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ABSTRACT

Modes of Occurrence
of

Trace Elements in Coal
by

Robert Barry Finkelman

The chemical and physical environment (mode of occurrence) of the
trace elements in coal can influence their behavior during the cleaning,
conversion, or combustion of the coal, and during the weathering of
leaching of the coal or its by-products. Information on the mode of
occurrence of the trace elements is, therefore, essential for the efficient
use of our coal resources.

Previous attempts to determine the mode of occurrence of the trace
elements in coal have been largely indirect. Results of the most commonly
used appproach, sink-float separation, is often contradictory. Evidence
obtained from this study indicate that results from sink-float separations
are susceptible to gross misinterpretations.

In order to directly determine the mode of occurrence of the trace
elements in coal, a tehcnique was developed using the scanning electron
microscope (SEM) with an energy dispersive (EDX) detector. This analytical
system allows the detection and analysis of in-situ, micron-sized minerals
in polished blocks of coal. In addition, mineralogical data were obtained
from individual particles extracted from the low-temperature ash of the

coal.



These techniques were applied in an in-depth study of the Waynesburg
and Upper Freeport coals, both bituminous coals from the Appalachian
Basin. In addition, brief studies were conducted on about 80 coals
representing every rank and type, and every major coal basin in the
United States plus about 20 coals from worldwide locations.

The results indicate that many trace elements in coal can occur
quantitatively in micron-sized accessory mineral grains scattered throughout
the organic matrix (macerals). For example, Zn and Cd occur predominantly
in the mineral sphalerite; Cu in chalcopyrite; Zr and Hf in zircons; the
REE, Y, and Th in monazite and xenotime. In Appalachain Basin coals,
lead selenides are dominant over lead sulfides, whereas outside the
Basin, Tead sulfides are far in excess over the selenides. The majority
of the lead in coal, however, may be substituting in barium-bearing
minerals. Some elements, such as As and Hg, occur in solid solution
with pyrite. The difference in the mode of occurrence between As and Hg
and the other chalcophile elements is reflected in their behavior during
sink-float separation of the coal; those elements forming micron-size
minerals within the macerals are concentrated in the lighter Sp. G.
fractions; whereas, those elements associated with pyrite are céncentrated
in the heavier Sp. G. fractions.

Organic associations constitute a major mode of occurrence for
several trace elements. Although Ti-bearing minerals are common in many
coals, no more than about 50 weight percent of the Ti can be accounted
for in this manner. The remainder is probably bound to the organics.
Similarly, significant amounts of Se and Br appear to be organically

bound. The mode of occurrence of uranium is quite complex; in one



sample, virtually all the U occurred as micron-sized grains of uraninite;
in another a significant amount of the U was associated with detrital
accessory minerals such as zircon; in other coals, the bulk of the U
appeared to be organically bound.

This study demonstrated that the SEM-EDX system can be used to
rapidly characterize the accessory minerals in most coal samples. The
information so generated provides direct knowledge of the modes of
occurrence of many trace elements in coal. Some of these trace elements
appear to have been quite mobile at some time during the coalification
process. This study also demonstrated that, although some elements are
inoganically bound in coal, during fractionation, they behave as if they
are organically bound.

It is evident that this type of detailed analytical approach is
essential if we are to anticipate accurately the effects of the trace

elements on the various technological processes that coals will undergo.
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1. INTRODUCTION

Whenever coals are burned, gasified, liquified, or leached,
the inorganic trace elements incorporated in the coal are often released
into the environment with potentially deleterious effects. A knowledge
of the mode of occurrence of these trace elements, that is the manner in
which they are chemically bound and distributed within the coal, is
essential in order to predict their behavior in these processes. 1t is the
primary objective of this study to determine the modes of occurrence in
céal of as many inorganic trace elements as possible.

The modes of occurrence of the major elements are reasonably
well known. Although some occur in a score or more of different compounds
in the coal, the bulk of each element is found in no more than one or
two forms. Thus, silicon is primarily found in the clay minerals; quartz,
calcium and much of the magnesium in carbonates; iron in pyrite and marcasite;
and aluminum and potassium in the clays. These minerals are generally
present in sufficiently high concentrations so that they can be isolated
and analyzed by conventional mineralogical techniques.

In contrast to the major inorganic elements, the modes of
occurrence of trace elements are poorlv understood, despite the fact
that many of them are of rather important geological, geochemical,

environmental, and economic significance.



It is common knowledge that most trace elements in coal, such 2
as 2n, Cu, Cr, and Sn, are largely associated with the inorganic
fraction. Gluskoter et al. (1977) cite only four trace elements with
predominant organic affinities (Ge, Be, B, and Sb). Thus an under-
standing of the modes of occurrence of the trace elements in coal
requires a detailed knowledge of the variety of minerals that occur
in coal and an understanding of compositional variation of these
mirerals.

There have been many attempts to determine the mode of occur-
rence of trace elements in coal. These will be described in detail
in later sections. However, as we will see, these efforts have
generally resulted in a gqualitative, or at best, a semiquantitative
assessment of the organic/inorganic affinity'for an element. Further-
more, it will be shown that without a knowledge of the mineral type
in which the element occurs, the grain size of the mineral, and its
maceral associations, the analytical results generated in these studies
may be misinterpreted.

Adequate techniques exist for the analysis of the major mineral
species in coal, and many papers on this subject have been ﬁublished.
There is, however, a paucity of information on the accessory minerals
in coal. Very early in the present study attention was focused on
these minerals, and it was found that they exert an influence far in
e;cess of what their small mass would indicate. As a result, it can
now be demonstrated that the accessory minerals may have a greater
impact than the major minerals on the distribution of most trace

elements in coal. Thus, a major aspect of this study is concerned



3

with the elucidation of the relationships between the accessory minerals

and the trace elements.

1.1 Ssamples

The purpose of this study is to determine the modes of occur-
rence of trace elements in coal. This can be accomplished with a survey
of coals of different type, rank, grade, age, geographic location,
etc., or with a detailed study of a few selected coals.

The mode of occurrence of an element is a response to a
complex and variable set of physio-chemical conditions. These
conditions very likely varied from one coal to another. Thus, the
mode of occurrence of an element undoubtedly will show some variation
between different coals. It is unlikely thét a survey approach would
shed light on the underlying factors controlling the mode of occurrence.
A detailed investigation of a single sample would allow for a better
understanding of the geochemical principles governing the form and
distribution of the trace elements in coal. The Waynesburg Coal
was selected for this purpose. (See Stanton, 1975, for comments on
the geology.)

From a technological viewpoint it can be argued that a
knowledge of the distribution of the various inorganic phases is at
least as important as understanding why these phases exist. For
this purpose a survey approach is essential. Samples of over 70
coals from around the world were studied. Samples were obtained
from most major coal producing countries (Table 1lA) and most of the

coal regions in the U. S. (Table 1B, Figure 1). Coals from the



Table 1.

