Neogene
age. The chief coal-producing area is the

Powder River Basin, which lies in north-
ern Wyoming and south-eastern Montana.
Coals of Cretaceous age are present, but
the major coal development occurred in the
early Palaeogene-Neogene. Between 8 and 12
important coals averaging 6-30 m in thickness
are present in 600-900 m of sediments. These
are overlain by a further 300-600 m containing
up to eight major coal seams. Some bituminous
coals are present, but the main reserves are of
subbituminous coal and lignite. These coals
have assumed a greater significance in recent
years because of their low sulfur content. This
makes them attractive to users constrained by
environmental legislation.

Cretaceous coals also occur in northern
Montana, and these are bituminous in rank.

The Rocky Mountain Province contains
coal preserved in a series of intermontane
basins. In north-west Colorado and south-west
Wyoming occur the two principal structural
basins: the Green River Basin in the west
and the Great Divide Basin in the east. The
coal-bearing sediments range from late Creta-
ceous to early Palaeogene-Neogene in age and
are more than 900m in thickness, containing
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multiple bedded coal seams. In west central
Colorado and central Utah, the Piceance Basin
contains over 3000m of sediments of Late
Cretaceous to early Palaeogene-Neogene age.
In south-western Colorado and north-eastern
New Mexico, Late Cretaceous coals are present
in the San Juan Basin.

Most Cretaceous coal is bituminous and
subbituminous, and the Palaecogene-Neogene
coals are subbituminous and lignite. The
seams are thick, in the range 3.0-10.0 m. Some
are structurally affected, and some are ame-
liorated by igneous intrusives. In general, the
coals have low sulfur contents (<1%), with
some small areas of coal suitable for coking
purposes. The usual mining practice is by
opencast and contour stripping mines, with
some drift mining.

The Pacific Coast Province covers those
coal deposits found west of the Rocky
Mountains and those in Alaska. The coal
is Palaeogene-Neogene in age and is found in
small, widely scattered basins from California
in the south to Washington in the north. The
coal has been tectonised and metamorphosed.

In Alaska, numerous deposits of subbitu-
minous and high-volatile bituminous coal
have been identified. The Usibelli open-pit
mine contains low-sulfur subbituminous coal.
Indications are that the coal resources could
be up to 10% of the economically recoverable
coal in the world.

Finally, the Gulf Coastal Plain Province
contains lignites of Palaeogene-Neogene age.
The lignite is produced from large opencast
pits, where seams range from 1.0 to 7.5m in
thickness. Production has greatly increased in
the last 20 years and is primarily for electricity
generation.

3.4.2 Canada

Canada has very large coal resources and
contains all ranks from lignite to anthracite.
The largest coal-bearing region is located
in western Canada, stretching from south
Saskatchewan across Alberta into British

Columbia (Figure 3.8). The coals that under-
lie the plains are relatively undisturbed
Palaeogene-Neogene and Mesozoic (Late
Jurassic-Early Cretaceous) lignites and sub-
bituminous coals, whereas those occurring
in the mountains are Mesozoic high-volatile
to low-volatile bituminous coals. The Late
Jurassic-Early Cretaceous sediments are up to
2700 m in thickness in the mountainous region
of south-west Alberta and south-east British
Columbia; numerous coal seams are present,
of which 14 have been mined with thicknesses
of 2m in Alberta to 14 m in British Columbia.
Lower to Upper Cretaceous coals are present in
west-central Alberta and north-eastern British
Columbia, ranging from 2 to 13 m in thickness.
In the central Alberta Plains region, coals of
Late Cretaceous to Palaeogene-Neogene age
occur; these are subbituminous coals that
decrease in rank eastwards to Saskatchewan,
where they are preserved as lignites. The
majority of the western Canadian coals are low
in sulfur content.

In eastern Canada, Carboniferous coals
were mined in the Minto Coalfield, New
Brunswick, and in the Sydney Coalfield, Nova
Scotia (Figure 3.8). All are bituminous coals,
some with high sulfur contents and coking
properties. The Minto Coalfield supplied coal
for generating electricity from a single 0.5m
seam. The Sydney Coalfield is now restricted
to mining offshore, and again it supplies power
stations and some coking coal for export.

In northern Canada, coals are found in
the Yukon Territory and Northwest Territo-
ries. They are of the same age as the coals
described for western Canada, comprising
Mesozoic high-, medium-, and low-volatile
bituminous coals, often highly tectonised,
and Palaeogene-Neogene subbituminous
coals and lignites. The Mesozoic coals are
principally from the Yukon Territory, and
Palaeogene-Neogene coals are found in both
Yukon Territory and the Northwest Territories,
including the Canadian Arctic islands. Older
coals (Devonian) are known to occur in the
Arctic islands (Ricketts and Embry 1986).



3.4.3 Europe

Coal deposits of Palaeozoic (Carbonifer-
ous), Mesozoic, and Cenozoic (Palacogene-
Neogene) age are developed in a series of
basins that stretch from the UK in the west
to Georgia in the east. The full range of black
and brown coals is present, and all of the
most accessible deposits have been extensively
worked over the last 150 years.

Those European countries with recorded
coal deposits are listed alphabetically and
shown in Figure 3.9.

3.4.3.1 Albania

Albania has small isolated occurrences of
subbituminous coal and lignite scattered
throughout the country. They produce small
amounts of coal for local industrial use, chiefly
from Tirane, Memaliaj, and Korce-Pogradec.
The use of coal in thermal power plants is
planned.

3.4.3.2 Austria

In Austria there are a number of small
coal deposits; all are structurally complex.
They include anthracite and bituminous
coals, principally in the west of the country.
Palaeogene-Neogene lignite and subbitumi-
nous coal are present in the West Styria area.
Mining of lignite is on a small scale only, and
production of bituminous coal has ceased.

3.4.3.3 Belgium

Coal was mined in the provinces of Hainaut
and Liege. The coal ranges from anthracite
to low-volatile bituminous, with low sulfur
content, some of which is used as coking
coal. Seams may be up to 2.0 m thick and were
worked by underground methods. Smaller coal
deposits are known to the south, but mining
has long ceased because of thin seams and
difficult mining conditions.

3.4.3.4 Bosnia

Palaeogene-Neogene lignite intermontane
basins are present in several areas of Bosnia. In
the Sarajevo-Zenica area, subbituminous coal
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and lignite are present in large quantities. The
coals have high moisture and ash contents. In
the east of Bosnia, at Gacko, lignite seams are
up to 18 m, and in the Ugljevic area the seams
are up to 28 m in thickness. In west Bosnia,
seams of lignite up to 25m in thickness are
present in the Kongora area but are as yet
unmined, and a 7m lignite seam is currently
mined at Stanari. These lignites have variable
ash contents due to the presence of numerous
thin non-lignite partings, and sulfur contents
are around 1%. Current lignite production is
used for power generation.

3.4.3.5 Bulgaria

The most extensive coal deposits in Bulgaria
are brown coals of Palaeogene-Neogene age.
Most of the mining areas are situated in the
south-west and central parts of the country.
The principal producers are the opencast mines
at Chukurova, Pernik, Beli Breg, and Maritsa
East, with both underground and opencast
production from Bobov Dol mine complex and
Maritsa West reaching depths of 200 m. The
seams are thick, some over 20m, and have
undergone little structural disturbance. They
are often low grade with high sulfur content.
Lignite is currently used to provide up to 37%
of Bulgarian power generation.

High-rank bituminous coals are known from
the Dobrundza area in the north-east of the
country; here, the coals are deep and so far
have not been mined on a significant scale.

3.4.3.6 Czech Republic

The Czech Republic has numerous deposits of
black and brown coals spread widely across
the country. The chief black coalfield is that of
Ostrava-Karvina on the north-eastern border,
containing Upper Carboniferous strata that
represent a continuation of the Upper Silesian
Coalfield in Poland. The lower part of the
sequence varies between 1500 and 3000 m in
thickness and contains 170 coals with an aver-
age thickness of 0.7 m. The upper sequence is
1200 m thick with 90 coal seams of between 5
and 15m in thickness. The area is structurally
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complex. The coal produced is low-volatile
bituminous, some of which is strongly caking,
and anthracite. These coals usually have low
ash and sulfur contents. Other smaller bitumi-
nous coal deposits are found north and west of
Prague. All black coal is mined in underground
operations.

Palaeogene-Neogene lignites are located in
the north-west of the Czech Republic, in North
Bohemia (Most), western Bohemia (Sokolov),
and in southern Moravia (Hodonin) and have
been mined in all these areas. Seams are up to
30.0m in thickness, with low sulfur contents
and little structural disturbance. Underground
mining of brown coal has now ceased. Other
lignite deposits are present in the south of the
country but are not currently being exploited.

3.4.3.7 Denmark

Lower and Middle Jurassic coals are recorded
on the island of Bornholm, and Palaeogene-
Neogene lignites are found at Herning, but
they are no longer worked as reserves are
small.

3.4.3.8 France

In northern France, two large Carboniferous
basins, those of Lorraine and Nord et Pas de
Calais, contain high-volatile bituminous coal,
some suitable as coking coal. Seams are up to
2.0m thick and have been highly tectonised;
all have been mined by underground methods.
To the south lies the Carboniferous Cevennes
Basin, and other smaller scattered coal deposits
are known from western and south-western
France; all are structurally complex, and
mining has ceased in these areas.

The coalmining industry in France has now
virtually ceased, due to increasing production
costs and competition from other fuel sources.

Lignite has been mined in the Provence
district, where the seams are relatively undis-
turbed, to supply the local electricity industry.

3.4.3.9 Germany
The black coals of Germany are located in
the Carboniferous basins of Aachen, Ruhr,

and Saar, with small deposits present in the
south-east of the country.

The Aachen Basin produces high- and
low-volatile bituminous coal with low ash and
sulfur, some of which is coking coal, from
seams up to 1.5m in thickness.

The Ruhr basin contains 3000m of upper
Carboniferous sediments containing around
300 coal seams. The area has been subjected to
block faulting and folding, and the Ruhr basin
produces high-volatile bituminous coal with
low ash and sulfur and is a good coking coal.
Seam thicknesses range from 0.5 to 3.0m. A
northern extension of this area is the Lower
Saxony Coalfield, which produces low-volatile
anthracite.

The Saar Basin is less structurally disturbed
and produces bituminous coal from seams
0.5-2.0 m in thickness. This coal is not suitable
for coking purposes.

The brown coals of Germany are of
Palaeogene-Neogene age, and significant
deposits are found in three basins: the Rhen-
ish, the Halle Leipzig Borna (the central
German mining area), and Lower Lausitz (the
Lusatian mining area).

The Rhenish Basin is situated close to the
Ruhr; it contains thick seams (up to 90.0 m)
of lignite with low ash and sulfur contents.
The coalfield has suffered little structural
disturbance and is mined on a large scale by
opencast methods for use in the electricity
generation industry.

The Halle Leipzig Borna and Lower Lausitz
coalfields are situated in the east of the country.
Again, they contain thick seams of lignite that
has high volatiles, low ash, and sulfur contents
of 0.3-2.0%. Both areas are mined on a large
scale by opencast methods.

Germany is Europe’s largest lignite producer;
however, pressure from the use of renewables
and environmental considerations is likely to
cause a reduction in lignite production in the
years to come.

3.4.3.10 Georgia
Large reserves of Jurassic black coal are
present in the Tkibuli-Shaori and Tkvarcheli



coalfields in central and north-west Georgia.
This is currently mined underground at the
Mindeli Mine. In the south, the Akhaltsikhe
coalfield has large resources of brown coal that
are, as yet, undeveloped.

3.4.3.11 Greece

Lignite deposits occur widely across Greece
and is the second largest lignite producer in
Europe. Greece has no black coal reserves and,
consequently, imports such coal. The prin-
cipal deposits are late Palaecogene-Neogene
to Quaternary in age. The principal deposits
are situated in the north of Greece at Florina,
Amyndaeon, Ptolemais, and Elassona. To the
south occurs the Megalopolis deposit, and to
the north-east is the Drama lignite field. The
number and thickness of the lignite seams
varies both between and within individual
deposits. The Ptolemais basin contains one
major thick lignite seam that is 60 m in thick-
ness; and in Amyndaeon and Megalopolis,
lignite seams are up to 30.0m thick. The lig-
nite is generally of poor quality due to the
presence of numerous non-lignite interbeds.
Although the ash and sulfur contents can vary
greatly, the current mining areas produce lig-
nite with typically 15-20% ash and sulfur <1%.
All is surface mined; chiefly for electricity
generation.

3.4.3.12 Greenland

Although geographically separate from
Europe, Greenland is included here for conve-
nience. Coal occurrences have been reported
from several areas in Greenland. Middle Juras-
sic coals are recorded on the north-east coast
of Greenland. The most significant are the sub-
bituminous coals with low sulfur contents that
are found on the coast at Disko and Nugssuag.

3.4.3.13 Holland

Coal-bearing Carboniferous sequences are
known at depth beneath younger sedi-
ments; however, seams are thought to be
thin. No coalmining is presently carried out in
Holland.
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3.4.3.14 Hungary

Black coal has been mined in the south-west
of Hungary, in the area around Mecsek. Here,
coals of Mesozoic age are present in a struc-
turally complex area, strongly folded and
faulted, with associated igneous intrusives.
Seams are steeply dipping but can be thick
locally (>5.0m). The coal is weakly caking
bituminous with high ash and sulfur contents.
The area is a well-established coalfield, min-
ing in difficult conditions; but mining has
declined in recent years. The opencast mine at
Nagymanyok is currently being investigated to
produce bituminous coal.

Brown coal deposits of Mesozoic and
Palaeogene-Neogene age are found in a
north-east-south-west belt of country in the
north of Hungary. Lignite has been mined at
Oroszlany, Tatabanya Dorog, and the mines at
Visonta-Bukkabrany are operating on a small
scale. The coals are mined by underground
and opencast methods, with ash and sulfur
contents of 20% and 1% respectively. All is
utilised as fuel for local power plants.

3.4.3.15 lIreland

The coal deposits of Ireland are all of Car-
boniferous age. Four main coal-bearing areas
have been mined, at Leinster, Kanturk, and
Slieveardagh in the south and at Connaught
in the north-west. The coal is anthracite with
variable sulfur contents in the south, and it
is medium-volatile bituminous coal in the
north-west. Coal has been mined on a small
scale from thin seams.

3.4.3.16 Iltaly
Carboniferous coals are present in the struc-
turally complex areas of the Alps and Sardinia.
Palaeogene-Neogene lignites and subbi-
tuminous coals are found in the Apennines
and Sardinia. The latter coalfield at Sulcis has
subbituminous coal as a result of volcanic
amelioration. Mining is on a very small scale.

3.4.3.17 Kosovo
Kosovo has large lignite resources situated
in three areas: the Kosovo, Dukagjin, and
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Drenica Basins. The coals are of Pliocene age,
and seam average thickness is 40 m; mining
has concentrated in the Kosovo Basin, with the
Sibovc mining area being targeted for future
development.

3.4.3.18 Montenegro

The Republic of Montenegro has the Pljevlja
opencast mine providing lignite from one thick
seam to the local power plant.

3.4.3.19 Poland

Poland has large reserves of coal and a
long-established coalmining industry. Black
coal in Poland is centred around three coal-
fields: Upper Silesia, Lower Silesia, and Lublin.
These areas represent large basins containing
Carboniferous sediments that have undergone
varying degrees of structural disturbance.

The Upper Silesian Basin contains a thick
sequence of upper Carboniferous sediments,
up to 8500 m. The lower part of the sequence
contains 250 coal seams and the upper part
has 60 coal seams, with the thicker seams
reaching 6-7 m. The basin is highly tectonised,
so that mining operations are complicated by
large-scale faulting and folding. Coal rank is
also affected by igneous intrusions of Permian,
Triassic, and Miocene age. The coal is primar-
ily high-volatile bituminous, with low ash and
sulfur contents. The coals have caking and
coking properties in the far south of Poland.
These are a major export commodity.

The Lower Silesian Coalfield is a much
smaller area containing thinner seams that are
highly tectonised. The remaining reserves are
deep, but have been an important supplier of
coking coal. Mining operations have ceased in
this area.

The Lublin Coalfield, only discovered rel-
atively recently, is a very large area with
potentially enormous reserves. The seams
appear to be less structurally disturbed than
in the Silesian coalfields. Lublin has bitumi-
nous coals with low ash and sulfur contents
together with strong coking properties. The
sequence of productive coal seams lies at

depths of up to 700m, requiring the devel-
opment of underground coalmining. The
Bogdanka underground mine is currently the
only working mine in the Lublin Coalfield.

Palaecogene-Neogene lignite basins are
present in central and south-western Poland,
many of which are fault bounded. Production
is centred on four areas; namely, Adamov,
Belchatow, Konin, and Turow. Lignite thick-
ness ranges from 5m to over 70 m; ash and
sulfur contents are low in the thicker lignites,
which are mined to supply local power plants.
Poland is the third largest European producer
of lignite.

3.4.3.20 Portugal
Anthracite of Carboniferous age is present
in the north-west of the country, but it is not
extensively worked. At Cabo Mondego, bitumi-
nous coal, high in ash and sulfur, is produced
on a small scale.

A number of basins contain lignite; in partic-
ular, that at Rio Maior is a small producer.

3.4.3.21 Romania

The Palaeogene-Neogene lignite reserves of
Romania lie in a series of deposits aligned
east-west in the south of the country. The
principal deposit is at Oltenia, where up to
75% of production is obtained, mining seams
up to 30m in thickness by both opencast
and underground methods. Other deposits at
Berbesti and Ploiesti are also exploited. The
lignite is high in ash and sulfur content and
is used exclusively for electricity generation,
providing 25% of Romania’s power.

Higher rank Palaeozoic coal is present at
Banat in south-west Romania, and in the Jiu
Valley, where four remaining underground
mines supply thermal coal to local power
plants.

3.4.3.22 Serbia

Serbia, in common with many other European
countries, has black coal of Palaeozoic (Car-
boniferous) and Mesozoic ages, preserved in
the older structurally complex regions of the



country, and Palaeogene-Neogene brown coals
that are not affected structurally. The latter are
more extensive than the older deposits.

The black coal deposits occur in the
south-east of the country; most are subbi-
tuminous to low-volatile bituminous coal with
relatively high sulfur contents. The majority of
the underground workings have now closed.

Serbia has large proved deposits of lignite,
and current production is surface mined at
Kolubara, Kostolac, and Kovin, all providing
fuel for electricity generation. The Kostolac
Basin has 45m of lignite in three seams, and
the Kolubara basin has three lignite seams
totalling 18-45 m. These lignites have low ash
and sulfur contents.

3.4.3.23 Spain

The principal black coal basin is that in the
Leon region in the north of the country. The
Nalon Valley and Leon-Palencia areas con-
tain low--volatile bituminous coals with low
sulfur contents, some of which are usable as
coking coal. Seam thicknesses are up to 1.5m,
and the area is structurally complex. In the
Astur-Leonese Basin in the region of Castilla y
Leon, anthracite with high calorific values and
low volatiles are mined on a small scale.

In the south of Spain, south-west of Puertol-
lano, low-volatile bituminous coals are found,
and Spanish brown coals are located at Teruel,
where shallow lignites of Cretaceous age are
mined for power generation.

The major lignite production comes from
the Puentes de Garcia Rodriguez and Meirama
areas in the north-west of the country. Up
to 17 lignite seams are exploited in opencast
mines to depths of 170 m; the lignite is high in
sulfur and is used for local electricity needs.
Other lignite deposits are present at Calaf and
Mequinenza in the north-east, and Arenas del
Rey in the extreme south of Spain. These are
also used for local electricity requirements.

3.4.3.24 Spitzbergen
Carboniferous and Palacogene-Neogene coals
are present on the western side of the island. At
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Longyearbyen and Svea underground mines,
high-volatile bituminous coal with low sulfur
is mined in seams up to 5.0 m in thickness.

3.4.3.25 Sweden

Thin Triassic (Rhaetian) coals have been
recorded and studied in the HOgands Basin,
southern Sweden, but are not of commercial
significance.

3.4.3.26 Turkey

Turkey has considerable reserves of Carbonif-
erous black coal and Palaeogene-Neogene
brown coal. The principal black coal deposit
is the Zonguldak Coalfield on the northern
coast, where numerous seams ranging from
0.7 to 10.0m are present. The coal is bitumi-
nous with low ash and sulfur contents and is
suitable for use as a coking coal. The coalfield
is structurally complex, and mining is heavily
subsidised.

Palaecogene-Neogene lignite basins are
present across west and central Turkey.
Older Eocene lignites are found in the north,
with seams up to 6m in thickness. Younger
Oligocene and Miocene lignites occur in the
north-west and west of the country respec-
tively. The Oligocene is characterised by
numerous thin seams, whereas the Miocene
lignites form the larger deposits with seams up
to 25m in thickness in the Alpagut-Dodurga
basin and in the Turgut coalfield in south-west
Turkey. In central and eastern Turkey, Pliocene
deposits contain large lignite resources, with
one or two seams averaging 40m in thick-
The largest opencast operation at
Afsin-Elbistan mines a seam 5-58m thick.
The older lignites have a higher heating value
together with high sulfur contents, and the
youngest lignites have high ash and moisture
values. Current and future use of lignite is
planned for electricity generation

ness.

3.4.3.27 United Kingdom

In the UK, a series of coal-bearing basins is
distributed throughout the country. The coals
are of Carboniferous age and are principally
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bituminous with some anthracite, notably in
South Wales.

