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FOREWORD

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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PREFACE

MINERAL CONSTITUENTS OF COAL and the changes these minerals
undergo on heating in different environments are of scientific and commer-
cial interest. This interest warrants a thorough discussion of the nature of
mineral matter in coal.

This volume is the product of a symposium given at the 188th National
Meeting of the American Chemical Society. As is probably the case for
many symposia, the symposium upon which this book is based came as a
result of a number of discussions among some of the session chairmen and
the symposium chairman over a period of years. Many of the Division of
Fuel Chemistry’s symposia dealt with a number of aspects of coal, but none
in recent memory have dealt with the mineral matter in a comprehensive
manner. This significant constituent affects almost every application of this
abundant resource. From these thoughts came an interest in developing a
symposium that would cover all of the important aspects in sufficient detail
so that the current thinking in the field could be reasonably represented. In
addition, it was intended that the whole subject be developed in a logical
manner, assuming that there is a logical manner.

With these goals in mind, the matter of organizing individual sessions
led to the approach of inviting a speaker to provide an introduction to each
session, such that the novice in this part of the symposium activity could be
quickly introduced to the area and be able to follow the talks in that session.
The speakers that followed would then talk about particular topics of
significance.

The sequence of session topics was chosen to be similar to that which
could be used in a text on the subject of the chemistry of mineral matter and
ash in coal. An introductory session described what the mineral matter is,
where mineral matter comes from, the chemical constituents that are present,
the manner in which the constituents vary among the different coal deposits,
and the special nature of some of the deposits, such as volcanic materials.

The second session dealt with the effects of high temperatures on
mineral matter and the conversion of that material to a variety of forms
dependent on the temperature and history, such as slag, deposits, fly ash, or
just ash. This session was intended to deal with the observations of the
properties at high temperatures in the laboratory and the efforts to correlate
these observations with some knowledge of the composition of the mineral
matter or ash.
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The third session dealt with efforts to reverse the perspective and begin
with the materials that are present in the mineral matter and then try to
predict the behavior that would be observed. A wide range of properties are
of interest, and a number of papers covered thermodynamic properties and
also the physical properties related to flow and thermal effects such as
conductivity.

The fourth session looked at the question “What does the owner or
operator of large equipment that consumes coal observe because of the
mineral matter?” Because most of the coal consumed in the United States is
used to generate steam in electric power generation facilities, the major
purpose of the coal is to provide heat energy in boilers. The problems are
associated with the accumulation of deposits on the walls or tubes inside the
boiler. In some cases these materials are hot and flow from the walls as a
slag, whereas in other cases the mineral matter undergoes a series of changes
leading to the formation of deposits on the tubes.

The fifth session looked at the possibility that there may be some
desirable aspects associated with the mineral matter in the coal. The mineral
matter may be a catalyst for some of the current or future uses of coal.
Specifically, the mineral matter could have some effect on combustion and
also on future synthetic fuels efforts that could provide either gaseous or
liquid fuels.

The final session responded to the question “If the mineral matter is in
the coal, what can be done to remove the mineral matter?” This session dealt
with a number of techniques to physically remove the mineral matter in
processes called coal cleaning. These processes involve crushing and in some
cases pulverizing to fine and even ultrafine sizes to permit the liberation of
the mineral matter from the coal. An efficient separation requires removal of
mineral matter with a minimum removal of the desirable combustible
material.

One of the goals for this volume is to provide the type and quality of
chapters that will endure or stand the “test of time” such that the book will
be cited for years to come. It is hoped that the efforts that have gone into
this work will achieve this goal.

As in any large undertaking such as this book, many people are
involved. Expressions of thanks and appreciation go to many who helped
plan the individual sessions, the session chairmen. Each of the authors
deserves thanks for contributing to the individual presentations and to the
further revisions that led to the chapters in this book. Thanks also go to the
many reviewers who read and commented on the manuscripts to bring out
additional points for the clarity and improved quality of the manuscripts.
The American Chemical Society staff have been very helpful in their many
ways.
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Chemistry of Mineral Matter and Ash in Coal:
An Overview

Karl S. Vorres

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

Coal contains significant and variable amounts of largely
incombustible mineral matter. This mineral matter primarily
includes clays, shales, pyrite, quartz, calcite and lesser amounts
of other materials, depending on the chemical and mineralogical
composition. It occurs in many forms and sizes, which may be seen
by the naked eye or occur in micron-sized particles that require an
optical or electron microscope to observe. Coal is usually burned
in combustion equipment, liberating hot gases and also heating the
mineral matter to temperatures of 2000°F and above. The different
forms of the mineral matter can and do interact to bring about new
chemical materials with a variety of properties. This volume
describes the nature of the mineral matter, its occurrence,
composition, sources, and the effects of heating this material in
terms of the chemical and physical properties of mineral matter and
deposits. These effects are observed both experimentally and in
the operation of boilers and other coal utilization equipment. The
properties may be predicted with suitable models and a certain
amount of data from simpler systems. The deposition of mineral
matter or ash in boilers is a major concern in the design of coal-
burning equipment and the major reason for the forced outages of
these units. Under certain conditions, there can be beneficial
effects from certain kinds of mineral matter in the coal, and these
are explored. Finally, there are approaches that can be taken to
reduce the mineral matter content of the coal from the original
values. The extent of the reduction depends on the nature of the
coal, the need for reduction, and the premium price that can be
obtained for the cleaned coal.

This volume is divided into six sections, corresponding to the
six sessions in the Symposium on Chemistry of Mineral Matter and
Ash in Coal presented to the Fuel Chemistry Division at the
American Chemical Society National Meeting in Philadelphia in
August, 1984. These six sessions were intended to provide a forum
for the six major areas indicated above. Each section contains
chapters dealing with the subject area. The nature of the mineral
matter in coal is discussed in the first section. The second

0097-6156/86/0301-0001506.00/0
© 1986 American Chemical Society
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section examines the experimental information available from a
variety of high temperature measurements on the coal ash. By
contrast, the third section examines the approaches to predict the
properties of high temperature coal ash from a knowledge of the
chemical composition and an understanding of the thermodynamics of
these and similar systems. The fourth section 1looks at the
problems caused by the mineral matter that are being experienced by
the owners and operators of coal-burning equipment. These problems
are primarily related to the deposition of coal ash and the inter-
actions of the mineral matter to provide material of different
compositions than the original mineral species. The fifth section
examines the potential benefits derived from the presence of the
mineral matter in the coal. Some of the species may catalyze
certain coal conversion processes such as liquefaction. Other
species, such as sodium, may catalyze combustion itself. Finally,
since the mineral matter is generally not desired, a number of
utilities are willing to pay a premium price to have the mineral
matter content reduced. The closing section explores technology to
remove the mineral matter from coal. Taken together these topics
should provide an understanding of the nature of the mineral matter
and ash. In addition the study provides insights into the current
methods of dealing with the inorganic constituents of coal and
suggests useful directions for further research.

The nature of the mineral matter in coal is discussed in the
initial chapters. The mineral matter present in coal includes the
mineral matter present in the living plants which were altered over
time to produce the coal materiale In addition, mineral matter has
been added through the effects of subsidence and the subsequent
addition of sedimentary material, and the accumulation of airborne
dust or other inorganic material. Volcanic eruptions have con-
tributed substantial mineral matter in limited areas. Furthermore,
during the coalification process, water has usually percolated
through the coal seams and provided additional mineral matter as
well as altered the matter that was present.

The nature of the coal mining process is such that some of the
floor and roof of the seam may be included in the product with
normal use of the mining equipment. The mineral matter content can
then vary depending not only on the material present in the coal
but also depending on the material directly above or below the seam
and the care taken in mining.

The effects of the mineral matter depend on the chemical and
mineralogical composition. Many standard analytical techniques are
available to quantify the elements present in the mineral species.
These include silicon, aluminum, iron, calcium, magnesium, sodium,
potassium, titanium and others. The elements are usually reported
as oxides, because the oxide anion is the predominant one in fly
ash. However, the mineral species are not usually simple oxides,
but very frequently are tied up in the different mineral forms as
more complex aluminosilicates or other species as indicated above.
A variety of techniques is used to identify the mineral matter.
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Usually low-temperature ashing (LTA) techniques are used to
remove the combustible matter to provide a sample of mineral
material which has undergone minimal change from that in the
original coal. The LTA technique involves the use of a low-
pressure, low-temperature oxygen plasma to oxidize the combustible
material away from the grains of mineral matter in the coal. Even
though this technique 1is the most gentle in common use, some
changes have been observed in the mineral matter when LTA has been
used. The presence of pyrite and calcite in the coal sample has
led to the observation of some sulfated calcium species.

In the normal preparation of a coal ash sample for analysis,
the coal is heated to 700-750°C for sufficient time to burn off the
carbonaceous matter. These temperatures and times are sufficient
to permit interaction among the more reactive species, and lead to
changes from the materials which have been observed from LTA
studies on the same coal.

Petrographic examination under the microscope can provide
identification of the material, and can be complemented with
techniques such as x-ray diffraction (XRD) to identify crystalline
minerals. The quantitative measure of the relative amounts of the
minerals 1is a somewhat controversial subject due to some of the
limitations of the techniques. However the comparison of the
results from a number of laboratories has led to the conclusion
that no one XRD method 1is superior to all others. Repeated
attempts to compare results between different laboratories has led
to the consensus that the technique is semi-quantitative.

The types of mineral matter found in a particular deposit
depend on the geography of the deposit. Those deposits found in
the eastern part of the United States have mineral matter which is
rich in clay, quartz and pyrite. As a result utilities which burn
eastern higher-sulfur coals must now use equipment which can reduce
the sulfur oxides which are released. The deposits in the western
parts of the U.S. frequently have mineral matter characterized by
high calcite and sodium and lower clay and pyrite contents. The
low sulfur content and some inherent ability to capture liberated
sulfur oxides with calcium compounds has led to the use of the low
sulfur western coals for a growing part of the U.S. power genera-
tion market.

The composition of the mineral matter in a particular coal
seam 1s affected by the geologic conditions surrounding the
deposit. A marine, brackish or freshwater environment will alter
the chemistry of the deposit and the nature of the mineral species
which are found with the coal. Higher sulfur contents are usually
associated with the presence of a marine environment during part of
the coalification process.

The properties of coal ash reflect the changes that have taken
place in the mineral matter through some heating process. As a
result of heating the different mineral forms may have undergone
decomposition (as with carbonates, hydrates), or solid-state
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reaction (as quartz with other species to form silicates) or
heterogeneous reaction (as pyrite with air to form iron oxides).
The changes in chemical composition cause changes in the physical
properties as well. The reactions do not all proceed at the same
rate. In general the thermal decomposition reactions will proceed
rapidly. The heterogeneous reactions proceed at an intermediate
rate, which may vary with time if a layer with low permeability for
the reacting gas is generated. The rate will decrease with time
under these circumstances. The slowest reactions involve the
conversion of two solid phases to some new material. This reaction
proceeds through the diffusion of some mobile species across the
interface between two adjacent particles. This reaction can be
augmented by the formation of a liquid phase which can act as a
solvent for a reactive species. The alkalies can be released if
they are in an active form and act as a flux, or agent for the
formation of a lower melting point phase. The reactions will
proceed measurably faster under these conditions.

The melting properties and viscosity of molten coal ash have
been the subject of continuing work. They are not a simple
function of the composition. The properties are used in attempting
to predict the problems that might be encountered with a particular
coal in an operating boiler with a specific design. A number of
correlations have been developed, but have had limited applica-
tion. One of the problems has been a lack of complete under-
standing of the role of the acids and bases. These terms are used
in many of the correlations of the melting behavior with
composition of the coal ash.

The acids include the oxides of silicon, aluminum and
titanium. The bases include the oxides of iron (iron is mostly
present as basic FeO), calcium, magnesium, sodium and potassium.
Taken together these elements make up virtually all of the cations
found in the high temperature mineral matter. The molten coal ash
is a polymer of the acidic species silica and alumina. The average
molecular weight of the polymeric species depends on the presence
of chain terminating species or bases. The terminating species is
the oxide ion associated with the base. The viscosity depends on
the average molecular size of the polymer. For example the
addition of a base to an acidic eastern coal ash will reduce the
viscosity over a period of time as the polymeric species are
gradually reduced in size.

A reasonably complete understanding of the behavior of molten
slags also requires an understanding of the composition, gaseous
environment (oxidizing or reducing), loss of volatile species,
existence of several immiscible liquid phases, thermal history and
interaction with the container.

Workers are developing the theoretical understanding of the
behavior of molten coal ash systems. This activity proceeds from a
consideration of the energy effects upon mixing the constituent
oxides and a description of the non-ideal behavior of systems
containing polymers of varying size. The models of polymer
chemistry are being applied to these higher temperature systems.
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The high temperature data available on coal slags is limited,
and the work required to obtain additional data 1is expensive and
time consuming. Therefore it has become more desirable to develop
suitable models of high temperature behavior to avoid the time and
cost involved in acquiring additional information. The models are
needed for rapid estimation of properties and testing of operating
strategies to permit continual operation of a boiler with new fuels
or a fuel with varying mineral matter compositions.

The work done with coal ash involves silica-rich systems which
are not unique to coal. The same types of materials are found in
steel-making slags, volcanic magmas, and some fluxes, glasses and
refractories. The behavior of these systems is, not surprisingly,
similar to and consistent with the behavior of coal slags. The
data on these systems may then be used to test models which have
been developed for coal ash. Similarly the understanding of coal
ash systems can be augmented by using models developed for these
other materials. Work with fluxes demonstrates the ability of
materials containing fluoride to form low-melting phases. This is
consistent with the hypothesis of the base as an anion donor, and
the ability of the anions to diminish the size of the silica-type
polymer in melts containing these species.

Other work with volcanic magmas has demonstrated the signifi-
cance of the crystallites which appear as the molten material
cools. A sharp transition in the Arrhenius plot of log of
viscosity versus reciprocal absolute temperature was observed as
the volume of crystallites approached 30% of the total volume.
This transition has been observed in coal ash systems. The
composition of the solid phases or crystallites can be interpreted
by comparison with phase equilibrium diagrams of related simpler
systems.

The continuing efforts to generate electric power more
efficiently have led to further studies of magnetohydrodynamic
power generation. This approach involves the use of an ionizable
vapor which 1is passed through a strong magnetic field at high
velocities. The current produced in this way is used to augment
normal steam generation. The efficiency depends on the amount of
potassium vapor that can be maintained in the system in contact
with the slag derived from the coal being burned. Studies of these
slags have added to the understanding of the interactions of
alkalies with slags.

The problems with the commercial use of coal are usually due
to the mineral matter present in the coal. Over 80% of the coal
used in the United States is burned in boilers to generate steam
for electric power production. In the combustion process, the
mineral matter is released and in a few seconds traverses the
furnace and subsequent parts on the way to the smokestack. If most
of the mineral matter has a relatively high ash fusion temperature,
this material, termed flyash, moves through the furnace parts to
some equipment designed to remove the fine particles. If the ash
fusion temperature is not relatively high then the small particles
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become soft and sticky. They can impinge on the walls and the
tubes of the furnace cavity to produce deposits. The presence of
the flyash and deposits reduces heat transfer and steam generation,
impedes gas flow through the furnace cavity, causes physical damage
to the parts, and corrodes as well as erodes internal parts of the
furnace.

The problems with coal ash are most often associated with
deposits in boilers. The sticky material may accumulate on the
walls of the 1large furnace -cavity. This process 1s wusually
referred to as slagging. The large furnaces have suspended tubes
in them. Deposits form and grow on these tubes in a process called
fouling. Sometimes these deposits grow to a point at which the
operation of the boiler must be terminated, called a forced outage,
for cleaning of the walls and/or tubes.

The accumulation of these deposits may be partially due to
deformation and adhesion of soft, highly viscous particles as they
impinge on hot metal surfaces. Studies have shown that an initial
process involving the formation of a low melting phase on the
surface of tubes provides a kind of glue which permits deposits to
accumulate. The low melting materials that are associated with the
formation of the initial layers include alkali sulfates and iron or
aluminum sulfates. A succession of stages seems to be involved in
the formation of the hard deposits which can not be easily
removed. The presence of two immiscible liquid phases derived from
oxide and sulfate materials has been observed, indicating multiple
mechanisms for deposit formation.

A variety of techniques have been used to model the deposition
processes. Frequently a small furnace will be built to provide
controlled combustion and careful monitoring of the conditions.
The coal is burned and the ash is allowed to impinge on tubes. The
increase in deposit weight is noted as a function of time under
different conditions. This approach has been helpful and is useful
if variations in ash chemistry are the most significant variables.
In some furnaces, the aerodynamics are also quite important and
cannot usually be scaled. It is also possible to model the effects
of impinging ash-like particles by substituting glasses of known
fusion or viscosity properties for the coal ash type materials.

As was indicated above, the nature of the mineral species is
quite important in determining whether a given coal will be
difficult to burn continually in a particular boiler. The
reactions between the species and the speed with which they can
form new low melting phases, or release volatile species which can
form low melting species, usually determine the severity of the
problems.

To date, no universally accepted tool to predict fouling and
slagging from coal ash compositions has been developed. Informa-
tion about the performance of particular coals 1is frequently not
widely available for a variety of reasons. When the information is
available from both commercial and small scale studies then
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correlations can be proposed between performance in the small and
large scale equipment. The use of these correlations, when
accurate, permit the designer or operator to avoid problems before
they are allowed to occur. Statistical studies have been employed
to establish which ones are the most important.

Coal ash is not always a deleterious material for a process.
In coal 1liquefaction, it has been observed that the rate is
increased in the presence of pyrite. In gasification, the rate is
increased in the presence of alkalies. There 1is 1limited data
available on the effects of materials on combustion. Although
interest in synthetic fuels from coal is quite limited at present,
there is an interest in developing the technical capability to
permit the production of more premium fuel types from less
desirable ones. The conversion of solid coal to liquid fuels has
been a very demanding process in terms of the pressures and, to
some extent, the temperatures that have been used. Catalysts have
been required in all cases. The catalysts have been poisoned by
the sulfur and other species in the mineral matter. As a result,
catalyst costs and replacement rates can be quite high. A cheap,
naturally occurring catalyst that came with the coal would be of
significant interest. Pyrite seems to be such a material.

Finally, one can ask "What can be done to remove the mineral
matter from the coal?” The answer is that several processes can be
used to reduce the mineral matter. The extent and cost of removal
usually dictate the cleaning process that is chosen. Generally, a
large part of the coal that is mined for electric power production
is "cleaned” or physically processed to remove part of the mineral
matter by initially crushing the coal and then density separation
of the coal from the mineral matter. This is especially true when
the run-of-mine coal contains more than about 15% mineral matter.
In the physical separation a dense fraction and light fraction, or
several of these, are obtained. Since some combustible matter is
present in the denser fractions, the process results in an energy
loss. The quality of the separation also depends upon the
differences in the surfaces properties of the coal and mineral
matter as well as the density differences. The mineral species and
clays can vary in such a way that the typical cleaning process
steps apparently function inconsistently and reject a significant
amount of combustible material with the mineral fractions. In
order to minimize the loss, it is necessary to crush and grind the
coal in such a way that there are particles of mineral matter free
from attached coal. The complete separation usually requires
grinding to smaller and smaller particle sizes. This concept has
been carried to very fine grinding, capable of giving particles
finer than 15 microns. Mineral matter separation has improved but
becomes very sensitive to coal and mineral surface properties.
Improved cleaning has yielded coal with ash concentrations of the
order of a tenth of a per cent.