List of Samples*

1A. Foreign Coals
Comtry | mams g omatin  locatien/
l. Australia Bituminous Permian Bulli N.S.W.
2. Brazil Sub-Bit. Permian Barro Branco
3. Canada - Devonian Quebec
4. Canada Bit. Penn. Nova Scotia
5. Canada Sub-Bit. Eocene Hat Creek British Columbia
6. China (P.R.) Bit.(?) Paleocene Marine (?)
7. England Bit. Caizz Hem Heath
8. England Bit. Carb. Ollerton
9. England Bit. Carb. Thorsby
10. Germany Bit. Carb. - Fléz Erda Ruhr
11. Germany Bit. Carb. Floz Johann Ruhr
12. India Bit, J/3
13. India Bit. ‘3/8
14. New Zealand Bit. Up.Eocene Brunner South Island
15. Norway Bit. L. Cret. Spitzbergen
16. Scotland - Carb. Boghead
17. South Africa Bit. Perm. Natal
18. Taiwan Bit. Miocene Shihti Form.
19. USSR Bit. Carb. Donets Basin
20. Venezuela Bit. Tertiary Naricual Anzoategin
21. Venezuela Bit. Tertiary Lobatera Tachira

*

See Table 1D for explanation of abbreviations used in Tables 1 and 2.



1B. U.S. Coals (Exclusive of the Appalachian Province)

Interior Province Coals

Eastern Region

Coal Bed State County Rank  Age; Comments
1. Block Indiana Clay Bit. Penn.
2. Breckenridge Kentucky  Hancock Bit. Penn; Cannel
3. Illinois No. 6 Illinois St. Clair Bit. Penn.
4. Kentucky No. 11 Kentucky ? Bit. Penn.
5. Nolan Kentucky Butler Bit. Penn.
Western Region
. Cavanal Oklahoma  Leflore Bit. Penn.
. Croweburg Oklahoma  Okmulgee Bit. Penn.
. "Iowa" Iowa Taylor Bit. Penn.
9. Iron Post Oklahoma Rogers Bit. Penn.
10. Laredo Missouri  Adair Bit. Penn.
11. Rowe Oklahoma Rogers ’ Bit. Penn.
12, stigler Oklahoma Haskell Bit. Penn.
13. Tebo Missouri ? Bit. Penn.
14. Upper Hartshorne Oklahoma Leflore Bit. Penn.
Northern Region
15. Randell Lump Michigan  Bay Bit. Penn.

Denver Region

" 1. "Denver Lignite"

San Juan River Region

2.

Fruitland

Rocky Mountain Province ‘

Colorado

Adams

N. Mexico San Juan

Lignite Paleocene

Sub-Bit Up. Cret.



Table 1B, continued

Green River Region

3. Vermillian
Creek

Uinta Region

4. “Ferron"

Wind River Basin

5. "Wind River-7a"
6. "Wind River-11"

Wyoming

Utah ?
Wyoming Fremont
Wyoming Fremont

Sweetwater

Sub-Bit.

Bit.

Sub-Bit.
Sub-Bit.

Northern Great Plains Province

Fort Union Region

1. Beulah

Powder River Basin

2. Monarch

North Central Region

3. "Montana"

Texas Region

1. "Texas Lignite"

Northern Alaska Fields

N. Dakota Mercer

Wyoming Sheridan

Montana Gallatin

Gulf Province

Texas Wood

Alaska Province

1. "Alaska"

Alaska Dist. 21

. Lignite

Sub-Bit.

Lignite

Lignite

Bit.

Cret.?;
Lacustrian

Cret.; Emery
Field

Cret.
Cret.

Cret.

Tertiary; Cannel

Cret.-Tert.

Tertiary

Cret.




ic.

Appalachian Province Coals

Appalachian Region

Coal Bed State County Rank Age; Comments
1. Alma Kentucky Martin Bit. Penn.
2. Coalburg Kentucky Martin Bit. Penn.
3. Dade Georgia Walker Bit. Penn.
4. "Deer Park" Maryland Garrett Bit. Penn.
5. Elk Lick (?) W. Virginia Mineral Bit. Penn.
6. Harlem Ohio Jefferson  Bit. Penn.
7. Lower Freeport Ohio ? Bit. Penn.
8. Lower Kittanning W. Virginia Kanawha Bit. Penn.; Cannel
9. Lower Splint Virginia Wise Bit. Penn.
10. Middle Pewee Tennessee Morgen Bit. Penn.
11. Pittsburgh Penna. Washington Bit. Penn.
12. Pocahontas No. 5 W. Virginia McDowell Bit. Penn.
13. Pocahontas No. 3 W. Virginia Wyoming Bit. Penn.
i4. "Raleign-Barnett"” Penna. Bedford Bit. Penn. ;
: = Kitanning?
15. Raven Virginia Wise Bit. Penn.
l6é. Raymond W. Virginia Putnam Bit. Penn. ;
= Pittsburgh
17. Sharon Chio Pike Bit. Penn.
18. Sewell W. Virginia Randolph Bit. Peﬁn.
19. "Tupper Creek" W. Virginia Kanawha Bit. Penn.
20. Upper Cobb Alabama Fayette Bit. Penn.
21. Upper Freeport Penna. Indiana Bit. Penn.
22. Washington Ohio Belmont Bit. Perm.
23. Waynesburg W. Virginia Monongolia Bit. Penn.
Anthracite Region
24. "Anthracite I" Penna. 2 Anthra- Penn.
cite
25. “Anthracite II" Penna. ? Anth. Penn.



Table 1C, continued

26.

- 27.
28.
29.

"Burnside” Penna. North- Anth. Penn.
umberland

"Glen Burn" Penna. Luzerne Anth. Penn.

*Jim Thorpe" Penna. Carbon Anth. Penn.

"Wanamie" Penna. Luzerne Anth. Penn.

Valley Fields

30.

Merrimac Virginia Montgomery Semi- Miss.; Cannel(?)
Anth.?

Deep River Field

31.

Comnock N. Car. Chatham Bit. Triassic

Rhode Island Meta-Anthracite Region

32. "Meta-Anthracite" Rhode Isl. ? Meta- Penn.
Anth.

1D. Miscellaneous Samples

1. Lignite Brandon Lignite; Vermont

2. Peat . Ohio

3. Peat Florida

4. Coalified Wood Fairfax, Va.; Recent

5. "Coal" Pennsylvania; Devonian

6. Coal Pellet Maryland; detrital meta-anth. ?

7. Asphasltite Cucuta, Venezuela

Explanation of Abbreviations

Anth.

= Anthracite
Bit. = Bituminous
Carb. = Carbonifernie

Cret. Cretaceous



Table 1D, continued

L. = Lower

Miss. = Mississippian
Penn. = Pennsylvanian
Perm. = Permian

Up. = Upper



Table 2. General Stratigraphic Sequence of Appalachian Coals

Age
Lower Perm.

Upper Penn.

Middle Penn.

Lower Penn.

Miss.

Coal Bed

Washington
Waynesburg
Pittsburgh (No. 8) = Raymond
"Tupper Creek"
Elk Lick

Harlem

Upper Freeport
Lower Freeport
"Raleigh~-Barnett"
Lower Kittanning
Coalburg

Lower Splint
Alma

Raven

Sharon

Sewell
Pocahonéas No. 5
Pocahontas No. 3

Merrimac

10
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Figure 1. Distribution of samples within the coal fields of the
conterminous United States. See Figure 2 for the dis-
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Appalachian Region constitute the single largest group studied (23

samples). Geographically and stratigraphically these samples cover
virtually the entire coal-bearing sequence of the Appalachian Region
' (Figure 2; Tables 1C and 2). Table 1D lists several miscellaneous
samples studied for this report.