The principal areas are those of Scot-
land, North-east England, the Yorkshire-
Nottinghamshire region, the Lancashire-North
Wales region, the East and West Midlands,
South Wales, and Kent. Virtually all of the
underground mining in the UK has now
disappeared and been replaced by opencast
operations.

The Yorkshire-Nottinghamshire region has
been the most important coal-producing area
in the UK, supplying coal for electricity gener-
ation and coking coal to industry. The region
is less structurally affected than other areas
and has a long coalmining history. The north
Nottinghamshire area together with the South
Yorkshire area produce high-volatile bitumi-
nous coal, some of which is strongly caking.
This coal is used chiefly for the electricity
generating industry, and declining amounts
for the steel-making industry.

The Lancashire-North Wales region in the
past has produced high-volatile bituminous
coal with low sulfur content. Owing to exten-
sive working and difficult mining conditions,
mining in the region has now ceased.

In North-east England, bituminous coals
suitable for coking purposes are produced in
opencast operations.

The East and West Midlands contain four
coalmining areas, North and South Stafford-
shire, Warwickshire, and Leicestershire. The
region has produced high-volatile bituminous
coal for electricity generation. Warwickshire
currently produces from the Warwickshire
Thick Seam, which can be up to 8.0m in
thickness, and is used for power generation.

In Scotland, high-volatile bituminous coals
with low sulfur are opencast mined. This area
has been extensively mined in the past.

South Wales, once the principal coalfield in
the UK, still produces bituminous coal and
anthracite with low sulfur contents; seams are
usually between 1.0 and 3.5m. Underground
mining conditions are difficult and expensive;
currently, only one small underground mine

is in operation. The bulk of production comes
from two opencast mines in the coal outcrop
areas.

Kent, in the south-east of the UK, has a small
coalfield that contains high-quality bituminous
and anthracite coal, but it is no longer a pro-
ducer.

Palaeogene-Neogene lignites are found in
south-west England and in Northern Ireland.
In Northern Ireland, lignite deposits have been
identified for future use in local power stations.

3.4.4 Africa

Black coal occurs in Africa first in those
deposits of Carboniferous age found on the
northern coast, in Morocco in the west and
Egypt in the east, and second, and more
importantly, in the widespread Karoo deposits
of late Carboniferous-Permian age that are
found throughout central and southern Africa
(Haughton 1969). The Karoo sequences were
deposited on the Gondwana supercontinent,
which split apart in the Mesozoic Era; hence
the similarities of African Gondwana coals
with those of India and South America.

Brown coals of Palaeogene-Neogene age are
present, but in Africa it is the black coals that
are of prime interest. The principal coal occur-
rences are shown in Figure 3.10.

3.44.1 Angola

Lignites of Palacogene-Neogene age have been
identified in Angola. These are in the east,
around the headwaters of the Lungue-Bungo
River, where seams of lignite up to 2.5m
have been recorded, and in the west around
Luanda, where lignites are present in the
Palaecogene-Neogene coastal sediments. None
of these deposits have been worked.

3.4.4.2 Botswana

Botswana has large reserves of black coal of
Karoo age. These coal deposits extend from
north to south along the eastern edge of
the country. The more important coalfields
are those of Morupule and Mmamabula. At



Morupule, seams up to 9.5, 4.5, and 2.0m in
thickness are present. At Mmamabula, seam
thicknesses average 2.8, 5.4, and 2.0m. In
both these coalfields, the coals are relatively
undisturbed and contain bituminous coal with
a high ash and sulfur content; these coals have
no coking properties.

Other smaller coalfields are present in close
proximity to Morupule and Mmamabula.

Botswana has the potential to be a significant
coal producer, but at the present time it is geo-
graphically disadvantaged to be a coal exporter.

3.4.4.3 Cameroon

In the Bamenda district, lignites are found
interbedded with lava flows. They are of
Cretaceous— Palaeogene-Neogene age, and
locally can be up to 6.0 m in thickness, but they
are undeveloped.

3.4.4.4 Egypt

Carboniferous coal is present in the Sinai
Peninsula. Coals are of bituminous and sub-
bituminous rank. Coal has been produced
from workings at Al Maghara, at which future
development is to be considered.

3.4.4.5 Ethiopia

Palaeogene-Neogene brown coals are known
from many localities on the Ethiopian Plateau,
beds are up to 15.0m, and range from lignite
to subbituminous coal. They have high ash
and low sulfur content. Principal localities are
Chelga, Wuchalle, and Dobre-Brehan.

3.4.4.6 Malagasy Republic
Black coal is present in the Karoo sediments on
the western side of the island, where they over-
lie the Precambrian basement. At the southern
end of the Karoo outcrop, five coal-bearing
areas have been identified.

The northernmost area is the Imaloto Coal-
field, which contains seams averaging 1.0 m in
thickness. The coal is medium-volatile bitu-
minous with high ash and some high sulfur
contents. The Vohibory and Ianapera coalfields
have seams up to 2.3 m and 0.6 m respectively;
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both areas are structurally complex. The Sakoa
Coalfield is the best-known area, with seams
of 3.0 and 7.0m in thickness. The coals are
high-volatile bituminous with high ash and
low sulfur contents; they are non-coking. The
Sakamena Coalfield is similar to Sakoa except
that the seams are thinner.

Lignite deposits of Palacogene-Neogene age
are present in the region of Antanifotsy and are
thought to cover a large area.

3.4.4.7 Malawi

In Malawi, a series of separate basins con-
tain coal-bearing Karoo sediments; these are
located in the extreme north and south of the
country.

The main coalfields are those of Livingstonia,
Ngana, and North Rukuru, with small deposits
at Lengwe and Mwabvi in the south.

The Livingstonia Coalfield contains seams
1.0-2.0m in thickness, which are mined to
supply fuel to local industry.

At Ngana, one seam is up to 15.0 m in thick-
ness, but seams usually average around 1.0 m,
and they show rapid vertical and lateral varia-
tions in thickness. The southern coalfields have
thin seams and are not well developed.

Malawian coals are subbituminous to
high-volatile bituminous with high ash and
low sulfur contents.

3.4.4.8 Mali

Upper Cretaceous and Palacogene-Neogene
brown coals are recorded from the Mali-Niger
Basin in the south-eastern part of the country,
around Bourem. Seams are thought to reach
2.0m in thickness, and they have moisture
values of 24% and ash values of 21%.

3.4.4.9 Morocco

Carboniferous black coals are found in the
north-east of Morocco, at Jerada, and have
been identified at depth beneath younger
sediments at Ezzhiliga and Tindouf-Draa.

At Jerada, four seams of up to 0.7 m in thick-
ness are mined. They are structurally unaf-
fected, and the coal is low-volatile anthracite
with low ash and high sulfur contents.
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Lignites have been identified at Meknes-Fez
in northern Morocco.

3.4.4.10 Mozambique

Karoo sediments are preserved in a series
of basins in the Precambrian basement. The
coal-bearing Karoo outcrop is a long strip
running eastward from the southern tip of
Lake Malawi. Four coalfields have been identi-
fied; of these, the Moatize deposit is the most
important.

At Moatize, seams range from 0.4 to 4.0 m in
thickness; structurally, the coalfield is heavily
faulted. Both coking and thermal coals are
produced, and the coal is low-volatile bitumi-
nous, with high ash and low sulfur contents,
chiefly for export. The coal deposits at Mmam-
bansavu, Chiomo, and Itule are as yet little
known.

3.4.4.11 Namibia

The eastern half of Namibia is covered by
post-Karoo sediments of the Kalahari Group.
It is possible that Karoo sediments underlie a
portion of this area and may contain coals of
similar aspect to those found in Botswana.

3.4.4.12 Niger
The Mali-Niger Basin contains coals of late
Cretaceous to Palaeogene-Neogene age. Little
information is known but these coals may be
worked locally.

3.4.4.13 Nigeria

Coal-bearing sediments of Cretaceous and
Palaeogene-Neogene age overlie Precambrian
basement in the south-eastern part of Nigeria.
These sediments dip to the west, where they
are overlain by floodplain deposits of the River
Niger.

The Nigerian Coalfield is divided into sev-
eral mining areas: the Enugu, Ezimo, Orukpa,
Okaba, and Ogboyoga coalfields. Seams range
from less than 1.0m to 3.0m, and all the
coalfields are affected by faulting and gen-
tle folding. Coals from these coalfields are
high-volatile subbituminous with high ash and

low sulfur contents. Similar coal is reported
from the Lafia area situated to the north of
the Enugu Coalfields; here, the coal is sim-
ilar but has a higher sulfur content. After a
period of decline, there is current interest in
Nigerian coal.

Palaeogene-Neogene lignites are found in
the Asaba region, close to the River Niger;
seams are 3.0-7.0m in thickness. They are
high-volatile, high-ash lignite with low sulfur
content.

3.4.4.14 South Africa

The coal deposits of South Africa are found
in a series of basins situated in the north
and east of the country. The Karoo Sys-
tem contains coal-bearing sediments of
Carboniferous-Permian (Gondwana) age.

The main Karoo basin extends for 200 km
from Free State Province in the west to south
and east Mpumalanga Province (formerly
Transvaal), and for 400 km from Mpumalanga
in the north to Kwazulu-Natal in the south.
The Karoo sequence was deposited directly
onto basement, and the coal seams are shal-
low and almost horizontal. They have been
affected by numerous igneous intrusions that
have produced a great variation in rank, often
very localised. The western area consists of the
Vereeniging-Sasolberg and South Rand coal-
fields, which contain coals 10-25 m thick. The
northern area comprises the Witbank, Eastern
Mpumalanga (formerly Eastern Transvaal) and
Highveld coalfields, where up to five seams
are present; two of these, up to 10m thick,
are worked. The southern Kwazulu-Natal
area includes the Vryheid and Utrecht coal-
fields, again with five seams, of which two are
worked, together with the Kliprivier Coalfield,
which has two coal seams with a thickness
of up to 15m. The basin as a whole produces
high-volatile bituminous coal, with high ash
and variable sulfur contents; some of the coal
is weakly caking, for electricity generation,
and to produce liquid fuel. The majority of the
mines are underground operations, and the
region is a major exporter of steam coals. In



eastern Mpumalanga and Natal, anthracite is
also produced.

In Cape Province, the Molteno-Indwe Coal-
field has coals that are of lower rank than those
to the north-east.

Other coalfield basins in the north-east of
the country are less developed. Of these, the
Waterberg Coalfield, on the Botswana border,
and the Springbok Flats area appear to have
future potential. The Limpopo and Lebombo
coalfields have bituminous coals with high ash
contents. South Africa’s coals are generally
low in sulfur but high in ash. Beneficiation is
essential for export-quality coal. Lower quality
coal is used for the local power generation
market.

3.4.4.15 Swaziland

Coal-bearing Karoo sediments are located on
the eastern side of the country. The seams are
thicker in the north and are flat lying; some
have been ameliorated by dolerite intrusions.
The Mhlume Coalfield, in central Swaziland,
produces anthracite on a small scale. Coal is
also known from the Maloma area in the south
of the country.

3.4.4.16 Tanzania

There are eight coalfields in Tanzania,
the coal-bearing sediments are preserved
in depressions in the Precambrian base-
ment; all the coalfields are located in the
south-west of the country. The Ruhuhu
Coalfields have been known for a century
but have never been fully developed. These
include the Ketewaka-Mchuchuma, Ngaka,
Songwe-Kiwira, Galula, Njuga, and Ufipa
coalfields. Mines at Kiwira and Mchuchuma
are being developed. In these coalfields, coals
occur in two zones, with the lower one con-
taining the better coals; seams can be as thick
as 7.0 m, but this is exceptional. Coals are high-
to low-volatile bituminous with high ash and
low sulfur contents.

3.4.4.17 Zaire
Small, separate basins of coal-bearing Karoo
sediments occur in the south-east of the
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country at Luena and Lukuga. Seams are up
to 2.0m in thickness and are disrupted by
faulting. The coals are bituminous with high
ash contents and are used locally for electricity
generation.

3.4.4.18 Zambia

Karoo sediments are preserved in depressions
in the Precambrian basement. A series of such
basins is present in the east and south-east of
the country — namely the Luangwa, Luano, and
Maamba areas — and also in the west-central
district around Kahare.

The Luangwa coals are up to 1.6m thick,
and are high-volatile bituminous high-ash
coal. The Luano area has fairly thin seams
that are high-volatile bituminous, with high
ash content; some coal has coking proper-
ties. The Maamba area in the south-east has
seams 2.0-3.0m in thickness, and is high
volatile bituminous with high ash content.
The Maamba area currently has two operating
mines which produce most of Zambia’s coal.

At Kahare, coals are preserved beneath
younger sediments, coal quality is similar to
other Zambian coals, this area has not yet been
fully investigated.

3.4.4.19 Zimbabwe

The Karoo sequence in Zimbabwe is preserved
in the Zambezi basin in the north-west and
the Limpopo basin in the south-east. The
north-west includes the coalfield districts of
Wankie and Lubimbi, with Sessami-Kaonga
to the east of these. In these coalfields, the
coal is the Wankie Main seam, a medium- to
high-volatile bituminous coal, comprising a
lower coking coal up to 4.0 m in thickness and
an upper steam coal up to 8.0 m, all generally
with low sulfur contents. Hwange Colliery
Company is the biggest producer, with a
number of new mining companies becoming
interested.

In the southern coalfields of Bubye and
Tuli, the coals have variable qualities. Some
low-sulfur coking coal has been identified in
the Tuli Coalfield.
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3.4.5 The Indian Subcontinent

The area delineated the Indian subcontinent
extends from Iran in the west to Bangladesh
in the east. Black coals are of Palaeozoic
(Carboniferous-Permian), Mesozoic, and
Cenozoic age, Brown coals are of Cenozoic
age.

Palaeozoic Gondwana coals are found in
India, Pakistan, and Bangladesh; Mesozoic
coals are present in Afghanistan, India, Pak-
istan, and Iran; and Cenozoic coals are found
in all the countries listed in this region. For
distribution, see Figure 3.11.

3.4.5.1 Afghanistan

Mesozoic (Jurassic) black coals are present in
the northern mountainous regions of Takhar
and Badakhshan. The coal is relatively undis-
turbed, with seams up to 1.5m in thickness.
The coal is bituminous with low ash and sul-
fur contents, with coking properties. Coal is
mined at Herat in the west and at several other
sites in the north. All are small operations and
produce for the local market only.

3.4.5.2 Bangladesh

Gondwana coals are found at depth, concealed
beneath Palaeogene-Neogene sediments in
north-western and eastern Bangladesh. The
Gondwana sediments represent the infilling
of depressions in the underlying crystalline
basement. These basins have been faulted
at the margins, resulting in gently dip-
ping coal seams being preserved in graben
structures.

In the north-west, the concealed coal basins
of Barapukuria, Khalaspir, and Jamalganj
contain numerous seams ranging in thickness
from less than 1.0 m to 20.0 m and 30.0 m. The
coals are medium- to high-volatile bitumi-
nous, with high ash and low sulfur contents.
The Barapukuria Basin produces coal from
Dinajpur, Phulbari, and Khalashpur.

In the east of Bangladesh, lower rank coal is
located at Sylhet; the coal is subbituminous and
lignite.

3.4.5.3 India
In India, coal resources are of Palaeozoic
(Gondwana) and Cenozoic (Palaecogene-
Neogene) age.

About 98% of India’s coal reserves are of
Gondwana coal, which also accounts for 95%
of production, chiefly for electricity generation
and the metallurgical industries. The Gond-
wana coals are present in over 14 separate
basins centred in the north-eastern and central
eastern parts of peninsular India.

Palaecogene-Neogene brown coals are
present in the north-eastern and north-western
parts of the country, together with an impor-
tant lignite deposit in the south at Neyveli.

The principal coalfields containing Gond-
wana coals are those of Raniganj in West
Bengal State, Ramgarh, Jharia, Karanpura, and
Bokaro in Bihar State, Singrauli, Bisrampur,
Pench-Kanhan, and Tawa Valley in Madhya
Pradesh, Kamptee, Bandar, and Wardha Val-
ley in Maharastra State, Ib river and Talcher
coalfields in Orissa, and Godavari in Andhra
Pradesh. In addition, numerous other fields
in the same region are producing coal. Seams
in these coalfields range in thickness from 1.0
to 30.0 m, with an exceptionally thick seam of
134.0 m discovered in the Singrauli Coalfield.
The coalfields have been faulted but otherwise
are not highly tectonised. Coals range from
high- to low-volatile bituminous with high ash
and variable sulfur contents. In the Jharia and
Raniganj coalfields, good-quality coking coals
are produced.

The Palaeogene-Neogene coals are highly
disturbed tectonically and are located in the
mountainous regions of north-east India.
In the Makum Coalfield in Assam, seams
are lens-shaped, in places reaching thick-
nesses of 33.0m. Coals are subbituminous
to high-volatile bituminous with high sulfur
contents.

In southern India, in the state of Tamil
Nadu, Palaeogene-Neogene lignites are found
in Neyveli, the thickest seam being up to 20.0 m
in thickness. Here, the lignite is low volatile,
with low ash and sulfur content. Lignite is



now also being mined in the north-western
states of Gujarat and Rajasthan. All these areas
will increase in importance as the demand for
electricity generation increases.

Although India’s coal reserves cover all ranks
of coal from lignite to bituminous, they tend
to have high ash content and a low calorific
value. This prevents India from being a major
exporter of coal.

3.4.5.4 Iran

The black coal deposits of Iran are Meso-
zoic (Jurassic) in age, with some lignites of
Palaeogene-Neogene age. The Jurassic coals
are bituminous with high ash and sulfur con-
tents, and they have coking properties. All
are strongly tectonised, with seam thicknesses
ranging from 1.0 to 4.0m. The coal supplies
local needs and the metallurgical industry.
Principal coalfields are located at Golestan and
Mazandaram provinces in the north and at
Kerman in central Iran. Lignites are found in
north-west Iran but are not worked.

3.4.5.5 Pakistan

All the principal coalfields in Pakistan are of
Palaeogene-Neogene age, although Palaeozoic
and Mesozoic coals are present. The coalfields
of economic importance are situated in three
distinct coal regions: Sindh, Quetta-Kalat, and
Salt Range-Makerwal. Most of these coalfields
have been structurally disturbed.

The central part of Sindh province contains
the coalfields of Lakhra, Sonda-Thatta, and
Meting-Shimpir. Seams are up to 2.0m in
thickness, and the coal is subbituminous,
noncoking with high sulfur content.

In eastern Sindh province, the Thar Coal-
field covers an area of 9000km?. Miocene
lignites are low in sulfur and can be in excess
of 30m in thickness. This coalfield is targeted
to provide fuel for electricity generation and
industrial use.

The Quetta-Kalat province contains the
coalfields of Sor Range-Daghari, Khost
Sharig-Harnai, and Duki-Chamalang. Again,
the coal is subbituminous with high ash and
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sulfur contents. The Salt Range-Makerwal
province comprises the coalfields of eastern,
central, and western Salt Range, together
with the Makerwal Coalfield to the west of
these. Coals are subbituminous, with high
ash and sulfur contents. Overall production is
small, the coal being used chiefly for electricity
generation.

3.4.6 Central and South America

Coal deposits are distributed throughout
Central and South America and make up a sig-
nificant proportion of world reserves of black
coal. The majority of coals are of Cenozoic
(Palaecogene-Neogene) age. Coals of Palaeo-
zoic (Gondwana) age are present in eastern
South America, in Brazil and Uruguay, and
Mesozoic coals are found in discrete deposits
throughout the region (see Figure 3.12).

3.4.6.1 Argentina

The coal deposits of Argentina are preserved
in a series of basins in the Andean Cordillera
and pre-Cordillera and in Austral Patagonia.
Coals are of Carboniferous-Triassic, Jurassic,
and Palaeogene-Neogene ages. Of these, the
Palaeogene-Neogene coals are the principal
deposits of economic interest.

Coals of Carboniferous and Permo-Triassic
age are found in the La Rioja-San Juan region.
They consist of thin discontinuous seams less
than 1.0m thick and highly tectonised. Coals
are low- to medium-volatile bituminous with
some anthracites at Mendoza. Jurassic coals
are found south of San Juan in the Neuquen
region, preserved in a series of small basins.
Seams are thin, normally less than 1.0m
thick, and are medium-volatile bituminous at
Neuquen.

Palaeogene-Neogene coal-bearing sedi-
ments are preserved in a large basin that
extends from Pico Quemado in the north to
Tierra del Fuego in the south. At Pico Que-
mado, coal seams 1.0-2.0m in thickness are
high-volatile bituminous with coking prop-
erties, their high rank possibly being due to
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a locally high geothermal gradient related to
magmatic phenomena. In the southern part of
the basin around Rio Turbio, two coal zones
contain seams up to 2.0m in thickness. They
are subbituminous to bituminous with no cok-
ing properties. All the Palaecogene-Neogene
coals have low sulfur contents and are suitable
for the electricity generating industry and, in
the case of the Pico Quemado coal, can be used
in the metallurgical industry.

3.4.6.2 Bolivia

Two types of coal are known from Bolivia:
anthracite of Permian age and lignites of
Palaeogene-Neogene age.

