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COAL BEDS IN THE WESTERN AND SOUTHWESTERN REGIONS D7

COAIL: BEDS SAMPLED

The names of the coal beds sampled and the nuraber of samples
collected from each bed are shown in table 1; however, identification
of some of the beds is uncertain. The two samples of Towa coal
may be from the Mystic bed, but the local names ‘ Mamouth” and
“Kirkville” are used in table 1. One sampled coal bed frem Okla-
homa (OK-Pa—Fo, loe. 6) lies above the Broken Arrow bed and,
therefore, could be from the Iron Post bed; however, the mine op-
erator called it the Forsythe bed. and this is the name we have shown
in table 1. We assumed that the MecAlester and Stigler beds corre-
late, as suggested by Trumbull (1957), and we have called them the
MecAlester-Stigler bed in table 1.

The relative stratigraphic position and the correlation of some of
the Pennsylvanian coal beds are shown on plate 1.

The Oklahoma-Arkansas basin was the most throughly sampled
area, primarily because of our interest in the relation of coal rank to
the minor-element content of the coal, but also because more mines
were operating and could be sampled. The coals of Towa, Missouri,
and the northern and southwestern parts of the Oklahoma coal
fields are high-volatile bituminous in rank (fig. 2). The coals, in
the central and eastern parts of the Oklahoma-Arkansas basin are
low- to medium-volatile bituminous in rank and those in the extreme
eastern part of the basin are semianthracite in rank.

SAMPLE PREPARATION AND PROCESSING
COLLECTION

Samples were collected by cutting out vertical columns from a
coal bed. The columns were broken into a series of measured and
Jabeled blocks to facilitate handling, shipping, and reassembling in
the laboratory. Thicknesses of the blocks were determined pri-
marily by changes in the macroscopic lithology of the coal. If a
column appeared to be largely uniform, it was broken into blocks
about 0.5 foot thick. Throughout this paper, “columnar sample”
refers to the entire sample of a coal bed, and “block sample’”” refers to
an individual part of a columnar sample. Composite samples were
made only from those blocks that were in sequence and whose ash
contents were reasonably uniform, so that the principal differences
in depositional character throughout the bed would be preserved.

ASHING AND SCREENING

A part of each block sample was ground to pass through a 100-mesh
sieve. Ten grams of each ground sample was placed in a cold muffle
furnace. The temperature in the furnace was gradually raised to
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450°C and was held at that level until all the organic matter was oxidized.
A rapid spectrophotometric analytical method, using phenylfluorone
as the reagent, was used to determine the approximate amount of
germanium in the ash of each block sample. The amount of molyb-
denum in each sample was determined by the thiocyanite method,
which is rapid and produces probable errors of 30 percent or less
(Zubovic and others, 1961, p. 20). The ash of individual samples
that contained large amounts of these two elements was then analyzed
spectrographically. Separate splits of the block coal samples that
contained small quantities of these two ellements were combined to
form composite samples which were then ashed and spectrographically
analyzed for 15 elements.

FLOTATION

Early in the investigation we noticed that many of the elements
were undetected in the analyses of ash samples from coals that con-
tained 15 percent or more ash. Also, during sampling we noticed that
at almost every mine some method was used to clean the coal. There-
fore, we tried to eliminate as much extraneous mineral matter in the
coal samples as possible so that the composition of the samples would
approximate that of coal produced by most of the mines and used
by the principal consumers, as any possible large-scale recovery of
elements would be from the ash of such coal.

In this study, 27 percent of the samples were floated. Table 2
lists the block samples that were floated and the percentage of the
original block that floated. During the initial breaking of the samples,
all removable pyritic, calcitic, and clayey parts were picked out by
hand. In addition, coals that contained more than about 8 percent
ash were centrifuged in a flotation medium of carbon tetrachloride
and ethyl alcohol. The specific gravity of the flotation medium
used for each sample depended upon the ash content of the coal.
Coals that contained less than 10 percent original ash were floated on
liquids having specific gravities of 1.32 or less. Coals that contained
more than 10 percent original ash were floated on progressively denser
liquids as the ash content increased.