Coal cleaning is based on a knowledge of the mineral species
that must be removed. The cleaning plant is a series of circuits
that separate different fractions and provide for recombination of
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certain ones to maximize the yield of a quality product, and
minimize losses of combustible material. The performance of the
circuits will change as the feed streams vary. The act of cleaning
takes out some of the mineral matter, leaving a portion of the
mineral matter yet to be removed. This remaining matter may be
enriched or depleted in certain parts of the original matter and
lead to performance different than that which would be expected on
the basis of the original material. There is a need to remain
aware of the composition of the different streams in the cleaning
plant. The analytical techniques that have been used are difficult
to carry out quickly enough and cheaply enough for easy modifica-
tion of the circuits. Recently the technique of automated image
analysis has been developed so that it may find application in
solving this problem.

Chemical treatment of coal has also been used to further
reduce the mineral matter content. Usually the physical techniques
mentioned earlier are used to reduce the inorganic sulfur species
(mostly pyrite) to a very low level. Since there 1s a great
concern about the sulfur contents of coal, and the organic sulfur
content exceeds the permissible standards for many high-sulfur
coals, non-physical or chemical techniques have been tried to
further reduce the sulfur content. Strong caustic reagents are
used most often to remove the more refractory sulfur forms.

The removal of both mineral matter and sulfur species to very
low values would provide premium solid fuels and possibly new
chemical feedstocks. Several techniques are being explored to
achieve these goals. The mineral matter in a physically cleaned
coal can be further reduced by the solubilization of the alumino-
silicate minerals. This can technically be accomplished with the
use of alkaline and then acid treatments. A variety of studies are
under way to define the conditions required for effective removal
of the mineral matter and establish the amount of sulfur reduction
that can be accomplished. Others involve the use of fine grinding
to liberate the coal from the mineral matter. Then an agglomerant
is used to separate the coal matter from the aqueous phase con-
taining suspended mineral matter. A new approach uses microwave
energy to selectively decompose the clays into species that can be
solubilized and removed. Still another technique involves treat-
ment with carbon dioxide to reduce the particle size and permit the
liberation of the mineral matter. Over the next few years these
will be studied further and it is hoped that coal will become
available in a form with 1less of these interesting, but not
entirely desirable mineral species.

It is hoped that this volume will serve as a further stimulus
to workers in and outside of the field of coal mineral matter and
ash chemistry. We all benefit from the work of others to extend
our current knowledge and can help make coal not only an abundant
fuel, but also a more convenient and desirable resource as well.

RECEIVED November 12, 1985
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Mineral Matter in Illinois and Other U.S. Coals

Richard D. Harvey and Rodney R. Ruch
Illinois State Geological Survey, Champaign, IL 61820

This review (1) describes and classifies the geological,
physical, and chemical occurrences of mineral matters in
coal; (2) summarizes analytical methods used to
characterize the mineral matter; and (3) compares the
mineral-matter composition of I11inois coals with that of
other U.S. coals.

In I11inois coals the organic constituents generally
vary vertically within seams by a factor of 2 to 3; many
elements also vary laterally within the same seam.
Similarly, variations are substantial from one seam to
another within the Il1linois Basin. There is a considerable
overlap, however, in compositional ranges of coals from
different U.S. basins. On a regional basis, the material
variability of many elements, such as sulfur and chlorine,
is the result of geological processes. Low-sulfur coals
mined in many western states, southern West Virginia,
southwestern Virginia, and eastern Kentucky underlie strata
deposited from fresh water; whereas many high-sulfur seams
underlie strata deposited from sulfate-bearing brackish or
marine waters.

Because of the high variability of coal, samples from
all prospective deposits need to be analyzed. Methods for
analysis of inorganic elements in coal are generally
precise, but methods for quantitative analysis of mineral
phases need to be improved.

Mineral matter is generally considered to be the sum total of
all inorganic minerals (discrete phases) and elements that are
present in coal (1). Thus, all elements in coal except
organically combined C, H, O, N, and S are classified by this
definition as mineral matter. This adequately classifies most
inorganic elements in coals, those that are structually bound
within various minerals, but some other elements are also
combined in the organic matter. For bituminous coals such
elements include B, Be, Br, Ge, Sb, and V (2-5); for lower
rank coals much of the Ca is combined as an organic salt. In

0097-6156/86/0301-0010$08.75/0
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addition, many other elements are combined in both the organic
and the mineral matter fractions.

The chemistry of coal is further complicated by the fact
that the organic elements, except nitrogen, also occur in one or
more mineral constituents: carbon in carbonates; hydrogen in
absorbed water and as hydroxide in clay minerals; oxygen in
water, quartz and other simple oxides, clay minerals,
carbonates, sulfates, and other trace minerals; and sulfur in
pyrite, related sulfides, and sulfates. For scientific and
technological purposes, it is important to know the organic-
inorganic associations of the elements in coals being studied or
used in industrial processes.

Characterization of the mineral matter in coal is important
for a number of reasons. Because of the way coal must be mined,
the mine-run product always includes some rock material other
than coal, thereby contributing mineral matter to the mine
product. Miners of a thin seam usually have to remove some roof
and floor strata. Irregular bodies of roof shale or other rocks
frequently occur within coal seams and inevitably become part of
the mine product. Some coal seams grade upwards to shale coal
or coaly shales so that there is no clear-cut boundary between
coal and the roof rocks. In addition, many coal seams contain
one or more mineral partings of various thickness so that miners
must include these in the mine product. It is best for mining
and sales purposes if the amounts, types, and characteristics of
these rock materials be known prior to mining in order to
properly design the mine and preparation plant.

While it has long been known that mineral matter is an
important design factor for utility and other large boilers (6-
8), consumer pressure for low electric bills coupled with more
stringent regulations of sulfur emissions are causing utilities
to seek more efficient operation of existing coal-fired power
plants. Thus, there is renewed interest and concern with such
problems as slagging and fouling of boilers (9-16).

Slagging is the accumulation of mineral matter in a fused
and hardened form on the walls and other surfaces in the furnace
of boilers. Slagging reduces heat transfer and causes excessive
temperature of the exhaust gases as they exit the furnace. The
net effect of slagging is to add maintenance costs for boiler
operation as it damages the metal parts on which the slag
forms. Blocks of slag have been known to grow to over 5 feet
thick in the top of furnaces and eventually to fall of their own
weight, knocking out the bottom of the furnace. Availability of
the boiler for generating electric power is significantly
reduced by severe slagging.

Fouling is the accumulation of mineral-derived ash on the
superheater and reheater tubes in the convective (heat
exchanger) section downstream from the furnace. Fouling
restricts the flow of exhaust gases and impedes heat transfer
through superheater tube walls and thereby reduces the amount of
steam generated.

Abrasion of metal parts inside the boiler is a third
deleterious effect of ash particles produced by some coals. Ash
particles that are especially hard will cause excessive abrasion
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when they impinge on the furnace and boiler surfaces. At plants
where abrasion is serious, it causes frequent shut-downs.

A fourth important factor that increases outages and
maintenance costs is the corrosive effects of alkali elements,
especially sodium, which is associated with chlorine in certain
coals. The specific damage to boilers by chlorine is not well
known, but this mineral constituent clearly causes excessive
rates of corrosion to coal handling equipment.

Thirty-four minor and trace elements are of potential
environmental concern (17). Sulfur is the element of major
concern due to its abundance in flue gases from some coal-
burning plants and its subsequent contribution to "acid rain."
Sulfur as acidic ions of sulfate can also contribute to
pollution of surface water and groundwater. Other elements of
greatest concern are As, B, Cd, Pb, Hg, Mo, and Se. With the
exception of B and Se, these elements are strongly associated
with mineral matter in the coal and are concentrated in waste
piles from coal preparation plants. If the waste disposal site
is not constructed as a closed system, pollution of nearby
groundwater is possible. Boron and Se may contribute to the
pollution risk as they are associated with both mineral and
organic components. On the other hand, certain coal-mine wastes
have potential for recovery of valuable metals such as zinc and
cadmium (18).

Geological studies of the distribution (or variation) of
mineral matter in a local area, such as a large mine, as well as
regionally over the extent of a commercial seam, enable useful
predictions of the concentrations of some inorganic elements
important to coal quality. Geological processes that formed the
seam operated over extensive areas; therefore, patterns of
elemental distribution enable quality parameters of the coal bed
to be predicted in some unexplored areas (5,19-24).

Coal Geology

Coal is a brown to black, combustible, sedimentary rock composed
principally of consolidated and chemically altered plant remains
(25)(Figure 1). The original plants grew abundantly in ancient
swamps and their remains accumulated as peat on the swamp floor,
mostly under water, which restricted decomposition of the plant
debris. Commercial thicknesses of coal are thought to have
required possibly a century or more of unusually consistent
climatic and hydrologic conditions to allow for the deposition
of the required thickness of peat. Studies have shown that
ggaﬁ:(;g§1 (bituminous) thickness ratios range from about 3:1 to

Coal seams in the United States that are of minable
thickness and quality range in age from the Pennsylvanian to the
Tertiary geologic periods (Figure 2). A rough estimate suggests
that two-thirds to three-quarters of the coal produced to date
in the United States has been bituminous coal from Pennsylvanian
strata mined from seams in the Appalachian, I1linois, and
Western Interior Basins (Figure 3). Most of the remainder has
been 1ignite and subbituminous coal mined from Tertiary and
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Figure 1. Thin section of a coal in transmitted 1ight sliced
normal to bedding showing layered structure of plant debris and
disseminated grains (2-4 ym) of quartz (Q) and pyrite (P).
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Yrs Geologic Lignite Sub- - Bi‘um_mous Anthra-
(106) Period bituminous | High |Medium| Low cite
volatile | volatile | volatile
Tertiary
50—
100— Cretaceous
150
Jurassic
2004
Triassic
250
Permian
300 Pennyslvanian
350 Mississippian

Figure 2. Geologic age (period) and rank of coal deposits in
North America, after Cady (27).

Figure 3. Coalfields of the United States (28,29).
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Cretaceous strata in the northern Great Plains, the Rocky
Mountains (including central Utah and northeastern Arizona),
Washington, Texas and Alaska. In recent years production from
these Tertiary and Cretaceous deposits has greatly increased.
For example, between 1972 and 1982 the production from these
deposits in Wyoming increased from an annual tonnage of about 10
million to nearly 110 million, while production in I11inois
decreased from about 65 to 61 million tons.

Origin of Coal Seams. By analogy to present-day deposits and to
the TithoTogic character of associated strata, the ancient coal
seams formed in vast peat swamps. The swamps were located on
coastal plains, often on, or adjacent to, major river deltas.
Some of the swamps might have been 200 to 400 miles across.
Over a period of many centuries the swamp land slowly subsided
while maintaining a dense forest at or near sea level. Layer
upon layer of fallen vegetation was converted to peat. Mineral
matter was introduced into the swamps, mainly by rivers, as
suspended mud and dissolved ionic species during storms that
flooded the swamp, by sea water during wind storms, and by
distant volcanic eruptions that rained dust onto the swamp.
Some inorganic elements were drawn into plant tissues through
their roots from the swamp water and peaty soil; this material
is known as "inherent" mineral matter (30) in the final coal.
Ultimately the swamp was drowned by rivers or sea water from
which sand and mud were deposited onto the dying forest. Peats
covered with seawater were injected with sulfate, but those
covered by thick and impermeable river muds (fresh water)
remained more or less free of sulfate.

More often than not, once a peat swamp was established on a
coastal plain or delta and later covered by sediments due to
land subsidence, a second swamp was established in the same
region by cyclic changes in sea level and re-establishment of
swamp-type vegetation. In this way, multiple layers of peat and
subsequently of coal were formed.

Coalification. The transformation of peat into coal was a slow
and complex process that began with bacterial reduction of plant
debris during the peat stage (Figure 4). As the peat was
progressively buried under hundreds of feet of sediments, it was
compacted; its inherent moisture was progressively forced out by
the pressure of overlying sediments and by heat from the earth's
interior. Methane and CO, were released or entrapped within
pores of the compacted organic debris. Several chemical
processes briefly described as peatification, humification,
gelification, and vitrification, altered the roots, bark, and
other cellulose and lignin bearing debris to vitrinite--the most
abundant maceral comprising bituminous coals (Figure 4). Plant
spores, cuticules, and resins and other lipid components were
incorporated into peat and these are classified as the liptinite
group of macerals. Various oxidized (charred or fusinized)
debris are classified as inertinites (Figure 4). With
increasing coalification (rank), these macerals become
increasingly enriched in carbon so that all macerals in
anthracite have essentially the same properties as inertinite.
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Because of the complexity of the coalification processes,
different measures are used to define different levels of rank
(Table I): high moisture, low heating value, and non-
agglomerating character of the coal define the rank (group)
within the lignite and subbituminous classes; and volatile
matter (or fixed carbon) define the various groups of rank in
the bituminous and anthracite classes. In addition to these
properties, the reflectance of vitrinite, carbon content of the
coal (dry, mineral matter free), and some other properties
change proportionately as rank increases (Table I).

Mineral Occurrences in Coal Seams

Over 125 different minerals have been reported in coal (32);
however, only about 25 have been recognized as occurring in
significant amounts (Table II). Minerals in coal occur as
discrete grains or flakes or aggregates in one of five physical
modes (31): (1) as microscopically disseminated inclusions
within macerals; (2) as layers or partings wherein fine-grained
clay minerals usually predominate; (3) as nodules including
lenticular and spherical concretions; (4) as fissures, including
cleat and other fracture or void fillings; (5) as rock fragments
—megascopic masses of rock material found within the coal bed
as a result of faulting, slumping, or related disturbances.

This classification is useful in that the removal of minerals
from coal in preparation plants is strongly influenced by the
mineral's physical mode of occurrence. Fine-grained quartz,
clay, and pyrite disseminated within macerals are least
susceptible to removal by physical cleaning methods; whereas
rock fragments and minerals in layered, nodular, and fissure
modes break free and are more easily removed.

Origin of Mineral Matter. A genetic classification of mineral

matter provides the best means to predict the quality of coal in
areas ahead of mining and exploration. We consider three main
genetic processes to be responsible for minerals in coal:
detrital deposition, syngenesis, or epigenesis (see the right
side of Figure 4). Detrital grains were introduced into the
swamp by rivers, tidal (storm) waves, and wind (volcanic

dusts). Syngenetic minerals were formed during the peat stage
of coal formation, before the peat was "lithified" to lignite.
Three different subclasses of syngenetic minerals can be
distinguished on theoretical grounds.

(a) minerals formed by crystallization of inorganic
elements that were incorporated into the tissues of
the 1iving plants (the inherent mineral matter
referred to above).

(b) minerals formed by bacterial reduction of aqueous
sulfates by crystal growth in microscopic pores
within the plant remains.

(c) mineralization around nuclei or other centers,
forming nodules; these include coal balls
(permineralized peat) and other plant replacement
forms.

It is rarely possible to unequivocally distinguish type (a)

17
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syngenetic minerals from fine-grained detrital forms, especially
quartz silt and certain clay minerals. There is much debate on
this topic. Cecil et al. (33) postulates that most quartz and
clay minerals in low-ash coals are crystallized phases of
elements originally amorphous within the plant tissues as
inherent mineral matter. On the other hand, Finkelman (34) and
Davis et al. (35) interpret most such m1nera1 forms as detrital
in origin. Then m1croscop1ca]]y observed layered form of many
quartz and clay mineral grains leads to the conclusion that high
proportions of quartz and clay are of detrital origin. We,
therefore, assign a detrital origin to these minerals in Table
II.

Ultra-small crystallites of other mineral phases
disseminated within macerals are judged syngenetic; these
include the sub-micrometer-sized crystals of kaolinite and
illite observed by Strehlow et al. (36) and of kaolinite and
pyrrhotite observed by Wert and Hsieh (37).

Epigenetic minerals are those found as fillings of fissures
and voids and as products of weathering or oxidation. Cleat-
filling calcite, pyrite, and kaolinite, the most abundant
minerals in this class, formed after the peat was lithified
(coalified). For most coals, this type of mineralization took
place after the coal was well lithified (Figure 4).

Freshly mined coal rarely exhibits oxidation, but if coal
is exposed to oxidative weathering some forms of pyrite or
marcasite, especially the nodular forms, rapidly oxidize to iron
sulfates. For completeness, these alteration products are
included in the epigenetic occurrences as proposed by Mackowsky
(38) Some forms of pyrite are known to oxidize in situ to
%zomo]nok1te (FeSO4 . H20) prior to exposure to the atmosphere

39)

The pH of the ancient swamp was an important factor
controlling mineral matter in coal. A condition of low pH
reduces iron to the ferrous state, causes leaching of acid
soluble phases, and retards sulfate reducing bacteria, thereby
inhibiting fermentation (33). In addition, the pH of the muddy
waters that overlie peat deposits may affect the peat in the
same manner (40).

Composition of Minerals in Coal

Of prime importance to gaining detailed knowledge of the
behavior of minerals in a coal during various stages of
combustion or other use are the abundance and composition of
each mineral phase in the coal. The behavior of minerals and
the derived ash depends primarily on the properties of the
minerals in the coal, rather than on the concentration of the
metal oxides in the ash, as is commonly reported. Few analyses
of individual minerals separated from coal are available (30,
41). This is due to the extreme difficulty of separating T —ﬁ_
different minerals from coal in sufficient quantity for separate
analysis. At present the best available estimates of the
compositions of minerals in coal are the well known
stoichiometric formulas (Table II).

The application of computer-controlled microprobe methods

MINERAL MATTER AND ASH IN COAL
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has provided valuable data on the major elements in coal
minerals (42-44), but the detection limits for the minor and
trace elements within the mineral grains by this method are
usually too high for quantitative determinations of these
elements.

The pioneering work of Palmer (45) included the successful
separation and analysis of major and trace elements in 13
different grain-size and density fractions of the low
temperature ash from five samples of coal and coal products.
Palmer's results showed good mass balance and remarkably good
agreement with the stoichiometric composition of illite,
kaolinite, pyrite, calcite, quartz, and other minerals.
Palmer's trace element results are in good agreement with
Goldschmidt's (46) lithophilic, chalcophilic, and biophilic
associations (Table II). The extent to which Palmer's results
can be applied to coal seams other than those studied is
uncertain.

Samples

A laboratory sample submitted for analysis must be repre-
sentative of the original material for which information is
desired; and its source, location, and seam must be identi-
fied. Proper sampling procedures are required from the initial
collection to the final stage of grinding sample splits.
Gluskoter et al. (1) and Damberger et al. (31) summarize the
procedures for sampling and discuss the problems involved.
Channel samples are most commonly taken to evaluate the quality
of coal seams according to procedures described by Schopf (47),
Swanson and Huffman (48), and Gluskoter et al. (1).