Anthracite is located on the Copacabana
Peninsula and on the Isla del Sol, Lake Titi-
caca. Seams are in the form of coal lenses or
very thin beds of anthracite with low sulfur
content. The Palaecogene-Neogene lignites
are found in the Tarija basin, where seams
are thin, under 1.0 m, and have a high sulfur
content (6-8%).

3.4.6.3 Brazil

Brazil has five coal-bearing regions that may
have potential: the Upper Amazon, the Rio
Fresco, Tocantins—-Araguaia, Western Piaui,
and Southern Brazil. Only the Southern Brazil
region is currently considered prospective.

The Amazon region contains lignites of
Palaecogene-Neogene age; seams are thin (less
than 1.5m) with high ash and sulfur contents.
The Rio Fresco region contains thin seams of
anthracite with very high ash contents (40%);
seams up to 1.7 m have been reported.

The Tocantins—Araguaia region has very thin
coals of Carboniferous age and is not consid-
ered of economic importance.

The Western Piaui region also contains Car-
boniferous coals, which are thin and not signif-
icant.

The principal Brazilian coal deposits are
situated in the Southern Brazil region. They
are of Carboniferous-Permian (Gondwana)
age and are exposed in a lenticular belt that
runs from the states of Parana in the north

through Santa Catarina to Rio Grande do Sul
in the south. The Rio Grande do Sul Coal-
field contains numerous seams up to 3.0m in
thickness; the Santa Catarina region contains
10 coal seams, of which the thickest is 2.2 m.
In Parana, seams are usually less than 1.0m
thick. The coals are high-volatile bituminous
with high ash contents. At Candiota in Rio
Grande do Sul a 5m seam is mined; the coal
has a high ash content (50%) and a sulfur
content of 1%. Santa Catarina and Parana
have coals with high sulfur values (3-10%),
and in the Parana area the coals become
low-volatile bituminous-semi-anthracite due
to the intrusion of dolerite dykes into the
coals. Some Santa Catarina coals have some
coking properties, but the bulk of Southern
Brazilian coal is mined as a thermal coal
product.

Some lignites are present in the Sao
Paolo region but their economic potential
is unknown.

3.4.6.4 Chile

There are four areas of coal-bearing sedi-
ments in Chile; these are, from north to south,
the Copiapo region, the Arauco region, the
Valdivia region, and the Magallanes region.

The Copiapo coals are of Mesozoic (Rhaetic)
age; they are strongly folded, with seams occur-
ring as thin lenses of anthracite with high ash
and variable sulfur contents.

The Arauco region lies on the Chilean
coast just south of Concepcién, and the coal
field extends offshore to a distance of 7km.
Dips are steep and faulting common. Seams
are of Palaeogene-Neogene age and aver-
age 1.0-1.5m in thickness; the coals are
high-volatile bituminous with low ash and
variable sulfur contents, and they have poor
coking properties. Coals of the Valdivia region
are concealed beneath younger sediments.
Seams reach 3.0m in thickness and are sub-
bituminous with low sulfur contents. These
coals are used for local purposes.

The Magallanes region forms part of a
large sedimentary basin in which over 3800 m



of Late Cretaceous- Palaeogene-Neogene
sediments are preserved. Coal seams up to
7.0m are present, and upwards of 12 coal
seams have been identified. All the coals are
high-volatile subbituminous, non-coking with
low ash and sulfur contents. This large coal
deposit is geographically remote but is a large
resource and may be of future importance.

3.4.6.5 Colombia

Coal deposits of Mesozoic (Cretaceous) and
Palaeogene-Neogene age are found in numer-
ous localities in the northern half of Colombia.
All have been highly tectonised, and coals
range from lignite to anthracite. Cretaceous
coals are found just north of Bogota, in the
Cundinamarca-Santander region. In this area
the coals are bituminous with low ash and sul-
fur contents, strongly coking, and are suitable
for coke production. Palacogene-Neogene coal
deposits are located north of Santander on the
Venezuelan border, in the extreme north of
Colombia at El Cerrejon, around Cordoba on
the north coast, and at Valle del Cauca in the
west of Colombia. These coalfields produce
non-coking, high-volatile bituminous coal
with generally low ash and sulfur contents.
It is ideally suited for use in the electricity
generating industry.

The deposit at El Cerrejon is one of the
most important in South America. Coals dip
gently eastwards, and more than 40 seams
are greater than 1.0m in thickness, locally
reaching 26.0 m. Because of the high quality
of these coals, El Cerrejon is now a significant
exporter of thermal coal.

3.4.6.6 Costa Rica

Costa Rica contains deposits of Palaecogene-
Neogene coals and lignites. Individual seams
are up to 1.0m in thickness. Locally, the
subbituminous coals and lignites have been
ameliorated by igneous intrusions. Sulfur
contents range from 1.0% to 4.0%. The three
principal coal deposits are at Uatsi and Zent
on the south-east coast, and at Venado in the
north of Costa Rica.
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Areally extensive peat deposits (up to 2.0m
thick) are present in the Talamanca Cordillera
and may represent a large resource for future
development.

3.4.6.7 Ecuador

Small lignite deposits are present in the
Palaecogene-Neogene sequences of the Ama-
zon basin, the Pacific coast, and in intermon-
tane basins in the Andes. Only the latter are
considered to be of significance. The Mala-
catus Basin contains seams of up to 4.0m
in thickness, disrupted by faulting. To the
north the Loja Basin contains seams of up to
2.0m in thickness and the Canar-Azuay Basin
has seams of up to 5.0m. All the coals are
high-volatile subbituminous coals with high
ash and sulfur contents.

3.4.6.8 Mexico

Coals of Mesozoic (Cretaceous) age are found
throughout Mexico; all are highly tectonised
and are structurally complex. The principal
coalfield is at Coahuila, close to the border
with Texas, USA, where shallow, gently dip-
ping seams reach 2.0 m in thickness. The coal
is low volatile and bituminous with high ash
and low sulfur contents and with no coking
properties. Output is used for local industry
and power generation. Another location of
note is in the north-west of Mexico at Sonora
where anthracites averaging 1.0m thickness
are found.

Numerous other small deposits of bitu-
minous coal are present in Mexico. Seam
development is irregular and often ameliorated
by volcanic activity.

3.4.6.9 Peru

Mesozoic coals are located within the Andean
Cordillera, which extends throughout Peru
from north to south.

The northern coalfields are highly tectonised
and affected by associated igneous activity,
resulting in the formation of anthracite as well
as bituminous coal. The principal areas are
those of Alto Chicama and Santa. Subbitumi-
nous and bituminous coals are found in the
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southern coalfields of Oyon and Jatunhuasi.
All production is for local needs.

3.4.6.10 Uruguay

The north-east of Uruguay contains
Carboniferous-Permian (Gondwana) sedi-
ments that represent the southern extension
of the Southern Brazilian coalfields. Coals are
found in this area, but no development has yet
occurred.

3.4.6.11 Venezuela

All the known coal-bearing sequences in
Venezuela are Palacogene-Neogene in age and
occur in a series of basins across the country
north of the Orinoco River. The principal
areas of interest are Zulia, Lobatera, and the
Caracas—Barcelona Basin. Other coal occur-
rences are known in the Lara region and within
the eastern Orinoco Basin.

The Zulia deposit is the most important
so far identified in Venezuela and is situated
in the extreme north-west of the country.
Between 25 and 30 seams with thicknesses of
between 0.5 and 15.0m are present. The coal
is high-volatile, non-coking bituminous with
variable ash and low sulfur contents, suitable
as a steam coal for export.

The Lobatera Coalfield is in the west of
Venezuela, close to the Columbian border.
Here, 35 seams over 0.3m thick are present.
The coal is high volatile with low ash and
sulfur contents.

The Caracas-Barcelona Coalfield contains
the deposits of Naricual and Fila Maestra.
Naricual contains 15 seams, ranging from
1.0 to 10.0m in thickness, of high-volatile
bituminous coal with a low sulfur content;
some of these seams have coking properties.
The deposit at Fila Maestra is currently being
investigated.

In the Lara region, thin lenticular seams of
low-volatile bituminous coals occur with low
sulfur content. In the eastern Orinoco Basin,
seams of lignite occur of up to 1.2 m thick, with
high sulfur contents. These have not been con-
sidered significant.

3.4.7 Commonwealth of Independent
States

The CIS has vast reserves of all ranks of coal
stretching across the whole of the region
(Figure 3.13). Thick coal-bearing sequences
range from Palaeozoic (Carboniferous—
Permian), Mesozoic (Triassic, Jurassic, and
Cretaceous), to Cenozoic in age. These are pre-
served in a series of large sedimentary basins,
which generally become younger from west to
east. Most of the older basins are structurally
disturbed, resulting in steeply dipping seams
and extensive faulting. The potential for pro-
duction is enormous; however, geographical
position, severe climatic conditions, and poor
infrastructure may curtail the development of
many of these deposits.

3.4.7.1 Kazakhstan

In Kazakhstan, the greater part of mea-
sured reserves consists of bituminous coal
found in the Karaganda, Ekibastuz, and
Teniz-Korzhankol basins: the Kushokinsk,
Borly, Shubarkol, and Karazhyr deposits.
Lignite is found mainly in the Turgay,
Nizhne-Illyskiy, and Maikuben basins. The
Karaganda Basin contains a thick sequence
of carboniferous sediments; numerous coal
seams are present, varying from <1 to 3.5m in
thickness. The seams range from high-volatile
bituminous to anthracite, with high ash and
medium sulfur contents. The lower seams
have good coking properties. The majority of
mines are underground operations.

The Ekibastuz Basin contains the same
Carboniferous sequence, and the basin is
fault bounded. In this area, a number of coal
seams have coalesced to form a single seam
130-200 m thick. The coals are mined in open-
cast operations and supply coal to the power
generation sector.

3.4.7.2 Russian Federation

Russia has very large coal reserves, which are
widely dispersed and occur in a number of
major basins. These range from the Moscow
Basin in the far west to the eastern end of the



Donetsk Basin in the south, the Pechora Basin
in the far north-east of European Russia, and
the Irkutsk, Kuznetsk, Kamsk-Achinsk, Lena,
South Yakutia, and Tunguska basins extending
across Siberia and the Far East. Current black
coal production has centred on the Kuznetsk
and Pechora basins and the Russian part of
the Donetsk Basin, but coalfields in Eastern
Siberia and the Russian Far East are still largely
unexploited.

The Kuznetsk Basin is structurally complex,
and the Carboniferous to Jurassic sequence
is 7000-8000m thick. Around 90% of the
coal seams (c. 300) are found in the Per-
mian, of which 130 are workable with average
thicknesses of 1-35 m. Coals range from subbi-
tuminous to semi-anthracite. The ash content
is variable, and sulfur content is generally
low. Coal is produced from both surface and
underground mines. The Pechora Basin also
contains Permian coal-bearing sediments that
are intensely folded. Up to 5000 m of sedi-
ments contain 20-30 workable coal seams of
3-20m in thickness. Coal rank increases from
west to east and with depth. The high-volatile
bituminous coals have variable ash contents
(10-40%), and sulfur is usually less than 1.5%,
with occasional high-sulfur coals up to 4%.
Many coals are semi-coking.

In the Donetsk Basin, coal rank increases
towards the central and eastern parts, and
ranges from subbituminous up to anthracite.
The greater part of this basin is located in the
Ukraine.

The Moscow Basin contains thin seams
with difficult mining conditions. This area has
traditionally been a large coal producer, but
in recent years has declined and so that little
mining now takes place.

In Eastern Siberia, the Kansk-Achinsk and
South Yakutsk basins have coal deposits of
Jurassic age. The coals are subbituminous with
thicknesses of 40-70m. Above these occur
a number of Lower Cretaceous coals. These
basins have simple structure. They supply
local power stations and chemical plants, the
principal mining area being Neryungri.
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3.4.7.3 Tajikistan

Tajikistan has important coal deposits at
Shurob and Fon-Yaghnob and is beginning to
exploit the bituminous coals of East Zidi by
open-pit methods and the anthracite coal at
Nazarailok by underground mining.

3.4.7.4 Ukraine

As for Russia, the Donetsk Basin contains a
thick succession of Carboniferous sediments
in which numerous coal seams are present,
ranging from 0.5 to 2.5m in thickness. The
rank ranges from subbituminous to anthracite;
all have variable ash contents and high sulfur
contents (average 2-3%). Some seams have
good coking properties. The large Dnieper
Basin produces lignite for the local power
stations.

3.4.7.5 Uzbekistan

Two coal fields are currently exploited: the
Angren brown coal field in the Tashkent
region using open-pit mining, and the Shargun
anthracite deposit in the Surkhandarya region,
together with some bituminous coal produced
from the Baisun field in south Surkhandarya.
85% of lignite production supplies the power
generating sector; bituminous coal output
remains on a small scale.

3.4.8 FarEast

The Far East region contains 13 countries with
known coal deposits (Figure 3.14). By far the
largest of these is the PRC, which has vast
resources of all ranks of coal.

The coals of the Far East range in age from
Palaeozoic to Cenozoic, and all ranks of coal
are present.

3.4.8.1 Brunei

Coals in Brunei are Palacogene-Neogene in
age and occur in the north-east of the country
close to the capital Bandar Seri Bagawan, and
also in the headwaters of the Belait River in the
south-west of Brunei. Coal seams are 0.5-5.0 m
in thickness and are high-volatile bituminous
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with low ash and variable sulfur content. Those
seams close to Bandar Seri Bagawan have been
extensively worked in the past, whereas those
in the Belait River basin are undeveloped but
are geographically remote.

3.4.8.2 Democratic Republic of (North)

Korea

Coals of Palaeozoic, Mesozoic, and Ceno-
zoic age are present throughout the Korean
peninsula.

The principal Palaeozoic coalfields are
Pyongyang and North Pyongyang in the
north-west and Kowon-Muchon in the east.
All have been highly tectonised. Consequently,
seam thicknesses are variable due to intense
folding; however, thicknesses of 5.0 and
15.0m are reached. The coals are low-volatile
anthracites with low ash and sulfur contents.
All the coal is mined by underground methods
and is used for local industry and domestic
heating.

Mesozoic coals form small deposits of
anthracite; these are also strongly folded, but
to a lesser extent than the Palaeozoic coals.

The Cenozoic coalfields contain subbitumi-
nous coal and lignite and are found chiefly in
the north-east of the country. The Kyongsang
and Kilchu-Myongchon coalfields contain
lignites, and the Tumangang in the extreme
north-east contains subbituminous coal that
is used for electricity generation. The Anju
Coalfield is located north of Pyongyang and is
a large deposit of subbituminous coal that has
been developed as an opencast operation.

3.4.8.3 Indonesia
Indonesian coal deposits are Palaeogene-
Neogene in age and are situated on the islands
of Sumatra, Borneo, Java, Sulawesi, and Irian
Jaya. There is a range in rank from lignite to
low-volatile bituminous, the higher rank coals
being affected by local igneous intrusions or
more importantly by regional heating due to
magmatic activity at relatively shallow depths.
On the island of Sumatra, a number of coal-
field areas are currently exploited.

At Bukit Asam, at the south-eastern end of
the island, seams up to 12.0 m in thickness are
present. Coals are generally subbituminous
with low ash and sulfur contents, but some
bituminous coal is present in close proximity
to igneous intrusions. The coals are mined
by opencast methods and used primarily for
electricity generation.

Ombilin, located in central Sumatra, has a
few thick seams of high-volatile bituminous
and subbituminous coal with low ash and
sulfur contents. Mining has been by both
opencast and underground methods, and the
coal is used for electricity generation and
cement manufacture.

In the Bengkulu region on the south-west
coast of Sumatra, small occurrences of mostly
subbituminous coals with low sulfur content
are mined by opencast methods.

On the island of Borneo, the Indonesian
territory of Kalimantan has coal deposits
situated along the east coast. In East Kali-
mantan, subbituminous and bituminous coals
are found, notably in the Sangatta and Berau
areas. These coals are up to 10.0 m in thickness
with extremely low ash and low sulfur con-
tents. Some of these coals are now exported
as prime-quality steam coals. In South Kali-
mantan, in the Senakin, Tanah Grogot, and
Tanjung areas, subbituminous and bituminous
coals with similar characteristics are mined
both for export and for local power generation
needs. In the north-eastern part of Kalimantan,
north of Berau, bituminous coals are present at
Tarakan, but high sulfur contents have halted
the development of these deposits.

In Java, subbituminous coals have been
worked on a very small scale in central and
western parts. These coals are thin and irregu-
larly developed.

In South Sulawesi, similar subbituminous
coals are present that have been mined for
local needs.

In West Irian, the western half of the island of
New Guinea, subbituminous coals and lignites
are present in the Bintuni region at the western



end of the island, but they have not yet been
developed.

Large deposits of Recent peat are present in
West Kalimantan and have been investigated
for commercial development.

3.4.8.4 Japan

Japanese coal deposits are widespread and
range from Permian to Palaeogene-Neogene
in age. The productive coals are Palaecogene-
Neogene, whereas the Permian and Mesozoic
coals are of minor importance, except for the
Omine Coalfield in western Honshu.

The principal Palaeogene-Neogene coal-
fields are located on the three Japanese islands
of Hokkaido, Honshu, and Kyushu.

On Hokkaido Island, the structurally com-
plex area of the Ishikari Coalfield provides
strongly caking bituminous coal with high ash
and low sulfur content. The coals are produced
for local use. The Kushiro Coalfield is less dis-
turbed and produces non-coking bituminous
and subbituminous coal.

On the island of Honshu, the Joban Coal-
field has seams up to 3.0m in thickness and
is thought to extend eastwards offshore. The
Omine Coalfield, on the south-west coast,
is important as a source of anthracite for
Japanese industry. The Mogami, Nishitagawa,
and Miyagi coalfields are situated in the north-
ern half of the island and are the chief lignite
producers in Japan.

On Kyushu Island, the Miike Coalfield is
structurally undisturbed and is mined offshore.
The coal is bituminous with good coking prop-
erties. The Chikuho Coalfield has similar coals
to Miike and is a source of coking coal for the
metallurgical industry.

Numerous smaller coalfields containing
bituminous coals and lignites are worked on a
small scale.

3.4.8.5 Laos

Palaeozoic, Mesozoic, and Cenozoic coals
are present in Laos. The Palaeozoic deposits
are chiefly anthracite with a high ash con-
tent. There are three principal occurrences:

3.4 Age and Geographical Distribution of Coal

Phongsaly in the north, the Ventiane coal
basin in west-central Laos, and the Saravan
coal basin in the south of the country. In the
Ventiane basin, five seams ranging from 2.6 to
6.0 m are present; in the other areas, the seams
are considerably thinner.

Some Mesozoic (Triassic-Jurassic) coals are
found in the Phongsaly region; all are steeply
dipping, and seams range in thickness from 0.1
to 10.0m. The coals are high-volatile bitumi-
nous with low ash and low sulfur contents.

Cenozoic brown coals are present in several
Palacogene-Neogene basins located in the east
of the country, chiefly at Muongphan, with
other occurrences at Khang Phanieng, Hua
Xieng, and Bam O. These Palacogene-Neogene
basins are highly faulted and contain subbi-
tuminous coals and lignite. At Muongphan,
lignite seams are 1.0-6.0m in thickness and
have high volatile and ash contents.

All Laotian coal produced is used for local
needs.

3.4.8.6 Malaysia

Malaysian coals are found on the west coast of
the West Malaysian peninsula, and on the East
Malaysian side of the island of Borneo in the
states of Sabah and Sarawak.

All the coals are of Palacogene-Neogene
age. Those in Sabah are subbituminous with
some coking properties, but often with high
sulfur contents; these have been mined at
Silimpopon in east Sabah. In Sarawak, higher
quality bituminous and subbituminous coals
with low sulfur contents have been identified
at Bintulu, Balingian, and Silantek, and mined
on a local scale.

In West Malaysia, at Bukit Arang on the
Malaysian-Thailand border, extensive lignite
deposits have been identified; another occur-
rence of lignite is reported north of Kuala
Lumpur at Batu Arang.

3.4.8.7 Mongolia

Coal deposits in Mongolia are concentrated
in the north of the country. Highly tectonised
Palaeozoic coals in the form of anthracite and
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low-volatile bituminous are found in small
isolated deposits.

Mesozoic (Cretaceous) coals are less
deformed and consist of low-volatile bitu-
minous coal with low sulfur contents, found
principally in the Baganuur Coalfield, where
seam thicknesses can be up to 25.0m. In the
same region occur the coalfields of Sharin Gol
and Nalayh, and in the west of the country are
the coalfields of Achit Nuur and Khartarba-
gat. At Ovoot Tolgoi, Late Permian coals are
mined that produce high-grade coking coal.
In southern Mongolia, at Tavan Tolgoi, is a
large deposit of high-quality bituminous coal.
The Permian coal-bearing sequence includes
16 coal seams ranging in thickness from 2 to
72 m. Development of road and rail links to the
PRC will enable coal production and exports
to increase.

3.4.8.8 Myanmar (Burma)

The coal deposits of Burma consist of scattered
occurrences of Palaeogene-Neogene lignite,
with some Mesozoic black coals, which have
been highly tectonised.

Lignites are found in the western and south-
ern parts of the country, notably at Kalewa
and Pakokku. The black coals are situated
inland in the east-central region of Burma, in
the Panlaung and Henzada districts. The coals
are reported to be of poor quality and are only
worked on a very small scale.