It is, of course, unrealistic to expect a single sample of
coal to be representative of an entire coal bed, much less all of
the coal beds in a basin or a country. At this early stage in the
gathering and evaluation of geochemical information from coal,
there may be no reasonable alternative to a shotgun type approach.

qu the most part the saméles analyzed were randomly selected
fragments of coal samples made available from various sources.
Whenever possible, fresh unweathered samples were selected. Samples
containing cleat or fracture fillings were avoided. These fillings
were clearly introduced after the onset of coalification and are
relatively easy to separate from the coal. Moreoever, the syngenetic
minerals in coal generally are much more abundant than the epigenetic
minerals (Mac#owsky, 1968). Thus, the minerals in these cleats are
of less geochemical and technological interest than the minerals that

are intimately admixed with the organic matter.

1.2 Analytical Techniques

1.21 Scanning Electron Microscopy (SEM)

Most attempts to study the minerals in coal are initiated by
removing the organic matter either by ashing (Soong and Gluskoter,

1978; Augenstein and Sun, 1974; O'Gorman and Walker, 1971), by
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chemical attack (Nalwalk et al., 1974; Ward, 1974) or by grinding

followed with float-sink separations (Paulson et al., 1972). Thus,
the potentially valuable information on the mineral-maceral® rela-
rtionships have been destroyed. Sample preparations traditionally
used for transmitted or reflected light optical microscopy preserve
this relationship. However, the ability to resolve many of the
extremely fine-grained mineral occurrences is restricted by the
resolution of the light optics system. Furthermore, the ability to
identify and chemically characterize the mineral grains by optical
microscopy is sharply limited.

An approach was sought that would allow the fine-grained
minerals in the coal to be observed and analyzed and that would
simultaneously preserve the relationship of the minerals and the
organic constituents.

The scanning electron microscope (SEM) equipred with an energy
dispersive X-ray detector (EDX) proved to be an ideal system for this
purpose.

The SEM has a wide range of useful magnifications (v10X-20,000X),
a great depth of focus, and good resolution (V200 g). The EDX system
is capable of detecting all elements with atomic numbers 11 (sodium)
and greater that are present in concentrations down to about 0.5
weight percent.

With the combination of these two instruments, individual, in-

situ mineral grains with diameters as small as 0.5 micrometers could

*
See Appendix I for definitions of coal petrographic terms.
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routinely be observed and analyzed.

Dutcher et al. (1973) were among the first to apply the SEM
with analytical capability to the study of minerals in coal. They
‘suggested using the SEM for the determination of the sizes, shapes,
and orientations of specific minerals., Other published reports
utilizing a SEM to study coal minerals include Nandi et al., 1970;
Vassamillet, 1972; Gluskoter and.Lindahl, 1973; Ruch et al., 1974;
Augustyn et al., 1976; Finkelman et al., 1976; Finkelman, 1978; Lee
et al., 1978; and Finkelman and Stanton, 1979.

In addition to the good visual resolution of the SEM and the
analytical capability of the EDX, the system has another feature that
proved to be of immense value in this study. Most SEMs display
secondary electron images on the cathode ray tube. The low-energy
secondary electrons are gene;ated when the primary electron beam
excites loosely bound atomic electrons in the sample. These images are
well suited for surface topography studies (Goldstein, 1975). The
system used in this study was equipped with a back-scattered electron
detector. Theée relatively high~energy electrons are generated by
elastic scattering events. The images produced are very sensitive
to variations in the mean atomic numker of the elements in the sample,
much more so than the secondary electron images which are strongly
influenced by topography. This feature greatly facilitated the
search for mineral grains containing heavy elements. By adjusting
the contrast on the back-scattered electron image, mineréls such as .
rutile whose mean atomic rurker (14} is only slightly higher than minerals

such as "quartz (10) and most clays (8-10) could be made to appear
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relatively bright. .Thus, large areas on a polished block could be
rapidly scanned in search of these highly reflective phases.

By examining a variety of minerals on a polished block, it
was determined that peak height measurements of back-scattered
electron image intensities can give at least a gualitative indication
of the mean atomic number of the elements composing the minerals.
This feature (atomic number contrast, Newberry, 1975) is useful, for
eiample, in determining whether a phase is metallic or an oxide,
sulfide or sulfate, hydrated of anhydrous.

In the present study an ETEC Autoscan model Ul SEM was used.
In general, the SEM was operated at an accelerating potential of
20-30 kV; a condenser current of < 2.0 g, and a working distance of
about 10 mm. The SEM photomicrographs used in this report are of
secondary electron images unless otherwise noted.

In conjunction with the SEM an EDAX model 707A multichannel
analyzer was used. It had a lithium drifted silicon detector with
a resolution of about 180 electron volts. In general, the elemental
data obtained .from 20-40 second count intervals were sufficient to
characterize most particles (Figure 3). Identifications bésed
primarily on major element data appear in quotation marks in this
report. The mineral name used within the quotation marks is considered
to be the most likely of the possible polymorphs. X-ray diffraction
analyses of individual grains and fragments of coal containing
mineral matter has confirmed that the mineral name given in quotes is
indeed the dominant polymorph in the coal samples studied. Table 3
lists various polymorphs for the more common minerals appearing in

quotation marks.
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Table 3. Polymorphs of the More Common

Minerals Found in Coal

Elemental Composition Category Possible Polymorphs
Major/minor/trace
Fe, S// "pyrite” pyrite, marcasite, and per-

haps melnikovite

si// "quartz" Quartz, chalcedony, opal

si, a1// "kaolinite" kaolinite, halloysite,
dickite, allophane,
nacrite

Si, Al/K/Fe, Ti "illite" : illite, sericite,

muscovite, mixed-layer
clays, feldspars (?)

Ti// : "rutile" .rutile, anatase, brookite

Ca// "calcite" calcite, aragonite

Si., Al, K//oxr "feldspar" potash feldspar,

Si, Al, Ca/Na/ . plagioclose, feldspar,
clay (?)

1.211 .Sample Preparation for SEM

A number of different sample preparation techniques were tested
in the course of this study. 1Initial efforts were conducted on polished
pellets prepared from -20 mesh coal éarticles. These 25 mm diameter
mounts prepared by standard procedures (ASTM, 1977) are widely used
for petrographic analyses of coal. They can be easily examined by
~variqus techniques (SEM, reflecting light optical microscopy,
electron microprobe, ion microprobe). The major disadvantage is

that the individual coal particles are small (<840um) and therefore
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lack textural continuity. Also, in the SEM it is sometimes difficult
to distinguish between the epoxy binder and the coal fragments. This
point is discussed more fully by Moza et al. (1978). 1In addition,
isolated mireral grains in the binding medium may be either particles
released from the coal during grinding or contaminants.

Polished thin-sections on 25 mm diameter microscope slides are
the most versatile method of sample preparation. These sections can
be studied by transmission light microscopy in addition to the
methods noted above. Thin-sections can be prepared from pellets or
from oriented blocks of coal. Coal, however, requires thinner than
norzal thin sections (~10um) to permit light transmission. These
slides are diffiéult and time consuming to crepare, particularly
without plucking mineral grains from the mount..