Chemical Methods of Analysis

Chemical methods for the elemental characterization of mineral
matter in coal have been extensively developed and reported.

The most utilized methods include X-ray fluorescence (XRF),
atomic absorption spectroscopy (AAS), activation analysis (AA),
optical emission spectroscopy (OES) and inductively coupled
plasma (ICP), mass spectroscopy (MS). Less frequently used
techniques include ion-selective electrode (ISE), proton induced
X-ray emission (PIXE), and ion chromatography (IC). In
different laboratories each of these methods may be practiced by
using one of several optional approaches or techniques. For
instance, activation analysis may involve conventional thermal
neutron activation analyses, fast neutron activation analysis,
photon activation analysis, prompt gamma activation analysis, or
activation analysis with radio chemical separations. X-ray
fluorescence options include both wave-length and/or energy
dispersive techniques. Atomic absorption spectroscopy options
include both conventional flame and flameless graphite tube
techniques.

At present elements in coal can be determined with
acceptable accuracy and precision with proper choice of
analytical procedure and sample pretreatment technique. Multi-
element standards and numerous consensus samples are now readily
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available for comparison and calibration (49). Coal chemists
tend to utilize multi-element techniques such as XRF, ICP, AA,
AAS, and MS where maximum characterization of both major and
trace elements is desired. Some methods such as AAS, ICP, OES,
and ISE generally require that coal samples be properly ashed
and pretreated prior to analyses. Ash and pretreatment
necessitates consideration of volatility losses (50). Methods
such as AA, XRF, and PIXE can readily be utilized on whole coal
without ashing or extensive pretreatment.

It is beyond the scope of this section to describe each
analytical method and to list its advantages, disadvantages, and
specific applications. For these details readers are referred
%o ?1uskoter et al. (1), Damberger et al. (31), and Schultz

51).

Mineralogical Methods of Analysis

There are numerous definitive methods available for character-
izing the minerals in coal. The more prevalent methods are
briefly described below.

X-ray Diffraction. X-ray diffraction is the most extensively

developed and universally applied method for characterization of
minerals in coal and other rocks. This method is capable of
giving quantitative results of major minerals in coal, coal ash,
and coal-related materials accurate to about + 5-7 percent
absolute (52). Quantitative X-ray diffraction is difficult. A
general overview of the method with many references is provided
by Herzenberg (53).

Electron Microscopy. Scanning electron microscopy and energy-

dispersive X-ray microanalysis can be effectively used in
combination to provide both structural and elemental information
about individual mineral particles in coal and other materials
(42,53-55). Transmission electron microscopy has the advantage
of higher resolution (56,57) allowing more detailed
characterization of mineral inclusions.

Thermal Analyses. Thermal techniques such as differential

thermal analysis, thermal gravimetric analysis, and derivative
thermogravimetric analysis have been successfully applied to
characterizing various minerals in coal (58). The methods are
based on measurements of weight loss or heat transfer during
phase changes at temperatures from ambient to over 1000° C.
Since each mineral undergoes certain phase changes at a definite
temperature (or range of temperatures), it is possible to detect
specific minerals in mixtures. A monograph detailing
application of various thermal techniques to coal, coal-related
Tatirials, and other substances has been prepared by Earnest
59).

Infrared Spectroscopy. A least-squares curve-fitting approach

with Fourier transform infrared spectroscopy (FT-IR) appears to
be an effective method for mineralogical analysis. A study by
Painter et al. (60) demonstrated that the method is rapid
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relative to other techniques and the results were in good
agreement with those obtained from other analytical methods.
Conventional infrared spectroscopy has also been successfully
used to analyze minerals in coal (61).

Mossbauer Spectroscopy. M8ssbauer spectroscopy has been found
to be a valuable tool in identifying the multiple iron species
found in coal and coal-related materials (62,63). A combination
of MYssbauer spectroscopy and FT-IR has been used to study the
Tow temperature oxidation of minerals in bituminous coal (64).

ESCA. Electron spectroscopy for chemical analysis (ESCA) has
been demonstrated to be effective in analyzing major elements in
coal or ash surfaces having different chemical environments
(65). Sulfur can be detected as the sulfide or sulfate. Carbon
can be detected as graphite, carbonyl, carboxyl, or hydrocarbon.

Low Temperature Ashing. Radio-frequency excited low-temperature
ashing (LTA) of coal has been extensively utilized to prepare
samples for mineralogical analysis (24,66,67). The technique
selectively removes the carbonaceous material leaving mineral
matter essentially unaltered. The percent residue (%LTA)
provides the best determination of the total mineral matter in a
coal sample. A new lTow-temperature ashing technique involving
glow discharge (68) permits faster ashing and less mineral
change.

Variation of Mineral Matter in I11inois Basin Coals

Coal, by virtue of its origin, is quite heterogeneous; its
mineral content varies considerably both vertically and
laterally within coal seams. Vertical variation has resulted
from changes through time in the content of mineral detritus
introduced into the peat swamp, in the pH, and to some extent in
the species of vegetation that inhabited the swamp at any one
place or time. This variation has been measured by determining
the differences in mineral content in different layers or
henches of the seam at particular places. Lateral variation has
been measured by analysis of the whole coal seam (channel
samples) from one locality to another.

Variations Between Benches of the Herrin (No. 6) Coal. Vari-
ations of mineral matter in bench samples collected from the
Herrin Coal seam at five different mines in I1linois were
reported by Gluskoter et al. (3). The total mineral matter
(%LTA) varied between benches at one site from 9.2 to 26.5
percent (Figure 5). The variations of several mineral
components at the same site are also shown in this figure. The
amount of arsenic is related to or is a function of the amount
of pyrite. Organic sulfur, silica, and calcium contents varied
only a little. Molybdenum ranged from 1 to 49 ppm and was
concentrated at the top and bottom of the coal seam (Figure
6). At four of the five sites analyzed, Ge and Mo were enriched
in the top and bottom benches.

A comprehensive bench study was undertaken to evaluate the
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Figure 5. Variation of low temperature ash (LTA), pyritic sulfur
(PyS) and other inorganic constituents in benches of the Herrin
(No. 6) Coal at one site (compiled from Gluskoter et al. (3).



Publication Date: April 2, 1986 | doi: 10.1021/bk-1986-0301.ch002

2. HARVEY AND RUCH Mineral Matter in U.S. Coals

Sh. ptg.

Sh. ptg.

Sh. ptg.

Sh. ptg

Vo N Ao

10 20 10 20 10 20 10 20

Figure 6. Variation in mineral constituents in six benches along
a traverse (4 sites) in one mine, Herrin (No. 6) Coal (5).
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variations of minerals within the seam along a 700-foot traverse
in one operating mine. Five to six benches were sampled at four
sites along the traverse that crossed a major change in the type
of roof shale. The seam was overlain at two of the sites by a
black shale of marine origin and at the other two sites by a
gray shale of nonmarine (probably fluvial) origin.
Identification and correlation of petrologic benches within the
coal seam by Johnson (69) provided a basis for detailed study of
the minerals in the coal (5). The variation of the minerals is
distinctly correlated along the traverse (Figure 6).

Excluding the major shale parting, the ratio of the
maximum/minimum concentration for different benches along the
traverse varies considerably. In general, the ratio varies for
ash from 2 to 5 and for Si from 1 to 4; but for pyritic S and Fe
it varies from 3 to 15, and for many trace elements such as As,
Mo, V, U, and Zr it varies up to 20 or more.

Mineral Variation of Channel Samples From the Herrin and
Springfield Coals in the IT1Tinois Basin. Both the Herrin Coal
(No.6 in I1Tinois, No. 11 in Kentucky) and the Springfield Coal
(No. 5 in I11inois and Indiana, No. 9 in Kentucky) extend over
much of the I1linois Basin Coal Field. These two seams account
for more than 90 percent of the coal produced and about 75
percent of the remaining resources in the field.

A large number (226) of localities in these two seams from
throughout the basin were sampled and analyzed for their mineral
and trace element contents. The minerals were separated from
the coal by LTA and this residue was quantitatively analyzed by
X-ray diffraction methods (5). The variability of both seams is
shown by the contrasting means and ranges of the mineral
composition in the several regions of the Basin. In each of the
regions considered all mineral components varied by several
percentage points. The quantity of clay minerals (total of
kaolinite, i11ite and mixed layer clay minerals) has the
greatest variation, 5 to 16% for the Herrin (Table III) and 3 to
19% for the Springfield (Table IV). The lower mean pyrite
content of the Herrin in south central Il1linois is
significant. Pyrite is lTower in this region, as is the total
sul fur, because of the thick nonmarine shale that overlies the
seam in this area. Each of the other mineral phases also tends
to have a low concentration in this region as well. Pyrite
content of the Springfield Coal is also lowest in south central
IN1inois (Table IV) for the same reason. Both quartz and
calcite contents in this seam are low in southwestern Indiana
and in western Kentucky. Calcite and quartz contents of both
the Herrin and Springfield Coals show the least variation, with
a standard deviation of 1 percent or less over the entire basin.

Systematic variation of an inorganic constituent in a seam
throughout the entire basin is best illustrated by results of
chlorine (Figure 7). Chlorine and Na contents in the Herrin
seam are closely associated with these elements in ground-
water. The increasing C1 and Na content of the seam with depth
is a function of the increasing salinity of groundwater with
depth in the I11inois Basin. This variability of C1 and Na with
depth also applies to the deeper Springfield Coal (5).
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Figure 7. Areal distribution of chlorine in the Herrin Coal (5).
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Variability Between Coal Seams in the I11inois Basin. The
variability of mineral matter between different seams in the
I1linois Basin other than the Springfield and Herrin seams has
not been extensively studied. Assuming the ash content is a
first approximation to the total mineral matter, a compilation
by Weir (70) of the ash contents of Indiana Coals (Figure 8)
illustrates the ranges and the means for 13 different major
seams and groups of seams by formation. The ash content
generally varies within a range of 15 percent or more for each
seam. The seams in the uppermost Pennsylvanian strata
(McLeansboro Group) have the greatest average ash content (28%).

Comparisons of Mineral Matter in Other U.S. Coals

Minerals. Few analyses of the mineral contents are available
despite the abundance of elemental analyses expressed as oxides
of high temperature ashes (71,72). Sprunk and 0'Donnell (30)
described and illustrated the microscopic occurrences of
minerals in many U.S. coals, especially kaolinite, pyrite,
calcite, siderite, and quartz. 0'Gorman and Walker (73)
quantitatively identified 14 different mineral phases in dull
durain and clarain layers in 12 samples from mines in Kentucky,
Pennsylvania, West Virginia, North Dakota, and Wyoming.

Accurate and detailed comparisons of mineral contents in
coals from all U.S. coal fields will require years of
coordinated work to generate the needed analytical data. To
date, there are insufficient data and deficiences in the
precision of the mineral data. Standardized methods of analysis
are needed. Finkleman et al. (74) described the first attempt
toward this goal. At this time, only rudimentary comparisons of
minerals in coals from different fields can be made, preferably
based on analyses made in a single laboratory, using consistent
sampling and analytical methods.

Gluskoter et al. (3) studied the trace elements in some 40
or more samples of coal from mines in eastern and western coal
fields; we have determined the mineral phases in these and a few
additional samples. These results and those of the two main
ITTinois coals are summarized in Table V. Based on this limited
number of samples, the following comparisons can be made:

(a) Total mineral matter, expressed by LTA, is highest in

the three samples from the northern part (Iowa) of the
Western Interior Basin. Several other coal seams
occurring in other parts of this basin in Iowa,
Oklahoma, and Arkansas, are known to contain much lower
ash contents than suggested by the three samples
reported here.

(b) The average pyrite content is low (< 1%) in samples from
various seams in the Northern Great Plains, the southern
part of Central Appalachian Basin (the Pocahontas seam
in southern West Virginia), and the Black Mesa Basin.
Nonmarine strata overlie most seams in these areas. The
pyrite content was highest in samples from Iowa, the
IMlinois Basin, and the Pittsburgh (No. 8) seam in the
Central Appalachian Basin. Seams in the Warrior Basin
of Alabama exhibit a wide variation in pyrite content.
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(c) Calcite occurred in some samples from all basins tested
except those from Tennessee (Southern Appalachian
Basin). Despite the similarity in range of calcite
contents from the other basins, samples from Iowa
(Western Interior) and the I1linois Basin average higher
than others.

(d) Quartz content was rather similar in samples from the
different basins. The few samples from Iowa were most
enriched with quartz.

These results are in good agreement with those of Glick and
Davis (12) who made a comprehensive statistical analysis of the
inorganic constituents in 335 whole-seam samples (The Pennsyl-
vania State University Coal Sample Bank). In addition to those
minerals listed here in Table V, Glick and Davis distinguished
gypsum (all sulfates) and kaolinite. They found the content of
kaolinite was mostly less than 15% of the minerals extracted by
LTA in coals from the Western Interior Basin and the I1linois
Basin as compared to coals from the Appalachian and western
basins where kaolinite mostly comprised more than 15 percent of
the LTA.

Minor Elements. Glick and Davis (75) documented the variation

of five of the minor elements in coal ash, expressed as oxides,

by plotting the concentration on triangular diagrams. The ash
composition is remarkably similar for coal samples from five
major coal provinces (Figure 9). Some samples from the Western
Interior Province (Iowa) contain relatively large amounts of
Fe,03, Ca0, and Mg0; some from the Rocky Mountain Province
(Western Wyoming, Colorado, Utah, New Mexico, and Arizona) are
enriched in Si0,; and some from the Appalachian Basin are
enriched in A1263. However, there is a very large area on the
triangular diagram where samples from all provinces exhibit
overlapping composition (Figure 9).

Compilations by Swanson et al. (76) and Harvey et al. (5)
provide a basis to compare the average concentrations of other
minor elements in U.S. coals (Table VI). The following
generalizations can be drawn from these compilations:

(a) Sulfur is distinctly lower in western coals, higher in
IN1inois Basin coals, and intermediate in Appalachian
coals. On the average, sulfur is lowest in coals from
the Rocky Mountains and next to lowest in lignites from
the Northern Great Plains.

(b) Iron tends to be lTowest in Rocky Mountain coals (mostly
subbituminous but also some lignite and bituminous
coals). Changes in iron appear to follow those of
sulfur because part of the iron is in pyrite.

(c) Calcium tends to be highest in Northern Great Plains
lignites and lowest in bituminous coals in the
Appalachian region.

(d) Magnesium tends to be highest in coals from the Rocky
Mountains and lowest in the those from the Il1linois
Basin.

(e) Sodium and chlorine tend to be highest in coals from
the I11inois Basin.

MINERAL MATTER AND ASH IN COAL
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Figure 8. Range in value and mean value of percentage of ash in
Indiana Coals, dry basis, after Wier (70).
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Figure 9. Variation of principal inorganic constituents in coal
ash from various U.S. coal basins and regions (compiled from
Glick and Davis (75).
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Trace Elements. The mean concentrations of selected trace

elements in some U.S. coals are listed in Table VII in order of
decreasing average abundance in I11inois Basin coals. In the
different regions, the elements decrease in abundance in nearly
the same order with the notable exceptions of Zn and Sr. Zinc
occurs in some channel samples from mines in I11inois in amounts
up to 800 ppm, which results in a higher mean concentration of
zinc in I11inois Basin coals as compared to western and
Appalachian coals. Strontium averages unusually low in
abundance in I11inois Coals. The boron content is also high in
I11inois Basin coals because of the apparent saturation of the
original peat deposit by sea water during the early stage of
coalification. It is of interest that the mean concentration of
Pb, Cr, Ni, and As are 3 to 5 times as high in Appalachian and
I11inois Basin coals as in the two western regions (Table

VII). This difference for Cr is tempered by the similarity of
this element's range in the different regions, yet even the
ranges for Pb, Ni, and As are notably lowest in the western
coals.

Summary

The suite of minerals occurring as impurities in U.S. coals of
commercial quality is moderately consistent; this suite
includes quartz, calcite, pyrite, various clay minerals
including kaolinite, i11ite, and varieties of illite-smectite
mixed-layer clay minerals. The weathering of pyrite produces
some sulfate minerals in many coals. Several other minerals are
present in most coals in trace amounts.

Pyrite contents vary most; and the largest percentage of
pyrite occurs as nodules and/or fissures along cleat joints in
the coal. This variation is largely explained by the variable
geological conditions that prevailed during the time the
original beds of peat were buried. If the peat was buried by
muds deposited from fresh water rivers or lakes, little sulfur
was introduced into the peat; whereas if the peat was buried by
muds from sulfate-bearing sea water, considerable sulfur was
introduced.

Western coals tend not to contain calcite, but are enriched
in calcium associated with the organic matter. Calcite in
I11inois Basin coals occurs in cleat joints and in nodules
within the coal seams; kaolinite is also abundant along these
joints. Because of these occurrences, the concentrations of
calcite, kaolinite, and pyrite in cleaned coal products from
this basin are much reduced compared to that of the mine-run
material.

Uncommon mineral phases in trace amounts are difficult to
detect by routine methods, but these minerals result in
measurable amounts of trace elements in coals (32). These trace
mineral phases may be quite important in engineering processes
utilizing coal.

Inorganic elements in ash from all U.S. coal fields vary
significantly, and each deposit must be analyzed to obtain
sufficiently accurate assessment of their abundance. Some coal
seams show uncommon enrichments in some metallic elements,
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notably iron in some Western Interior coals, silicon in some
Rocky Mountain coals, and aluminum in some Appalachian coals.

We recommend future research on mineral matter in coals be
directed toward improving the methods to more accurately
determine the mineral composition. Lower detection limits for
trace minerals are needed, as is better precision for
quantitative determinations. Standard methods of analysis of
mineral phases in coal would assist in this work. Future
research utilizing computer-assisted SEM, accompanied by X-ray
fluorescence analysis, should be increasingly applied to provide
much needed data on minerals in coals. Lastly, we recommend
research be undertaken to identify mineral variability in coal
seams within local areas. Although some geological factors have
been identified that control the variation of some inorganic
elements in coals, much additional work needs to be done on this
topic. Multidisciplinary studies by chemists and geologists
would likely reveal useful geological controls of mineral
variations that are not now recognized. Success in these types
of studies would greatly improve our ability to predict the
quality of coal from untested areas of the seam.
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Lateral trends in mineral composition of the
Lower Kittanning seam can be related to depositional
environments. Syngenetic pyrite formation occurred
in areas where the overlying shales indicate brackish
conditions existed; marcasite formed epigenetically.
Quartz content increases towards a northern source
area which is coincident with a basement high.
Kaolinite, the major clay component, is predominantly
authigenic and increases towards the margins of the
depositional basin where it was stable in the low pH,
freshwater areas of the peat swamp. Illite/mica is
mostly detrital (as indicated by the high-temperature
polytype) and increases towards the center of the
basin due to its greater stability in marine-
influenced environments. Low expandable clay
contents are consistent with the level of
metamorphism experienced by this coal.