3.4.8.9 People’s Republic of China
The PRC is the world’s largest coal producer.
Three-quarters of all proven recoverable coal
reserves occur in the northern half of the PRC;
of these, two-thirds are present in the provinces
of Inner Mongolia, Shanxi, and Shaanxi. These
areas provide the bulk of the coal for export
and power generation. The majority of mines
are underground operations and range from
70years old to new (Thomas and Frankland
1999).

China has extensive black coal deposits of
Carboniferous, Permian, Triassic, Jurassic,
and Early Cretaceous age, plus lignite reserves

of Palaecogene-Neogene age. Carboniferous
and Permian coals are found throughout east-
ern PRC, and Triassic coals are located in
south-east PRC. Coals of Jurassic and Early
Cretaceous age are located in Inner Mongolia
and north-eastern PRC.

The Shenmu-Dengfeng Coalfield is located
on the Inner Mongolia-Shaanxi border and
contains structurally undisturbed coals up to
10m in thickness. The coal is high-volatile
bituminous with low sulfur content (0.4%)
and supplies power stations both domestically
and for export. Although mining is princi-
pally by underground methods, the Haerwusu
opencast mine is one of the largest in the PRC.

In north-west China, the Xinjiang-Uygur
region contains large reserves of coal; up to 13
coal seams with a total thickness of 175m are
reported. These have yet to be exploited.

The Datong Coalfield in northern Shanxi
Province is also relatively undisturbed
structurally. It produces medium-volatile
bituminous coal with <1% sulfur, again for
both domestic use and for export. The Lu’an
coalmining area in south Shanxi Province
produces both steam and coking coal for home
and export markets.

Shaanxi Province contains five major coal-
fields. Of these, the southern Huang Ling and
Tongchuan coalmining districts have a number
of large underground mines in operation. All
are producing high- and medium-volatile bitu-
minous coal with sulfur contents of around 1%.

In Henan Province, the Hebi Coalfield,
situated in the north of the province, is the
largest producer. Together with the Gaocheng
coalmines in the south, it produce a coal
range of high-volatile bituminous to anthracite
coal.

Anhui Province in the east has large coal
deposits, all exploited by underground mines.
The coalfield areas are structurally complex,
seam thicknesses are up to 6 m, and the coals
are bituminous with low sulfur contents. Some
coals have coking properties.

To the north of Anhui, Shandong Province is
an important producer of export-quality coals.



Coals are bituminous, low in ash and sulfur,
and are amongst the best coking coals in the
PRC. Seams range in thickness from 1 to 10 m.

In the north-east of the PRC, the Liaoning
region has numerous coal seams up to 100 m
in thickness, with little structural disturbance.
Coals are high-volatile bituminous with low
ash and sulfur and with good coking prop-
erties. The Heilongjiang and Jilin coalfields
in the far north-east also have thick seams of
similar quality.

In Guizhou Province, in southern PRC, the
Pangjiang Coalfield produces medium- and
low-volatile bituminous coal for both power
generation and steel production. The coalfield
is structurally complex, and anthracite occurs
in the more intensely tectonised areas.

To the south of Guizhou, in Yunnan
Province, low-volatile bituminous coking
coals with low sulfur contents are produced.

There are numerous other coal deposits in
the PRC, mostly close in location to those
listed. The PRC’s potential for coal production
is enormous but depends heavily on under-
ground operations and has poor infrastructure
in some areas.

3.4.8.10 People’s Republic of Vietnam

In Vietnam, black coals are of Mesozoic (Tri-
assic) age and are located, first, in a broad
belt running east to west, situated north
and north-east of Hanoi. This belt consists
of four sedimentary basins, each containing
coal-bearing strata; these are the Nan Meo,
Phan Me, Bo Ha, and Quang Yen basins. Sec-
ond, they are found in central Vietnam at Nong
San and Huong Khe.

The Nan Meo, Phan Me, and Bo Ha basins
contain low-volatile bituminous coals, some
with coking properties. These areas were
worked on a small scale in the past.

The most important coal basin is the Quang
Yen Basin, the eastern part of which borders
the north-east coast. Coals are preserved in a
series of folds orientated parallel to the coast
and are bounded by large east-west-running
faults.

3.4 Age and Geographical Distribution of Coal

In the east part of the Quang Yen Basin, the
Hong Gai Coalfield is the chief coal producer
in Vietnam; up to six seams with thicknesses
2.0-8.0m are worked. Coals are low-volatile
anthracites with low ash and sulfur contents.

In central Vietnam, the Nong Son area has
a thick seam up to 20.0m in thickness and
is low-volatile bituminous to semi-anthracite
with a variable sulfur content. The Huong Khe
area is believed to contain several seams of
anthracite.

3.4.8.11 Philippines

Throughout the Philippines archipelago are
situated a series of Palaeogene-Neogene basins
containing coal-bearing sediments. The coals
are predominantly of subbituminous rank,
although variations in rank do occur related
to local structure and contemporaneous and
recent igneous activity.

The northern island of Luzon contains
the Cagayan Basin; this area is only partially
explored, but it is known to contain seams
up to 2.0m in thickness and is structurally
undisturbed. The coals are high-volatile subbi-
tuminous with low ash and sulfur. The deposit
covers a large area and is amenable to open-
cast mining operations; such coals would be
suitable for local electricity generation.

The island of Mindoro has coal deposits in
the south; the seams are up to 2.8 m in thick-
ness and are subbituminous with variable sul-
fur contents.

Semirara Island lies to the south of Mindoro
and contains coals up to 6.0 and 12.0 m in thick-
ness. The coals are subbituminous with low ash
and sulfur.

Catanduanes Island contains lenticular
seams up to 5.0m in thickness; these are
steeply dipping and are ameliorated by igneous
intrusions. This has resulted in the formation
of bituminous coals with high sulfur and
moderate coking properties.

Cebu Island contains several coal deposits.
Seams are up to 4.0 m in thickness, dip steeply,
and are high-volatile subbituminous coals with
low ash and variable sulfur contents.
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Mindanao Island has coal deposits at Malan-
gas and Zamboanga in the west and at Gigaquit
and Bislig in the east.

The Malangas-Zamboanga area has amelio-
rated coals, anthracite, and bituminous coking
coal. At Gigaquit, low-rank coals with high ash
contents are characteristic; and at Bislig, some
bituminous coal with locally high sulfur con-
tent is mined.

Numerous other small coal deposits are
worked locally throughout the archipelago.

Small-scale underground mining charac-
terises the bulk of the coal exploration in
the Philippines; however, those deposits at
Cagayan, Semirara, and Zamboanga could be
developed further.

3.4.8.12 Republic of (South) Korea

Coals in South Korea are of similar age and
character to those in the north of the peninsula.
All of the mining operations were under-
ground, but due to difficult mining conditions
and unsuitable coal quality, little mining is
currently in operation.

The principal Palaeozoic coalfields are
Samcheog, Jeongseon, Kangnung, Danyang,
and Mungyeong. These coalfields are highly
tectonised and intensely folded, with seam
thicknesses varying considerably due to the
squeezing of the coals; 1.0-2.0 m is usual. All
the coal is anthracite with a low sulfur content
and is exclusively used for local industry and
domestic heating.

Mesozoic (Jurassic) coal deposits are present
at Mungyeong and Chungnam. The latter is
structurally complex; again, all the coal is
anthracite.

Small anthracite deposits are found at Boeun
and Honam in the south and at Kimpo and
Yeongcheon on the northern border of the
country; small workings produce anthracite
for local use.

Palaecogene-Neogene deposits contain-
ing thin seams of lignite are found in small
areas bordering the south-east coast of South
Korea.

3.4.8.13 Taiwan

Coals in Taiwan are Palaeogene-Neogene
in age, and the coalfields are grouped into a
northern and a central province; of these, the
northern province only has economic signifi-
cance. The Taiwan coalfields have been highly
tectonised, and some have been ameliorated by
igneous intrusions. The coals are high-volatile
bituminous and subbituminous with low ash
and sulfur contents. At Chilung, in the north of
Taiwan, ameliorated coals (semi-anthracites)
have been mined in small areas. Further south,
low-volatile bituminous coals, low in sulfur
and with good coking properties, have been
mined at Hsinchu, Nanchuang, Shuangchi,
and Mushan. Four seams exceed 1.0m in
thickness. Because of the high level of tectonic
disturbance, there are only underground oper-
ations working at increasingly deeper levels.
This will eventually result in the cessation of
mining in these areas.

3.4.8.14 Thailand

In Thailand, virtually all the known coal
deposits are of Palaecogene-Neogene age,
together with some Mesozoic coals found in
the north-east of Thailand at Na Duang. The
Palaeogene-Neogene sediments are preserved
in a series of basins; of these, the Mae Moh
Basin in north-west Thailand is the most exten-
sive. Other basins in close proximity are Mae
Tip, Li, Mae Tun, and Vaeng Haeng. Other
Palaeogene-Neogene coals are found east of
Bangkok at Nong Ya Plong and at Krabi in the
extreme south-west.

Seams in Thailand generally range from 2.0
to 12.0m; however, at Mae Moh and Krabi,
seams up to 30.0m are worked. Most coals
are relatively undisturbed structurally. These
Palaeogene-Neogene coals range from lignite
to high-volatile subbituminous, with generally
low sulfur contents, as found at Mae Moh,
Mae Tip, and Li; and some with higher rank,
high-volatile bituminous are found at Mae Tun
and Nong Ya Plong.

The Mesozoic coal at Na Duang is semi-
anthracite with low sulfur content.



The bulk of Thailand’s coals are mined
and supplied to the electricity generating and
cement manufacturing industries.

3.4.9 Australasia

Australasia is one of the major coal producers
in the world. The bulk of the coal resources are
located in the eastern part of Australia, with
smaller coal deposits in Western Australia and
New Zealand (Figure 3.15).

3.4.9.1 Australia

Australia contains coals of Palaeozoic, Meso-
zoic, and Cenozoic age. The whole of the black
coal resources are of Palaeozoic age and are
located in Western Australia, Queensland, and
New South Wales. Mesozoic coal is present
in Queensland, and an important deposit
of Cenozoic coal is found in Victoria. The
black coals of Queensland and New South
Wales are both steam and coking coals, and
the bulk of production is for export. In the
other coal-producing areas of Australia, coal is
primarily used for domestic power generation.

The Palaeozoic coals of Australia are Per-
mian (Gondwana) in age and have been
generated in a series of basins. The princi-
pal ones are the Bowen, Galilee, and Cooper
basins in Queensland, the Sydney Basin in New
South Wales, and the Collie and Fitzroy basins
in Western Australia, Other smaller areas are
known from South Australia and Tasmania.

In Queensland, the Bowen Basin has been
explored extensively. The eastern side of the
basin has subsided more rapidly than the west
and has received more sediments, and the lack
of structural disturbance has resulted in the
preservation of shallow flat-lying coals. The
oldest coals are low-ash and low-sulfur seams
that reach thicknesses of up to 30.0m. The
uppermost Permian contains four workable
seams. Seam splitting is common, and igneous
intrusions have locally affected the coals in
the west. The topmost coal-bearing sediments
are the most widespread, with 12 coal seams
having thicknesses up to 4m. The coal is
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high-volatile bituminous, with variable ash
and low sulfur content; the coals have good
coking properties. The coal is worked by large
opencast operations, and large reserves have
been identified. In the other coal-bearing areas
of Queensland (e.g. the Galilee and Cooper
basins), large reserves of coal have yet to be
developed.

In New South Wales, the Sydney Basin is
the most important coal-producing area in
Australia, Again, as in the Bowen Basin, there
is little structural disturbance. Two Permian
formations contain coals that are exposed over
large areas. The lower part contains up to six
seams and is heavily faulted and intruded. The
upper formations have 14-40 coal seams, many
of which exhibit splitting; in the west, these are
severely affected by igneous intrusions that,
although producing an increase in rank, have
destroyed large reserves of coal. Seam thick-
nesses reach 10.0 m, and the coal produced is
high-volatile bituminous with variable ash and
low sulfur contents; some of the coals have
good coking properties. Coals are mined by
underground and opencast methods, with the
principal mining districts being the Western
District, the Burragorang Valley, the Hunter
Valley, and the Southern District. Much of the
coal is exported as steam and coking coal, as
well as supplying local needs.

In Western Australia, the Collie basin con-
tains seams ranging from 1.5 to 11.2m; these
are structurally undisturbed and are mined in
the Cardiff and Muja areas. The coals are sub-
bituminous with low ash and sulfur contents.
Coals have been located in northern Western
Australia in the Fitzroy Basin, and brown coal
deposits have been identified close to the south
coast. In South Australia, the Ackaringa Basin
is currently being explored, and in Tasmania
some development of the coal deposits may
occur in the future.

The Mesozoic coals of southeast Queens-
land, in the Brisbane area, are subbituminous
coals and have not been extensively developed.

The Palaeogene-Neogene coals of the Gipp-
sland Basin in Victoria are thick developments
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of lignite; the principal seams reach enormous
thicknesses of 300.0 m. The seams are shallow
and flat-lying and are high-volatile lignite with
low ash and low sulfur contents. This basin is
worked in a number of separate coalfields, the
most important of which is the Latrobe Valley.
This lignite is used exclusively for the Victorian
electricity industry.

3.4.9.2 New Zealand

With the exception of a few thin uneconomic
coals of Jurassic age, all significant New
Zealand coals are Cretaceous—Palacogene-
Neogene in age. The coalfields are located in
the western part of North Island, and in the
north-western and south-eastern districts of
South Island.

In North Island, the Waikato Coal region
contains New Zealand’s major subbituminous
coal resource. Coal seams are discontinuous
but are thick locally, up to 30.0m. They are
subbituminous with low ash and low sulfur
contents. To the north, the Northland area has
a few seams up to 2.0 m thick and these are of
poorer quality.

To the south of the Waikato Coal region lies
the Taranaki Coal area, where seams are usu-
ally less than 3.0 m in thickness and are subbi-
tuminous with higher sulfur contents.

In South Island are located the Cretaceous-
Palaeogene-Neogene coalfields of Otago,
Southland, Ohai, and Kaitangata in the far

south, and on the north-west coast the West-
land Coal region includes the Greymouth, Pike
River, Charleston, Buller, Garvey Creek, and
Collingwood coalfields.

The southern coalfields have seams up to
6.0-10.0m, although they are discontinuous
and lensoid. The coals vary from lignite to
high-volatile subbituminous with variable
sulfur contents, some of which may be as high
as 6%.

In the Westland Coal region, the coals
range from subbituminous at Charleston to
high-volatile bituminous at Pike River and
Collingwood. Hard coking coal is mined at
Greymouth, and low-ash semi-soft coking coal
at Reefton in the Garvey Creek coalfield. In
the Buller and Greymouth coalfields the coals
range from high- to low-volatile bituminous.

The Southland lignite deposit makes up 80%
of New Zealand’s coal resources.

Production from the New Zealand coalfields
is small at the present time.

3.4.9.3 Antarctica
Cretaceous coals of mixed quality have been
recorded from James Ross Island, on the
south-east flank of the Weddell Sea. Other
occurrences have been in the area of the
Transantarctic Mountains.

Present legislation will prohibit any develop-
ment of these possible resources for many years
to come.
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Coal as a Substance

4.1 Physical Description
of Coal

Coal has been defined by numerous authors.
Essentially, it is a sediment, organoclastic in
nature, composed of lithified plant remains,
which has the important distinction of being
a combustible material. The composition and
character of each coal will be determined,
first, by the nature of the make-up of the
original organic and inorganic accumulation
and, second, by the degree of diagenesis it has
undergone.

The inherent constituents of any coal can be
divided into ‘macerals’ (i.e. the organic equiv-
alent of minerals) and ‘mineral matter’ (i.e.
the inorganic fraction, made up of a variety of
primary and secondary minerals). Note that
the latter is sometimes erroneously referred to
as ‘ash’ when in fact ‘ash’ is the mineral residue
remaining after combustion of the coal. The
composition and ratio of the two fractions
reflects the make-up of the original material
and indicates the coal type.

The degree of diagenesis or coalification that
a coal has undergone by burial and tectonic
effect determines the coal rank.

The term brown coal is used for low-rank
coals, such as lignite and subbituminous coal,
and black or hard coal is used for coals of
higher rank; that is, the bituminous, semi-
anthracite, and anthracite coals.

Coal Geology, Third Edition. Larry Thomas.

The majority of coals are composed of dis-
crete layers of organic material. Such layers
may possess different physical and chemical
properties. It is the relative proportions and
petrological characteristics of these layers that
determine the character of the coal as a whole,
and its usefulness as a mined product.

Coals are divisible into two main groups: the
humic coals and the sapropelic coals.

Humic coals are composed of a diversified
mixture of macroscopic plant debris, with the
coals typically having a banded appearance.
Sapropelic coals are composed of a restricted
variety of microscopic plant debris; such coals
have a homogeneous appearance.

4.1.1 Macroscopic Description of Coal

4.1.1.1 Humic Coals

The use of a simple but distinctive system of
description is fundamental to field examina-
tion of coals. Several systems to describe the
physical character of coal have been proposed
and are briefly outlined in the following.

The term lithotype is applied to the different
macroscopically identifiable layers in coal
seams.

Stopes (1919) proposed four lithological
types (lithotypes) for describing humic coals.

(i) Vitrain is black, glassy, vitreous material
with a bright lustre, occurring as thin
bands and is brittle. Vitrain breaks into

© 2020 John Wiley & Sons Ltd. Published 2020 by John Wiley & Sons Ltd.
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fine angular fragments and is commonly
concentrated in the fine fraction of mined
coal. Vitrain is found in most humic coals
and usually consists of the microlithotype
vitrite with come vitrinite-rich clarite.

(ii) Clarain is bright with a silky lustre
between vitrain and durain, and occurs in
fine laminations. Clarain comprises alter-
nating thin layers, often <1 mm. It can
include the microlithotypes vitrite, clarite,
durite, fusite, and trimacerite.

(iii) Durain is grey to black with a dull lustre,
fracturing into rough-surfaced fragments.
Only lenses thicker than 3-10mm are
referred to as durain. Durain is less com-
mon than vitrain and clarain in humic
coals, but it can occur as extensive layers
within a coal seam. Durain is com-
posed of the microlithotypes durite and
trimacerite.

(iv) Fusain is black, soft, friable, and easily
disintegrates into a black fibrous powder.
Fusain occurs in coals as lenses, usually
several millimetres thick, often concen-
trating in discrete layers in the coal. In
most coals, fusain is a minor lithotype
composed of the microlithotype fusite.

However, difficulties have arisen in using
these terms to describe coals in borehole
cores and in exposures. The four lithotypes

Table 4.1 Lithotypes of humic and sapropelic coals.

often occur as thin layers or lenses, often only
millimetres in thickness. Strict usage of Stopes’
terms would lead to extremely detailed litho-
logical descriptions, whereas in practice only a
limited amount of lithologically distinct units
are required. For practical purposes, various
sources have proposed alternative terminology
that, although essentially retaining the basic
classification of Stopes, has a more descriptive
lithological bias. The principal types of humic
and sapropelic coals, according to McCabe
(1984), are summarised in Table 4.1.

In the USA, Schopf (1960) introduced the
term attrital coal to include all coal not pre-
cisely defined as vitrain or fusain and which
can be subdivided into five levels of lustre
ranging from bright to dull. The Australian
system is broadly similar in approach, but
more descriptive in terminology (Table 4.2).
The Australian coal industry defines vitrain
and fusain as bright and dull coal respectively,
and the five categories of attrital coal are graded
according to major and minor constituents of
each end member. This is very much a physical
description and is eminently more suitable for
field recording of coals.

In addition, coals with high mineral content
contained in discrete bands or as nodules or
veins can be best described as impure coals.
Commonly, such mineral matter is in the form
of pyrite, calcite, siderite, ankerite, or as clay

Lithotype Description Composition

Vitrain Black, very bright lustre; thin layers break Vitrinite macerals with <20%
cubically; thick layers have conchoidal fracture exinite macerals

Clarain Finely stratified layers of vitrain, durain, and, Variable
in some instances, fusain, medium lustre

Durain Black or grey, dull, rough fracture surfaces Mainly inertinite and exinite

macerals
Fusain Black, silky lustre, friable, and soft Mainly fusinite

Cannel coal
conchoidal fracture

Boghead coal

Black, dull, lustre ‘greasy’, breaks with

Black or brown, dull, homogeneous, breaks

Fine maceral particles usually
dominated by sporinite

Dominated by alginite

with conchoidal fracture, lustre may be ‘greasy’

Source: From McCabe (1984).
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Table 4.2 Macroscopic description of coals in sections and boreholes.

Schopf (1960);

Stopes (1919) ASTM D2796 (1994)

Australian
standard K183-1970

Banded (humic) coals

Vitrain Vitrain
Clarain Bright
Moderately bright
Durain Attrital mid-lustre coal
Moderately dull
Dull
Fusain Fusain

Non-banded (sapropelic) coals
Cannel coal Cannel coal
Boghead coal Boghead coal
Impure coals Bone coal

Mineralised coal

Coal, bright
Coal, bright, dull bands
Coal, dull, and bright

Coal, mainly dull with numerous
bright bands

Coal, dull minor bright bands

Coal, dull

Coal, dull conchoidal (canneloid)

Coal, stony (or shaly)
Coal, heat altered

Coal, weathered

Source: From Ward (1984).

coatings and infillings. In the USA, coal that
contains clay disseminated throughout the
coal rather than in layers is termed bone coal
and is of dull appearance.