Oriented polished blocks (10-20 mm on edge) were found to be
the most convenient sample form. Most of the SEM data in this report
were generated from this type of sample. The oriented blocks are
easy to prepare and provide most of the advantages of the thin sections.
The relatively large size of the coal fragments allows for a more
thorough examination of the mineral-maceral relationships. One
drawback of the polished blocks is that they may not be as represen-
tative as the pellet mounts.

A limited attempt was made to study freshly fractured surfaces
of coal. These samples are easily prepared and they allow observation
of surface characteristics and three-dimensional features of minerals
ané macerals. Greer (1977), Hughes (1971), Augustyn et al. (1976), and

Boateng and Phillips (1976) have all used this approach. The extreme
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relief of the fractured surfaces makes it difficult ot see fine

details. Furthermore, the ability to identify macerals on fractured
surfaces is severely limited, since the optical properties of the
macerals, in reflected light, are the diagnostic characteristics.
Minerals extracted from the LT ash residues can also be pre-
pared for the SEM in several ways. Individual hand-picked grains or
bulk samples can be mounted on SEM stubs using a variety of fixatives,
such as double-sticky tape, collodion, Duco cement, etc. A technique
developed for study of the lunar soil (Finkelman, 1973) was found to
be effective for the LT ash. The ash is sprinkled onto 25 mm diameter
microscope slides, then covered with epoxy. After hardening, the
mount is carefully ground until individual grains are exposed at the
surface. The mount is then polished with successively finer polishing
compounds until an adequate number of polished grains are available
for analysis. This preparation has all the versatility of the
polished thin-sections. In addition, individual grains can be

removed from the mount for X-ray diffraction analyses.

1.22 Low-Temperature (LT) Ashing

Gluskoter (1965) revolutionized the study of minerals in coal
by electronically ashing coal at temperatures less than 200°C. This
procedure minimizes the alteration of minerals that may occur during the
high  temperature ashing processes. In the device used by Gluskoter,
and in the low-~temperature ashers used in this study, a stream of oxygen
is passed through an electromagnetic field produced by a radio-frequency

oscillator. A discharge takes place in the gas producing activated
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oxygen which Gluskoter (1965, p. 285) defines as "a mixture of

atomic ionic species as well as electronically and vibrationally
excited states." The activated oxygen is then passed over the
ground coal, where it oxidizes the organic constituents without
significantly heating the sample.
There are some relatively minor disadvantages associated with
this procedure:
- It generally requires several days to completely ash
a few grams of finely ground coal;
-  Metallo-organic complexes;
- Artifacts such as calcium and sodium sulfates and perhaps
iron sulfates and oxides can be created in the ashing
process (Gluskoter, 1965).
All in all, though, for the study of minerals in coal, the

advantages of the LT ashing technique far outweight the disadvantages.

1.23 X-ray Diffraction

X-ray diffraction analyses were conducted on several bulk LT
ash samples and on polished pellets of coal using a conventional
diffractometer. Individual particles from the LT ash and chips of
mineral rich coal were analyzed by the powder method using 114.6
and 57.3 mm Debye-~Scherrer powder cameras.

Special handling techniques had to be used for the very small

particles. Manipulation of the individual grains was done under a
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binocular microscope with an electrolytically etched tungsten needle.
Parpicles > 20um were placed in a droplet of a 1l:1 collodion:amyl
acetate solution on a clean microscope slide. A second slide was
ﬁlaced on top and pressnre gently applied until the particle was
crushed. The slides were then separated and the collodion:amyl
acetate solution was allowed to dry. When dry, the film containing
the powdered grain was scraped from the slide and formed into a
rough ball. An X-ray spindle was then prepared from a fine glass
fiber made by extruding a heated glass capillary tube. The fiber,
only a few ums in diameter, was dipped into a drop of the collodion:
amyi acetate solution and toﬁched to the rough ball. By holding the
collodion ball over a drop of amyl acetate, the ball was moistened
by the fumes and formed a compact sphere coﬁtaining randomly oriented
grains. The sample was then mounted in a 57.3 mm camera and exposed
to X-rays for up to 48 hours.

Individual grains smaller than 20um were picked up directly on
a collodion moistened fiber. The resultant spotty filﬁ can be read
wiﬁh the aid of a templet or a Gondolfi camera can be used to generate

a line pattern.

1.24 Electron Microprobe (EMP) X-ray Analysis

Analytical data generated by the SEM-EDX system are generally
semi-quantitative. The data are usually adequate for identification
purposes, but for quantitative results and for the ability to detect
trace constituents in coal minerals and macerals, an EMP is required.

Dutcher et al. (1964) were the first to use the EMP to study

the distribution and composition of coal minerals and macerals. More
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recently, Raymond and Gooley (1978), Raymond (1979), and Minkin,

Chao, et al. (1979) have applied the EMP to coal.

&WO EMP units were utilized in this study, a Materials Analysis
Corporation (MAC) microprobe with three wavelength spactrometers and
an EDX unit, and a fully automated American Research Laboratory (ARL)

microprobe with three wavelength spectrometers.

1.25 Transmission Electron Microscopy (TEM)

The principle application of the TEM in the study of coals
has been its use in determining the size-frequency distribution of
pores (see for example McCartney et al., 1966). Harris and coworkers
({Harris et al., 1977; Lin et al., 1978; Strehlow et al., 1978) have
recently applied the TEM to the study of sub-micron size minerals in
coal. They have found numerous mineral grains down to the limit of
detection (“2nm) dispersed in various macerals.

In this study a 100 kV JEOL TEM was used. Portions of the LT
ash were suspgnded in vials of distilled water. The suspensions were
then pipetted onto formvar coated TEM grids and éllowed to dry before

viewing in the TEM.

1.26 1Ion Microprobe (IMP)

The ion microprobe is a relatively new and powerful analytical
instrument for detecting trace constituents in small samples. Colby
(1975) notes that compared to the EMP, the IMP has (1) better detec-
tion sensitivities, typically less than 1 ppm (compared to 500-1000

for the EMP); (2) greater sensitivity to the light elements, such
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as B, C, 0, even H; (3) ability to be used for isotopic analysis.
Quantification of IMP data has not yet been perfected. Other minor
drawbacks of the iMP are the broad beam size (>30 um vs <1 um for
- the EMP) and the destructive nature of the analysis.

Ribbe (1975) has used the IMP to determine trace and minor
elements in coal minerals and macerals.

In this study an ARL IMP from the National Bureau of Standards
in Gaithersburg, Maryland, was used for the analysis of both minerals

and macerals.

1.27 ™"Lexan" Technique

Finkglman and Klemic (1976) described an extremely sensitive
technique for detecting uranium bea;ing particles in a fine grained
sample. This procedure, a variation of the “Lexan" technique of
Fleischer et al. (1964), was applied to the LT ash of several coals.