The mineral composition of coal is the result of physical, chemical
and biological processes acting on the system from the time of peat
accumulation, through burial and subsequent increase in metamorphic
level, to the present. With respect to origin, inorganic
const1tuents may be classified as detrital (those transported into
the peat swamp) or authigenic (those formed within the environment).
Mackowsky (1) further differentiates between syngenetic minerals,
formed during the accumulation of peat, and epigenetic minerals,
which formed later.

In recent years, the question has been raised as to whether most
of the silicate minerals in coal are derived from inorganic
substances originally contained within peat-forming plants (2-4), or
from sources outside the peat swamp (5-6).

Studies of modern peat-forming environments have emphasized the
importance of detrital influx (6-7), syngenetic formation of pyrite
(8) and biogenic silica (7,9), and in-situ mixing with underlying
sediments (7,10) to account for mineral constituents in peat. Within
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the peat environment unstable detrital clays, such as smectite and
illite, may undergo alteration or dissolution (6,11), whereas
kaolinite may form authigenically (2,12). In addition, biogenic
silica dissolves, possibly contributing to later authigenic clay
formation (6,9); in coals, authigenic kaolinite in cleats is common
(13-14). Clays may also form by alteration of volcanically-derived
material within the peat swamp (15-16).

Whereas many authors have emphasized the great contribution of
detritus to the mineral content of some coals, such as the Waynesburg
(5), the existence of coals with little or no identifiable detrital
input, such as the Indiana Block coal (17), has led other authors
(3-4) to suggest that the inorganic portion of swamp plants is an
important source of ash constituents in the coal (including quartz
and clays). It is suggested that this is particularly important in
the case of low-ash, commercial-quality coals (2). A recent
cathodoluminescence study incicates that most of the quartz that is
intimately mixed with the organic portion of the coal (i.e. not
associated with attrital coal layers) is indeed.authigenic, and
probabaly derived from constituents originally contained in the
plants (18).

It appears, therefore, that several origins are possible for
minerals in peat and coal, including detrital influx, biogenic input,
and precipitation either during or after peat accumulation, including
some contribution from inorganic substances derived from plants.
Various studies have attempted to relate inorganic composition to
conditions that existed at the time of peat accumulation. Pyrite has
been associated with marine and brackish conditions (8,19), and the
pyrite content of coal has been related to roof lithologies which
reflect those conditions (20-21). Clay assemblages in coals and
underclays also have been related to depositional environment
(14,22).

The purpose of this paper is to describe variability in the
inorganic content of the Lower Kittanning coal seam in western
Pennsylvania and attempt to explain the distribution of minerals,
taking into consideration depositional environment and level of
metamorphism. The Lower Kittanning peat accumulated on a delta
plain; as the sea transgressed from the west, the peat was later
covered by the Lower Kittanning Shale. Fossil invertebrates in this
shale unit indicate freshwater, brackish and marine conditions
existed across the study area (23). Structural features of the basin
may have strongly influenced sedimentation (24). During accumulation
of Lower Kittanning sediments and peat, the greatest amount of
subsidence is believed to have occurred in the western and
southwestern parts of western Pennsylvania, where the basement is now
more deeply buried, leaving the edges of the basin topographically
higher (24). Bouguer gravity and sediment thickness data provide
support for this increased subsidence. Basement highs, also
indicated by gravity anomalies, represent a second control on
sedimentation. Such a high exists in the north-central part of
western Pennsylvania and may have supplied detrital material to the
swamp, supplementing a predominantly eastern sediment source.
Additional controls on sedimentation appear to be active folds and
local variations in paleotopography (24).
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Sampling and Methods

Forty-three channel samples of the Pennsylvanian-age Lower Kittanning
coal (Kittanning Formation, Allegheny Group) were collected in
western Pennsylvania. Samples are representative of the three
suggested depositional environments (Figure 1) and also of the
increase in rank from high volatile B bituminous in the west to Tow
volatile bituminous in the southeast. Chemical analyses included
major and minor elements, total sulfur and sulfur forms.
Low-temperature ashes (LTA's) were obtained according to procedures
described by Gluskoter (25). X-ray diffraction analysis of LTA's
provided qualitative, quantitative (for quartz and pyrite), and
semi-quantitative (for clays in the less than 2 micron fraction) data
using procedures modified from Russell and Rimmer (26). Kaolinite
was quantified using infra-red spectroscopy. Mineral composition was
also calculated by normative techniques modified by Rimmer (12) from
methods used by earlier workers (27-28).

The spatial distribution of these mineral constituents was
assessed by contouring and by trend surface analysis. One problem
that must be addressed in a study such as this, is whether the
density of data points is sufficient to justify the description of
trends across the basin, or is local variability in the constituents
too great. Application of trend surface analysis permitted a
statistical assessment of basinal trends, and indicated the extent of
local variation. In this paper, contour maps are presented to show
important basinal trends; trend surface analysis indicated that these
trends were statistically significant. Details of the trend surface
technique and complete data are described in Rimmer (12).

Results and Discussion

The major mineral components of this coal are quartz, pyrite (and
marcasite), and clays (predominantly kaolinite and illite/mica, with
minor amounts of expandable clays).

Pyrite and Marcasite. High sulfide concentrations are found towards
the central part of the study area, particularly where the overlying
shales indicate brackish conditions existed on the southeastern side
of the basin (Figure 2). This observation supports a similar finding
by Guber (29), rather than the conclusion of other workers that
higher pyrite contents are associated with marine rocks (20).

Factors influencing the distribution of sulfur in peat and coals
include availability of iron and sulfate, and pH. Sulfate is thought
to be introduced by marine and brackish waters (8). Recent work on
pyrite distribution in the Florida Everglades (30) indicates high
pyrite contents are associated with brackish conditions rather than
marine, and this has been related to the availability of iron in the
different environments. In freshwater, iron is transported in
organic colloids which flocculate quickly upon entering brackish
water, resulting in a higher availability of iron in the brackish
environment (31). In addition, some iron may also be transported
into the swamp by detrital clays which also flocculate upon entering
the swamp. Acidity is also a factor, as much of the pyrite appears
to form as a by-product of sulfate-reducing bacteria (8). Compared
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to the more acidic freshwater environments, higher levels of
microbial activity would occur in the neutral to basic pH conditions
associated with brackish or marine waters.

In the case of the Lower Kittanning seam, therefore, whether
iron was transported in organic-rich colloids or was associated with
clays, iron availability would tend to be higher in those areas which
received an influx of freshwater and detritus. The brackish zone in
the southeastern part of the basin thus represents an optimization of
iron and sulfate availability and pH level of the swamp waters.

The discussion thus far has assumed a syngenetic origin for the
pyrite. Observations of sulfide morphology suggest that at least
some of the sulfide may be epigenetic. Edwards and Baker (32) showed
that pyrite forms in marine environments whereas marcasite forms
under more acidic conditions. Recent experimental work has shown
that pyrite forms at a pH of 5.0, whereas marcasite forms at a pH of
3.5 (33). The occurrence of marcasite in what apparently are marine
facies may therefore indicate subsequent acidification.

In the Lower Kittanning seam, marcasite occurrence does not
appear to be closely related to depositional environment. Coal
samples associated with freshwater, brackish and marine facies
contain both pyrite and marcasite. Marcasite is absent or only a
minor constituent in low-sulfide (less than 20%, LTA basis) samples.
If these coals had formed in an acidic swamp environment, a dominance
of marcasite over pyrite might have been expected. In fact,
marcasite is more abundant in high-sulfide coals. A possible
explanation is that the marcasite is epigenetic, and its presence
indicates an increase in the acidity of the interstitial waters
following burial. This interpretation of the epigenetic nature of
marcasite in the Lower Kittanning seam is supported by petrographic
observations. For example, marcasite frequently occurs in sulfide
masses, such as spherules which may represent recrystallized
framboids, or as cell infillings.

Quartz. In this seam, quartz content tends to be relatively low,
with many samples containing less than 15% (Figure 3). High quartz
contents (15-20% and above) are observed in the north-central part of
the region, in Clarion and Jefferson Counties, and in several
isolated areas along the eastern edge of the field area, such as
Centre County. Low quartz contents occur in a zone extending from
the south and southeast towards the northwest, and in Clearfield
County.

The distribution of quartz may provide clues as to the origin of
this mineral in the Lower Kittanning seam. Quartz may have been
transported into the peat swamp by water and wind (detrital), or may
have precipitated within the swamp, possibly from silica that was
originally contained in the swamp plants. Some of the quartz grains
observed in this study were 30-50 microns in size, and most grains
were concentrated in attrital coal bands. Both of these observations
suggest that much of the quartz in the Lower Kittanning is of
detrital origin.

Williams and Bragonier (24) suggested a basement high, situated
in the north-central part of western Pennsylvania, was a control on
sedimentation during the Pennsylvanian. It is possible that
quartz-rich sediments were shed from this topographic high into the
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peat swamp. Transportation of sediment within a swamp is restricted
by the filtering effect of the vegetation (7). It would be unlikely,
therefore, that detrital quartz would be dispersed evenly throughout
the swamp, but rather it would concentrate close to the source area.
The irregular distribution of quartz along the eastern margin of the
basin again reflects a detrital influx. Sediment entering the swamp
from the east was predominantly clay, with minor influxes of quartz
occurring locally.

Holbrook (34) observed that quartz content of the Lower
Kittanning underclay was highest directly over clastic wedges in
Clarion and Jefferson Counties and over another wedge in Lawrence
County. This coincides with areas of high quartz content in the
Lower Kittanning coal itself. Quartz-rich sediment from the north
may have continued to be received by these areas during peat
accumulation. Alternatively, mixing of the underlying sediments with
the Tower peat layers, perhaps aided by bioturbation, may have
occurred; however, the vertical distribution of quartz in the seam
(12) does not support this hypothesis.

Clay Minerals. Clay minerals may be transported into the swamp
during peat accumulation (detrital), precipitate from solutions rich
in aluminum, silicon and various cations (syngenetic and epigenetic),
or may form by the alteration of other minerals either within the
swamp or during burial (transformation and/or diagenesis) (6).

The Lower Kittanning coal contains kaolinite (well-
crystallized), i11ite/mica and expandable clays. Low total clay
contents are observed in the center of the study area, where the coal
is rich in pyrite, and in the north-central region where high quartz
contents are observed. High total clay contents are seen on the
northwestern and eastern margins of the basin. Because clay mineral
data are presented as a percentage of the low-temperature ash,
variations in the quartz and pyrite contents influence the
proportionate distribution of the clays. To avoid this problem, the
relative amounts of individual clay minerals in the clay (less than 2
micron) fraction were examined. As this size fraction contains only
clays, variations in quartz and pyrite do not influence the results.

Kaolinite content increases towards the margins of the basin
(Figure 4), whereas i1lite and expandable clays increase towards the
center of the basin (not illustrated). The distribution of kaolinite
in the Lower Kittanning seam closely resembles that found in the
underclay. Holbrook (34) related high kaolinite content of the Lower
Kittanning underclay to topographic highs, where kaolinite enrichment
resulted from subaerial leaching. Thus, high kaolinite contents are
found along the margins of the basin and in other areas which
exhibited positive relief. Comparison with data presented in
Holbrook (34) suggests that many of the coal samples which contain
more kaolinite overlie kaolinite-rich underclays. This is
particularly true in the north, northwest and southeast. Mixing of
peat with the underlying sediment could have increased the kaolinite
content in these areas. Sharp contacts were observed between coal
and underclay, but evidence of such intermixing could be obscured
during compaction.

In a study of clay mineral variations in underclays in the
ITlinois Basin, Parham (22,35) suggested that differential
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Figure 3. Quartz content of the Lower Kittanning seam (%, LTA
basis, as determined by x-ray diffraction analysis).
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Figure 4. Kaolinite content of the Lower Kittanning seam (% of
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flocculation across the depositional basin resulted in higher
kaolinite contents towards the basin margins, whereas illite and
expandable clay contents increase towards the center of the basin.
According to this theory, some authigenic formation or regrading of
i11ite would also take place. Holbrook (34) argued against this
process for the Lower Kittanning underclay on the basis that most of
the mica he observed was the 2M, polytype, which forms only at
temperatures far in excess of those experienced during burial of
these sediments, thus any mechanism that involved formation of mica
within the basin would not be valid. Similarly, the 2M

illite/mica polytype is present in the Lower Kittanning~coal,
particularly in clay partings and high-ash samples (4,12). In some
samples, polytype identification was difficult, however, owing to the
degraded nature of this mineral which resulted in broad diffraction
peaks. The presence of degraded illite/mica is not surprising
because, under the conditions that existed within the peat swamp and
during burial, leaching by organic acids would most 1ikely have
occurred.

Alternatively, the distribution of clays in this coal can be
explained in terms of the chemical conditions that existed in the
swamp environment. A comparison of Figures 1 and 4 shows that
kaolinite occurs in areas which may have been influenced by
freshwater conditions; illite and expandable clay contents are
generally higher in areas of the basin which may have experienced
more brackish conditions. Under the acidic conditions that existed
in the freshwater swamps, kaolinite would be the stable clay mineral,
forming either from solution or as the alteration product of incoming
sediment. The high degree of crystallinity of this kaolinite
suggests in situ formation which could result from either of these
mechanisms (12). Towards the center of the basin, neutral pH
conditions existed and i1lite/mica was less altered than in the more
acidic freshwater conditions. This trend would have been even more
pronounced with the onset of the marine invasion. Alteration of the
illite/mica still proceeded to some extent, producing degraded
illites and expandable clays. Around the margins of the swamp,
influxes of sediment, now represented by clay partings within the
coal, introduced illite/mica-rich sediments, thus accounting for some
of the local decreases in kaolinite content.

To examine further the influence of peat-swamp chemistry on the
clays, the composition of the clay fraction of the coal samples was
compared to that of floor, roof, and parting samples. Coal samples
tend to be enriched in kaolinite compared to other sample types
(Table I). Floor rocks tend to have the highest expandable clay
contents, whereas roof rocks have the highest illite/mica contents.
If it is assumed that the composition of the roof shales is the
closest representation of parent mineralogy available, the clay
sediments entering the depositional basin included considerable
amounts of illite/mica, moderate amounts of kaolinite, relatively
small amounts of expandable clays, and some chlorite. Whereas some
modifications may have taken place since deposition of the clays in
the roof shales, they probably have been affected less by the organic
acids than the clays in the underclays, coals or partings. The
presence of chlorite in the roof rocks suggests that acidic
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conditions have not been experienced, because this mineral is usually
unstable in such environments.

Table I. Clay Composition of the Less Than 2 Micron Fraction of
Coals and Associated Sediments: Summary Statistics.

Sample Sample Kaolinite IMlite/ Expandable
Type Size + Chlorite Mica Clays

(n) X s X 3 X s*
Coals 28 62.2 12.58 23.6 8.03 14.1 8.55
Floors 18 42.2 11.53 33.7 12.45 23.9 8.94
Roof's 16 31.2 11.03 50.4 12.71 18.3 10.00
Partings 4 43,5 17.89 41.5 9.88 15.0 8.16

* n = Number of Samples; X = Mean; s = Standard Deviation

Acidic conditions within the peat swamp, particularly in the
freshwater areas, would favor the formation and/or preservation of
kaolinite. This would result in the observed enrichment in kaolinite
within the coal relative to the surrounding sediments. Relatively
low i1lite/mica contents are observed in the coals, possibly due to
alteration of this clay to expandable clays and ultimately to
kaolinite. The transition from expandable clays to kaolinite has
been observed in the Snuggedy Swamp by Staub and Cohen (11).

The inorganic partings within the coal have slightly higher
illite contents; however, very few samples were examined and the
results must be interpreted with care. Most of the clay in these
partings is detrital rather than the result of in situ formation, as
suggested by the presence of 2M, illite/mica and the Tow degree
of crystallinity of the kaolinite. This is in contrast to most of
the kaolinite within the coal which is probably authigenic.

The floor rocks contain larger amounts of expandable clays
compared to the coals and roof rocks. Kaolinite is less abundant
than in the coals, but more so than in the roofs. Only one sample
contained any chlorite. These observations are consistent with
alteration of underlying sediment by organic acids as suggested by
Rimmer and Eberl (36). Acting on a typical sedimentary clay
assemblage, such as that observed in the roof shales, organic acids
would leach the clays resulting in the destruction of chlorite and
the gradual alteration of illite to expandable clays. As suggested
by the slight increase in kaolinite, this alteration may have
progressed to kaolinite. Alteration of clays in the floor rocks is
less severe than was experienced by clays within the peat swamp
its$1f; thus, the floor rocks have lower kaolinite contents than the
coals.
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A final control on clay mineral composition is the extent of
metamorphism experienced by the coals. With the increase in rank
exhibited by this coal across the study area, certain diagenetic
changes might be expected. Whereas no consistent trends in the type
of expandable clays was observed, a general lack of smectite and
expandable clays was noted. These clays do occur in lower rank
bituminous coals, such as those in the I11inois Basin (14). Thus, it
appears that thermal maturity (coal rank) may help explain the
absence of smectite and the paucity of mixed-layer expandable clays
in the Lower Kittanning coal and associated sediments, but no
distinct relationship was found between the amount of expandable
clays and rank.

The most significant control on clay mineral composition,
therefore, appears to be chemical conditions within the swamp which
produced alteration of a parent material that included illite/mica,
kaolinite, and lesser amounts of chlorite and expandabe clays.

Within the acidic freshwater environments, alteration of other clays
to kaolinite may have occurred, in addition to the precipitation of
kaolinite from solution. In brackish or marine conditions, kaolinite
formation was not favored, resulting in a relative increase in
illite/mica content. Some illite may have formed diagenetically, but
the presence of the high-temperature polytype indicates a detrital
origin for most of this clay mineral. Regrading of degraded illites
may have also taken place in potassium-rich marine or brackish
waters. Local increases in expandable clays along the edges of the
swamp may reflect chemical alteration of mica-rich sediments
introduced into the peat swamp.

Summary

The distributions of minerals within the Lower Kittanning seam can be
related to depositional environment. Pyrite content is highest in
areas which may have experienced brackish conditions. This
distribution reflects the availability of iron and sulfur, and pH
conditions within the swamp. Whereas much of the pyrite formed
syngenetically, observations of sulfide modes of occurrence suggest
that marcasite formed epigenetically.

The relatively high quartz contents observed towards the north
of the study area reflect the influx of quartz-rich detritus from a
topographic high in that area. Most of the detritus entering the
basin from the east was clay-rich; however, local influxes of quartz
may have occurred periodically.

Chemical conditions within the peat swamp influenced the clay
mineral assemblage. Kaolinite is enriched towards the margins of the
depositional basin; an authigenic origin in acidic freshwater
conditions is proposed for much of this clay. Illite/mica is
primarily detrital, as indicated by the presence of the
high-temperature polytype. An increase in illite/mica towards the
center of the basin reflects the greater stability of this clay in a
marine-influenced environment. The level of metamorphism of the coal
(rank) may explain the paucity of expandable clays.
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Semiquantitative Determination of Coal Minerals
by X-ray Diffractometry

John J. Renton

Department of Geology, West Virginia University, Morgantown, WV 26506

The most commonly employed analytical procedure for
the quantification of minerals in coal is x-ray
diffraction analysis of the low temperature ash.