In coals of lower rank, that is brown coals,
the aforementioned lithological descriptions
are difficult to apply. Brown coals range from
lignite, which may be anything from soft,
dull brown to black in colour, to subbitumi-
nous coal, which is black, hard, and banded.
Brown coals are usually described in terms of
colour and texture; for example, they crack
and disintegrate when dried out.

Hagemann (1978, 1980) adopted a macro-
scopic description of lignites and applied
it to Saskatchewan lignites and lignite—
subbituminous coals. The important crite-
ria in Hagemann’s descriptions are the relative
proportions of groundmass and woody (xylitic)
remains plus the relative abundance of mineral
impurities, and the texture or banded charac-
teristics. The groundmass comprises the more
finely comminuted particles of varied origin
too small to be identified macroscopically. In

addition, intensity and hue of colour, degree
of gellification, and presence or absence of
inclusions are all incorporated into the system
shown in Table 4.3.

Following the work of Hagemann, the Inter-
national Committee for Coal and Organic
Petrology (ICCP) in 1993 adopted the classifi-
cation for soft brown coals shown in Table 4.4
(Taylor et al. 1998). The classification recog-
nises lithotype groups, lithotypes, and litho-
type varieties.

The structure and constituents of the litho-
type of soft brown coal can be recognised with
the naked eye, and lithotypes can be distin-
guished by their degree of gellification and
colour. The ICCP classification recognises four
coal types, as described by Taylor et al. (1998).

1. Matrix coal consists of a fine detrital
groundmass, yellow to dark brown in
colour. Plant fragments may be embedded
in the groundmass, and matrix coal may be
homogeneous in appearance or show some
stratification. The homogeneous matrix
coals may have originated from peats found
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Table 4.3 Macroscopic description of lignites.

Field observations Laboratory observations Additional
Structure Texture Colour Gellification Inclusions features
1. Pure coal (non-xylitic) Unbanded Pale yellow  Gellified Resin bodies  Cracking to
coal groundmass non-cracking
2. Pure coal (xylitic); fibrous/brittle; Moderately Medium Gellified Cuticles Fracture
tree stumps, trunks, etc. banded coal  light yellow tissues even
3. Impure coal (non-xylitic) clayey/ Banded coal  Palebrown  Microgranular Charcoal Size
sandy calcareous coal, iron humic gel break-up
sulfides, etc. particles coarse to fine
4. Impure coal (xylitic) Highly Medium — —
banded coal ~ brown/dark
brown/black

Source: From Bustin et al. (1983), based on Hagemann (1980), by permission of Geological Association of Canada.

Table 4.4 Lithotype classification for soft brown

and may or may not be stratified. Xylite

coals.
Lithotype group Lithotype
(constituent Lithotype variety (colour;
elements) (structure)  gellification)
Matrix coal Stratified Brown (weakly
coal gellified) coal
Black
(gellified) coal
Unstratified Yellow
coal (ungellified) coal
Brown (weakly
gellified) coal
Black
(gellified) coal

Xylite-rich coal
Charcoal-rich coal

Mineral-rich coal

Source: From Taylor et al. 1998, after International
Committee for Coal and Organic Petrology (1993).

in low-lying mires or from decomposition of
swamp forest peats, whereas banded matrix
coals are considered to be the product of
an open-swamp environment. Matrix coals
are common in Palaeogene-Neogene soft
brown coals.

2. Xylite-rich coal includes coals in which

xylite (woody tissue) comprises more than
10% of the coal. The groundmass is detrital

occurs as fibrous tissue and may be min-
eralised. Inclusions of charcoal or gellified
nodules may be present.

Xylite-rich coal occurs in all brown coals
and is the dominant lithotype. Its character-
istics are thought to be the decomposition of
trees and shrubs in the peat-forming mire.

3. Charcoal-rich coal contains >10% char-
coal. The coal can be weakly or strongly
stratified, occurring as lenses and occa-
sional more persistent layers. The coal is
brownish black and has a coke-like appear-
ance. It is a minor constituent of soft brown
coals. Charcoal-rich coals are considered
to be the product of burned forest swamps.
Where such coal is stratified, it is indicative
of water- or wind-transported residues in
an open-swamp environment.

4. Mineral-rich coal includes all kinds of
mineralisation of the different brown coal
lithotype groups and should be visible to the
naked eye. The inorganic materials present
typically include quartz, clay, carbonates
and sulfides, and other minerals.

In Australia, the State Electricity Com-
mission of Victoria has used a classification
of brown coal based on colour and texture.
Table 4.5 shows the classification, including
the additional characteristics of gellification
level, weathering character, and physical
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Table 4.5 Typical characteristics of air-dried brown coal lithotypes from Latrobe Valley, Australia.

Weathering Physical
Lithotype Abbreviation Colour Texture? Gellification pattern properties®
Dark Dk Dark brown High (20-30%)  Gellification, Cracks wide and ~ Strong, hard,
to medium  wood content. particularly of  deep. Regular heavy (high
brown Often small woody pattern SG)
(<25cm) material,
fragments common
Medium-dark M-d Dark brown High to medium Some Cracks wide. Strength
to medium  (10-20%) wood  gellification but Some regularity variable,
brown content. Often not extensive of pattern hardness and
large (>25cm) SG above
pieces average
Medium-light M-1 Medium High to low Gellification Cracks shallow.  Intermediate
brown to (0-10%) wood uncommon. Irregular pattern physical
light brown content. Often Confined properties
well preserved mainly to wood
Light Lt Light Medium to low  Gellification Cracks generally Generally soft
brown wood content rare fine. Random and relatively
orientation light (low SG)
Pale Pa Pale brown Wood present Gellification Few extensive Soft, crumbles
to yellow but uncommon  very rare cracks readily, very
brown low SG

a) Wood content includes all plant fragments clearly distinguishable from the groundmass.

b) SG, specific gravity.

Source: From Taylor et al. (1998) modified after George (1975).

properties. The classification should be
assessed on air-dried coal; colour is based on
shades of brown, and texture refers to the
amount of xylitic material present. The clas-
sification does not take into account mineral
matter content because of the low ash levels in
Victorian brown coals (George and Mackay
1991).

4.1.1.2 Sapropelic Coals

Sapropelic coals are formed from the biological
and physical degradation products of coal
peat-forming environments, with the addi-
tion of other materials such as plant spores
and algae. The resultant sediment is an accu-
mulation of colloidal organic mud in which
concentrations of spore remains and/or algae
are present. Sapropelic coals are character-
istically fine grained, homogeneous, dark
in colour, and display a marked conchoidal
fracture. They may occur in association with
humic coals or as individual coal layers.

Cannel coal is black and dull; it is homoge-
neous and breaks with a conchoidal fracture. It
is composed largely of miospores and organic
mud laid down under water, such as in a shal-
low lake.

Boghead coal is algal coal, and the criteria
for the assignment of a coal to a boghead is
that the whole mass of that coal originated
from algal material without consideration of
the state of preservation of the algal colonies,
i.e. whether they are well preserved or com-
pletely decomposed. Boghead coals may grade
laterally or vertically into true oil shales.

Between these two major types of sapropelic
coals, transitional or intermediate forms such
as cannel-boghead or boghead-cannel are
recognised. Essentially, all sapropelic coals
look similar in hand specimen and can only be
readily distinguished microscopically.

Coal descriptions using the above terms
result in a considerable amount of data that
can be used in conjunction with the laboratory
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analysis of the coal. Such lithological logs can
also provide information on coal quality that
will influence the mining and preparation of
the coal.

4.1.2 Microscopic Description of Coal

The organic units or macerals that comprise
the coal mass can be identified in all ranks
of coal. Essentially, macerals are divided into
three groups:

1. Huminite-vitrinite - woody materials.
2. Exinite - spores, resins, and cuticles.
3. Inertinite - oxidised plant material.

The original classification of maceral groups
is referred to as the Stopes-Heerlen system
and is given in Table 4.6 (Stopes 1935). Other
detailed descriptions are well summarised by
Speight (1994); see Table 4.7.

Table 4.6 Stopes-Heerlen classification of maceral
groups, macerals, and submacerals of hard coals.

Maceral group  Maceral Submaceral

Vitrinite Telocollinite

Telinite Gelocollinite
Collinite Desmocollinite
Corpocollinite
Exinite

(liptinite)

Sporinite
Cutinite
Suberinite
Resinite
Alginite
Liptodetrinite
Fluorinite
Bituminite
Exudatinite
Inertinite Fusinite
Semifusinite
Macrinite
Micrinite
Sclerotinite

Inertodetrinite

Source: From Ward (1984), after Stopes (1935).

However, coals may be made up largely of
a single maceral or, more usually, associations
of macerals. These associations when studied
microscopically are called microlithotypes.

In order to distinguish between the different
microlithotypes, the ICCP has agreed that a
lithotype can only be recorded if it forms a band
>50 pm and that lithotypes are not composed
purely of macerals from one or two maceral
groups; they must contain 5% of accessory
macerals. All microlithotypes may contain
amounts of mineral matter; if this reaches
20% then the microlithotype is referred to as a
carbominerite (Taylor et al. 1998).

The composition of the microlithotypes is
listed in Table 4.8 (McCabe 1984) and described
in the following. Their interrelationship is
shown in Figure 4.1 (Bustin et al. 1983). Taylor
et al. (1998) used the ICCP recommenda-
tions and described the microlithotypes of
humic coals; the principal types are shown in
Figure 4.2.

Vitrite comprises 95% of the vitrinite macer-
als, telinite, and collinite in bands at least 50 pm
thick (Figure 4.2).

Vitrite occurs in coal seams as elongated
lenses several millimetres thick. Vitrite orig-
inated in anaerobic conditions due to high
groundwater table levels in the peat mire.

Vitrite makes up 40-50% of the Carbonif-
erous coals in the Northern Hemisphere. In
Gondwana coals; however, it rarely exceeds
20-30%. As a group, Late Cretaceous and
Palaeogene-Neogene coals are generally rich
in vitrinite and comparatively rich in liptinite,
usually having >20% inertinite.

Liptite layers form thin lenses or bands a
few millimetres thick and have been deposited
in water. Concentrations of up to 95% liptinite
group macerals are rare.

Inertite microlithotypes contain >95% iner-
tinite macerals, which include inertodetrite,
semifusite, and fusite (Figure 4.2). In most
coals, fusite comprises no more than 5-10%
as thin bands and lenses. Fusite-rich coals are
thought to be the result of the onset of aerobic
conditions in peat formation.



4.1 Physical Description of Coal

Table 4.7 Maceral terminology and origin (Speight 1994).

Maceral group Maceral Origin
Vitrinite Telinite Humified plant remains typically derived from woody, leaf, or root
tissue with well to poorly preserved cell structures
Collinite Humified material showing no trace of cellular structure, probably
colloidal in origin
Vitrodetrinite Humified attrital or less commonly detrital plant tissue with particles
typically being cell fragments
Liptinite Sporinite Outer casing of spores and pollens
(exinite) Cutinite Outer waxy coating from leaves, roots, and some related tissues
Resinite Resin filling in cells and ducts in wood; resinous exudations from
damaged wood
Fluorinite Essential oils in part; some fluorinate may be produced during
physico-chemical coalification and represent non-migrated petroleum
Suberinite Cork cell and related tissues
Bituminite Uncertain, but probable algal origin
Alginite Tests of some groups of green algae; material referred to alginate
shows moderate to strong fluorescence
Exudatinite Veins of bitumen-related material expelled from organic matter
during coalification
Liptodetrinite Detrital forms of liptinite that cannot be differentiated
Inertinite Fusinite Wood and leaf tissue oxidation
Semifusinite Wood or leaf tissue weakly altered by decay or by biochemical
alteration
Inertodetrinite Similar to fusinite or semifusinite, but occurring as small fragments
Macrinite Humic tissue probably first gellified and then oxidised by processes
similar to those producing semifusinite
Sclerotinite Moderately reflecting tissue of fungal origin; largely restricted to
Palaeogene-Neogene coals
Micrinite Largely of secondary origin formed by disproportionation of lipid or

lipid-like compounds

Inertodetrite, which consists of 95% iner-
todetrinite, is common in Gondwana coals.
These coals are composed of numerous inertite
layers in which inertodetrinite and semifusi-
nite make up over 95%. Inertodetrite is present
in Northern Hemisphere Carboniferous coals
and other coals as a minor constituent. The
high levels of inertinite in Gondwana coals
have been attributed to the peat being oxidised
to a high degree during formation (Plumstead
1962). Taylor et al. (1998) considered the char-
acteristic petrographic composition of many
Gondwana coals to be attributable to a climate
of wet, cool summers and freezing winters.

The oxygen content of inertinite was retained
in its structure at an early stage as a result
of drying or freeze-drying. Similar material
in warmer climates would have proceeded
towards vitrinization.

Clarite comprises microlithotypes that con-
tain >95% of vitrinite and liptinite (Figure 4.2),
each being >5% of the total. Vitrite and clar-
ite are commonly associated, particularly in
Carboniferous coals in the Northern Hemi-
sphere and in Palaeogene-Neogene hard coals.
Liptinite-rich clarites may owe their formation
to algae, lipid-rich plants, and animal plankton
and, as such, may grade into sapropelic coals.
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Table 4.8 Composition of microlithotypes.

Microlithotype Composition

Vitrite Vitrinite >95%

Liptite Exinite >95%

Inertite Inertinite >95%

Fusite Inertite with no macrinite or
micrinite

Clarite Vitrinite and exinite >95%

Durite Exinite and inertinite >95%

Vitrinertite Vitrinite and inertinite >95%

Trimacerite Vitrinite, exinite, inertinite,

each >5%

Source: From McCabe (1984).

Vitrinertite contains 95% vitrinite and iner-
tite. It is rare in Carboniferous coals and com-
mon in inertinite-rich Gondwana coals.

Durite is composed of 95% liptinite and iner-
tinite (Figure 4.2). There is a wide variation
in the proportion of durite in different coals.

Duroclarite

Vitrinertoliptite

Vitrinite

Clarodurite

Taylor et al. (1998) suggested that durite occurs
near to the margins of coal basins, as in the
case of the Upper Silesian Carboniferous Basin.
Some Gondwana coals are particularly durite
rich, as found in South Africa. It is thought that
the groundwater tables of the Gondwana peat
mires were subject to greater fluctuation than
those in the Carboniferous in the Northern
Hemisphere.

Trimacerite is the only microlithotype
group in which all three maceral groups are
present. The trimacerite group is further
divided into three microlithotypes: duroclar-
ite, in which vitrinite is more abundant than
liptinite; clarodurite, in which the proportion
of inertinite is greater than vitrinite and lip-
tinite; and vitrinertoliptite, in which liptinite
predominates. In most coals, apart from vitrite,
trimacerite occurs most frequently.

In low rank coals, i.e. lignites and subbi-
tuminous coals, the vitrinite maceral group
is referred to as huminite and is regarded as

Inertite

Liptite
\ Durite
Liptinite 25 50 75 Inertinite

Figure 4.1 Diagrammatic representation of microlithotype classification. Source: From Bustin et al. (1983),

By permission of Geological Association of Canada.



Figure 4.2 Microlithotypes: (a) vitrite from a
high-volatile Ruhr coal, polished surface, oil
immersion; (b) clarite from a Saar coal, polished
surface, oil immersion; (c) duroclarite from a
high-volatile Ruhr coal, polished surface, oil
immersion; (d) clarodurite from a high-volatile
Ruhr coal, polished surface, oil immersion;

(e) durite from a high-volatile Ruhr coal, showing
both tenuidurite and crassidurite, polished surface,
oil immersion; (f) vitrinertite from a high-volatile
Ruhr coal, polished surface, oil immersion; (g) fusite
from a high-volatile Ruhr coal, polished surface, oil
immersion. Original magnification for all images
was x300. Source: From Taylor et al. 1998.

equivalent to, and the precursor of, the vitrinite
macerals found in higher rank coals. Bustin
et al. (1983) classified huminite macerals as
summarised in Table 4.9 and gives details of
their origin and their equivalents in the hard
coals. The increase of coal rank leads to the
homogenisation of the macerals of the humi-
nite/vitrinite group, the term collinite being
used to describe homogeneous structureless
vitrite.

The relationship between maceral type and
the original plant material has been well docu-
mented. The plant materials that make up coal
have different chemical compositions, which
in turn determine the types of group macerals.

4.1 Physical Description of Coal

There are variations in terminology when com-
paring maceral usage; for example, George and
Mackay (1991) gave a maceral classification
of brown coals based on the Australian Stan-
dard 2856.2 (AS2856.2-1998 1998; updated
2013; Table 4.10). The relationship of types
of plant debris to microlithotypes in lignite
microfacies was proposed by Kasinski (1989)
and is shown in Table 4.11. Such chemical
differences are clear in lower rank coals, but
it becomes increasingly difficult to distinguish
petrographically between the various macerals
with increasing coalification. This can be illus-
trated by an analysis of miospore floras and the
petrographic types. Certain relationships have
been established based on the investigation
of thin layers of coal representing a moment
in time during which environmental change
was minimal. To illustrate this, in a thick coal
seam in a stable area, the ascending miospore
sequence and the resultant microlithotypes are
shown in Figure 4.3. If the coal seam has splits,
then the sequence may revert to the early
phase of seam development. Above the split
the normal sequence of phases may become
re-established unless the sequence is again
interrupted by splitting.

Smyth (1984) related the microlithotype
composition of Permian coals in eastern Aus-
tralia to depositional environments, as shown
in Figure 4.4. Lower delta plain environments
have produced coals relatively vitrinite rich,
whereas upper delta plain and meandering
fluvial coals are vitrinite poor. High subsi-
dence rates prevailed during the accumulation
of both, but water tables were high in the
Early Permian and low in the Late Permian.
A microlithotype analysis can give an indica-
tion of the texture of a coal. If two coals have
equal overall contents of vitrinite and one has
a higher vitrite content than the other, then
this may be due to different thicknesses in the
bands of vitrinite, which in turn may influ-
ence the preparation of the coal. Similarly,
the size distribution of masses of inertinite
may be important in the coking behaviour of
the coal.
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Table 4.9 Huminite macerals.

Maceral Origin Petrological features Equivalents in hard coals
Textinite Woody tissue Primary cell wall structure still ~ Telinite/telocollinite
distinguishable; cell lumina
mostly open
Ulminite Woody tissue Higher degree of humification;  Telinite/telocollinite
texto-ulminite = cell wall
structure still visible;
eu-ulminite = no visible cell
wall structure, cell lumina
mostly closed
Attrinite Finely comminuted Particle size <10 pm, product Desmocollinite
of degradation of huminite
macerals
Densinite Same as attrinite Tighter packed than attrinite
Gelinite Derived from colloidal Secondary cell filling Gelocollinite
humic solutions that
migrate into existing cavities
and precipitate as gels
Corpohumite  Condensation products of In cross-section, globular to Corpocollinite

tannins characteristic of

bark tissues

tabular shape

Source: From Bustin et al. (1983), by permission of Geological Association of Canada.

Table 4.10 Australian maceral classification of

brown coals.

Maceral

Maceral subgroup

Telovitrinite

Detrovitrinite

Gelovitrinite

Inertinite

Liptinite

Textinite
Texto-ulminite
Eu-ulminite
Telocollinite
Attrinite
Densinite
Desmocollinite
Corpogelinite
Porigelinite
Fusinite
Macrinite/micrinite
Sclerotinite
Sporinite
Cutinite
Suberinite
Resinite

Liptodetrinite

Source: Based on Australian Standard 2856.2 (AS
2856.2-1998 1998) and George and Mackay (1991).

4.1.3 Mineral Content of Coals

The mineral content of coal is the
combustible inorganic fraction. This is made
up of minerals that are either detrital or authi-
genic in origin, and which are introduced into
coal in the first or second phases of coalifica-
tion. The principal mineral associations are
outlined in Table 4.12 (Taylor et al. 1998).

Detrital minerals are those transported into
a swamp or bog by air or water. A large vari-
ety of minerals can be found in coal, commonly,
these are dominated by quartz, carbonate, iron,
and clay minerals with a diverse suite of acces-
sory minerals that may be peculiar to the local
source rock.

Waterborne mineral matter is transported
into coal swamps along channels that cut
through the accumulating organic debris.
When such channels are in flood, detritus is
laid down on top of the organic material; such
events are usually preserved as mineral-rich
partings in coals. Mineral-rich materials
present in the floor of the peat swamp may be

non-



Table 4.11 Characteristics of Palaeogene—-Neogene lignite facies.

4.1 Physical Description of Coal

Microfacies

Pollen-spore spectrum

Phytodetritus content

Microlithotypes content

Pollen grains

Pollen-resin
grains

Coniferae
wood-tissue

Fungi-spores
and wood
tissue,
Sequoia
wood-tissue

Higher frequency of the water
plant pollen grains and algal
cells

Highest frequency of
Taxodiacae;
Cupressaceae-Nyssaceae
association (20%); relatively
high frequency of
Polypodiaceae spores

Highest frequency of
Myricaceae-Cyrillaceae-Alnus
association (30-40%); addition
of Polypodiaceae spores;
highest frequency of
Sequoia-Pinus association

Highest pollen grain
frequency (>80%); low
fungi-spores and wood
tissue frequency (5%);
corrosional structures
on surfaces of pollen
grains

Relatively high
frequency of pollen
grains (60%), resin
grains (20%), fungi
spores (10%), relatively
low wood-tissue
frequency (15%)

High wood-tissue
frequency (>50%),
relatively low frequency
of pollen grains (<40%)

Relatively high
frequency of resin
grains (20%) and fungi
spores (10%); relatively
low pollen grains
frequency (40%); high
content of wood tissue
with texture for Sequoia

High sapropelite content
(70-80%); low content of
telinite, detrinite, and collinite
(10%); high sporinite content;
significant addition of clay
minerals; strong
bituminisation, traces of decay

Distinct addition of
sapropelite (10-20%); higher
inertinite content, low content
telinite, detrinite, collinite
(20% total); small distinct
addition of clay minerals

High content of telinite (40%)
and detrinite (20%)

Highest collinite content
(40%); relatively high telinite
content (30%) and detrinite
(20%); high content of gelinite
and significant resinite
addition; high content of
telinine and detrinite with the
characteristic vein texture

Source: Based on Kasinski (1989).

incorporated into the organic layer by differ-
ential compaction within the swamp and by
bioturbation action.