The LT ash was dispersed in a 1:1 collodion:ethyl alcohol
solution and spread on several 1= by 2-inch strips of 10-mil (0.0l
inch) “Lexan.é After irradiation in a flux of 10lS neutrons per sgquare
centimeter per second, the collodion film containing the sample was
stripped from the "Lexan." The "Lexan" was then etched in a 7N
sodium hydroxide solution at 70°C to make the fission-track damage
more visible. The "Lexan" slides were then washed, dried, and the
collodion film replaced. The film can be repositioned to within a
~few micrometers of its original position by utilizing scratches or
pits in the "Lexan" that have been replicated in the collodion film

or by other registration marks made in the collodion and "Lexan"
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before stripping. Once the collodion is properly repositioned, the
‘particle from which the fission tracks were generated could be easily
found, either by the similarity in shape of the particle and the

are# damaged by fission tracks (generally :or grains greater than

20 micrometers in diameter) or by the proximiﬁy of tracks and the
particle from which they were generated to the registration marks.
This is done by measuring bearing and distance with a micrometer
ocular. With this technique, individual micrometer size particles

containing a few ppm uranium can be located.

1.28 Chemical Analysis

Analyses of whole coal, high température ash, and LT ash
samples were obtained from thé U.S. Geologieal Survey's Analytical
Laboratories Branch. Unless otherwise noted, the analytical methods,
limits of detection, accuracy, precision, etc., are detailed in

Swanson and Buffman (1976).

1.3 Separation Techniques

The problem of relating trace element data to mineralogy would
be a simple matter indeed, if clean, quantiﬁative concentrates of
the minerals could be extracted from the LT ash. Unfortunately,
obtaining clean concentrates of clays, carbonates, phosphates, sul-
‘fides, feldspars, etc., is far easier éaid than done.

Most separation techniques are based on the physical proper-
ties of the minerals: optical and morphological characteristics for

hand-picking; differences in magnetic susceptibility for magnetic



26
separations; differences ig density for separation by heavy liquids;
or differences in grain size for sieving or setfling techniques. All
of these approaches were attempted on the Waynesburg LT ash, but
Vclean, quantitative concentrations of the minerals could not be

achieved.

1.31 Size Separations

A 200 mg“samplé of LT ash was dispersed in water with .O01lN

Na2CO3 as a deflocculent. The suspension was ultrasonerated, then
passed through a stack of 3-inch stainless steel sieves (mesh sizes
30, 60, 90 um). Very little material was retained on the 60 and 90um
sieves. The few larger grains were predominantly particles of pyrite.
. Most of the material retained on the 30um sieve consisted of clays
clogging the fine pores.

It is apparent that the bulk of the minerals in coal are very
fine-grained. Sarofin et al. (1977) found the median size of the
minerals in two coals to be about 2um. This fine-grain size is the
major deterrent in obtaining good separations of the minerals.
Obviously, hand piékiﬁg would be of limited value with sucﬁ fine-
grained material. Nevertheless, mineral grains varying in size from
a few um to several hundred um were extracted by hand from the LT ash
for mineralogical characterization.

An attempt was made to separate the minerals in a 40 cm settling

column. Despite the presence of the deflocculent, the LT ash

coagulated and sank almost immediately.
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The most successful separation was obtained by allowing a
gentle stream of water from a small tube to flow into the bottom
of.a beaker containing the LT ash. The flow was carefully adjusted
' so that the current brought the visible mineral grains about 2/3 orf
the way up the beaker before they settled back towards the bottom.
An excellent concentration of carbonate laths was achieved in this

manner.

1.32 Magnetic Separations

Attempts to use a Franz Isodynamic Magnetic Separator were
frustrated by the tendency of the LT ash to aggregate. A few
moderately large (~100 um) grains were separated from the bulk sample
by this technique. These grains included iimenite and pyrite. As
pyrite is nonmagnetic, these iron sulfide particles must also contain
pyrrhotite, a magnetic iron sulfide.

Strongly magnetic particles as small as a few um
could be observed by waving a hand magnet over a petrie dish con-
taining the LT ash dispersed in alcohol. The rhythmic m;vement of
the magnetic grains was quite obvious. These particles céuld then
be removed from the dish with a capillary pipette. All the particles

extracted in this way proved to be magnetite.

1.33 Heavy Liquid Separations

A number of attempts were made to separate the minerals by
using heavy liquids. Generally, mixtures of NN-diiodomethane

{Specific Gravity (Sp.G.) = 3.3} and NN-dimethylformamide (Sp. G.
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= 0.947) were used. Several different centrifuge tube designs were
tried. These included the tube-within-a-tube apparatus described
by Woo (1964) and a 13 cm long Hutton type centrifuge tube {(con-
stricted waist). The latter proved to be the more practical.
Centrifuge speeds and times were adjusted so that a 1 um particle
with a density of 3 should travel the full length of the tube in
twenty minutes (see Allman and Lawrence, 1972, for details of the
procedure) .

Despite these attempts, separations by heavy liquids were
only marginally successful. In an effort to obtain a quantitative
separation of pyrite, the LT ash floating on the diiodomethane
was vigorously ultrasonerated for several minutes. This was followed
by centrifugation at 10,000 rpm for:one houi. The procedure was
repeated three times with substantial amounts of finer and finer
Dyritevgrains sinking with each successive attempt.

Despite the problems, heavy liquid separation of coal minerals
is an area that deserves further attention. It would, therefore, be
worthwhile to document some of the difficulties encountered.

The small particle size of the LT ash is probably fhe most
difficult problem to overcome. Muller {(1967) states that the limiting
size for separation of particles 10 um. However, Allman and Lawrence
discuss procedures for concentrating particles less than 1 um in
diameter. These procedures generally require high centrifugation
speeds (>10,000 rpm), long centrifugation times (hours to days), and
differences in density between the grains and the heavy liquids of

only 0.0l. They also note that these techniques are most efficient
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if all the particles in the sample are the same size. In the LT ash

grain sizes for gquartz, pyrite, clays, etc., range from less than
1l uym to greater than 100 um.

Flocculation of clays is a major problem, since the ash of most
coals consists predominantly of clays and clay-sized minerals. 1In
aqueous éolutions the problem can be overcome by use of one of several
deflocculating agents such as sodium carbonate or a metaphosphate,
which neutralizes the'surface charge on the clay grains. Unfortunately,
these chemicals are immiscible in organic heavy liquids. Francis et
al. (1972) recommend the use of a nonionic vinylpolymer (PVP K-30,
polyvinyipyrrolidone) dissolved in 200-proof ethanol as a defloccu-
lating agent in organic liquids. This compound was tried, but it left
an unacceptable waxy residue that obscured the sample.

A more promising approach to reducing the caking problem caused
by flocculation was suggested by Henley {(1977). He recommended
creating a dgnsity gradient column spanning the specific gravity
range of the %ight minerals, this gradient to be created above the
heavy liquid used for separating the high Sp. G. minerals. This
procedure did indeed spread the light minerals throughout-a finite
volume of.heavy liquid, allowing more efficient separation of the
heavy minerals.

The ideal separation system should result in multiple discrete
‘bands of homogeneous minerals concentrated in a density gradient.

This may not be possible because most accessory minerals in coal,
such as the ca:bonates, micas, spinels, pyroxenes, etc., are members
of isomorphous series that exhibit wide ranges in density. Moreover,

the density of some of these minerals overlap with that of the clays.
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It would appear that Nelson (1953) may have been prophetic

in his remark that the detection and estimation of the accessory
minerals in coal is never likely to become a straightforward or
- routine matter.