The magnitudes of the Bragg intensities used to
evaluate mineral abundances are affected by inherent
compositional and/or structural variations
characteristic of a number of the common minerals
found in coal and by non-random crystallite orienta-
tion within the sample mount. The subsequent varia-
tions in Bragg intensities cause the Bragg intensity-
mineral abundance relationship to depart from
linearity and result in errors of determination of
mineral abundances of *10 percent or more. The pro-
cedure must therefore be considered only semi-
quantitative.

The purpose of this paper is to present and support the argument that
abundance estimates of the minerals in coal based upon x-ray dif-
fraction (XRD) data can only be considered semi-quantitative with
expected errors of determination of 10 percent or more of the re-
ported values. The compositional and physical characteristics of the
low temperature ash components of coal relative to the preparation
and mounting of ash for XRD analysis also affect the precision of
analyses.

Minerals in Coal

The minerals commonly found in coal are listed in Table I. In the
average coal, clay minerals may constitute up to 60 weight percent of
the mineral matter (1-2). Quartz is usually the second most

abundant mineral, with up to 20 weight percent being common. The
carbonate minerals (calcite, siderite and to a lesser extent,
dolomite and ankerite) and the iron disulphide minerals (pyrite and
marcasite) make up, on the average, up to 10 weight percent of

each group. Sulphate minerals of calcium and iron and the feldspar
minerals are commonly present but rarely in concentrations of more
than a few weight percent. Except for unusual cases such as the

0097-6156/86/0301-0053%06.00/0
© 1986 American Chemical Society
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Major

Minor

Silicates
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Table I

COMMON COAL MINERALS

Clay Minerals -

Carbonates

[ Kaolinite |
lliite

Mixed Layer
| Chlorite
Quartz

[ Calcite

] Dolomite

Ankerite

Disulfides

Sulfates E

Feldspars -

| Siderite

Pyrite
Marcasite

Coquimbite
Szomolnokite
Gypsum
Bassanite
Anhydrite
L Jarosite

Plagioclase

| Orthoclase

Al,Si;05(0H),
a

b
(MgFeAl)s(SiAl)0,o(OH)g
sio,

CaCO;
(Ca, Mg)(C03 )z
Ca(Fe, Mg)CO3
F8003

FeS, (cubic)
FeS, (orthorhombic)

Fe,(SO,)y*9H,,
FeSO,* Hzo
CaSO4'2HzO
CaS0,-1/2H,0
CaSO4

KF93(804 )Q(OH)Q

(NaCa)AI(AISi)Si O
KAISi;Og

2 |llite has a composition similar to muscovite - KAlx(Si3Al)040(OH),, except for less K+and
more SiO, and H,0.

b Mixed layered clays are usually randomly interstratified mixtures of illitic lattices with
montmorillonitic and/or chloritic lattices.
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sulphide rich coals of the northern Illinois Basin, the occurrence

of the other minerals in concentrations exceeding a few percent is
rare. It must, however, be kept in mind that the mineralogy of the
inorganic portion of coal shows systematic variation both geograph-
ically and locally reflecting the geochemistry of the original peat
forming environment (3). As a result, "average' values of concentra-
tion may have little practical meaning.

Most coals considered for conversion processes such as liqui-
faction, and thereby those of prime interest to chemists, are
generally high in ash (>10 weight percent) and sulfur (y1 weight
percent). In such coals, illite would invariably be the dominant
clay material, constituting, in some coals, up to half or more of
the mineral content. Most of the sulfur contained in these coals
will be in the form of pyrite although marcasite may be locally
dominant (4).

Quantification by X-ray Diffraction

The most commonly employed quantitative XRD procedure used to
evaluate the concentration of mineral components in a multicomponent
mixture of minerals compares the Bragg intensity data of unknowns to
those generated from a suite of known standard samples. Mineral
specimens are acquired to represent each of the minerals expected in
the unknowns. The specimens are ground to a uniformly small size
(less than 44 microns) and mixed together in concentrations which
represent the range of concentrations expected for each mineral. An
internal standard such as calcium fluoride, aluminum oxide or
powdered aluminum is usually added in order to monitor and correct
for variations in sample absorption and instrumental variables.
Working curves are then prepared by plotting the ratio of intensity
(preferably integrated intensity) of the Bragg reflection chosen to
quantify the mineral to that chosen for the standard versus the
weight percent of the mineral in the standard samples.

This procedure will provide analyses of high precision provided
certain basic assumptions are met: (1) the composition and
crystallinity (degree of ordering) of the individual minerals in the
unknowns are both REASONABLY constant from sample to sample and (2)
the composition and crystallinity of the standard minerals chosen
for the preparation of the standard samples REASONABLY duplicate the
composition and crystallinity of the respective minerals in the
unknowns. The purpose of the following discussion is to demonstrate
that, in the case of coal minerals, neither of the above assumptions
is valid and as a result, any such quantitative procedure will re-
flect the inherent degree of departure from these basic assumptions
and will therefore be semi-quantitative. Other procedures using data
normalized to the total integrated intensity and quantification
procedures utilizing weighting factors based upon standard chemical
formulae for the minerals can be used but with no improvement in
quantitative errors (5-6).

Illite and pyrite were specifically cited in the above
discussion to make a point relative to the precision and accuracy
with which coal minerals can be quantified by XRD. First, illite is
NOT a mineral. Illite is "...a general term for the clay mineral
constituents of argillaceous sediments belonging to the mica group"
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(7). To a clay mineralogist, the term illite is synonomous with
variability in both composition and crystallinity (8). The situation
is even further complicated by the fact that much of the material in
coal referred to as "illite" is actually an illite dominated mixed
layered clay wherein the illite lattices are randomly interstratified
with 148 clay lattices; usually chlorite. This mixing of clay
mineral lattices further adds to the inherent variability in both
composition and crystallinity of the illitic material. The constitu-
tion of "illite" can therefore be expected to vary significantly from
sample to sample. It should be quite apparent from the above dis-
cussion that no "standard" illite exists that could be used to
represent illite in standard samples.

The iron disulphides may represent 10 weight percent or more of
high ash-high sulfur coal ashes. Usually, pyrite is the major di-
sulphide. Pyrite occurs in coal in a number of morphological forms
and sizes (9). Not only does the pyrite in coal vary in morphology
and size but also in stoichiometry and crystallinity. Studies have
been conducted in the author's laboratory on cut and polished sur-
faces of coal blocks wherein the blocks have been exposed to the
atmosphere and the pyrites observed over a period of time. Some
pyrite grains, the euhedral forms (those that show definite crystal
faces), remain bright and show little tendency to react. The massive
forms of pyrite, on the other hand, show a wide variation in apparent
reactivity, with crystals of iron sulfates being observed to form on
some pyrite surfaces within a matter of hours and in some cases,
within minutes.

Another study involved the quantification of pyrite in different
coal lithotypes. Coals are described megascopically based upon the
degree of bright and dull banding. Zones are delineated within the
coal and designated as a "lithotype" based on the relative percentage
of bright and dull bands within the zone (10). Dominantly bright
bands are called "VITRAIN", dull bands, "DURAIN" and those intermedi-
ate between the two; "CLARAIN". Although the designation as to
lithotype is solely made depending upon megascopic description, the
lithotypes differ in basic maceral composition as illustrated by some
data for the Waynesburg Coal shown in Table II.

TABLE II. Maceral Composition of Lithotypes of the Waynesburg Coal

Lithotype ZVitrinite ZExinite ZInertinite 7Mineral Matter
Vitrain 93.1 1.8 2.4 2.7
Clarain 84.2 4.4 5.6 5.8
Durain 43.4 17.8 24.9 13.9

The low temperature ash of each lithotype was submitted to XRD
analysis. The integrated intensities of each of the selected
analytical Bragg reflections selected for the individual minerals
were summed for all minerals present in each sample to give a
"total integrated intensity". This value was then divided into the
integrated intensity of the pyrite analytical Bragg reflection to
give the "percent of total integrated intensity". The data are
summarized in Figure 1. It is apparent that there is a systematic
relationship between the composition/crystallinity of the pyrite
and the basic organic makeup of the coal. Most important is the
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observation that equal concentrations of pyrite give different
intensity responses. Volume for volume, the pyrite contained within
the bright coal (vitrain) showing significantly higher Bragg inten-
sities than the pyrite contained in the duller coals.

To compound the problem, marcasite for reasons unknown to the
author does not show the intensity response, volume for volume,as
does pyrite. It has been the author's experience that coals that
have been shown by optical examination to contain marcasite in
significant concentrations show almost no indication of the mineral
being present on a diffractogram generated from the low temperature
ash.

It must be apparent from the above discussion that a number of
variables other than concentration affect the intensities of mineral
patterns as observed on a diffractogram. Inasmuch as they cannot be
monitored and compensated for mathematically, these variations must
be reflected in the error of determination. This would be true
regardless of the quantification procedure employed. The conclusion,
therefore, is that the inherent variability in composition and/or
crystallinity that exists within the major mineral components of the
low temperature ashes of coal will be reflected in the statistical
error of determination and that error will be of sufficient magnitude
to preclude the use of the term '"quantitative'" to describe the pro-
cedure. Therefore, any procedure using x-ray diffraction to deter-
mine the minerals in coal must be considered semi-quantitative at
best.

Sample Preparation and Mounting

Any procedure for the preparation and mounting of coal low tempera-
ture ashes for XRD analysis MUST take two properties of the material
into account: (1) minerals exist which react with water to produce
acidic solutions (the iron disulphides) which in turn dissolve acid
soluble components such as calcite and (2) the clay minerals, by
virtue of exceptionally well developed (00l) cleavage surfaces, have
a dominant platey crystal form. The significance of the first
attribute is that the ashes cannot be placed in water thereby pre-
cluding certain sample preparation techniques such as dispersion in
water followed by vacuum mounting on filters or ceramic blocks. The
second characteristic, possession of a platey crystal form, precludes
the attainment of the theoretically required randomly oriented
sample. Those who work with the clay minerals, realizing a random
sample cannot be prepared and that the clay particles will deposit
in preferred orientation, purposely prepare and mount the samples
such that the preferrred orientation of the individual platelets is
maximized and thereby minimize any variations in diffraction
intensity due to variations in particle alignment within the sample.
The orientation of the clay platelets parallel to the sample surface
positions the "C" crystallographic axis perpendicular to the sample
surface. Because the diagnostic interplanar spacing for the clay
minerals is along the "C" crystallographic direction, such an orien-
tation is ideal for clay mineral identification. The simplest
method to mount a low temperature ash for XRD analysis is to press
the ash onto the surface of a pellet prepared from the coal from
which the ash was derived.
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Future Prospects

A few years ago, an ad hoc group of workers interested in coal
minerals, The Mineral Matter in Coal Group, prepared and distributed
a round-robin low temperature ash to ten laboratories. Each labora-
tory was to prepare, mount and quantify the mineral components in the
ash by their respective XRD techniques. The data were then compared.
Even though a wide variety of techniques was used for each phase of
the analysis, with the exception of the clay mineral estimates made
by one laboratory (significantly lower than the others) and the
pyrite estimate made by another (too high), the data compared
reasonably well. The averages of all the submitted estimates are
summarized in Table III.

TABLE III. Results of Round-Robin L.T.A. Analysis

Ave. Conc. Coeff. of

Mineral WT7Z STD Dev. Variation
IllitetMixed Layer 30 7.07 0.24
Kaolinite 18 4.85 0.27
Quartz 21 6.31 0.30
Calcite 10 3.59 0.36
Pyrite 18 4.93 0.27

Another objective of the exercise was to discuss the results and
procedures used and come to some agreement on a "standard" procedure
for sample preparation, mounting and quantification that would be
acceptable to all the workers. The agreement that was reached was
that no agreement would be forthcoming on any of the phases of the
analysis. With no one procedure demonstrably better than the other,
each laboratory was expected to maintain their own procedure. As
long as a procedure is scientifically and analytically sound and re-
flects a thorough understanding of the characteristics of minerals
contained in coal and the requirements and limitations of x-ray
diffraction, one procedure will probably be as good as another but
none will be better than semi-quantitative.

With all its shortcomings, x-ray diffraction is still the best
and most practical method for the estimation of the abundance of the
individual minerals in coal.
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Factors Influencing Major, Minor, and Trace Element
Variations in U.S. Coals
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This general review of factors influencing major,
minor, and trace element variations in U.S. coals
provides an interpretation of coal inorganic ele-
mental data found in the literature. Variations due
to ash-related, rank-related, geochemical, and geo-
logical factors are discussed.

Although chemical analyses exist for thousands of coal samples,
more data will be required to elucidate elemental trends within
coal basins and to help decipher the geological and geochemical
controls on their distribution and mode of occurrence. However,
increased numbers of analyses will not necessarily provide all the
answers. With an uncritical accumulation of data, we run the risk
of ending up information rich but knowledge poor.

The purpose of this paper is to provide a critical interpretation
of coal inorganic elemental data in the literature. Several
valuable compilations of elemental data exist for U.S. coal (1l-4).
We have borrowed freely from these compilations to illustrate their
value in elucidating just one aspect of coal geochemistry: the
factors influencing inorganic elemental variations.

The concentrations of specific elements can be useful indicators of
some coal quality characteristics. Huggins et al. (5) and Reid (6)
demonstrated that the aluminum, silicon, potassium, calcium,
magnesium, and sodium values of a coal ash can be used to estimate
ash fusion temperature. The Si/Al ratio of coal ash has been used
as an indicator of the abrasiveness of a coal. Sodium is a major
contributor to boiler fouling and metal corrosion and contributes
to agglomeration in fluidized-bed reactors. Trace elements are
generally defined as those elements with concentrations below 0.1
wt. % (1000 ppm). Despite concentrations in the parts-per-million
range, certain trace elements can have a significant impact on coal

0097-6156/86/0301-0061$06.00/0
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utilization. For example, Be and the chalcophile elements, As, Cd,
Hg, Pb, and Se, which are released during coal combustion or
leached from coal waste products, can present significant
environmental hazards; halogens such as Cl and F can cause severe
boiler corrosion; and volatilized Ni, Ti, or V can cause corrosion
and pitting of metal surfaces. On the positive side, some trace
elements (e.g., Ge, Zn, U, and Au) may eventually prove to be
economic by-products of coal utilization, while other elements
(e.g., B) may be useful in helping to understand depositional
environments and to correlate coal seams (7.8).

In early studies of major, minor, and trace elements in coal
(9-13), coal ash was analyzed using emission spectroscopy. Recent
studies (3.4.14.15) have employed several quantitative multielement
instrumental methods. The instrumental methods used at the
Illinois State Geological Survey and the United States Geological
Survey are shown in Table I. Because a particular analytical
technique is better suited for certain elements than for others, a
combination of methods is usually necessary to determine all
elements of interest. Methods for determining inorganic elements
in coal must be accurate and precise. In addition, if possible,
they should determine a large number of elements of interest
simultaneously, require relatively little sample preparation, be
capable of automation, produce an output compatible with
computerized data processing, and be rapid.

Inorganic element concentrations in coal show variations from a
microscopic to a worldwide scale. From a resource evaluation
perspective, the most significant variations occur within and
between coal seams and basins. The rest of the paper will discuss
factors that cause these variations.

Discussion

Ash Related Variations. The amount of ash in a coal is a major
factor influencing inorganic element content. In general, trace
element concentrations increase as ash content increases. This
relationship reflects the fact that most inorganic elements in coal
are associated with minerals (7). Figures 1 and 2 illustrate this
relationship for K in eastern Kentucky coals and for Ti in coals
from the Uinta Region in Colorado.

The above relationship also holds when comparing inorganic element
concentrations among coal basins. Table II compares major, minor,
and trace element data for coals from the Black Mesa Field, the
Powder River Region, and the San Juan Region. As shown in Table
II, the concentrations of the following elements increase as the
ash contents of the coals increase: Si, Al, Na, K, Cu, Th, V, Li,
Pb, and Se. The reason for the variation of these elements with
ash content is that most of these elements are, or were, associated
with the detrital silicate minerals, i.e., those minerals brought
into the depositional basins during the formation of the coals.
Chemical alteration of minerals within the coal basin can
remobilize some elements, which then precipitate as nonsilicate
minerals, e.g., Cu and Pb, as sulfides or selenides (16). The good
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Table I.

LINDAHL AND FINKELMAN

Major, Minor, and Trace Element Variations

Instrumental Methods Used in Coal Analysis by the

Illinois State Geological Survey (ISGS) and the
United States Geological Survey (USGS)

Instrumental Method

Element(s) Determined
1sGsa USGS

Atomic Absorption
Spectrophotometry

Ion-Selective
Electrode

Neutron Activation
Analysis

Emission Spectrometry

- Direct Reader

Ni, Zn, Pb, Cu, Cd
F

Rb, Cs, Ba, Ga, In
As, Sb, Se, I, Sc,
Hf, Ta, W, La, Ce,
Sm, Eu, Tb, Dy, Lu,
Th, U, Yb, Na, K,
Br, Fe

Be, Ge, Zr, Cr, Co,
Mo, Ni, Zn, B, Sr,

Mg, Na, Cd, Cu, Li
Mn, Pb, Zn, Hg

F

As, Sb, Se, Na, Cs,
W, Eu, Fe, Hf, Sc,

Tb, Ba, Rb, La, Yb,
Br, Ta, Ca, Lu, Co,
Th, Nd, Cr, Zn, Sm

V, Cu, Cd

Emission Spectrometry Be, Ge, Zr, Cr, Co, B, Ga, Ni, Zr, Ba,

- Photographic Mo, Ag, Sn, Ni, Zn, Ge, Sc, Be, La, Sr,

Pb, V, Cu, Mn Co, Mo, V, Cr, Nb, Y

X-ray Fluorescence Na, K, Br, Fe, C1, Al, Si, Ca, S, Fe,
Mg, Ca, Al, Si, P, Ti, K, C1, P
Ti, V

3Data from Reference 3.

bpata from Reference 14.

Figure 1.

ash content for 34 coals from Eastern Kentucky.

Data from reference 1.

20 30
ASH, 7%

Relationship between K concentration in the coal and

40 50

R = 0.86.
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Figure 2.

and ash content for 34 coals from the Uinta region.

Data from reference 1.

Table II.

20

ASH, %

30

40

50

Relationship between Ti concentration in the coal

R = 0.86.