Windborne mineral matter is important,
as this can be a significant contributor to
the mineral contents of coals because of the
slow accumulation rates in peat swamps.
Coal swamp areas located in close proxim-
ity to active volcanic regions may receive
high amounts of mineral matter. Associated
lithologies with coals, such as flint clays and
tonsteins, are indicative of such volcanic min-
eral deposition, and, if the volcanic event
was short-lived but widespread, are extremely
useful as stratigraphic marker horizons in coal
sequences.

Authigenic minerals are those introduced
into a peat during or after deposition, or into a

coal during coalification. Precipitated minerals
may be disseminated through the peat or
present as aggregates, whereas mineral-rich
fluids present during the later stages of coali-
fication tend to precipitate minerals on joints
and any open voids within the coal. Common
products of mineralisation are the calcium-
iron minerals such as calcite, ankerite and
siderite, and pyrite, with silica in the form of
quartz. The element sulfur is present in almost
all coals; it is usually present in the organic
fraction of the coal, but inorganic or mineral
sulfur is in the form of pyrite. Pyrite may be
present as a primary detrital mineral or as
secondary pyrite as a result of sulfur reduction
of marine waters; thus, there is now considered
to be a strong correlation between high sulfur
coals and marine depositional environments.
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Vitrinertite

Vitrinertite
+ +
Duroclarite Duroclarite
+ +
Clarodurite Clarodurite
100

100
Inertite = Vitrite Ineriite D Vitrite
+ + + +
Durite Clarite Durite Clarite
Microlithotype analysis Microlithotype analysis

®- shelt (@ - Trough ® - sheit (@ - Trough

Deltaic-undifferentiated E= Upper delta plain-fluvial
Fan delta-fluvio deltaic Lower delta plain
5% Braided fluvial piedmont £<7%) Braided fluvial piedmont
Meandering fluvial-flood basin Meandering fluvial-flood basin
(a) (b)

Figure 4.3 Microlithotype analysis related to depositional environment, for Early and Late Permian Coals, Australia (Smyth 1984).

fl



Petrography

(microlithotypes)

Phases Roof

Vitrite
and
clarite

Lycospore

Duroclarite

Transition !
Clarodurite

Durite
(semi-
fusinita)

Incursion

Densospore Durite
(inertinite mainly

massive micrinite)

Transition Clarodurite
Qnsiio Duroclarite
Durite Vitrite
i [(SEMI-
Incursion LS and_
Lycospore clarite

Seat earth

Figure 4.4 Diagrammatic profile of a coal seam
showing the sequence of miospore phases and
petrographic types. Source: From Smith (1968) with
permission.

Clay minerals, on average, make up 60-80%
of the total mineral matter associated with
coal. Their genesis is complex; they can have a
detrital origin or be a secondary product from
aqueous solutions. Chemical conditions at the
site of deposition also influence the type of clay
minerals associated with coal. In particular,
freshwater swamps with their low pH tend
to favour in situ alteration of smectites, illite,
and mixed-layer clays to kaolinite. Gener-
ally, illite is dominant in coals with marine
roofs, whereas kaolinite is dominant in non-
marine-influenced coals. Secondary clays are
produced from alteration of primary clays; for
example, chlorite is expected to occur in coals
subjected to greater pressure and temperature.

Clay minerals occur in coal in two ways:
either in tonsteins or as finely dispersed
inclusions in maceral lithotypes.

Tonsteins have been formed by detrital and
authigenic processes, and in particular are
associated with volcanic activity. They usually
contain kaolinite, smectite, and mixed-layer
clays with accessory minerals.

Clay minerals can contaminate all microlitho-
types. Those with less than 20% (by volume)

4.1 Physical Description of Coal

Table 4.12 Minerals identified in coal
(not exhaustive).

Mineral Occurrence®

Clay minerals

Illite—sericite common-abundant

Montmorillonite rare-common
Kaolinite common-abundant
Halloysite rare

Iron disulfides

Pyrite rare-common
Marcasite rare-common
Carbonates

Siderite common-very common
Ankerite common-very common
Calcite common-very common
Dolomite rare-common
Aragonite rare
Witherite rare
Strontianite rare

Oxides

Haematite rare

Quartz rare-common
Magnetite very rare
Rutile very rare
Hydroxides

Limonite rare-common
Goethite rare

Diaspore rare
Sulfides(other than iron)

Sphalerite rare

Galena rare

Millerite very rare
Chalcopyrite very rare
Pyrrhotite very rare
Phosphates

Apatite rare
Phosphorite rare

Goyazite rare
Gorceixite rare

Sulfates

Baryte rare

Gypsum very rare

(continued)
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Table 4.12 (Continued)

Mineral Occurrence®
Silicates (other than clays)

Zircon rare

Biotite very rare
Staurolite very rare
Tourmaline very rare

Garnet very rare

Epidote very rare

Sanidine rare

Orthoclase very rare

Augite very rare
Amphibole very rare

Kyanite very rare

Chlorite rare

Salts

Gypsum rare

Bischofite very rare-common
Sylvin (sylvite) very rare-common
Halite very rare-common
Kieserite very rare-common
Mirabilite very rare-rare
Melanterite very rare
Keramohalite very rare

a) Minerals classed as abundant to common occur in
many coals in significant proportions (5-30% of
mineral matter in coal). Minerals classed as rare or
very rare commonly occur in small amounts (<5%
of the total mineral matter), but also include some
minerals that occur in somewhat larger amounts
in only a few coals.

Source: From Taylor et al. (1998)

clay minerals are described as being ‘contam-
inated by clay’; for clay mineral contents of
20-60% (by volume) the term ‘carbargilite’ is
used; if higher proportions of clay minerals are
present the lithology is no longer a coal but an
argillaceous shale.

Clay minerals have the property of swelling
in the presence of water. Swelling is accompa-
nied by reduction in strength, and disintegra-
tion is an end result. This is most significant
in mines where coals have clay-rich roofs and
floors, which can result in instability, as well as

difficulties encountered in drainage and dewa-
tering in both underground and open-pit mine
operations.

All of the aforementioned forms of mineral
content in coals can be identified macroscopi-
cally by the field geologist in outcrop and bore-
hole cores. There are other minerals that may
be present in coal that affect its future potential
use; these cannot be seen in hand specimens,
being detectable only by chemical analysis.

The mineral matter content of coals and the
surrounding country rock will influence the
properties of the coal roof and floor, particu-
larly their resistance and response to water. It
will also influence the composition of mine
dust with a diameter of below 5pm, particu-
larly in underground operations. Significant
amounts of quartz in dust affect the incidence
of silicosis.

The mineral matter in the coal will also affect
the washability of the coal and, consequently,
the yield and ash content of the clean coal.

Mineral impurities affect the suitability of
a coal as a boiler fuel, with a low ash fusion
point causing deposition of ash and corro-
sion in the heating chamber and convection
passes of the boiler. Figure 4.5 shows that coal
ash with low base/acid ratios (<0.25) has an
excess of refractory acidic oxides (kaolinite—
quartz mineral matter assemblages) that pro-
duce high ash fusion temperatures. Coals
that have illite-calcite-pyrite mineral matter
assemblages have proportionately more of
the basic oxides (alkalis and ferric iron), so
that ash fusion temperatures are correspond-
ingly reduced. Ash fusion temperatures are
used to predict boiler deposit build-up and
slagging performance, when used as thermal
coals (Pearson 1985). The presence in coal of
phosphorous minerals, usually in the form
of phosphorite or apatite, causes slagging in
certain boilers, and steel produced from such
phosphorus-rich coals tends to be brittle.

Halide minerals, such as chlorides, and
sulfates and nitrates are present in coal usually
as infiltration products deposited from brines
migrating through the sedimentary sequence.
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Figure 4.5 Ternary diagram showing ash chemistry of some of Western Canada’s coals, together with
approximate ash fusion temperatures, and base/acid ratios. Approximate boundaries of pyrite—calcite-illite
(marine influenced) coal ashes and kaolin—-quartz (freshwater-dominated) coal ashes are also shown.

Source: Pearson 1985 with permission.

They become significant in mining operations
when mine waters enriched with, for example,
nitrates create serious corrosion effects on
pipework and other metal installations in the
mine workings. In addition, chlorine causes
severe corrosion in coal-fired boilers.

The more important trace element minerals
found in coals are summarised in Table 4.13.
They may originate from the original plant
material or be components of other minerals
in the coal. Several of them, notably boron,
titanium, vanadium, and zinc, can have detri-
mental effects in the metallurgical industry.

The mineral matter in Carboniferous and
Gondwana coals is broadly similar. There are,

however, differences in the total content and
distribution of types of mineral matter. Gond-
wana coals commonly have higher contents
of mineral matter, particularly as well-defined
layers of mineral-rich material. Such bands
are composed of kaolinite or other clay miner-
als and quartz. In addition, Gondwana coals
tend to have fine clay or other mineral matter
dispersed throughout the organic fraction.

The inorganic components of Paleogene-
Neogene coals are strongly affected by the
level of rank that the coal will have achieved.
Groundwater leaching can lead to precipita-
tion of minerals such as gypsum, barite, and
other sulfates (Taylor et al. 1998).
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Table 4.13 Contents of trace elements in coals, soils, and shales (as ppm).

Most
Element coals Soils Shales
Antimony (Sb) 0.05-10 0.2-10 1.5
Arsenic (As) 0.5-80 1-50 13
Barium (Ba) 20-1000 100-3 000 550
Beryllium (Be) 0.1-15 <5-40 3
Boron (B) 5-400 2-100 130
Cadmium (Cd) 0.1-3 0.02-10 0.22
Caesium (Cs) 0.3-5 0.3-20 5
Chlorine (CI) 50-2000 8-1800 160
Chromium (Cr) 0.5-60 5-1000 90
Cobalt (Co) 0.5-30 1-40 19
Copper (Cu) 0.5-50 2-100 39
Fluorine (F) 20-500 20-700 800
Gallium (Ga) 1-20 5-70 23
Germanium (Ge) 0.5-50 0.1-50 2
Gold (Au) up to 0.01 0.001-0.02 0.002
Hafnium (Hf) 0.4-5 0.5-34 2.8
Lanthanum (La) 1-40 2-180 4.9
Lead (Pb) 2-80 2-100 23
Lithium (Li) 1-80 5-200 76
Manganese (Mn) 5-300 200-3 000 850
Mercury (Hg) 0.02-1 0.01-0.5 0.18
Molybdenum (Mo) 0.1-10 0.2-5 2.6
Nickel (Ni) 0.5-50 5-500 68
Niobium (Nb) 1-20 6-300 18
Phosphorus (P) 10-3000 35-5300 700
Rubidium (Rb) 2-50 20-1000 160
Scandium (Sc) 1-10 <10-25 13
Selenium (Se) 0.2-10 0.1-2 0.5
Silver (Ag) 0.02-2 0.01-8 0.07
Strontium (Sr) 15-500 50-1 000 300
Tantalum (Ta) 0.1-1 0.4-6 2
Thallium (T1) <0.2-1 0.1-0.8 1.2
Thorium (Th) 0.5-10 1-35 12
Tin (Sn) 1-10 1-20 6
Titanium (Ti) 10-2000 1000-10 000 4600
Tungsten (W) 0.5-5 0.5-80 1.9
Uranium (U) 0.5-10 0.7-9 3.7
Vanadium (V) 2-100 20-500 130
Yttrium (Y) 2-50 10-250 41
Zinc (Zn) 5-300 10-300 120
Zirconium (Zr) 5-200 60-2 000 160

Source: From Taylor et al. (1998)



4.1.4 Coal Petrography

The microscopic study of coal has enabled a
better understanding of its organic and min-
eral components and its industrial utilisation.
Classical petrographic studies in relation to
geology were carried out by Thiessen (1920),
Stach (1982), and Teichmiiller and Teich-
miiller (1982); Teichmdiller (1987, 1989) on
Carboniferous coals in Europe. Teichmiiller
(1987, 1989) compared coal petrography and
genesis of coal and the process of coalification,
and other studies dealt with the relationship
of petrography of the Carboniferous coals and
their depositional environment (Diessel 1992).

Carboniferous coals have a typically bright
lustrous appearance and consist of predomi-
nantly vitrite and clarite. Permian coals were
principally formed in the Gondwana super-
continent with the exception of early Permian
coals in northern China. Many of these coals
have a dull appearance and contain a higher
percentage of inertinite. There is also the
tendency for a greater percentage of mineral
matter to be present in these coals.

Late Mesozoic and Palaeogene-Neogene
coals are variable and can be more complex
in their make-up. They are usually rich in
huminite and vitrinite with variable amounts
of liptinite and they are low in inertinite. The
majority of these coals are low rank and do not
exhibit the fine banding that characterises the
older coals (Taylor et al. 1998).

The principal uses of black coals on a world-
wide basis are to generate electricity and to
produce iron and steel. The latter still depends
chiefly on coal, whereas in the electricity gen-
eration industry coal has competition from
other energy sources; even so, coal still retains
a 39% share of this market.

The relationship between coal properties
and coal usage has been outlined by Taylor and
Shibaoka (1976), Pearson (1980, 1985), Callcott
and Callcott (1990), and Taylor et al. (1998).

Coals that are to be used for conventional
coke production must have three essential
properties:

4.1 Physical Description of Coal

(i) they must be within a specific range in
rank for the coking process to occur, i.e.
bituminous coal;

(ii) they must possess a high proportion of
fusible macerals (>40% vitrinite) to form
a strong, well-fused coke;

(iii) they must have low levels of certain ele-
ments, notably sulfur and phosphorus,
and be generally low in mineral matter.

Steam or thermal coals used for electricity
generation are required to have a low mineral
matter level with a high calorific value (CV).
Ash fusion temperatures are preferred to be
high and sulfur, nitrogen and trace elements
to be low. Local power stations can operate on
a wide range of coals including brown coals,
whereas export steam coals are dominated by
high-volatile bituminous coals with mineral
matter contents <15%.

The various macerals and maceral groups
react differently to physical stress. Vitrinite is
brittle and fractures easily, whereas liptinite-
inertinite associations are more durable.
Therefore, when coal is crushed, a higher
percentage of vitrinite will be found in the fine
fraction, with inertinite concentrated in the
coarser fraction.

In coke production, vitrinite is the maceral
group that contributes most to its forma-
tion. However, a stronger coke is obtained if
the vitrinite is reinforced by inertinite. The
liptinite group is characterised by high hydro-
gen/carbon ratios and therefore produce large
amounts of gas on heating, all of which con-
tributes to the fluidity and swelling properties
of the coal. However, abundant liptinites are
relatively resistant to thermal breakdown and
remain after vitrinite has become plastic. In
the inertinite maceral group, fusinite and semi-
fusinite do not fuse during carbonisation due
to their insufficient hydrogen content. These
macerals are characterised by higher oxygen/
carbon ratios. The inertinite maceral group is
thought to have little influence during coke-
making, although numerous studies on the
coking properties of coal suggest that some
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inertinite is completely fused during the
coke-making process. Figure 4.6 shows the pet-
rographic composition expressed as inerts, or
the percentage of inertinite macerals plus inert
semifusinite, plus ash composition calculated
by the Parr formula (see Section 4.3.1.1) and
rank (expressed as R, ,.,.) of world-traded cok-
ing coals. The ‘optimum inert’ line represents

the optimum amount of inert components that
would produce the strongest coke for each
rank. Coal compositions to the left of the line
are inertinite rich and those to the right are
reactive rich (Pearson 1980).

The application of vitrinite reflectance
methods (see Section 4.2.1) to reactive macer-
als has shown that there is a direct relationship
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between the types of reactive macerals and the
amount of inerts or non-reactives in making
coke (Zimmerman 1979). By testing coals
of different reflectance values in relation to
the quantity of inerts in the coal, the rela-
tive strength (or stability) of the coal can be
determined based on petrographic analyses. It
has been shown that reactives in themselves
will not make a good coke, but require inert
material in proper proportion. The amount
of inerts required will vary with the types of
reactives present. This ratio of inerts to reac-
tives is used to determine the coke strength,
and a balance index is calculated from this
ratio and called the composition balance index
(CBI). The amount of inerts present and the
strength properties of each reactive type can
be shown as a series of curves, where each
curve shows the greatest strength when the
highest amount of inerts is present in the
coal. Low-reflectance types have low relative

Strength Index
Coke resistant

4.1 Physical Description of Coal

strengths. The strength index (SI) is the com-
parative coke strength of the reactive macerals
present in the coal, and the SI together with the
CBI is required to predict the strength of the
coke produced from any coal, and will indicate
the ability of the coke to perform in a blast
furnace.

Figure 4.7 shows the relationship between
SI and CBI and its effect on coke strength
and coke resistance for bituminous coals
(Zimmerman 1979).

Coals used for combustion are less specific
in terms of coal rank and type. It is the CV
of the coal that is of prime interest, i.e. the
percentage of combustible matter against
non-combustible matter (mineral matter and
water). Liptinite with high hydrogen/carbon
ratio has the highest CV, followed by vitrinite
and inertinite; however, vitrinite and inertinite
increase in CV with increasing rank, whereas
liptinite declines.
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Figure 4.7 Characteristics of coke attainable from bituminous coals. Source: From Zimmerman (1979).
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4.2 Coalification (Rank)

4.2.1 Coalification

Coalification is the alteration of vegetation to
form peat, succeeded by the transformation
of peat through lignite, subbituminous, bitu-
minous, semi-anthracite, to anthracite and
meta-anthracite coal.

The degree of transformation or coalification
is termed the coal rank, and the early identi-
fication of the rank of the coal deposit being
investigated will determine the future potential
and interest in the deposit.

To understand coal rank, a brief examination
of the coalification process is given, particu-
larly those conditions under which coals of
different rank are produced. A detailed account
of coalification and its physical and chemical
processes is given by Taylor et al. 1998. They
described the major stages of coalification

from peat to meta-anthracite. These are sum-
marised in Table 4.14, which outlines not only
the denoted rank of coal but also the domi-
nant processes and physico-chemical changes
undergone in each stage in order to produce
an increase in rank.

The coalification process is essentially
an initial biochemical phase followed by a
geochemical or metamorphic phase. The bio-
chemical phase includes those processes that
occur in the peat swamp following deposition
and burial, i.e. during diagenesis. This pro-
cess is considered to be in operation until the
hard brown-coal stage is reached. The most
intense biochemical changes occur at very
shallow depths in the peat swamps. This is
chiefly in the form of bacteriological activity,
which degrades the peat and may be assisted
in this by the rate of burial, pH, and levels of
groundwater in the swamp. Bacteriological
activity ceases with increased burial, and it is

Table 4.14 Major stages of the development from peat to meta-anthracite.

Approximate

Coalification stage ASTM rank range

Predominant processes

Predominant physico-chemical
changes

1. Peatification Peat Maceration, humification Formation of humic
gellification, fermentation, substances, increase in
concentration of resistant aromaticity
substances

2. Dehydration Lignite to Dehydration, compaction Decreased moisture contents

subbituminous loss of O-bearing groups, and O/C ratio, increased
expulsion of —COOH, CO,, heating value, cleat growth
and H,0
3. Bituminization Upper Generation and entrapment Increased vitrinite R,
subbituminous A  of hydrocarbons, increased fluorescence,
to high-volatile A depolymerization of matrix, increased extract yields,
bituminous increased hydrogen bonding  decrease in density and sorbate
accessibility, increased strength

4. Debituminization =~ Uppermost Cracking, expulsion of low Decreased fluorescence,

high-volatile molecular weight decreased molecular weight of

bituminous A to
low-volatile
bituminous

Semi-anthracite
to anthracite to
meta-anthracite

5. Graphitization

hydrocarbons, especially CH,

Coalescence and ordering of
pre- graphitic aromatic
lamellae, loss of hydrogen,
loss of nitrogen

extract, decreased H/C ratio,
decreased strength, cleat
growth

Decrease in H/C ratio, stronger
X-ray diffraction peaks,
increased sorbate accessibility,
anisotropy, strength, ring
condensation and cleat healing

Source: From Taylor et al. (1998) According to Levine (1993).



considered absent at depths greater than 10 m.
Carbon-rich components and volatile content
of the peat are little affected during the bio-
chemical stage of coalification; however, with
increased compaction of the peat, moisture
content decreases and CV increases.

From the brown coal stage, the alteration
of the organic material is severe and can be
regarded as metamorphism. Coals react to
changes in temperature and pressure much
more quickly than do mineral suites in rocks.
Coals, therefore, can indicate a degree of
metamorphism in sequences that show no
mineralogical change.