Flotation mediums of different densities were used to get the
maximum amount of coal into the floated fraction. In many flotation
runs, however, the use of fairly high density liquids on high-ash
microbanded coal still resulted in low recoveries. The effect of
flotation on the minor-element distribution is discussed in detail
in a later section.
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TasLE 2.— List of floated samples

Coal Specific Floated
Locality Coal column block gravity of fraction Ash
(fig. 2) sample floating | (percent) | (percent)
medium
1 1320 .. 510
6 1.36 75.1 6.54
5 1. 36 73.8 5.65
5 1.36 63. 1 3.88
3 1.32 73.6 3.60
4 1.32 87.6 1.72
5 1.32 90 .99
6 1.32 83.7 2.42
5 OK-LC-8€ . - oo oo 2-4 1.32 51.8 3.36
56 1.30 50.6 2.98
) S OK-L-JC e oo 1 1.36 23. 6 5.87
34 1.32 29, 3.02
6-8 1.30 53.6 2.07
12 e mee OK-PC-Coe oo 1 1.34 10 4,70
2-3 1.32 40.6 3.16
4 1.32 53.1 2. 61
OK-88-8t . e 1-2 1.32 53.8 2.13
3-4 1.30 63.6 1,28
OK-GA-St oo omeee 1-2 1.34 62.5 2.74
5 1.32 41,3 3.25
OK-Ca-8t. oo 2 1.32 88,1 1. 69
_| OK-8a~Me... 1-2 1.32 10.7 3.91
3-5 1.32 28.6 3.16
6-7 1.32 35.2 2,22
9 1.32 32.8 2.23
) OK-Du-Me. oo o 1 1.32 75.8 3.40
2-3 1.82 15 3.25
4 1.32 52.8 3.90
5-9 1.32 16 3.73
10 1.32 43.8 3.50
11 1.36 32.5 5.80
OK-LS-MOC._.. 1-2 1.32 82,7 2.95
3-5 1.30 87.4 1.36
OK-MA-MC___.... 1 1.34 16.2 6.71
2-6 1.32 78.5 172
7 1.34 55.8 3.96
20 e OK-LS-UH. 1 1.32 54,5 3.58
3-4 1.30 64.5 127
OK-K-LH.. oo oo 1-2 1.32 83.5 2.69
3-5 1.30 50.9 4.60
6-7 1.32 18.9 1.58
1 1.32 64.5 2.39
3-4 1.30 47.2 1.48
5 1.34 13.2 2.96
22 e OK-ECeLH___ .. 1 1.34 15.1 3,59
OK-EC-UH.__ . o 1-2 1.32 47.7 2.04
3-4 1.32 59.1 1.33
OK-ECo-UH ... 1-2 1.32 35.3 1.86
3-4 1.32 45.9 1.87
b2 J OK-Da-UH_ ... 1-2 1,32 32 3.31
3-5 1.32 56. 5 2.46
7-8 1. 2,66
24 Ark-NS-P____ . 1 1. 12.41
2-3 1. 13.61
28 e Ark-QE-UH___._. ... 1 1. 4.93
29 . Ark-Ba-LH___._ ___.__._______ 1-4 1. 16. 60
9-12 1. 6.47
27 1. 4.16
Ark-Hu-LH .. 12-14 1. 12.81
Ark-0Z-LH__. 1 1. 12.23
Ark-ACM-LHR . 1 1.40 4.33
ATk-EJ-LH . 1-2 1.40 12.19

QUANTITATIVE SPECTROGRAPHIC ANALYSIS
The quantitative spectrographic procedure used in the analysis
of the coal-ash samples has been described in detail (Zubovie and
others, 1961, p. 18-20); therefore, the method is only briefly outlined
here.
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The total-energy method, employing direct-current arc excitation
of samples and synthetic standards, was used. The spectra of
samples and standards were recorded on photographic plates that
cover the wavelength interval 2300 A-4700 A with a dispersion of
5 A per millimeter. The transmittances of the analytical lines were
measured with a microphotometer, and the photographic plates were
calibrated by use of a set of homologous iron lines for which relative
intensities were known (Dieke and Crosswhite, 1943). Synthetic
standards were used to construct analytical curves relating the
Jogarithm of intensity of analytical lines to the logarithm of concentra-
tion. Concentrations of the various elements were determined from
these curves.