Concentrations of Selected Elements in Coal Samples

from Black Mesa (Arizona), Powder River (Wyoming),
and San Juan (New Mexico) Regions@

Black Mesa Powder River San Juan

Ash,, % 8.0 9.9 21.1
Si, % 1.1 1.5 5.4
Al, % 0.69 0.78 2.7
Ca, % 0.78 1.1 0.67
Mg, % 0.1 0.2 0.1
Na, % 0.09 0.1 0.2
K, % 0.04 0.05 0.16
Fe, % 0.31 0.54 0.54
Ti, % 0.05 0.04 0.11
Cu, ppm 5.5 11.2 13.3
Th, ppm 2.2 4.3 5.9
Zn, ppm 5.6 20 15.1
Cr, ppm 3 7 5
Ni, ppm 2 5 3

V, ppm 7 15 20
Mn, ppm 9.7 51 29
Li, ppm 3.9 5.9 19.7
Pb, ppm 2.7 5.6 13.1
Se, ppm 1.6 1.7 2
Ba, ppm 300 300 300
Sr, ppm 150 200 100
Nb, ppm 1.5 1.5 3
Zr, ppm 15 15 50

aData from Reference 4; results are calculated on a moisture-free
coal basis (mf coal).
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correlation between element concentration and ash content indicates
that most elements have remained within the coal basin despite
remobilization (17).

Elements not increasing in concentration with ash content are
generally those with (a) organic affinities (Ca, Mg, Sr, Ba); (b)
sulfide affinities (Fe, Zn); (c) carbonate affinities (Ca, Mn, Mg);
or (d) sulfate affinities (Ba, Sr, Ca). Sulfides, carbonates, and
sulfates are generally epigenetic phases, that is, they precipitate
in the cleats and fractures subsequent to coalification. Presence
of epigenetic phases affects element concentration more than ash
content. The concentrations of Zr and Nb would be expected to
increase with ash content, because these elements are usually
associated with the detrital compounds of coal. The reason that
this behavior is not apparent in Table II may be the poor
resolution of the technique (emission spectrographic analysis) used
to obtain the data.

Rank-Related Variations. Several elements exhibit a distinct
variation in concentration with coal rank. Table III illustrates
the general decrease in concentration of alkaline-earth elements
(Mg, Ca, Sr, Ba), Na, and B with increasing coal rank. It is
generally accepted that these elements are associated with organic
functional groups (e.g., carboxylic acids) in low-rank coals. With
increasing coal rank, these groups are destroyed, thus mobilizing
organically associated inorganic trace elements.

Table III. Rank-Related Variations?

Anthracite Bituminous Subbituminous Lignite
Ca, % 0.07 0.33 0.78 1.2
Mg, % 0.06 0.08 0.18 0.31
Na, % 0.05 0.04 0.10 0.21
B, ppm 10 50 70 100
Ba, ppm 100 100 300 300
Sr, ppm 100 100 100 300

4pata from Reference 1; mf coal.

An organic association has been proposed for other trace elements,
such as Be, Sb, Ge, U, and some halogens (3,18). Finkelman (17)
suggests that organic association of these elements is significant
mainly for low-rank, low-ash coals. Concentrations of organically
bound elements in coal can decrease with increasing amount of
detritus (Figure 3).

Variations Due to Geochemical Factors. Geochemical factors, such
as Eh and pH of the peat environment, as well as the environment
during and subsequent to coal formation, can have dramatic effects
on inorganic element content. The effect of these geochemical
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factors can be seen in Table IV, in which selected data for
Appalachian and Interior Province coals are compared. Coals from
both areas are similar in rank and ash content, but the Interior
Province coals have significantly higher contents of all six
elements. The higher content of Ca is perhaps due to carbonate
mineralization (high pH), whereas that of Fe, Cd, Pb, and Zn is
attributable to sulfide mineralization (low Eh). The higher
content of B in the Interior Province may be attributable to
greater marine influence (high salinity).

Table IV. Concentrations of Selected Elements in Coal Samples
from Appalachian and Interior Coal Basins

Appalachian@ InteriorP
Ash, % 13.3 15.7
Ca, % 0.12 1.2
Fe, % 1.9 3.3
Cd, ppm 0.7 7.1
Pb, ppm 15.3 55
Zn, ppm 20 373
B, ppm 30 100

3Data from Reference 2; mf coal.
bpata from Reference 4; mf coal.

The occurrence of cleat-filling sphalerite and galena in the
Interior Province coals is a classic example of how epigentic
mineralization can affect trace element content (19). Dramatic
intra- and interseam variations are common. Cobb et al. (20)
report that zinc content from benches of the Herrin (No. 6) coal
varied from 20 to 14,900 ppm.

Variations Due to Geologic Factors. Ash chemistry is another
important factor affecting elemental variations. Its influence is,

however, generally more subtle than the other factors. In Table V
the contents of selected elements are compared for Appalachian
Province coals and Wasatch Plateau coals. Both are bituminous
coals with similar ash contents. However, with a few exceptions,
the content of the elements in the Wasatch coals is lower than
those of Appalachian coals. The lower content of chalcophile
elements in Wasatch coals may be due to a lower pyrite content.
The lower concentration of lithophile elements (e.g., Li, Zr, Nb,
Th, Sc, Y) but higher Si content may reflect a higher quartz
content in the detrital component of Wasatch coals; this, in turn,
may be a reflection of differences in the mineralogy of the source
rocks. Volcanic ash, which is prevalent in some of our western
coals can have a significant impact on ash chemistry.
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Figure 3. Relationship between Ca concentration in the coal
and ash content for 17 coals and shales from the Emery Coal
Field. R = -0.57. Data from reference 18.

Table V. Concentrations of Selected Elements in Coal Samples
from Appalachian Province and Wasatch Coal Field

Appalachian2 WasatchP
Ash, % 13.3 11.3
Ca, % 0.12 0.41
Fe, % 1.9 0.26
Si, % 2.7 3.0
Cd, ppm 0.7 0.06
Li, ppm 27.6 16
Pb, ppm 15.3 5.8
ppm 1.4 1.2
Zn, ppm 20 11
ppm 30 100
Nb, ppm 5 0.3
Ni, ppm 15 5
Zr, ppm 50 30
As, ppm 27 0.8
Cu, ppm 24 9.3
ppm 80 67
Th, ppm 4.9 1.8
Ba, ppm 100 70
Co, ppm 7 1.5
Cr, ppm 20 10
Mo, ppm 3 0.7
Sc, ppm 5 3
Ppm 20 15
ppm 10 7

3Data from Reference 8; mf coal.
bpata from Reference 21; mf coal.
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Other Factors Affecting the Inorganic Element Content. Other

factors that could modify the ash chemistry or the availability of
inorganic elements include the salinity of waters in contact with
the coal or peat, the type of chemical weathering process (arid vs.
humid), and hydrologic conditions (Br and Cl may be especially
sensitive to this factor). In general, these factors are still
poorly understood. Marginal enrichment and coal thickness are
additional factors that can affect the inorganic element content.

Concluding Comments

In this paper, we made several broad generalizations regarding
factors that influence major, minor, and trace element variations
in U.S. coals. Examples were chosen to illustrate specific points;
we do not deny the probability of alternate explanations. We urge
that in any interpretative work these generalizations be applied
carefully.

A critical evaluation of existing elemental data of coal would
probably result in identification of anomalous values and elimi-
nation of suspect data. Several questions might be answered by
such an evaluation; for example, do the two K values in the high-
ash region of Figure 1 deviate significantly from the trend of the
other data because of analytical errors or recording errors?

Are they legitimate geochemical anomalies?

The nature of inorganic element variations, for whatever cause,
highlights the need to more judiciously select representative
samples for reliable quantitative analyses. Statistical tech-
niques, such as principal component analysis, should help in
resolving the influence of the factors affecting major, minor, and
trace element variations in coal. We encourage analytical chemists
and geologists to interact closely because this is one of the best
ways to improve the quality of analytical methodology and data, and
geological interpretation.

It is hoped that this paper will encourage more detailed study of
factors influencing inorganic element variations in coals.
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Elemental Distribution and Association with Inorganic
and Organic Components in North Dakota Lignites

F. R. Karner, H. H. Schobert, S. K. Falcone, and S. A. Benson

Energy Research Center, University of North Dakota, University Station, Grand Forks,
ND 58202

Elemental associations in Beulah-Zap and Kinneman
Creek lignites have been evaluated by: 1) spatial
patterns of vertical distribution of elements
within seams; 2) behavior in chemical fractionation
tests; 3) microprobe evidence of distribution in
coal components; 4) inorganic and organic
affinities determined by correlation with ash
content; and 5) correlation with ionic potential
data. Si, Sc¢, Ti, Vv, Cr, Co, Br, Y, Zr, Sb, Cs,
La, Ce, Sm, Eu, Yb, Th and U are inorganically
associated with mineral phases and are typified by
concentration at the margins of coal seams,
relative 1insolubility, and positive correlation
with ash content. Na, Mg, Ca, Sr and Ba are
organically associated with carbonaceous components
and are typified by concentration within the
central part of seams, high ion-exchangeability,
and Tow correlation with ash content. Al, S, K,
Mn, Fe, Cu, Zn, As and Se occur in significant
amounts in both inorganic and organic components.

The associations of major, minor, and trace elements in Tlignite-
bearing strata of the Fort Union Region present a challenge in
understanding their geochemical relationships and history. In an
earlier work (1), the spatial patterns of elemental distribution
within a lignitic sedimentary sequence were examined and were
related to factors of accumulation of plant materials and to the
depositional and post-depositional influx of inorganic matter. 1In
this study, two beds, the Kinneman Creek and the Beulah-Zap, which
are part of the Sentinel Butte Formation (Paleocene) of North
Dakota, were compared to determine elemental distribution and
association with specific coal components. The inorganic elements
in lignites are distributed as ions adsorbed on the organic acid
groups, as coordinated species, and in detrital and authigenic

0097-6156/86/0301-0070$06.00/0
© 1986 American Chemical Society
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minerals. The distribution of elements is determined by natural
processes, and, therefore, is expected to be systematic even though
complex.

The methods used to qualitatively identify the
interrelationships of major, minor, and trace elements include
examining the spatial patterns of distribution of elements within a
stratigraphic sequence (1), consideration of results of chemical
fractionation procedures (2), and direct study of the distribution
of elements by microprobe techniques (3). Evaluation of the
organic and inorganic affinities (4-5) of the elements correlated
these methods with theoretical considerations based on ionic
potentials and allowed broad characterization of elements into
inorganic, organic and combined inorganic-organic associations.

Methods and Procedures

The samples were collected from freshly exposed faces within open
pit mines. The lignite, lignite overburden, and underclay were
collected from two pits at the Beulah Mine where lignite is mined
from the Beulah-Zap bed and from the Kinneman Creek bed in the
Center mine. The sample collection procedures have been summarized
by Karner (6) and Benson (7).

The lignite samples collected at various intervals within the
stratigraphic sequence were subjected to the following analyses:
proximate, ultimate, heating value, ash analysis, and trace element
analysis by neutron activation analysis (NAA) (8) and x-ray
fluorescence (XRF) (9). Minerals in the coal and the associated
sediments were determined by x-ray diffraction and by scanning
electron microscopy and electron microprobe analysis. A split from
a bulk sample was examined by chemical fractionation to selectively
extract inorganic constituents based on their bonding in the
coal. The chemical fractionation procedure involves extracting the
coal with 1M ammonium acetate to remove soluble and ion-
exchangeable inorganic components. The coal 1is subsequently
extracted with 1M hydrochloric acid to remove elements present as
carbonates, oxides, or coordinated species. The extracts and
residues from the chemical fractionation procedure are analyzed by
a combination of NAA, XRF, inductively coupled argon plasma (ICAP),
and atomic absorption spectroscopy (AA).

Direct determination of inorganic elements associated with
macerals and lithotypes was based on an electron microprobe study
of coal microcomponents (3) using energy dispersive x-ray analysis
to determine the presence of elements and their ratios as well as
variation at three locations in the Beulah-Zap seam.

Results

Patterns of Elemental Distribution. The major, minor, and trace

element abundances and the Tithology of the stratigraphic sequence
are summarized in Tables I and II for the Beulah coals. The data
from the Center Mine is given in Karner and others (1) where the
spatial distribution of elements in the seam was described as
fitting into several patterns. In this study the classification of
elemental distribution patterns includes: 1) Concentration at
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both margins of the seam, 2) concentration at the base of the
seam, 3) concentration at the top of the seam, 4) concentration at
one or more locations within the central portion of the seam, and
5) irregular distribution.

Figure 1 illustrates examples of the distribution patterns for
the Beulah-Zap bed. Examples of patterns for the Kinneman Creek
bed are given in Karner and others (1). The various ways in which
inorganic constituents accumulated in the lignite during and after
deposition affect the locations of elements within the seam. The
detrital constituents carried in by wind and water will most 1ikely
be enriched at the margins of the coal seam and in partings.
Included in this group of inorganic constituents are silt-size
quartz, feldspar and mica, clay minerals and volcanic ash.

Authigenic minerals are formed in place, primarily by
precipitation from aqueous solutions. They may form early in the
depositional history under swamp conditions or at any later time as
a result of groundwater movement. Similarly, ion exchange with
minerals or organic components may also occur. Distribution
patterns resulting from the influence of aqueous solutions might be
produced by changing water chemistry during the history of the
swamp causing concentrations of inorganic elements at one or both
margins or within the central portion of the seam. Subsequent
groundwater  processes, depending on flow directions and
differential permeability within the seam, might also lead to
varied distribution patterns.

Inorganic elements are also present in plant material and may
be distributed in vertical patterns related to the depositional
history of the swamp.

Overall, more even distribution patterns of inorganic elements
may be characteristic of elements associated with organic
components and more pronounced or irregular patterns with elements
related to concentrations of detrital and authigenic minerals.
Distribution patterns are listed in Table III for the elements
analyzed in this study. The distribution of elements in the seams
may show characteristics of more than one pattern and are noted
accordingly in Table III. Zubovic and others (10) described
distribution patterns similar to ours for Ti, V, Cr, Co, Cu, Y and
La in several North Dakota lignites.

Chemical Fractionation. The bulk coal samples were subjected to
chemical fractionation analysis (11) which can be wused to
categorize how a particular element” is bonded in the coal. The
elements were divided into three categories: 1) ion-exchangeable,
2) acid-soluble, and 3) residual (Table III). Organically
associated elements tend to fall into the ion-exchangeable and acid
soluble categories while elements associated with detrital and
authigenic minerals may be in any of the three categories.

Electron Microprobe Analysis. Direct analysis of inorganic
elements associated with organic components can be made by
microprobe techniques. An initial study (3) showed that elements
present in vitrain, fusain and durain/attritus in the Beulah-Zap
bed include Na, Mg, Al, Si, S, K, Ca, Fe Sr and Ba. Further
observations were made on lithotypes and macerals for samples from
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Figure 1. Vertical distribution of U, Na and Ca in parts per
million in the Beulah-Zap seam and related sediments.
Concentrations of U is at the margins of seams and Na and Ca
within the central part of seams.
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three locations at Tlower, middle, and upper Tlocations in the
seam. Energy dispersive x-ray spectra in Figure 2 illustrate the
following initial results:

1. There is a clear association of elements with the organic
components.

2. S and Ca are major components. Na, Mg, and Al are represented
by smaller but distinct peaks. Si and Sr peaks strongly
overlap. K, Fe, Ba, and some other elements are represented by
very low peaks.

3. Vitrain in the samples from a middle location in the seam can
be classified into two types exemplified by the spectra for 7-5
and 7-2. Vitrain 7-5 is typical of grains characterized by
relatively high S:Ca peak ratios and low Mg:Al ratios while
vitrain 7-2 exemplifies grains with low S:Ca and high Mg:Al.

4. Ulminite 1-1 is typical of analyzed grains from the upper part
of the seam and falls into the high S:Ca and Tow Mg:Al
category. However, it is much more enriched in S and depleted
in Mg than vitrain 7-5.

The elements represent, at Tleast 1in part, the easily
exchangeable, organically bound, inorganic components associated
with carboxyl groups in the lignite. In part, the elements may
also represent fine-grained authigenic minerals such as Si and Al
in kaolinite or amorphous phases. Original plant constituents may
also be present.

Correlation with Ash Content. The organic and inorganic affinities

of elemental constituents have been determined by a number of
investigators (4-5). The relationship between the concentration of
an element in moisture-free coal and the ash content can be used as
a guide to the affinity of that element for, or incorporation in,
the mineral matter or the carbonaceous material. If the
concentration of an element increases with increasing ash content
that element may be characterized as being associated with the
inorganic species that form ash, or in other words may be said to
have an inorganic affinity. If the concentration shows no
correlation with ash content, that element may be said to have an
organic affinity. Linear least squares correlation coefficients
were calculated for the concentrations of the elements versus the
ash content. For example, organic and inorganic affinities for
elements from the Center mine indicate the following affinities:
seven elements - Na, Ca, Mn, Br, Sr, Y, and Ba - had correlation
coefficients below 0.200 and thus show organic affinity in this
suite of samples. An additional seven elements - Mg, K, Cu, As,
Rb, Ce, and Eu - had correlation coefficients ranging from 0.201 to
0.600 and may be associated with both the carbonaceous and mineral
portions of the coal. The remaining 24 elements show inorganic
affinity. For a subset of minor elements Ti, V, Cr, Co, Zn, and
La, the inorganic affinity correlates with the ionic potential
(Spearman rank correlation coefficient ro = .77). This finding is
contrary to results reported previously gy Zubovic (12) for higher
rank coals.
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TABLE III. Qualitative Geochemical Relationships Between Geochemical

Distribution Within Lignite Seams at the Beulah Mine

Beulah Chemical Affinity By
Beulah Upper Lower Fractionation Correlation With
Orange Pit Seam Seam Behavior Ash Content
Na LM-1IR CE CE 1E OR
Mg CE-UM UM-IR UM IE IN/OR
Al UM-IR MS-IR MS AS, RS IN
Si UM MS-IR MS RS IN
P ND IR LM ND IN
S UM-IR UM MS RS, IE OR
K ND ND UM RS, AS IN
Ca UM-IR IR LM-IR IE, AS IN/OR
Sc MS MS MS RS, AS IN/OR
Ti UM-IR MS MS RS IN
v MS-IR MS MS AS IN/OR
Cr MS-IR MS MS RS IN
Mn UM-IR UM UM AS, IE IN/OR
Fe IR MS-IR MS RS, AS IN
Co LM MS-IR UM AS, RS IN
Cu UM LM-IR LM ND IN
In IR UM UM RS IN
Ge ND ND ND ND ND
As MS-1R CE-IR UM RS IN
Se IR CE-IR MS RS IN
Br LM MS UM-1R ND IN/OR
Rb ND MS MS ND ND
Sr CE-IR ND ND 1E OR
Y MS ND ND ND ND
Ir UM-IR ND ND RS ND
Cd ND ND ND RS IN/OR
Sb UM MS MS RS IN
Cs IR MS MS RS IN
Ba IR IR IR 1E, AS IN/OR
La LM-1R IR MS AS, RS IN
Ce IR IR UM AS, RS IN
Sm MS MS UM AS, RS IN
Eu MS MS-IR MS AS, RS IN
Yb MS MS LM AS, RS IN/OR
Th UM ND ND RS IN
u UM MS MS AS, RS IN

Patterns of Distribution

MS - Enrichment at both margins
UM - Enrichment at upper margin
LM - Enrichment at lower margin

CE - Enrichment at the center of the
IR - Irregular seam
ND - Not determined

Chemical Fractionation Behavior

IE - Ion-exchangeable

AS - Acid soluble

RS - Remains in the residue
ND - Not determined
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Properties and Elemental Distribution Within Seams

Distribution Within Lignite Seam at the Center Mine

Chemical Affinity By Tonic

Fractionation Correlation With Potential
Center Behavior Ash Content Z/r
LM-1R IE OR 1.0
CE-IR IE>>AS IN/OR 3.0
MS-1R AS, RS IN 5.9
MS RS IN 9.5
MS-IR ND IN 14.3
MS RS, IE OR 17.1
LM, IE, AS, RS IN 0.13
UM-1IR IE, AS IN/OR 2.0
MS AS, RS IN 3.7
LM-IR RS IN 5.9
LM AS, RS IN 4.0
LM RS IN 4.8
CE AS, IE IN/OR 2.5/6.7
MS-1IR AS IN 2.7/4.7
UM-1R AS, RS IN 2.8
LM-1IR RS IN 1.0/2.8
ND ND IN .88/2.7
LM ND ND 2.7/1.5
MS RS IN/OR 10.8
LM RS, IE IN 14.3
CE-UM ND OR
MS RS, AS ND 0.68
CE-IR 1E OR 1.8
MS ND ND 3.4
MS ND IN 5.1
MS-1IR ND IN .87/2.1
LM-IR AS, RS IN 4.0
MS RS IN 0.6
MS 1E, AS IN/OR 1.5
IR AS, RS IN 2.6
LM AS, RS IN/OR 2.9
MS AS IN 3.1
MS AS IN/OR 3.2
MS IN
MS RS IN 3.9
MS AS, RS IN 4.2

Affinity By Correlation With Ash Content

IN - Inorganic-high correlation
OR - Organic-low correlation
IN/OR - Intermediate correlation

ND - Not determined
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Figure 2. Electron microprobe energy dispersive x-ray spectra
of two vitrain grains from the middle part of the Beulah Zap bed
and an ulminite grain from the upper part of the seam. Analyses
were accumulated for 400 seconds with a current of 1000 picoamps
with the beam scanning areas of 10-100 square microns.
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Correlation with Ionic Potential. The ionic potentials of the

elements, Z/r, where Z is the ijonic charge and r is the ionic
radius, are summarized in Table III. The ionic potentials of
elements have a large effect on the association of the element in
mineral-forming processes (13). Elements having low ionic
potential (Z/r <3), such as Na, Mg, and Ca, associate as hydrated
cations. Insoluble hydrolysates have ionic potential of 3 < Z/r <
12, and include, for example, the elements Al, Si, and Ti.