During the geochemical or metamorphic
stage, the progressive changes that occur
within coals are an increase in the carbon con-
tent and a decrease in the hydrogen and oxygen
content, resulting in a loss of volatiles. This,
together with continued water loss and com-
paction, results in the reduction of the coal vol-
ume. Products of such coalification are
methane (CH,), carbon dioxide (CO,), and
water; water is quickly lost, and the CH, to
CO, ratio increases with rank.

These changes in the physical and chem-
ical properties of the coal are, in reality, the
changes to the inherent coal constituents.
During coalification the three maceral groups
become enriched in carbon, with each maceral
group (i.e. exinite, inertinite, and huminite
[vitrinite]) following a distinct coalification
path. Figure 4.8, after van Krevelen (1961),

4.2 Coalification (Rank)

illustrates the distinct coalification paths. The
petrographic properties of vitrinite change
uniformly with increasing rank.

The reflectance progressively increases in
reflected light, whereas organic materials
become opaque and plant structure becomes
difficult to recognise in transmitted light. The
optical properties of vitrinite have enabled it to
be used as an indicator of rank. Teichmiiller
and Teichmiiller (1982) describe the method
used in detail as applied to the medium-volatile
bituminous to meta-anthracite and semi-
graphite range of coals, i.e. coals with less
than 30% volatile matter. Also, reflectance
is considered the best rank parameter for
anthracites, and reflectance is nearly compa-
rable to moisture content as a rank indicator
in high-volatile bituminous coals. It was origi-
nally suggested that this is not so for lower rank
coals; however, later studies showed the utility
of reflectance in low rank lignitic coals, pro-
vided that care is taken in the selection of the
component measured. Ward (1984) suggested
rank classes in terms of vitrinite reflectance
(Tables 4.15 and 4.16) show the changing
pattern of coal composition with increasing
coalification (Diessel 1992). This increase in
vitrinite reflectance with increase in coal rank
is shown in Figure 4.9a for New Zealand coals;
these have high proportions of vitrinite, and
most fall within a restricted band on a volatile
matter/CV plot. The mean reflectance values
given in Figure 4.9b are reported to be on the

Figure 4.8 Diagram
showing the
coalification tracks of I
liptinite, inertite, and 20F
huminite-vitrinite.
Source: From Bustin
et al. (1983), based on
van Krevelen (1961),
by permission of
Geological L
Association of L
Canada.
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Table 4.15 Rank classes in terms of vitrinite coal, and marine-influenced Pennsylvanian
reflectance. coal from the USA. In general, the non-marine
Cretaceous coals possess lower volatile yields

Rank ::;’::,::::e R, (%) than the non-marine Gondwana and marine
influenced Pennsylvanian coals. This variation
Subbituminous <0.47 is a consequence of compositional differences,
High-volatile bituminous C ~ 0.47-0.57 with the Cretaceous coals having a higher
High-volatile bituminous B 0.57-0.71 inertinite content (Pearson 1985).
High-volatile bituminous A~ 0.71-1.10 Fluorescence microscopy of the liptinite
Medium-volatile bituminous  1.10-1.50 macerals and the coloration of the liptinite
Low-volatile bituminous 1.50-2.05 (thermal alteration index) are useful for coals
Semi-anthracite 2.05-3.00 (approx.) of low rank, but these methods are not as
Anthracite >3.00 refined as vitrinite reflectance.

During coalification, sapropelic coals
undergo alteration similar to that of the lip-
tinite component of humic coals. At the peat
high side; nevertheless, the reflectance-rank stage, sapropelic coals are enriched in hydro-
relationship is a meaningful one (Suggate and gen relative to humic coals, but at advanced

Source: From Ward (1984).

Lowery 1982). stages of coalification (90% carbon) the chemi-

It should be noted that, in the case of cal composition of boghead, cannel, and humic
high-volatile South African Gondwana coals,  ¢oals is similar. During coalification, signifi-
reflectance is a better indicator than mois-  cant amounts of bitumen may be generated

ture due to the presence of higher amounts from sapropelic coals.
of inertinite, which has a lower moisture
content.

Figure 4.9c shows the relationship between
R, max and volatile matter (dry, mineral matter =~ The coalification process is governed primar-
free, dmmf) for non-marine Canadian Creta- ily by rises in temperature and the time during
ceous coal, Australian non-marine Gondwana which this occurs.

4.2.2 Causes of Coalification

Table 4.16 Some rank parameters showing the changing pattern of coal composition with increasing
coalification (Diessel 1992).

Volatile In-situ Vitrinite Vitrinite
Carbon  matter Gross V' moisture reflectance reflectance

Rank stage (%, daf) (%, daf) (MJkg™') (%) random R, (%) R, (%)
Wood 50 > 65 11.7
Peat 60 > 60 14.7 75 0.20 0.20
Brown coal 71 52 23.0 30 0.40 0.42
Subbituminous coal 80 40 335 5 0.60 0.63
High-volatile bituminous coal 86 31 35.6 3 0.97 1.03
Medium-volatile bituminous coal 90 22 36.0 <1 1.49 1.58
Low-volatile bituminous coal 91 14 36.4 1 1.85 1.97
Semi-anthracite 92 8 36.0 1 2.65 2.83

Anthracite 95 2 35.2 2 6.55 7.00
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4.2.2.1 Temperature
Temperature changes can be achieved in two
ways:

(i) The direct contact of the coal with igneous
material, either as minor intrusions or as
deep-seated major intrusions. The coals
exhibit loss of volatiles, oxygen, CH,, and
water, and the surrounding sediments will
show evidence of contact metamorphism,
e.g. the local development of high-rank
coal in the Gondwana coals of South Africa
and India and in the Palaeogene-Neogene
coals of Sumatra, Indonesia.

(ii) The rise in temperature associated with
the depth of burial. Increasing depth of
burial results in a decrease in the oxygen
content of the coals and the increase in
the ratio of fixed carbon to volatile matter.
Professor Carl Hilt (1873) observed this
phenomenon, and Hilts law states that ‘in
a vertical sequence, at any one locality in a
coalfield, the rank of the coal seams rises
with increasing depth’.

The rate of rank increase known as the
rank gradient, is dependent on the geother-
mal gradient and the heat conductivity of the
rocks. Where the geothermal gradient is high
(70-80°Ckm™! depth), bituminous rank can
be attained at depths of 1500 m (Upper Rhine
Graben, West Germany); but in the same
area, the same rank is reached at depths of
2600 m when the geothermal gradient is lower
(40°Ckm™!) (Stach 1982). Similar basinal
studies have shown variations in geothermal
gradient in different parts of the basin (Teich-
miiller 1987; Teichmiiller and Teichmiiller
1982). Studies of the Remus Basin in the
Canadian Arctic show differing geothermal
gradients of 55°C km™! in the eastern part and
20°Ckm™" in the western part. The Remus
Basin contains 90 seams of coal with ranks
ranging from lignite to high-volatile bitumi-
nous with a maximum palaeothickness of
4500 m. In South Wales, it is suggested that the
coalification that has produced anthracitisa-
tion is due to the proximity of a magmatic heat

source. The anthracite field has a present-day
geothermal gradient of 25°C km™.

Figure 4.10 illustrates the manner in which
American Society for Testing and Materials
(ASTM) rank boundaries vary in depth from
the surface according to the geothermal gradi-
ent, as reflected by variations in the moisture

and CV relationships (Suggate 1982).

4.2.2.2 Time

Usually, coalification temperatures are lower
than was once inferred from experimental coal-
ification studies. Stach (1982) quoted temper-
atures of the order of 100-150°C as sufficient
for bituminous coal formation according to
geological observations. To attain higher rank,
higher temperatures are required with more
rapid rates of heating (contact metamorphism)
rather than with slower heating rates (sub-
sidence and depth of burial). Therefore, it is
apparent that the degree of coalification is
less where sediments have subsided rapidly
and the ‘cooking time’ was short, and time
only has a real effect when the temperature
is sufficiently high to allow chemical reaction
to occur. Where very low temperatures occur
over a very long period, little coalification takes
place; for example, the lower Carboniferous
lignites in the Moscow Basin. The influence of
time, therefore, is all the greater the higher the
temperature.

4.2.2.3 Pressure

The influence of pressure is at its great-
est during compaction and is most evident
from the peat to subbituminous coal stages,
in the decrease of porosity and the reduc-
tion of moisture content with depth. Stach
(1982) states that the pressure promotes
‘physico-structural coalification’, whereas rise
of temperature accelerates ‘chemical coali-
fication’. With gradual subsidence of coal,
both influences run parallel, but occasionally
physico-structural coalification may precede
chemical coalification; for example, where rel-
atively low-moisture coals have been produced
by early folding. Chemical coalification will
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advance when additional heat is supplied; for
example, from intrusive bodies. With increas-
ing chemical coalification, pressure has less
influence. Laboratory experiments suggest
that the confining pressure may inhibit chem-
ical coalification and retard the process; for
example, the removal of gas is more difficult,
and the alteration of macerals is postponed by
pressure.

Local rises in rank can occur along shear
planes, which is probably due to frictional
heat.

4.2.2.4 Radioactivity

Increase of rank by radioactivity is rarely
observed and is likely to be only in the form of
microscopic contact haloes of higher reflectiv-
ity around uranium/thorium concentrations
in the coal.

4.3 Coal Quality

Coal quality, in essence, means those chemical
and physical properties of a coal that influence
its potential use.

It is essential to have an understanding of
the chemical and physical properties of coal,
especially those properties that will determine
whether the coal can be used commercially.
Coals need to possess particular qualities
for selected usage. Should they meet such
requirements, then they can be mined and
sold as a pure product or, if the quality could
be improved, they can be blended with other
selected coals to achieve a saleable product.

The quality of a coal is determined by the
make-up of the original maceral and mineral
matter content of the coal, and its degree of
coalification (rank). In order for this to be
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understood in analytical terms, set procedures
for determining chemical and physical proper-
ties of coals have been set up (see Karr 1978).
A number of countries and organisations have
defined standards of procedure that should be
consulted (Appendix A).

A knowledge of the most commonly deter-
mined properties of a coal is important, par-
ticularly those that are deleterious to the coal.
Such coal analyses are essential in the evalua-
tion of a coal deposit, i.e. to be aware of which
seams or parts of seams will be unacceptable
when mining commences or, conversely, those
seams or parts of seams that will yield a pre-
mium product for the predetermined market.
It is possible that, after analysing a coal, hith-
erto undetected properties may enhance the
product or even suggest a different end usage
for the coal, e.g. the discovery that a coal has
good coking properties when it was originally
considered for a steam coal product.

An outline is now given of the fundamental
chemical and physical properties of coal and
what they mean in terms of the coal’s usability.

4.3.1 Chemical Properties of Coal

In simple terms, coal can be regarded as being
made up of moisture, pure coal, and mineral
matter.

The moisture consists of surface moisture
and chemically bound moisture, the pure coal
is the amount of organic matter present, and
the mineral matter is the amount of inorganic
material present, which when the coal is burnt
produces ash. Clearly, decomposition during
heating of some inorganic minerals means that
ash and mineral matter composition cannot be
equal.

Coal analyses are often reported as proxi-
mate or ultimate analysis. Proximate analysis is
a broad analysis that determines the amounts
of moisture, volatile matter, fixed carbon, and
ash. This is the most fundamental of all coal
analyses and is of great importance in the prac-
tical use of coal. The tests are highly dependent
on the procedure used, and different results

are obtained using different times and tem-
peratures. It is important, therefore, to know
the procedure used and the reported basis (see
Section 4.3.1.1).

Ultimate analysis is the determination of
the chemical elements in the coal, i.e. carbon,
hydrogen, oxygen, nitrogen, and sulfur. In
addition, the calculation of the amounts of
those elements that have a direct bearing on
the usability of the coal is necessary. These
may include forms of sulfur, chlorine, and
phosphorus, an analysis of those elements
making up the mineral matter content of the
coal, and selected trace elements.

4.3.1.1 Basis of Analytical Data

Before proceeding to the analysis of the coal, it
is important to understand how the moisture,
ash, volatile matter, and fixed carbon relate to
one another, and to the basis that analytical
data are presented.

It is important in evaluating previous coal
analyses that the basis on which they are
presented is known. It is unfortunately a com-
mon problem that analyses are given which
do not indicate on what basis they are pre-
sented. Indeed, they are often listed together
on different bases that are not stated.

Coal analyses may be reported as follows (see
Table 4.17):

(i) “‘As received’ basis (ar), also ‘as sampled’.
The data are expressed as percentages
of the coal including the total moisture
content, i.e. including both the surface
and the air-dried moisture content of
the coal.

(ii) ‘Air-dried’ basis (adb). The data are
expressed as percentages of the air-dried
coal; this includes the air-dried moisture
but not the surface moisture of the coal.

(iii) ‘Dry’ basis (dry). The data are expressed as
percentages of the coal after all the mois-
ture has been removed.

(iv) ‘Dry ash-free’ basis (daf). The coal is con-
sidered to consist of volatile matter and
fixed carbon on the basis of recalculation
with moisture and ash removed. It should
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Table 4.17 Components of coal reporting to different bases.

Surface moisture
Total moisture
Air-dried moisture
Ash
. A
Mineral matter Volatile
mineral
matter . [N
Volatile | ©_
matter “a'-: A
Volatile =1
organic €
matter © 3
Pure coal 2| =
E|l S
Fixed carbon = =
ala

Air-dried
As received

Source: From Ward (1984) with permission of Blackwell Scientific

Publications.

be noted that this does not allow for the
volatile matter derived from minerals
present in the air-dried coal. This basis
is used as the easiest way to compare
organic fractions of coals.

(v) Dmmf. Here, it is necessary that the total
amount of mineral matter rather than
ash is determined, so that the volatile
matter content in the mineral matter can
be removed.

Table 4.18 gives the required formulas for the
calculation of results to the above bases (refer-
ence BS ISO 1170:2008, Appendix B).

In addition, the following countries have
developed equations to calculate the mineral
matter content of their coals.

North America
original Parr formula

MM = 1.08A4 + 0.55S
modified Parr formula

MM = 1.13A4 + 0.47Spyr + Cl

UK
British Coal Utilisation Research Associa-
tion formula

MM = 1.104 + 0.53S + 0.74CO, — 0.36

King-Maries—-Crossley formula (revised by
British Coal)

MM = 1.134 + 0.5Spyr + 0.8CO,
— 2.8Sash + 2.8SSulf + 0.3Cl

Australia
Standards Association of Australia formula

MM =1.14

where MM (%) is mineral matter, A (%) is
ash, S (%) is total sulfur, Spyr (%) is pyritic sul-
fur, SSulf (%) is sulfate sulfur, Sash (%) is Sulfur
in ash, CI (%) is chlorine, CO, (%) is carbon
dioxide.

Allvalues are expressed on an air-dried basis.

4.3.1.2 Proximate Analysis

4.3.1.2.1 Moisture The terminology used in
describing the moisture content of coals can be
confusing and needs to be clarified. The most
confusing term is inherent moisture, which
has many different definitions and should be
avoided if possible. If used in any tests it is
necessary to ascertain the exact definition that
the reference is using.

There is no exact method of determining
moisture content. The coal industry has there-
fore developed a set of empirically determined
definitions, which are as follows:
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Table 4.18 Formulae for calculation of results to different bases.

As sampled
(as received)
(as despatched) Wanted Dry, mineral
Given result (as fired) Air dry result dry Dry, ash free matter free
As sampled
(as received) — 100—Mad 100 100 100
(as despatched) 100 — Mar 100 — Mar 100 — (Mar + Aar) 100 — (Mar + MMar)
(as fired)
As analysed 100 — Mar — 100 100 100
(air dry) 100 — Mad 100—Mad  100-(Mad+ Aad) 100 —(Mad + MMad)
Dry 100 — Mar 100 — Mad — 100 100
100 100 100 — Ad 100 - MMd
Dry, ash free 100 — (Mar + Aar) 100—-(Mad 100-—Ad — 100 — Ad
+ Aad)
100 100 100 100 — MMd
Dry, mineral 100 — (Mar + MMar) 100—(Mad 100—MMd 100-MMd —
matter free +MMad)
100 100 100 100 — Ad

M = moisture %; A = ash %; MM = mineral matter %; ar = as-received basis; ad = air-dried basis; d = dry basis.
Source: From BS 1016-100 (1994).

1. Surface wmoisture. This is adventitious
moisture, not naturally occurring with
the coal and which can be removed by
low-temperature air drying (~40°C). This
drying step is usually the first in any anal-
ysis, and the moisture remaining after this
step is known as air-dried moisture.

2. As-received or as-delivered moisture. This is
the total moisture of the coal sample when
received or delivered to the laboratory.
Usually, a laboratory will air dry a coal
sample, thereby obtaining the ‘loss on air
drying’. An aggressive drying step is then
carried out, which determines the air-dried
moisture. These results are added together
to give the total/as-received/as-delivered
moisture.

3. Total moisture. This is all the moisture
that can be removed by aggressive drying
(~150°C in vacuum or nitrogen atmo-
sphere).

4. Air-dried moisture. This is the moisture
remaining after air drying and which can
be removed by aggressive drying.

In addition to those generally used terms,
the following terms are used for scientific pur-
poses: moisture holding capacity (MHC) and
capacity moisture or equilibrium moisture.
It is not within the scope of this book to detail
the analytical procedure required; but, suffice
it to say, that it is lengthy and expensive.

These terms relate to the in-bed or in-situ
moisture of a coal. Technically, it is the MHC
that increases with decreasing rank, as shown
in Figure 4.11 (Berkowitz 1979).

High moisture is undesirable in coals as it is
chemically inert and absorbs heat during com-
bustion, and it creates difficulties in handling
and transport. It lowers the CV in steam coals
and lowers the amount of carbon available in
coking coals.

4.3.1.2.2 Ash The ash of a coal is the inor-
ganic residue that remains after combustion.
It should be remembered that the determined
ash content is not equivalent to the mineral
matter content of the coal. It does, however,
represent the bulk of the mineral matter in the
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Figure 4.11 Generalised variation of capacity (or
air-dried) moisture contents with rank. Source:
From Berkowitz (1979).

coal after losing the volatile components, such
as CO,, sulfur dioxide (SO,), and water, which
have been driven off from mineral compounds
such as carbonates, sulfides, and clays.

In a steam coal, a high ash content will
effectively reduce its CV. Recommended max-
imum ash contents for steam coals for use
as pulverised fuel (pf) are around 20% (adb),
but much lower values are desirable for some
stoker-fired boilers. In coking coals, a max-
imum of 10-20% (adb) is recommended, as
higher ash contents reduce the efficiency in
the blast furnace.

4.3.1.2.3 Volatile Matter Volatile matter rep-
resents the component of the coal, except for
moisture, that is liberated at high temperature
in the absence of air. This material is derived
chiefly from the organic fraction of the coal, but
minor amounts may also be from the mineral
matter present. Correction for the volatile mat-
ter derived from the latter may be made in tech-
nical works, but this is not usually necessary in
commercial practice.

In pf firing for electricity generation, most
boilers are designed for a minimum volatile
matter of 20-25% (daf). In stoker firing for
electricity generation, the volatile matter lim-
its recommended are 25-40% (daf). There
is virtually no limit for the volatile matter for
coals used in the production of cement. In coke
production, high volatile matter content will

4.3 Coal Quality

give a lower coke yield, so that the best quality
coking coals have a volatile matter range of
20-35% (adb), but values of 16-36% (adb) can
be used.

4.3.1.2.4 Fixed Carbon The fixed carbon con-
tent of coal is that carbon found in the residue
remaining after the volatile matter has been
liberated. Fixed carbon is not determined
directly, but is the difference, in an air-dried
coal, between the total percentages of the other
components (i.e. moisture, ash, and volatile
matter) and 100%

4.3.1.3 Ultimate Analysis

Ultimate analysis of coal consists of the deter-
mination of carbon and hydrogen as gaseous
products of its complete combustion, the deter-
mination of sulfur, nitrogen, and ash in the
material as a whole, and the estimation of
oxygen by difference.

4.3.1.3.1 Carbon and Hydrogen These are lib-
erated as CO, and water when the coal
is burned and are most easily determined
together. However, CO, may be liberated from
any carbonate minerals present, and water
may be derived from clay minerals or from
any inherent moisture in the air-dried coal, or
both. Allowances have to be made for these
inorganic sources of carbon and hydrogen.

4.3.1.3.2 Nitrogen The nitrogen content of
coal is significant, particularly in relation to
atmospheric pollution. Upon combustion of
the coal, nitrogen helps to form oxides that may
be released as flue gases and thereby pollute the
atmosphere; as a result, coals that are low in
nitrogen are preferred in industry.

Coals should not, as a rule, have nitrogen
contents of more than 1.5-2.0% (daf) because
of these NO, emissions.

4.3.1.3.3 Sulfur As in the case of nitrogen,
the sulfur content of coals presents problems
with utilisation and resultant pollution. Sulfur
causes corrosion and fouling of boiler tubes
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and atmospheric pollution when released in
flue gases.
Sulfur can be present in coal in three forms:

(i) organic sulfur, present in the organic com-
pounds of the coal;
(ii) pyritic sulfur, present as sulfide minerals
in the coal, principally iron pyrite;
(iii) sulfate minerals, usually hydrous iron or
calcium sulfates, produced by oxidation of
the sulfide fraction of the coal.

In the ultimate analysis of the coal, only the
total sulfur content is determined. However, in
many instances, the relative amount of sulfur
in each form is required. This is carried out as
a separate analysis.