A word of caution is in order: the small size of the accessory
minerals in coal reguires extra precautions to avoid contamination.
All solvents should be passed through filters with submicron pore
sizes. This is particularly important for the diiodomethane.

Copper wire is generally used to inhibit oxidation of this liguid;
the wire apparently reacts with the solution to form a myriad of

minute copper iodide crystals.
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2. 'RESULTS

2.1 Minerals in Coal

2.11 Introduction

Gluskoter (1975) noted that the term "mineral matter in coal"
has often been liberally interpreted sé as to include all inorganic
non-coal material found in coal. This broad usage thus combined in
a single category mineral ﬁatter in the true sense and all elements
classically considered inorganic, although they may be organically
bound in the coal. 1In this report the term "inorganic constituents"
will be used for all elements, regardless of their mode of occurrence
in the coal, except for carbon, oxygen, nitrogen, hydrogen, and organic
sulfur. The terms "mineral matter" and "minerals" will be used in
the strict mineralogical sense, i.e. any naturally occurring homogeneous
solid, inorgaqically formed, with a definite chemical composition and
an ordered atomic arrangementv(Bérry and Mason, 1959).

The literéture on coal minerals is voluminous. Watﬁ (1968)
has cited over 450 references in his comprehensive survey of literature
on the origin, identity, and distribution.of minerals in British
coals. Akers et al. (1978) recently compiled a bibliography of coal
minerals. Their survey, although restricted to articles dealing
only with North American coals, yielded 439 references.

The majority of these publications deals with the major mineral
species in coal, while relatively few were concerned with the accessory

minerals.
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The studies of Ball (1935) and of Sprunk and O'Donnell (1942)
are unsurpassed in their comprehensive treatment of minerals in coal

and deserve special attention.

Ball (1935) separated minerals from the Illinois No. 6 coal
bed by crushing to three size fractions (48 X 100 mesh, 100 X 200
mesh, and 200 mesh X 0). After rinsing each fraction in HC1l, he
separated each split in a 1.70 Sp. G. liquid. The sink fractions
were further separated in 2.85 Sp. G. liquid. The resultant mineral
concentrates were studied petrographically. Only one page of his
l06-page report was devoted to the accessory minerals. This page
consiéted primarily of a table documenting the occurrence of the
accessory minerals in the various splits.

In contrast to Ball, Sprunk and O'Donnell (1942) petrographic-
ally examined over 3,000 thin sections from about 100 cozls. They
presented a detailed and well illustrated account of the modes of
occurrence of the major mineral species but devoted only a few brief
comments to the accessory minerals.

The absence of systematic studies of the accessory minerals
in coal has been noted by Mackowsky (1975), Miller (1978), and Falcon
(1978). Falcon (1978, p. 33) states that the "Systematic studies
of heavylmineral associations in coal have not been made although
they sﬁould give detailed insight into source rocks, and they are
‘necessary for the understanding for the behavior of coal in certain
technological processes such as gasification."

Why has this important phase of coal research been neglected?
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In part, the neglect is related to the difficulty of analyzing
these exceedingly fine-grained and widely dispersed phases. But -
equally to blame for this neglect is the common misconception that
the accessory minerals cccur in amounts too small to be of much
practical importance. Ball (1935, p. 22) states that "the non-clay
detrital minerals, although alwavs present, are gquantitatively of
little importance.” This sentiment was echoed by Watt (1968. p. 47)
who also cited quartz (p. 62) as the only accessory mineral found in
amounts large enough to have a significant influence on the utiliza-
tion of a coal.

We will see that the results from this present study indicate
that the accessory minerals may indeed be inconspicuous, but they

are certainly not insignificant.

2.12 Variety of Accessciy Mincrals in Coal

Qver 125'minerals have reportedly been found in coal. Appendix
II is a comprehensive but undoubtedly incomplete list of these
minerals. The frequency of occurrence of the -accessory minerals varies
from minerals, such as quartz that are mentioned in virtuallv every
report on the subject, to minerals that have been reported from only
a single source.
The study of the Illinois No. 6 coal by Ball (1935) represents
the only detailed investigation of the variety of accessory minerals
in a single coal. It would therefore be desirable to obtain such infor-

mation on other coal samples using modern mineralogical techniques.
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2.121 Accessory Minerals in the Waynesburg Coal
Samples of the Waynesburg coal collected from tw> mines in
Mongolia County, West Virginia, were studied to determine the variety

of accessory minerals that may be found in a single coal.

2.1211 Results from SEM Study of Polished Blocks: Table 4
lists the accessory phases found in the Waynesburg Coal by SEM
examination of eight polished blocks. Most of the minerals were
discerned because of their relatively high reflectivity in the SEM
(Figure 4). The list is, therefore, biased towards those minerals
containing relatively heavy elements and those minerals that are not
hydrated.

One of the most unusual accessory phases consisted of small
(1-5 ym) iron-chromium-rich particles that almost invariably formed
thin rims on quartz grains in two polished blocks. Figure 5 shows
four such grains in one field of view. Counting times of several
minutes at 30 kV accelerating potential did not reveal the presence
of any other elements heavier than sodium. The mean atomic number
of this mineral was determined to be approximately 20. Chemistry
of the érains and the mean atomic number are consistent with the
conclusion that these particles are iron-rich chromites.

A curious feature of the Fe-Cr rims is that they are concen-
trated about a hairline fracture parallel to the bedding in the coal
;nd always adhere to the sides of the guartz grains facing the
fracture (in Figure 5, the fracture is to the rigiii)j. One possible

explanation for this feature is that iron- and chromium-bearing
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fluids diffused out from the fracture and concentrated along imper-
meable barriers. In what may be an analogous situation on another
polished block, 1=-3 um wide rims of a nickel silicate were found on

dozens of guartz grains in a single band of detrital material.

Table 4. Accessory Phases in the Waynesburg Coal

Determined by SEM-EDX Study of Polished Blocks

(Major constituents are to the left of the slashes, minor are between,
trace constituents to the right. Re = rare-earth elements. Quotation
marks indicate identification based primarily on major element data.)

"Allanite" (Si, Re//) "Xenotime" (Y, P//)
"Apatite" (Ca, P//) "Zircon" (2r, si//)

"Barite" (Ba, S//) ___ . Ca-silicates
"Chalcopyrite" (Fe, Cu, S//) . Cu//

"Clausthalite" (Pb, Se//) Fe//

“Epidote" ? (si, Al, Pb, Ca//) ‘ Fe, Cr// (Chromite?)

"Feldspar" (Se, al, K or Ca//Ba, Na) Fe, Mg-silicates

"Gold" ’ Na, S/C1, K, Mg/
Goyazite (Sr, Al, P//Ca, Re, Fe) Ni, si//
"Ilmenite" (Fe, Ti//) _ P, Si, Al/Re/
"Monazite" (Ce, P//Th) Si, Al/Fe/
YRutile" (Ti//) - Sr, Ba, Al, sSi/K/
“Sphalerite" (Zn, S//) Sn, Si, Al/Mo, Fe/

*Sphene" (Ca, Ti, Si//) : W, Pb//
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2.1212 Results from LT ash Residues: Splits of the Waynesburg

coal were ground to -120 mesh and ashed in an LT ashing unit. The
resultant ash was separated into several density fractions by use
of heavy liquids. Individual grains were seiected for analysis from
the bulk residue and from the heavy liquid concentrates.