Elemental Associations

Most of the elements that have been considered in this study may be
assigned to one or both of two major associations, inorganic and
organic, each with characteristic distribution patterns, chemical
fractionation behavior, occurrence with organic components,
affinity determined by ash correlation and ionic potential
category.

Inorganic Association. Elements with inorganic association are

generally typified by:

1. Distribution patterns with concentration at one or both margins
or irregular distribution.

2. Chemical fractionation behavior of elements which are insoluble
and remain in the residue.

3. Inorganic affinity by strong positive correlation with ash
content.

4, Tonic potential 3<Z/r<12.

These elements usually occur in detrital or authigenic mineral
grains and include Si, Sc, Ti, V, Cr, Co, Br, Y, Zr, Sb, Cs, La,
Ce, Sm, Eu, Yb, Th and U. Common examples are angular, silt-size
quartz and feldspar grains which are most abundant in the upper and
Tower margins of the coal seams and are interpreted to be detrital
in origin,

Organic__ Association. Elements with organic association are
generally typified by:

1. Distribution patterns with concentration within the central
portion of the seam or irregular distribution.

2. Chemical fractionation behavior in which the elements are
highly ion-exchangeable or partly ion-exchangeable and partly
acid soluble.

3. Direct evidence of presence in organic components by microprobe
analysis. Elements appear disseminated throughout the organic
component with no evidence of occurrence as discrete mineral
grains.

4. Organic affinity by weak or no correlation with ash content.

5. Ionic potential Z/r < 3.
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These elements are usually bonded to organic components and include
Na, Mg, Ca, Sr, and Ba.

Inorganic _and Organic Association. Elements with both inorganic
and organic association are generally typified by:

1. Distribution patterns of more than one type commonly including
irregular patterns.

2. Chemical fractionation behavior in which the elements belong to
two or three of the categories ion-exchangeable, acid soluble,
or insoluble.

3. Direct evidence of presence in organic components by microprobe
analysis unless present in trace amounts.

4. Intermediate or varied correlation with ash content.

5. No observed pattern of ionic potentials.

These elements are interpreted to occur both in mineral phases
and bonded to organic components and include Al, S, K, Mn, Fe, Cu,
IZn, As, and Se.

Unclassified Elements. Elements with unclear association based on
the results of this study include P, Ge, and Cd.

Discussion

Distribution of Inorganics in Low-Rank Coals. There are two major
aspects to the distribution of inorganics in coals, each of which
is important for characterizing the coal, interpreting its
geochemical history, and predicting its behavior in utilization
processes. For a specific coal sample, the distribution of a given
element refers to its association among several possible modes of
occurrence including ion exchange sites, coordination sites, and a
variety of mineral phases. In addition, in the context of
discussing a particular coal deposit, the distribution of a given
element refers to the vertical and horizontal variability of that
element's concentration in the coal.

The distribution of an element is a result of its geochemical
properties -- for example, its likelihood of occurring as a soluble
cation, an insoluble hydrolysate, or a chalcophile--and on the
properties of the coal, such as the total availability of ion-
exchange sites. The variability within a seam reflects both the
extent of authigenic mineralization as well as the influence of
post-depositional processes. Taken together, the multiplicity of
modes of occurrence and the within-seam variability result in the
inorganic geochemistry of low-rank coals being extremely complex.
Nevertheless, we take as an initial postulate that, regardless of
its apparent complexity, the inorganic geochemistry of Tlow-rank
coals must be explicable in terms of the fundamental chemical
properties of the elements and known geological processes.

Future Directions. In future work directed toward the
understanding of elemental distributions in Tow-rank coals and
their associations with coal components there are two types of
research that we wish to emphasize.
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The first type of research emphasizes the direct determination
of the chemistry of coal components. This work has been initiated
and is partly reported in this paper for the major "inorganic”
element chemistry of organic components determined by microprobe
techniques. Quantitative analysis in this instance is difficult
but necessary. Figure 2 shows that energy dispersive spectra
contain information on a number of major and minor elements clearly
detectable in 1lithotypes and macerals. Numerous analyses of
components shows consistency of results and interesting patterns of
variation as illustrated in Figure 3. Ratios of peak intensities
are used in this figure to illustrate patterns of the data while
approaches to determine absolute element percentages are being
developed.  Since intensities are proportional to abundance and
have been shown to be reproducible, ratios may be used to infer
elemental variation in the components. Figure 3 shows that grains
of vitrain from a specific massive coal layer near the center of
the seam, by virtue of a group closely spaced points, have a fixed
relationship of Mg, Al, S and Ca contents. In contrast, vitrain,
hand-picked from a fusain layer, shows a clear range of ratio plots
primarily showing a large change in Mg:Al ratio. Average Na/Ca
ratios also are shown. These results suggest that vitrain in the
Beulah coal has constancy of composition in part, and
systematically variable composition in part. One obvious
explanation for the variation in the fusain layer would involve
hydrogeochemical processes in this apparently more permeable
unit. Continued work of this type will be emphasized as well as
analysis of inorganic phases and survey of trace elements in
specific coal components.

The second type of research emphasizes the correlation of
lithologic layering in the coal to the vertical distribution of
elements. Current work is being done on the Beulah-Zap bed at the
Freedom Mine, site of the Northern Great Plains Gasification
Plant. The potential control of vertical element variation with
respect to admixed detrital material in the upper and Tower margins
of the seam and in clay-rich partings is obvious, as is the
potential role of even slight concentration of sulfide minerals and
various concretionary masses in different parts of the seam. The
correlation of chemical variation with layers of different types of
lignite is almost unknown. Initial study (Karner and others, in
preparation) shows some correlation of chemical variation with
layering 1in the Beulah-Zap bed. This work has promise for
interpreting the complexity of vertical distribution patterns of
elements reported in this paper.
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Volcanic Ash Layers in Coal: Origin, Distribution,
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Volcanic ash that falls into a coal-forming environment
stands a good chance of being preserved and contributing
to the mineral matter in coal. Such layers are rela-
tively common in some coals although they are commonly
not recognized as volcanic in origin even by geologists.
The original material usually consists of fine-grained
glass, crystals, and rock fragments, but there is a great
variety in texture and composition. After burial the
glass, in particular, is readily altered so that with
increasing geologic age secondary clay minerals become
abundant and evidence of the volcanic origin becomes less
obvious. Kaolinite is most abundant, but smectite is not
uncommon; occasionally unusual minerals occur, such as
aluminum phosphates with notable amounts of Sr and rare
earths. In North America, volcanic ash layers are most
important in western coals of Tertiary and Cretaceous
ages; they are generally uncommon in eastern coals or
those of greater age.

The main purpose of this paper is to call attention to volcanic
eruptions as a source of mineral matter in coal. Volcanic material
is apt to have mineral and chemical compositions, as well as
patterns of distribution, different from the more usual types of
mineral matter in coal. Recognition of volcanic material requires
some understanding of the process of origin, an awareness of the
considerable variety of materials involved, and an appreciation of
the tendency of volcanic materials to undergo substantial alteration
so that their genesis is obscured.

Mineral matter in coal most commonly consists of mud carried
into the coal-forming environments by streams as overbank deposits
during times of flood. The minerals are mainly quartz, feldspars
and clay minerals, and these are deposited as shaly partings that
become thinner and finer-grained away from the stream channels. By
contrast, the volcanic ashes that occur in coals tend to be of the
highly siliceous variety associated with explosive eruptions, during
which ash is carried high into the atmosphere and transported far
downwind. These form thin, uniform, widespread partings in coals,

0097-6156/86/0301-0090$06.00/0
© 1986 American Chemical Society
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commonly on the order of an inch thick and displaying little lateral
change in thickness or composition. Such silicic (70% SIO,)
volcanic ashes tend to be mostly composed of dust-sized particles of
glass, with less than a few percent of mineral grains such as
quartz, various feldspars, biotite, zircon, and hornblende. Glass
is highly unstable in geologic terms, and alters rapidly to clay;
thus the original volcanic ash texture and composition are not
evident in the final product.

Some comments on terminology are necessary. “Volcanic ash
partings” here refers to sedimentary units bounded by organic-rich
material (coal, lignite, or organic shale) and which were deposited
as air-fall volcanic ash with essentially no subsequent transport
and mixing with terrigenous detrial silicates (clay, mud and sand).
No specific grain size or composition is implied. The term "tephra"”
is now commonly used for modern, unaltered, uncompacted material,
while the term "tuff" is used for the compacted (rock) equivalent.

A volcanic origin is obvious where there is glass, volcanic
phenocrysts, a limited mineral suite characteristic of volcanic
rocks, or absence of terrigenous detritus and lack of sedimentary
structures formed by moving water. With increasing age, however,
there is progressive alteration and loss of recognizable volcanic
features; the product is generally some kind of clay unit. As a
general term they might be called altered tuffs. If mainly composed
on montmorillonitic (smectitic) clay that is light-colored and
sticky when wet, these are commonly called bentonites and mainly
occur in marine shales. In older coals they are usually kaolinitic,
occur as firm rocks rather than soft clay, and weather to lighter
colors than the enclosing coal. These are commonly called
"tonsteins”, and old term for such fine-grained, hard clay partings
that are relatively abundant in European Carboniferous coals.
Tonstein was originally applied as a purely descriptive term
("clayrock"”) but in recent years an origin as an air-fall volcanic
ash has become increasingly accepted. We prefer the general term
"altered volcanic ash"” because there is considerable range in
physical appearance, original and secondary mineralogy, as well as
in the type of enclosing sediment.

ORIGIN

The environment of coal deposition provides one of the best
places for deposition and preservation of volcanic ash. The recent
eruption of Mt. St. Helens, for example, spread volcanic ash across
several western states. On land, almost all of the volcanic ash
will be eroded by wind and water, mixed with terrigenous sand and
clay, and ultimately dispersed into lakes or the ocean. In marshes
or swamps, the general setting in which plant material accumulates
to eventually become coal, an ash fall has a good chance of
remaining undisturbed because of the shallow water, low stream
gradients, and lack of relief. The sediment-baffling effects of
vegetation minimizes processes that could cause reworking of the
volcanic ash. Portions of such swamps may be so distant from major
streams that they receive little or no mud from overbank floods.
Thus it is likely that most ash falls in swamps would be buried in
organic debris (coal) and remain free of non-volcanic material from
fluvial sources.

Only volcanoes characterized by particularly violent eruptive
styles are likely to be important in producing the thin, widespread
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units of ash most commonly preserved in the geologic record. The
explosiveness of eruption is related to several factors, including
gas content and geometry of the vent. Of most importance here,

however, is the silica content: silica increases the viscosity of
magma and the tendency toward explosive eruptions rather than quiet
flows. Thus volcanic ash partings in coals are primarily the
product of such silica-rich eruptions; this has important
consequences in terms of the composition of the altered ash, as will
be discussed later.

FIELD APPEARANCE OF VOLCANIC ASH PARTINGS IN COALS

Most volcanic ash partings in coal are thin, ranging from 1 mm
to a few cm. A few, however, attain thicknesses of more than 1 m.
Many are uniform in thickness and have either sharp or gradational
boundaries with the enclosing coal. Some, however, pinch and swell
rapidly and may consist of a series of lenses rather than a
continuous bed, a feature they share with some Carboniferous
tonsteins (Williamson, 1970). Light shades of gray, brown, or
yellow are most common, reflecting a lower organic content than the
adjacent coal. Black and dark brown partings also occur, and
sometimes these become obvious only after weathering; the oxidation
of organic matter then results in a light-colored surface layer of
siliceous material. Figure 1 shows the most common field
appearance; in this case for a Cretaceous example from southern
Alaska.

To a large extent the grain size and degree of induration of
these partings depends upon the amount of post-depositional
alteration; this in turn is largely a function of age and depth of
burial. For example, lignites 4-5 m.y. old in southern Alaska
contain partings that are loose and sandy; in fact, they are clearly
recognizable as volcanic ash consisting mostly of glass shards. In
contrast, partings in 100 m.y. Kentucky bituminous coal are hard and
very fine grained (Seiders, 1965; Bohor and Triplehorn, 1982). The
latter probably was similar to the Alaskan example at first, but has
completely altered to a compact variety of kaolin known as flint
clay.

COMPOSITION

Composition of the partings is a function of both the original
materials and conditions, and the kind and extent of
post-depositional modification. Therefore it is necessary to
consider the primary composition (original) separately from the
secondary composition (altered).

Primary Composition

The solid products of explosive volcanism include individual
glass fragments, individual mineral crystals (phenocrysts), and
aggregates of these known as rock fragments. Glass is perhaps the
most abundant component but there is a great variety in the solid
components ejected from modern volcanoes. A given volcano may eject
different material over its eruptive lifespan. Even a single
eruption, lasting perhaps only a few days, may involve changes in
ash composition.

Volcanic ashes are characterized by a limited suite of mineral
components. By far the most abundant are quartz, sanidine and
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plagioclase feldspars, certain pyroxenes and amphiboles, magnetite,
apatite, biotite, and zircon. The presence of these minerals and
the absence of others constitute evidence of a volcanic origin.
Certain mineral crystal forms, such as the beta form of quartz and
hexagonal prisms of biotite, are particularly useful indicators of
volcanic origin. Similarly, the presence of sanidine, the
high-temperature form of potassium feldspar, suggests a volcanic
origin. On the other hand, the presence of non-volcanic minerals
such as muscovite, epidote and garnet indicates a non-volcanic
origin, or at least some admixture of non-volcanic (probably
fluvial) material.

Original grain size of an ash parting reflects the texture of
the material produced by a given volcano plus the progressive loss
of coarser and denser components as an ash cloud moves downwind. In
other words, texture is in part a function of distance from the
source volcano. As noted earlier, the most common ash partings in
coal are thin, uniform and widespread. These probably were derived
from distant volcanoes and consisted originally of silt- and
clay-sized particles carried by high-altitude winds. Conversely,
where ash partings are coarse-grained, thick, and abundant, the
volcanic source is assumed to have been relatively close.

Secondary Composition

The primary composition discussed above is important in that it
determines in part the final products of alteration. It should be
noted, however, that the factors controlling the degree and
direction of alteration have not been thoroughly studied. Chemical
alteration in the environment of deposition and the length of time
involved may be as important as original composition in determining
the final product. For example, both kaolinitic and smectitic
partings occur in Tertiary coals near Centralia, Washington
(Reinink-Smith, 1982) and it is not known if this reflects the
differences in original ash composition or some differences within
the coal-forming environment that resulted in the formation of
different clay minerals from the same ash parent. Triplehorn and
Bohor (1981) related differences in the mineralogy of altered
volcanic ash partings, in a coal bed in Utah, at least in part, to
differences in thickness of the original ash partings which affected
the efficiency of leaching.

The main secondary products are clay minerals, either smectite
or kaolinite. These clay minerals are derived mainly and most
readily from glass, but feldspars, amphiboles, pyroxenes, and
biotite also alter in part to clay minerals. The alteration of
volcanic ash to kaolinite involves removal of Ma, Ca, Mg, K and Fe
as well as considerable silica. Pure kaolinite corresponds to a
mixture of subequal amounts of silica and alumina plus a small
amount of water and virtually nothing else-—this is thus the product
of very intensive leaching. Smectite on the other hand requires
some Mg and more silica than kaolinite. It is thus the product of
less intensive leaching than that which produces kaolinite.

It appears that volcanic ash can sometimes alter directly to
kaolinite; in other cases a smectitic intermediate stage may be
involved. Where alteration has gone to completion, that it, no
glass remains and only kaolinite is present, it may be impossible to
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determine details of early stages of the alteration process. Even
though the process of alteration of the bulk of a parting
(presumably glass) may not be clear, individual minerals such as
feldspars and biotite can be observed altering directly to kaolinite
without any smectite intermediary. Whatever the details, it is
clear that a major amount of silicon somehow must be removed in
solution (along with lesser amounts of such soluble elements as Na,
K, Mg, Ca, and Fe). Because silica, and most of the other
components cited, do not appear as secondary minerals in adjacent
rock units, they apparently were carried out of the system in
solution by passage of groundwater. This is in contrast to some
marine bentonites, where silica produced by alteration of volcanic
ash often appears nearby as silica cement in significant quantities.

A variety of secondary minerals in addition to clay minerals
may occur in altered volcanic ash partings. Some of these may be
related to modification of the primary constituents, but others are
more likely introduced by ground water taking advantage of the
higher permeabilities of volcanic ash layers relative to the
adjacent organic material (mow coal). Carbonate minerals in
quantities too large to have been derived entirely from the primary
volcanic material are not uncommon. Siderite is most abundant,
although dolomite sometimes is present. Abundant secondary
carbonate may obscure the volcanic origin of the original layer
because such well-cemented partings are similar in appearance to the
purely sedimentary carbonate layers that are very commonly
associated with coals.