The total sulfur content in steam coals used
for electricity generation should not exceed
0.8-1.0% (adb); the maximum value will
depend upon local emission regulations. In the
cement industry, a total sulfur content of up
to 2.0% (adb) is acceptable, but a maximum of
0.8% (adb) is required in coking coals because
higher values affect the quality of steel.

4.3.1.3.4 Oxygen Oxygen is a component of
many of the organic and inorganic compounds
in coal, as well as the moisture content. When
the coal is oxidised, oxygen may be present in
oxides, hydroxides, and sulfate minerals, as
well as oxidised organic material.

It should be remembered that oxygen is an
important indicator of rank in coal.

Oxygen is traditionally determined by sub-
tracting the amount of the other elements
(carbon, hydrogen, nitrogen, and sulfur) from
100%.

4.3.1.4 Other Analysis

4.3.1.4.1 Forms of Sulfur The proportions of
organic, inorganic, and sulfate forms of sulfur
are important when considering the commer-
cial usefulness of a coal. Coal preparation can
reduce the inorganic (pyritic) and sulfate frac-
tions, but it will not reduce the organic sulfur
content. Therefore, if a coal has a high sulfur
content, it is essential to know if this can be

reduced by coal preparation methods; if not,
then it may mean that the coal is unusable,
or at best used in a blend with a low-sulfur
product. Also, pyritic sulfur can be linked to
liability to spontaneous combustion.

4.3.1.4.2 Carbon Dioxide CO, in coal occurs
in the carbonate mineral matter fraction.
The carbonates liberate CO, on combustion
and contribute to the total carbon content of
the coal. This reaction, however, reduces the
amount of energy available from the coal.

4.3.1.4.3 Chlorine The chlorine content of
coal is low, usually occurring as the inorganic
salts of sodium, potassium, and calcium. The
presence of relatively high amounts of chlo-
rine in coal is detrimental to its use. In boilers,
chlorine causes corrosion and fouling, and
when present in flue gas it contributes to
atmospheric pollution.

Steam coals should have a maximum chlo-
rine content of 0.2-0.3% (adb), and for coals
used in the production of cement, a maximum
0of 0.1% (adb) is recommended.

4.3.1.4.4 Phosphorus Phosphorus may be
present in coal, usually concentrated in the
mineral apatite. It is undesirable for large
amounts of phosphorus to be present in coking
coals to be used in the metallurgical industry,
as it contributes to producing brittle steel.
It is also undesirable in stoker-firing coal as it
causes fouling in the boiler.

Coking coals should have a maximum phos-
phorus content of 0.1% (air-dried).

4.3.1.4.5 Ash Analysis The ash in coal rep-
resents the residue of the combusted mineral
matter, and it can be broken down and
expressed as the series of metal oxides alu-
minium oxide, titanium dioxide, calcium
oxide, magnesium oxide, potassium oxide,
sodium oxide, and iron(III) oxide together
with phosphorus pentoxide, silica, and sulfite
that make up the lithosphere. These data are
important in determining how a coal will



behave, such as steam coal in boilers, where
slagging and fouling can result, because the
presence of large amounts of the oxides of
iron, calcium, sodium, and/or potassium can
result in ashes with low ash-fusion tempera-
tures. In coking coals, sodium and potassium
oxide contents should be a maximum of
3% in ash, as high alkalis cause high coke
reactivity.

4.3.1.4.6 Trace Element Analysis Coals con-
tain diverse amounts of trace elements in
their overall composition. Those predomi-
nantly associated with the organic fraction
are boron, beryllium, and germanium; those
predominantly associated with the inorganic
fraction include arsenic, cadmium, mercury,
manganese, molybdenum, lead, zinc, and
zirconium. Other trace elements have varying
associations with the organic and inorganic
fractions: those usually associated with the
organic fraction are gallium, phosphorus, anti-
mony, titanium, and vanadium, and those with
the inorganic fraction are cobalt, chromium,
nickel, and selenium.

Boron can be a useful index in indicating
the palaeosalinity of the coal’s depositional
conditions.

Certain trace elements, such as lead, arsenic,
cadmium, chromium, and mercury, if present
in high amounts, could preclude the coal from
being used in environmentally sensitive situ-
ations. Others have detrimental effects on the
metallurgical industry; these include boron,
titanium, vanadium, and zinc.

As a result of the high tonnages of coal
used in industry, significant amounts of trace
elements may be concentrated in residues
after combustion. Therefore, trace element
determinations are carried out before the coal
is accepted for industrial usage.

4.3.2 Combustion Properties of Coal

The determination of the effects of combustion
on coal will influence the selection of coals for
particular industrial uses.
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Tests are carried out to determine a coal’s
performance in a furnace, i.e. its CV and its
ash fusion temperatures. In addition the cak-
ing and coking properties of coals need to be
determined if the coal is intended for use in
the metallurgical industry.

These parameters are particularly significant
as they form the basis for the classification of
coals (see Section 4.4).

4.3.2.1 Calorific Value
The CV of a coal is the amount of heat per
unit mass of coal when combusted, often being
referred to as specific energy (SE), particularly
in Australia.

The CV of a coal is expressed in two ways:

(i) The gross CV or higher heating value. This
is the amount of heat liberated during
testing in a laboratory, when a coal is
combusted under standardised conditions
at constant volume, so that all the water in
the products remains in the liquid form.

(i) The net CV or lower heating value. During
actual combustion in furnaces, the gross
CV is never achieved because some prod-
ucts, especially water, are lost with their
associated latent heat of vaporisation. The
maximum achievable CV under these
conditions is the net CV at constant pres-
sure. This can be calculated and expressed
in absolute joules, calories per gram, or
British thermal units (Btu) per pound.
The simplified equations for these are as

follows:
MJkg™', NetCV = Gross CV — 0.212H
—0.024M
kcalkg™, NetCV = Gross CV — 50.7H
—5.83M
Btulb™!, NetCV = Gross CV — 91.2H

—10.5M

where H is the percentage of hydrogen and
M is the percentage of moisture.
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As an approximate value, in bituminous
coals, gross as-received CV can be converted
to net as-received CV by subtracting the fol-
lowing values: 1.09MJkg™!; 260kcalkg™!;
470 Btulb!,

It should be noted that, in practice, the
USA uses Btulb™!, and the UK has used
Btulb~!, although then the British coal indus-
try uses gigajoules per tonne (this is not used
elsewhere). South Africa and Australia use
megajoules per kilogram, and the rest of the
world usually use kilocalories per kilogram.
A conversion chart is given in Appendix C.

4.3.2.2 Ash Fusion Temperatures

How the coal’s ash residue reacts at high tem-
peratures can be critical in selecting coals for
combustion, i.e. how it will behave in a furnace
or boiler.

A laboratory-prepared and moulded ash
sample (in the shape of a cone, cube, or cylin-
der) is heated in a mildly reducing or oxidising
atmosphere, usually to about 1000-1600 °C.

Four critical temperature points are
recognised:

(i) Initial deformation temperature (IT, but
sometimes seen as IDT), the temperature
at which the first rounding of the apex or
corners of the sample occurs.

(ii) Softening (sphere) temperature (ST), the
temperature at which the moulded sam-
ple has fused down to a lump, the width
of which equals its height.

(iii) Hemisphere temperature, the tempera-
ture at which the mould sample has fused
down to a lump the height of which is
half of its width.

(iv) Fluid temperature (FT), the temperature
at which the mould has collapsed as a flat-
tened layer.

Temperatures recorded under a reduc-
ing atmosphere are lower or equal to those
recorded under an oxidising atmosphere. The
IT and FT are the most difficult to reproduce.

The behaviour of ash at high temperatures
is a direct response to its chemical composi-
tion. Oxides of iron, calcium, and potassium

act as fluxes and reduce the temperature at
which fusion occurs; high aluminium is the
most refractory. In stoker boilers, a minimum
IT of 1200 °C is recommended, as lower val-
ues lead to excessive clinker formation. In
pf combustion, in dry-bottom boilers a min-
imum IT of 1200 °C is recommended and in
wet-bottom boilers a maximum of 1300 °C is
recommended.

4.3.2.3 Caking Tests

4.3.2.3.1 Free Swelling Index The free swell-
ing index (FSI) in BSI nomenclature - the cru-
cible swelling number (CSN) in International
Organisation for Standardisation (ISO) nomen-
clature - is a measure of the increase in the vol-
ume of coal when heated, with the exclusion
of air. The test is useful in evaluating coals for
coking and combustion.

The coal sample is heated for a specific time.
When all the volatiles have been liberated, a
small coke ‘button’ remains. The cross-section
of the button is then compared with a series
of standard profiles, as in BS 1016-107.1 (1991)
(see Figure 4.12).

Coals with a low swelling index (0-2) are
not suitable for coke manufacture. Coals with
high swelling numbers (>8) cannot be used by
themselves to produce coke, as the resultant
coke is usually weak and will not support
the loads imposed within the blast furnace.
However, they are often blended to produce
strong coke.
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Figure 4.12 Characteristic profiles of coke buttons
for different values of the crucible swelling number
(FSI). Source: From BS 1016-107.1 1991.
Reproduced with permission of BSI under licence
number 2002SK/0003.




4.3.2.3.2 Roga Index Test The Roga index
(RI) test again indicates the caking properties
of coals. A sample of coal is combined with
a standard measure of anthracite and then
heated. The resultant button is then tested for
mechanical strength, rather than the change
in dimensions, by being rotated in a drum for
a specific time.

There is a correlation between RI values
and FSI values. For example, RI values 0-5
are equivalent to FSI = 0-14, values >5-20 are
equivalent to FSI = 1-2, values >20-45 are
equivalent to FSI = 215-4, and values >45
are equivalent to FSI = >4.

4.3.2.4 Coking Tests

4.3.2.4.1 Gray-King Coke Type Finely crushed
coal is heated slowly in a sealed tube, and the
appearance and texture of the coke residue is
compared with standards and assigned a letter,
the Gray-King coke type.

Values range from A, for no coking proper-
ties at all, to G, where the coal has retained
its volume and forms a well-fused product. If
it swells beyond its volume, it is said to have
superior coking properties and is further tested
and designated coke type G1-G8. Table 4.19
outlines the characteristics of the Gray-King
coke types.

Gray-King coke types approximate to FSIs as
follows: Gray-King coke type A-Bis equivalent
to FSI = 0-1, C-G2 is equivalent to FSI = 1-4,
F-G4 is equivalent to FSI = 415-6, G3-G6 is
equivalent to FSI = 615/-8, and >G7 is equiv-
alent to FSI = 814-9.

4.3.2.4.2 Fischer Assay This test is most
widely used for testing low-rank coals to
low-temperature carbonisation. The percent-
ages of coke, tar, and water driven off by the
dry coal are determined; gas is calculated by
subtraction.

4.3.2.4.3 Gieseler Plastometer To form coke,
coal passes from a solid form through a fluid
or plastic state to become a fused, porous solid.
The temperature range of the fluid phase and
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the viscosity of the fluid are important features
when blending coals for coke manufacture.
These parameters are measured by the Gieseler
plastometer, in which a coal sample is pressed
around a spindle under torque; as the coal
reaches its fluid state, the spindle begins to
revolve. The rate at which it turns is measured
in ‘dial divisions per minute’ (d.d.p.m.), which
are then plotted against temperature. Until
recently, Gieseler plastometer motors were
only capable of measuring to 30000d.d.p.m.,
but newer instruments can now measure up to
180000 d.d.p.m. (Pearson 2011).

Coals with high and low fluidity may be
blended to obtain improved coking properties.

4.3.2.4.4 Audibert-Arnu  Dilatometer Coals
shrink during carbonisation; such volume
changes that accompany the heating of a
coking coal are measured with a dilatometer.
Several have been developed for this purpose,
the most widely used are the Audibert-Arnu
and the Ruhr dilatometers.

Dimensional changes in a coal can be mea-
sured as a function of time. While the tempera-
ture of the coal is being raised at a constant rate,
curves record the length of a coal sample to
define the extent of contraction and dilatation,
and the temperatures at which these changes
begin or end.

These properties are significant in determin-
ing the volume of coal that can be fed into a
coke oven, and also in blending different coals
for coke production.

The resultant coke is itself subjected to rigor-
ous testing to confirm its strength and quality
for use in commercial operations.

4.3.2.4.5 Plastic Layer Test Coal is heated in
the absence of air and a steel needle is inserted
into the coal. The amount the needle pene-
trates is measured and is a determination of
the coking property of the coal. It is designated
y and measured in millimetres. Plastic layer
thickness is used along with volatile matter
and vitrinite reflectance for classifying a broad
range of ranks and types of coking coals. This
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Table 4.19 Characteristics for classification of Gray-King coke type.

A,B,and C

D,E,and F

G

Retains initial cross-section

Shrunken

Retains initial volume

Examine for strength

Examine for strength

Examine for strength

G1to Gx

Swollen

Examine for degree of swelling

Non-coherent Badly

coherent
Usually in In several
powder form  pieces and
but may some
contain some loose
pieces which, powder.
however, Pieces can
cannot be be picked
handled up but
without break into
breaking. powder on

handling
A B

Coherent

Usually in
one piece
but easily
broken; may
be in two
pieces with
practically
no loose
powder;
very friable
and dull.

C

Moderately hard
and shrunken
May be fissured
but can be
scratched with
fingernail and
stains the fingers
on rubbing the
curved surface
vigorously; usually
dull and black and
appearing fritted
rather than fused.

D

Hard and very
shrunken
Usually very
fissured,
moderate
metallic ring
‘when tapped on
a hard wooden
surface, does not
stain the fingers
on rubbing; grey
or black with
slight lustre.

E

Hard, strong, Hard and strong
and shrunken

May be fissured; Well fused with a
moderate good metallic ring
metallic ring when tapped on a
when tapped on  hard wooden
ahard wooden  surface.

surface; does not

stain the fingers

on rubbing.

Cross-section

well fused and

greyish.

F G

Slightly Moderately Highly swollen

swollen swollen

G1

G2

G3 and higher.
Guided by
swelling
number, blend
‘with minimum
number of
parts of
electrode
carbon to give
a standard
G-type coke.

Gx

Source: From BS 1016-107.2 (1991). Reproduced with permission of BSI under licence Number 2002SK/0003.



test is widely used in the People’s Republic of
China (PRC), Russia, and other eastern Euro-
pean countries. The test was known as the
Sapozhnikov plastometric test and first devel-
oped by Sapozhnikov and Bazilevich (1938).
Recent work by Pearson et al. (2017a,b) has
identified blends at the plastic layer produced
from the earliest melting vitrinites which
engulf and thermally isolate unmelted coal
grains that possess a higher melting temper-
ature. This engulfing fluid hardens to a semi-
coke envelope within which the isolated
material subsequently melts and develops an
internal high-pressure suite. Such examples are
known as ‘encapsulites’. Encapsulites have an
effect on the coke-forming capacity of blended
coals which in recent years has only been
predicted on single coals using petrographic
analysis and then applied to coal blends.

4.3.2.4.6 The G Value Test The PRC uses a
variation of the Roga test, known as the G value
test. A sample of coal is ground to a fine size
and mixed with a standard anthracite. A coke
is produced and the resulting button is rotated
in a cylinder for a defined number of rotations.
The cylinder contents are screened and the
amount of coal remaining on the sieve is the G
value of the coal. Values over 65 are considered
good, with values less than 30 being considered
non-coking (GB/T 5447-2014 2014).

4.3 Coal Quality

4.3.2.4.7 Vitrinite Fluorescence Recent studies
have shown that Gieseler fluidity correlates
with vitrinite fluorescence and is independent
of coal rank and coal type (Pearson 2011). Dif-
ferent populations of vitrinite possess different
levels of Gieseler fluidity and fluorescence
intensity. This method can identify single-
sourced coals and blended coals by the differ-
ence in the vitrinite populations (Figure 4.13).

4.3.3 Physical Properties of Coal

In addition to the chemical and combustion
properties of a coal, its evaluation for com-
mercial usage requires the determination of
several physical properties. These are the coal’s
strength, density, hardness, grindability, abra-
siveness, size distribution, and float-sink tests.

4.3.3.1 Mechanical Strength
The mechanical strength of coal refers to its
capacity to resist external force and is related
to factors such as degree of coalification, litho-
type, mineral content, and weathering. The
mechanical strengths of high- and low-rank
coals are greater than those of medium-rank
and coking coals. The mechanical strengths of
coals with high mineral contents are high and
are reduced by weathering.

Mechanical strength can be determined by
the drop test. This method uses coal lumps
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Figure 4.13 Relationship between coal rank, coal type, and fluorescence. Source: From Pearson (2011) with

permission.
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Table 4.20 Grading standards for mechanical
strength of coal (Xie 2015).

Proportion of

Mechanical particles
Grade strength of coal >25mm (%)
Grade I High-strength coal >65
GradeII = Medium-strength coal ~ 50-65
Grade III  Low-strength coal 30-50
Grade IV Ultralow-strength coal <30

of size 60-100mm that are allowed to fall
freely from a point 2m above a steel plate.
The coal is sieved using a 25 mm sieve and the
process is repeated three times. The mass of
coal sample larger than 25mm is determined
and the percentage with respect to the mass of
the original coal sample is taken as the shatter
indices of the coal (Xie 2015). Table 4.20 gives
the grading standards for mechanical strength
of coal.

4.3.3.2 Density
The density of a coal will depend on its rank
and mineral matter content. It is an essential
factor in converting coal units of volume into
units of mass for coal reserves calculation.
Density is determined by the loss of weight
incurred when immersed in water. The testing
of field samples and core samples in this way
gives ‘apparent density’, because air remains

trapped within the coal. True density is deter-
mined by crushing the coal and using a
standard density bottle or pycnometer. The
ease with which apparent densities can be
determined in the field is an important facility
available to the geologist when describing
coal types whose mineral matter contents may
fluctuate up to levels where the coal could
become uneconomic on quality grounds.

It should be noted that density is not synony-
mous with specific gravity or relative density;
the former is defined as the weight per unit
volume given as grams per cubic centimetre,
whereas specific gravity or relative density is
its density with reference to water at 4 °C.

4.3.3.3 Hardness and Grindability

In modern commercial operations, coals are
required to be crushed to a fine powder (pul-
verised) before being fed into a boiler. The
relative ease with which a coal can be pul-
verised depends on the strength of the coal
and is measured by the Hardgrove grindability
index (HGI). This is an index of how easily
a coal can be pulverised in comparison with
coals chosen as standards.

Coals with a high HGI are relatively soft and
easy to grind. Those coals with low HGI values
(less than 50) are hard and difficult to grind into
a pulverised product.

HGI varies with coal rank, as shown in
Figure 4.14 (Berkowitz 1979).
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Figure 4.14 Generalised variation of
the Hardgrove grindability index with
rank. Source: From Berkowitz (1979).
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4.3.3.4 Abrasion Index

Coarse mineral matter in coal, particularly
quartz, can cause serious abrasion of machin-
ery used to pulverise coal. Coal samples are
tested in a mill equipped with four metal
blades. The loss in mass of these blades
determines the ‘abrasion index’, which is
expressed as milligrams of metal per kilogram
of coal used.

4.3.3.5 Particle Size Distribution

Size distribution in a coal depends on the min-
ing and handling it undergoes, together with its
hardness, strength, and its inherent degree of
fracturing.

The size of coal particles affects coal prepa-
ration plant design, which in turn is related to
the sized product to be sold. Tests are based
on sieve analysis as for other geological mate-
rials, and the results expressed in various
size-distribution parameters, such as mean
particle size and cumulative size percentages.

4.3.3.6 Float-Sink Tests
The particles in coal are of different rela-
tive densities. The densities represent the

Table 4.21 Washability data.

4.3 Coal Quality

varying amounts of mineral matter present.
Consequently, the coal preparation process is
designed to remove these (so that the ash level
of the coal is reduced) in order to improve the
product to be used or sold.

Coal particles are separated into density
fractions by immersion in a series of liquids of
known relative density, usually ranging from
1.30 to 2.00. Commencing with the lowest
relative density, the sinking fraction is trans-
ferred to the next liquid in the series, and
so on. An example of a float-sink analysis is
shown in Table 4.21 (S.C. Frankland, personal
communication). Using the results given in
Table 4.21, these may be plotted graphically
as a series of ‘washability curves’. These are
used to calculate the amount of coal that can
be obtained at a particular quality, the density
required to effect such a separation, and the
quality of the discard left behind.

The curves shown in Figure 4.15 are the clas-
sical washability curves: the cumulative floats
curve, which plots column I values against col-
umn G; the densimetric curve, which plots col-
umn G against column C; the cumulative sinks

Relative density Fractional Cumulative floats Cumulative sinks
A B C D E F G H | J K L
Sink Float Midpoint Weight Ash  Ash Weight Ash Ash Weight Ash Ash
RD RD RD % % points % points % % points %
A+B DxE H K
- 100 YDl YFl S x 100 YDt YFt n x 100
— 130 4331 310 1.34 43.31 1.34 3.10 100.00 27.66 27.66
1.30 1.35 1.325 18.47 6.61 1.22 61.78  2.56 4.15 56.69 26.31 46.42
1.35 1.40 1.375 491 1111 0.55 66.69  3.11 4.66 38.22 25.09 65.66
1.40 1.45 1.425 141 1526 022 68.10  3.32 4.88 3331 24.55 73.70
145 1.50 1.4