Although clays and quartz predominate in the light fraction
(Sp. G. <3.3), a cursory optical scan indicated the presence of numerous
small (v5um) crystals of tourmaline (Figure 6). Identification of
the grains was confirmed by X-ray powder patterns, optical charac-
teristics, and energy-dispersive analysis. Several interesting grains
were observed in a dense (Sp. G. >3.3) fraction of the ash, which was
further separated on the basis of its magnetic properties. Figure 7
shows a nearly perfect octahedron of magnetite; identification was
confirmed by an X-ray powder pattern. It is hard to conceive of a
large (v70um) euhedral crystal such as this as being anything but
authigenic in origin. In the same heavy magnetic fraction, we also
noted a lustrous, black sphere (Figure 8). Energy-dispersive analysis
indicated that it consisted essentially of iron with a trace of nickel.
An X-ray powder pattern of magnetite was obtained from this 5um par-
ticle. The surface morphology, chemistry, and mineralogy are all
consistent with identification of the particle as a meteorite ablation
product (Finkelman, 1972).

The most interesting minerals in the heavy, nonmagnetic fraction
of the Waynesburg LT ash were large olive green particles (Figure 9).
About a dozen of these grains, ranging from 50 to 200 ym in length,

were observed. An X-ray powder pattern obtained from one of these
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,  Table 5. Accessory Phases in tfre

Low-Temperature Ash of the Waynesburg Coal

Accessory Phase o Comments
Amphibole See text
Biotite

Bloedite

NaZMg(SO4)24H20 associated with sylvite

Calcite Some have detectable Mg and Fe

Calcium Sulfate (?) Probably gypsum created during ashing
process

Chlorite

Diopside

Hypersthene

Ilmenite

Iron Oxides
Magnetite
Marcasite
Microcline
Plagioclase
"pPyrrhotite"
Rutile
Siderite
Staurolite
Sylvite
Talc
Thenardite
Tourmaline
Zircon

‘Sn/Fe, Cu, S/

Amorphous to X-rays (?)

Authigenic, detrital, and extra-terrestrial
Framboid, irregular

Magnetic iron sulfide

Some have detectable Mn

KCl, associated with bloedite

Probably created in ashing process

Most less than 10um in length

Amorphous to X-rays (?)
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green particles was virtually identical with that of magnesioarf-
vedsonite, described by Milton et al., 1974, from the Green River
Formation as the only known low-temperature authigenic amphibole.

The large size of these green amphiboles (for comparison, the largest
detrital gquartz grain observed -was about 100um), their subhedral forms,
and the analogy to the magnesiocarfvedsonite of the Green River
Formation suggest that this ampﬂibole from the Waynesburg coal may

be authigenic. However, quantitativg microprobe analysis of the
LTA-derived minerals indicates a composition more consistent with that
of hornblende f(Ca,Na,K)z.s(Mg, Fe, Ti, Al)s.ssi6(Si,Al)2022 (OH,F)Z},
a not uncommon detrital mineral. Though the question of an authigenic
or a detrital origin for the Waynesburg amphibole remains unanswered,
the presence of fluorine in this mineral raises questions abcout the
distribution of fluorine in the Waynesburg coal.

It has generally been assumed that, in coals, fluorine is
associated with apatite (Francis, 1961). In the Waynesburg coal,
however, far more fluorine may be associated with this amphibole
(v0.2 Qeight percent F) than with the rare apa£;te, of which only
three minute grains (<5um) were observed (see discussion éf F in
Section 3.22).

Table 5 lists the aceessory phases found in the LT ash residues
of the Waynesburg coal. Virtually all the minerals in this table

were identified by X-ray diffraction patterns.

2.122 Comparison of Waynesburg Coal Data to Data from Other
Coals

Accessory mineral data for the Upper Freeport coal and for the
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Pittsburgh No. 8 coal appear in Tables 6 and 7, respectively. The
study of the Upper Freeport coal was somewhat less intense than that
of the Waynesburg coal, and the study of the Pittsburgh No. 8 coal

- less intense than that of the Upper Freeport. It would appear that
the number of accessory phases detected in a coal sample is éropor-
tional to the time devoted to the search. This may be true only for
coals with similar geochemical histories. Certain coals, generally
those with little detrital influx (see Section 3.1), have very simple
mineralogies, often containing less than 5 or 6 different minerals.

It is also evident that, when making compariscns, the data should
have been obtained by the same analytical procedure. For example, the
following accessory minerals were observed in a detailed scan of two
polished blocks of the Illinois No. .6 coal: barite; chlorite; quartz;
rare-earth phosphates and silicates (?); rutile; sphalerite; and
zircon. Of these eight minerals, only chlorite, quartz, rutile and
zircon were reporﬁed by Ball (1935). Thus, only 4 of the 15 accessory
minerals noteé by Ball were observed in the present study, while 4
accessory minerals not found by Ball were detected here.

The disparity in the data may in part be due to inhomogeneity
in the distribution of the accessory minerals. More likely, the
disparity is due to the differences in analytical technique. Most
of the minerals observed by Ball but not detected in the present
study have relatively low mean atomic numbers (less than or similar
‘to quartz and the clays) and nondistinctive chemical compositions
which would account for their not being readily detected in the SEM.

As a matter of fact, nine of these minerals (biotite, garnet, horn-
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Table 6. Accessory Phases in the Upper Freeport Coal

As Determined by the SEM-EDX Study of Polished Blocks and LT Ash

(Quotation marks indicate identifications based primarily on major
element data. Other phases identified by X-ray diffraction patterns

or optical characteristics.)

"ankerite"
apatite
"argentite”
"barite"
calcite
chalcopyrite
"clausthalite"
chlorite
crandallite
diaspore
feldspar (potash)
"galena"
magnetite
elemental gold
halite

ilmenite

monazite
neodymium monazite
olivine

opal

pyrrhotite

quartz

‘rutile ("anatase")

siderite
sphalerite
manganese silicate
calcium sulphate
xenotime

zircon

Table 7. Accessory Phases in the Pittsburgh Coal

As Determined by SEM-EDX Study of Polished Blocks

"barite"
"calcite"

calcium & iron-magnesium
silicates

calcium sulfate
"chalcopyrite"
"chlorite"
"chromite"
"goyazite" ?

"ilmenite"

"monazite"
nickel silicate (?)

potash feldspar

quartz
Yrutile-anatase"
"giderite"
"sphalerite"
"xenotime"

"eircon”
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blende, muscovite, staurolite, topaz, and tourmaline) have not been
observed by the SEM in any of the coals examined in this study.*
Furthermore, those minerals detected in this study but not by Ball --
" barite, rare-earth phosphates and silicates, and sphalerite -- all
have relatively high mean atomic numbers and distinctive chemical

compositions.