Recently occurrences of unusual aluminum phosphate minerals
have been found with ash partings in coals (Triplehorn and Bohor,
1983). Since that report we have found a number of additional
occurrences in Alaska and one in the appalachian area. These
minerals were grouped by Palache (et. al., 1951) as the
plumbogummite series, with the general formula X Al (PO ) (OH) H,0.
End members of interest here include goyazite (where X = gr),
gorceixite (Ba), crandallite (Ca), and florencite (Ce, U, and other
rare earths). Some of these layers in Alaska are sufficiently
radioactive to give a distinct reading on hand-held radiation
detectors in the field.

DISTRIBUTION

Because many geologists are not aware that volcanic ash
partings occur in coals, it is difficult to interpret the absence of
published reports regarding their occurrences. The abundance of
such partings 1is probably much greater than presently recognized.
The following generalities regarding their distribution are mainly
limited to North America and are based primarily on our own
observations, discussions with others, and interpretation of
published reports. Specific references to recognized volcanic ash
partings in coals are relatively few and restricted mostly to the
past few years.

In simple terms ash partings are relatively abundant in
Cretaceous and Tertiary coals of the West and rare in Carboniferous
coals of the East. We are less certain of the Gulf Coast Tertiary
lignites but they appear to have at least a moderate abundance of
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such partings. To a degree this apparent distribution is related to
the fact that the volcanic origin of the younger ash beds is more
apparent, while older partings commonly appear as kaolinitic clay
beds with little evidence of their volcanic heritage (see
Triplehorn, 1976; Bohor and Triplehorn, 1981). Even so, there is no
question that the absolute frequency is higher in the West.

Locally the abundance of partings can be highly variable.

Where many coals are present, ash partings may be distributed
sparsely but uniformly or concentrated in just a few coals. Figure
2 shows an example in southwestern Washington, in this case
including both kaolinitic and smectitic partings (Reinink-Smith,
1982). 1In the West, where most of our work has been done, volcanic
ash partings are known from numerous coals in Utah, New Mexico,
Colorado, Wyoming, Montana and Washington (Bohor, et. al., 1978;
Triplehorn and Bohor, 1981). Again, the frequency of partings is
highly variable. Individual coals in Montana and Colorado contain
up to twenty or more ash partings, while the unusually thick
Paleocene coals of the Powder River Basin contain almost none. In
Alaska, volcanic ash partings are present in all of the Cretaceous
and Tertiary coals we have examined, but appear to be particularly
abundant in the Cook Inlet area.

In the Appalachian coal basin and the Eastern Interior Basin,
where we have less experience, ash partings appear to be rare (Bohor
and Triplehorn, 1982). The lack of ash partings in Carboniferous
coals of eastern North America contrasts with their abundance in
European coals of the same age. The latter have been studied for
over a century, although their volcanic origin was not generally
accepted until the last few decades. Bouroz, et. al. (1983)
provides a good recent summary of some of this work in English.

SIGNIFICANCE

The geologic importance of volcanic ash partings in coals has
been summarized previously by Triplehorn (1976). Of greatest
importance is their use in correlation, the process of determining
the time relationships among rocks exposed at different localities.
The simplest use is as marker beds, where individual ash falls can
be recognized and distinguished from others on the basis of some
textural or compositional aspect. Beds containing the same ash
layer (whether in coal or any other rock type) are the same age,
although the absolute age (in years) is not indicated. The absolute
age can sometimes be determined by radiometric age dating of certain
minerals in the ashes. Potassium—-argon dating is used for such
minerals as feldspar and hornblende, while fission-track dating may
be used for zircon and apatite (Triplehorn et. al., 1977; Turner et.
al., 1980).

It may be of interest here to note that Williamson (1970)
mentioned the high radioactivity of certain ash partings (he called
them tonsteins) that made them useful in bore-hole studies because
they appeared as sharp maxima on gamma-ray logs of coal beds. Such
maxima are conspicuous because coals are generally known for their
absence of radioactivity. He ascribed the high radioactivity of
these partings to an unusual abundance of zircons. We have no
specific knowledge of these occurrences, but suggest that the high
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Figure 1. Light weathering kaolinite volcanic ash in coal, southern
Alaska.

Figure 2. Multiple smectitic and kaolinitic ash partings in the Big
Seam, southeastern Washington.
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radioactivity might instead be related to uranium-bearing phosphate
minerals.

Thus far geologists have paid little attention to the
significance of ash partings as indicators of processes and
conditions in the coal-forming environment.  For example, thin
widespread partings lacking penetrating plant material suggest that
these originated as ashes that fell into shallow standing water.
Thick ashes should have affected the kind and amount of vegetation,
and indirectly the nature of the coal immediately overlying thick
ash beds. As yet there is little data in these aspects because
geologists have not recognized the potential value of such studies.

For those interested in mineral matter in coal, an awareness
that some partings may be of volcanic origin may be useful in
explaining the distribution of some of these layers and the
occurrences of some unusual components, such as strontium,
phosphate, or uranium. Volcanic ash partings are likely to be more
widespread and uniform in texture, composition and thickness than
the more common partings of fluvial origin. They are also more
likely to show marked differences from layer to layer, and to
contain exotic mineral or chemical components.
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Reactions and Transformations of Coal Mineral Matter
at Elevated Temperatures

G. P. Huffman and F. E. Huggins
Technical Center, U.S. Steel Corporation, Monroeville, PA 15146

An overview is presented of the reactions and trans-—
formations of the inorganic constituents of coal at
elevated temperatures. Following a brief review of
the types of inorganic matter in Eastern and Western
coals, reactions and transformations of mineral matter
that are of importance in coal combustion are dis-
cussed. The importance of ash melting and the utili-
zation of phase diagrams are emphasized in the dis-
cussion of slagging behavior and slag deposition. In
the section on fouling deposits, emphasis is placed on
the reactions of volatile alkalies that give rise to
molten phases (alkali sulfates and alkali silicates).
Finally, a very brief discussion of the role of
mineral matter in other coal conversion processes
(liquefaction, carbonization, gasification) is given.
Throughout the chapter, the importance of modern
analytical techniques (Méssbauer spectroscopy, X-ray
absorption spectroscopy, computer—controlled scanning
electron microscopy) in the analysis of complex assem—
blages of minerals and mineral derivatives is
stressed.

Coal contains a variety of inorganic constituents that exhibit
deleterious behavior in most processes that attempt to convert the
energy in coal to a useful form. As coal is heated, the inorganic
phases undergo transformations and reactions that yield a complex
mixture of solid, molten, and volatile species. These species give
rise to slagging and fouling deposits, corrosion, pollution, and
other problems. Although such problems are usually associated with
the combustion of coal to produce electrical power, they are also
common in coal gasification and liquefaction, cokemaking, and iron
production. Conversely, certain inorganic constituents (alkalies,
calcium, and iron-bearing phases) can have significant and valuable
catalytic activity in coal gasification and liquefaction.

The current chapter will briefly review research on this topic.

0097-6156/86/0301-0100$06.00/0
© 1986 American Chemical Society
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Nature of the Inorganic Constituents of Coal

It is common practice to make a distinction between the inorganic
constituents of so—called “"Eastern” and “"Western" coals. By
definition, Western coals are those for which the CaO+MgO content
exceeds the Fe,0, content of the ash, while the reverse is true for
Eastern coals [l]. The inorganic constituents in Eastern coals,
which are principally bituminous in rank, are predominantly in the
form of discrete mineral particles. Clay minerals (kaolinite,
illite) are usually dominant, followed by quartz and pyrite. The
range and typical values of the mineral distribution and ash
chemistry of Eastern coals are shown in Table I. These data were
determined from computer—controlled scanning electron microscopy
(CCSEM), Mossbauer spectroscopy, and other measurements on over a
hundred coals.

Table I. Inorganic Constituents of Eastern Coals

Mineral Distribution Typical Ash Chemistry

Mineral Range Typical Species Weight %
Quartz 5-44 18 SiO2 54
Kaolinite 9-60 32 A1203 29
Illite 2-29 14 Fe203 8
Chlorite 0-15 2 Ca0 2
Mixed Silicates 5-31 17 MgO 1
Pyrite 1-27 8 K20 2
Calcite 0-14 3 Na,0 1
Siderite/Ankerite 0-11 2 Ti0, 1

Other Minerals 0-12 4 P205 0.2

504 2

Western coals are usually lignites or subbituminous coals. The
range and typical values of the inorganic phase distribution and ash
chemistry of approximately 20 Western coals examined in this labora-
tory are shown in Table II. In a recent paper, we discussed the
differences between the inorganic constituents of low-rank coals and
those of bituminous coals [2]. These differences occur in the
calcium-, iron-, and alkali-containing phases. In bituminous coals,
the calcium content is typically low (CaO <5% of ash) and all cal-
cium is contained in the mineral calcite. The calcium content of
lignites is high (Ca0O V10 to 30% of ash) and the calcium is molecu-
larly dispersed throughout the coal macerals as salts of carboxylic
acids. The latter point has been directly confirmed by EXAFS (ex-
tended X-ray absorption fine structure) spectroscopy [2,3]. Similar
differences occur for the alkali elements. Minerals such as illite,
which accounts for most of the potassium in bituminous coal, are
found in only small amounts in lignite and subbituminous coal (see
Tables I and II). In lignites, sodium and potassium are believed to
occur as salts of humic or carboxylic acids. Montmorillonite and
halite (NaCl) are the dominant Na-containing minerals, and they
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occur in both bituminous and lower rank coal. The iron-bearing
minerals in unoxidized bituminous coals include pyrite, ferrous
iron-bearing clays (illite, chlorite), and carbonates (siderite,
ankerite) [4]. In lignites, only pyrite and its weathering products
(iron sulfates and oxyhydroxides) are normally observed [2].

Table II. Inorganic Constituents of Western Coals

Mineral Distribution Typical Ash Chemistry
Mineral Range Typical Species Weight 7%
Quartz 7-22 15 SiO2 30
Kaolinite 13-45 30 Al,0,4 15
Illite 0-12 2 Fe203 10
Mixed Silicates 0-22 8 Ca0 20
Pyrite 1-26 7 MgO 8
Fe Sulfates 0-5 1 K20 0.7
Fe-rich* 0-14 2 NaO 0.6
Ca-rich** 7-49 25 TiO2 0.7
Other minerals*** 1-10 7 P205 0.4
SO3 15

*Principally iron oxyhydroxide.
**Principally calcium bonded to carboxyl groups in the macerals.
***Barite, apatite, montmorillonite, and others

The diversity of transformations and reactions that such com-—
plex assemblages of inorganic matter can undergo when coal is com~
busted or otherwise converted to a more useful form of energy is too
complex to be discussed in any detail in a short chapter. Our in-
tention, therefore, is simply to outline some of the major phenomena
and to provide the reader with useful references. Most of the
chapter will deal with reactions and transformations related to coal
combustion, with a short section devoted to other conversion
processes.

Slagging Behavior; Ash Melting

During pulverized-coal combustion, atmospheric conditions within the
coal flame are considered to be reducing in the sense that the
stable ionic form of iron is ferrous. After ash particles have left
the flame region, they encounter a more oxidizing environment,
yielding deposits and fly ash in which the iron may be predominantly
ferric or a mixture of ferrous and ferric, dependent on the air-to-
fuel ratio. Consequently, it is important to understand the high
temperature reactions of ash constituents in both types of environ-
ment. This point is recognized in the ASTM ash-fusion test [5]
which specifies measurement of the fusion temperatures of ash cones
in both a reducing (60% CO, 40% CO,) and an oxidizing (air) atmos-
phere. Numerous empirical formulae have been developed to predict
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ash-fusion temperatures (AFTs) and the viscosities of molten coal-
ash slags at higher temperatures from ash composition. Detailed
discussions of these formulae and their physical basis have been
given by Winegartner and his associates [1,6,7], by Watt and Fereday
[8,9], and in a recent review article by Reid [10]. The dominant
parameter in these relationships is usually the base-to-acid ratio,
where "base” and "acid" are simply the sums of the weight percent-

ages of the basic and acidic oxides:

Base = Fe203 + Cal + Kzo + Na2

Acid = SiO2 + A1203 + TiO2
Recently, we examined the behavior of AFTs in the context of ternary
phase diagrams [11]. Significant similarities were observed between
the dependence of the AFTs on chemical composition and the liquidus
curves in appropriate regions of the Fe0-Si0,-A1,03;, Ca0-Si0,-Al,03,
and K,0-510,-A1,03 phase diagrams. The development of the Base-
Si0,-A1,03 phase diagrams for the prediction of ash behavior appears
to be a fruitful area for future research. An example of such a
phase diagram is shown in Figure 1 where ash-softening temperatures
(ST, reducing) are plotted in what is effectively the "mullite”
region of a Base-Si0,-A1,03 phase diagram. The curves of equal ST
exhibit great similarity to the liquidus isotherms in true ternary
diagrams [12].

The arrow in Figure 1 illustrates the use of the phase diagram
to predict STs. In this instance, a bituminous coal with a low ST
was blended with two other coals to yield a product with a much
higher ST. The blend was chosen with the aim of moving the composi-
tion of ash in a direction approximately normal to the equal ST
curves. The predicted and observed STs of the original coal and the
blend are shown in the inset of Figure l. The predicted values are
probably not as accurate as could be obtained with existing empiri-
cal formulae [6], but they are nevertheless quite reasonable.

Ternary and more complex phase diagrams can also contribute to
interpretation of the reactions that lead to ash melting. In a re-
ducing environment (607%C0-40%CO2), the important reactions for
Eastern coals occur primarily within the Fe0-5i02-A1203 phase dia-
gram [13,14]. Using a variety of techniques (MOssbauer spectros-
copy, CCSEM, X-ray diffraction) to investigate quenched ash samples
heat treated under conditions similar to the ASTM ash-fusion test,
it was established that most Eastern coal ashes exhibit behavior
similar to that shown in the schematic diagram of Figure 2. Here,
phases that are molten at elevated temperatures appear as glass
phases in the quenched specimens. The potassium—containing clay
mineral, illite, appears to be the first phase converted to a par-
tially molten form; presumably this is because of the numerous low-
temperature eutectic points in the K,0-Si02-Al,03 phase diagram
[12]. At approximately 900°C, wustite, derived from pyrite and
other iron-rich minerals, begins to react with quartz and alumino-
silicates derived from clay minerals to produce a mixture of wus-
tite, fayalite (Fe,SiO,), and molten ferrous—aluminosilicate phase.
At somewhat higher temperatures (n1050°C), fayalite has been largely
incorporated into the melt phase, and ferrous iron may react with

0 + Mgo (1)

(2)
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Figure 1 Pseudoternary phase diagram (Base — Al,03- Si0,)
showing spherical temperature (ST) contours. See text for
discussion of points connected by arrow and inset.
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Figure 2 Schematic diagram illustrating high-temperature
reactions for minerals in an Eastern-type coal under reducing
conditions. Reproduced with permission from reference 14.
Copyright 1983 Engineering Foundation.
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aluminosilicates to form hercynite (FeAl,0,). This reaction retards
melting somewhat and its importance is related to the Al,0; content
of the ash. Essentially all of the iron is contained in the melt
phase for samples quenched from above 1200°C, as shown in Figure 3.
Above 1200°C, reducing, most Eastern ashes are a mixture of molten
aluminosilicates, mullite, quartz, and minor constituents such as
iron sulfide, which is also molten, but is immiscible with the
viscous silicate melt.

Similar, but less extensive, experiments have also been per-
formed on ash samples quenched from high temperatures in air [13].
Below approximately 1200°C, essentially all of the glass observed in
the samples is derived from the potassium-bearing clay mineral il-
lite. Melting accelerates above approximately 1300°C and approaches
completion for most Eastern ashes at temperatures of the order of
1500°C. As illustrated by the Mossbauer spectra in Figure 3, higher
temperatures are required to produce significant partial melting in
an oxidizing environment than in a reducing environment. All of the
iron in the specimen quenched from 1230°C in a reducing atmosphere
is contained in ferrous aluminosilicate glass, while only about 30
percent of the iron in the sample quenched from 1300°C in air has
entered a ferric glass phase. This result is typical of Eastern
ashes and is not too surprising, as it is well known that ferrous
iron is a more effective flux than ferric iron. Moreover, calcium
appears to be a more effective flux than ferric iron in an oxidizing
environment.

In both reducing and oxidizing atmospheres, significant partial
melting of ash occurs at temperatures well below the initial defor-
mation temperature (IDT). It is not uncommon to observe up to 50
percent of the ash in the form of glass at quenching temperatures as
low as 200 to 400°C below the IDT. Such partial melting is impor-
tant in deposit formation. Not surprisingly, the amount of glass
observed at a given temperature in an oxidizing atmosphere is signi-
ficantly less than that in a reducing atmosphere [13,14].

Fouling; Volatile Species

Fouling generally refers to the formation of deposits on convective
heat-transfer surfaces at relatively low temperatures (600 to
1000°C). Excellent discussions of this problem have recently been
given by Wibberly and Wall (15) and in the general review article by
Reid [10]. Alkali elements (Na, K) are the principal culprits in
the formation of such deposits. Within the flame, these elements
become volatilized. The ease of volatilization is related to the
form in which the alkalies are present in the coal. Organically
bound alkalies would be expected to be easily volatilized at typical
flame temperatures (1400-1500°C), as would NaCl, the most common
form of sodium in bituminous coal. Potassium contained in illite
would not be expected to volatilize as readily; illite should
rapidly convert to a molten slag at these temperatures. For this
reason, the water—-soluble alkali content of coal [lj is considered
to be a more reliable indicator of fouling than the total alkali
content, at least for Eastern coals. Wibberly and Wall [15] list
Na, NaOH, and NaCl as likely gaseous species, dependent on chlorine
content of the coal, flame temperature, and oxygen potential.
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Nonchloride species are probably rapidly converted to oxides
(Nazo, KZO) on leaving the flame front. The volatile alkalies may
condense on the surfaces of fly-ash particles carried by the flue
gas or on cooler boiler surfaces. Wibberly and Wall [15] performed
drop—tube experiments in which silica particles were exposed to
synthetic combustion gases containing sodium at temperatures of 1200
to 1600°C. Sodium silicate layers ranging in thickness from 0.03 to
0.3 ym were observed on the particle surfaces, and sintered deposits
formed rapidly on stainless steel probes inserted into the lower
part of the furnace. Such alkali-silicate layers are molten at the
temperatures of interest. The thickness of the sodium silicate
layers was decreased by a factor of three when the sodium was in-
troduced in the form of NaCl, rather than in chlorine-free forms.

An excellent review of the role of alkali sulfates is given by
Reid [10]. Below 1100°C, alkali oxides and chlorides react rapidly
with SO, and 0, or SO; to form condensed sulfates on fly-ash parti-
cles and metal surfaces. Because of their low melting points, al-
kali sulfates are very corrosive, and form strongly bonded deposits.
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