2.13 Frequency of Occurrence of Accessory Minerals

The large number of coals examined (-80) made it possible to
estimate the frequency of occurrence of many accessory minerals
{(Table 8). These data are based primarily on SEM-EDX analyses of
polished blocks, thus suffering the usual bias towards those minerals
containing the heavier elements. The value§ in Table 8 represent the
percentage of coal samples in which the tentative identification of
that mineral was made. The values do not reflect the abundance of
the minerals, an aspect that will be discussed below. Furthermore,
the values must be considered as minima, since the minute accessory
minerals may easily be overlooked or may not have been present on
the surface examined. |

With these limitations in mind, the high frequency of occurrence
of some of the minerals is indeed impressive. Quartz, not surprisingly,
has the highest frequency of occurrence, having been detected in most
of the coal samples studied. The observation that monazite occurs

in about 50 percent of the coals is especially surprising, since it

* A lead-bearing epidote was tentatively identified in the
Waynesburg coal.
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was not reported from coal until 1976 (Finkelman et al., 1976).

Aside from several papers by Finkelman and coworkers, only Lee et
al. (1978) have reported this apparently commonly occurring coal
mineral. In view of the lack of previously reported occurrences,
the following minerals have surprisingly high frequencies: xenotime,
crandallite group, and some of the accessory sulfides (these will

be discussed in detail below).

Table 8. Frequency of Occurrence

Of Accessory Minerals in Coal

(Primarily from SEM-EDX analyses of polished blocks)

Frequency in 79 Coals Mineral

>50% quartz
v50% " monazite

“v33% rutile—-anatase
barite
siderite
zircon
chalcopyrite
sphalerite

v25% calcite
xenotime
galena
clausthalite

~10% feldspar
apatite
diaspore
crandallite group
barytocalcite-witherite
iron~-calcium-magnesium silicates
strontionite
linnaeite group
magnetite & other iron oxides
chlorite
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2.131 Minerals Not Previously Reported in Coal

The detailed approach and sophisticated analytical equipment has
~allowed the detection of several minerals not previously reported in
coal.

Predominant in this category are the rare-earth minerals
monazite and xenotime. Several rare-earth silicates have also besen
observed. From an environmental point of view, the most significant
mineral found is the lead selenide, which will be discussed in detail
in Section 2.18.

Other minerals that were observed in coal for the first time
include diopside, hypersthene, magnesioarfvedsonite(?), olivine
(fayalite), chromite(?), bloedite, strontionite, bismuthinite(?),

native gold, copper sulfide, and tin oxide and sulfide.

2.14 Comparison of Accessory Minerals by Coal Rank, Age, and Type

At this point there is insufficient data to provide significant
comparisons of the accessory minerals in coals of different rank, age,
or type. Variations within the subdivisions of these categories appear
to be as great as the variations between the subdivisions. There is,
therefore, little basis to determine whether these mineralogical
differences are characteristic of the subdivisions or are due to
differences in mineral source or geochemical environment. Therefore,

~only a few general comments will be offered on each category.
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2.141 Comparison by Rank

Although the data in Table 8 contain information from all the
samples studied for this report, they are dominated by the bit#miﬁéus
coals and may serve as a standard for comparison to data from other
ranks.

Six anthracites and a meta-anthracite were analyzed. It is
interesting.to note that five of these samples had "siderite," one
contained "witherite," and only one problematical grain (high iron) of
"calcite" was detected. Linnaeite group minerals were found in
three of these samples and in only two of the remaining 70-plus

samples. Perhaps these minerals may be characteristic of high

rank coals.

Seven sub-bituminous coals were examined. No distinguishing

mineralogical characteristics were noted.

Four lignites were studied. All four contained barite. Two
of these samples contained PbSe grains. This is unusual in that
this mineral appears to be exceedingly rare outside the Appalachian

Region.

Two peat samples'were examined. The peat from Ohio had a mineral
assemblage similar to that of most coals (clays, "pyrite," "apatite,"
"zircon," "K-feldspar," "pyroxene," and a Pb-bearing "crandallite").
The mineral assemblage of the Florida peat was much more restricted,

being dominated by carbonates, silica, and iron sulfides.
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The clear difference in the mineral asemblages of these peats

undoubtedly reflects the differences in source area.
2.142 Comparison by Age

The geclogic age of the samples studied ranged from Devonian
to Holocene, the vast majority of samples coming from Carboniferous
(Pennsylvanian) deposits. Permian, Cretaceous, and Tertiary coals
were well represented. No relationships between mineralogy and

geologic age were recognized.
2.143 Comparison by Coal Type

Three saproéelic coals were studied (the rest being humic
coals). Two of these were classified as cannel coals, the third as
a boghead éoal. Too feﬁ data are available to draw any conclusions,
élthough in one sample some of the minerals may have been derived

" from volcanic ash fallout (see Section 3.12).

2.15 Comparison of Accessory Minerals by Geographic Region

A brief SEM scan of one small sample from a single coal or
even a few coals cannot possibly be representative of an entire geographic
region. A large number of samples from a single area may begin to
reveal certain mineralogical characteristics of the area. Unfor-
.tunately, with the possible exception of the Appalachian Coal Province,
there is, as yet, insufficient data to provide this insight. Never-
theless, in contrasting the frequency of occurrence of minerals within

Appalachian Province coals to the minerals in coals outside this
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Province, certain differences have emerged. In Appalachian Province
coals, lead selenides appear to be far more common, and lead sulfides
less common than in coals from outside this Province (Table 9)..
‘Apatite and perhaps barite appear to be more common outside the
Appalachian Province.

These differences may be due to differences in the source of
the minerals. (for example, volcanic ash falls are unknown in the
Appalachian Province but are important in Western coals), or they may
be due to différences in the geochemical environments during coal
formation.

No significant differences were discerned between U.S. coals
and foreign coals.

Accordin§ to Chandra and Taylor (1975), there is a broad
similarity between minerals in Gondwana coals and the European
Carboniferous coals. However, they note that there are marked
‘differences in the total mineral content and in the proportion of
particular classes of minerals. Seven Gondwana coals were studied
for this report. Other than an apparent high frequency of.occurrence
of siderite, these coals had no distinguishing mineralogical charac-

teristics.

2.16 Variation of Accessory Minerals Within a Coal Column

It takes little more than a cursory glance at a slab of coal
to recognize its inhomogeneity. Bright and dull bands of varying
thinkness alternate at irreqular intervals, even on the microscopic

level. However, there have been few attempts to study the vertical
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variation of accessory minerals within a bench or a column of

coal.

Finkelman and Stanton (1979) conducted a detailed study of
a 127 cm long column of the Upper Freeport coal bed. They showed
that sphalerite was uniformly distributed throughout the entire
column. Chalcopyrite was found only in the lower 3/5 of the column,
whereas lead selenides were found to be restricted to a 10 cm thick

shaly interval about 40 cm from the base of the column.

2.17 Concentration of Accessory Minerals in Coal

2.171 Introduction

The concentration of individual minerals in coal can vary
widely among samples. Rao and Gluskoter (1973) noted the range of
quartz concentrations in the ash of Illinois coals to be 2-28 percent,
and that of calcite as 0-23 percent. Even larger variations are known.
For example, O'Gorman (1971) reported a coal from Colorado to contain
20-30 percent plagio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>