The different limits of detection of the elements listed in table 3
resulted from the use of different instruments and laboratories.

TaBLE 3.—Limiis of detection of the elemenis

Limit of detection
(weight percent of ash)
Element
Early analyses ! | Later analyses 2
Be. o 0. 0001 0. 0002
B e . 001 . 002
T e e . 005 . 0005
Y e o e . 001 . 0007
Or e . 0001 . 0002
GO0 o e . 0005 . 0003
N e . 06005 . 0003
GV e . 0001 . 0002
N e .01 .02
.04
.05
. 06
G e e . 001 . 0007
G e . 001 . 002
. 003
MO o e . 0005 . 0003
S e . 001 . 002
Y o e . 001 . 001
Lo e . 003 . 007
Cd . 005 .02

1 Limits of detection for the samples from Yowa, Missouri, northern Oklahoma, and some samples from
the Oklahoma-Arkansas basin. .
2 Limits of detection for most of the samples of the Oklahoma-Arkansas basin.

The analytical results are generally the average of two single
determinations. The coeflicient of variation for the mean of such
duplicate determinations for all the elements averages about 15
percent and ranges from 10 to 20 percent, depending upon the nature
of the ash, the element, and the concentration of the element.
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PRESENTATION OF THE DATA

Analyses for 15 elements in the ash of 225 samples, in 2 coalified
logs, and in 1 shaly coal are presented in table 4.

The average minor-element content in ash of each columnar sample
is listed in table 5; the average minor-element content, in parts per
million, for each columnar sample of coal is listed in table 6. The
contents for 49 of the columnar samples are weighted averages based
on the thickness of each analyzed block or composite sample. For
three columnar samples (Ia-I-K, Mo-BS-B, Ark-M-Le), arithmetic
averages of the analyzed blocks are given.

EVALUATION OF THE DATA

In the following discussion it must be kept in mind that most
samples of high-ash coal were cleaned by flotation and that analytical
data from these samples have been mixed with data from low-ash or
naturally clean coal. I‘urthermore, first examination of the data
showed marked differences in minor-element content of samples from
the Oklahoma-Arkansas basin area and from the Missouri-northern
Oklahoma area. A comparison of minor-element content in cleaned
(floated) and uncleaned (not floated) samples from these two areas is
shown in table 7, and a comparison between minor-element content
of coals from the Western and Eastern regions of the Interior province
is shown in table 8.

Only eight block samples from the northern Oklahoma-Missouri
area were floated. The average compositions of these samples were
compared with those of 28 samples of unfloated coal from the same
columnar samples. In the floated samples, the average contents of
boron, titanium, and yttrium were significantly greater than in the
unfloated samples; the average content of zinc was considerably
smaller, and the average contents of most of the other elements were
somewhat smaller. In the floated and unfloated samples, the
beryllium content was almost identical.

Comparison of the floated and unfloated samples from the Okla-
homa-Arkansas basin shows that in the floated samples the average
contents of cobalt and nickel were considerably smaller; the average
contents of beryllium, copper, zinc, gallium, and lanthanum were
slightly smaller, whereas the average contents of vanadium and tin
were much greater and the average contents of the other elements
were slightly greater. In the floated coals from both the northern
Oklahoma-Missouri area and the Oklahoma-Arkansas basin, the
average contents of ccobalt, nickel, zinc, copper, lanthanum, and
perhaps gallium were smaller, and the average contents of boron,
titanium, and yttrium were greater.
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TaBLE 7.—Comparison of minor-element content in floated and unfloated coal

[In parts per million)
Missouri and Northern Oklahoma-Arkansas basin
klahoma
Element
Unfloated Floated Unfloated Floated
(28 samples) (8 samples) (59 samples) (54 samples)

Be........ 2.0 2.1 0.71 0.53
B.. - 21 58 19 26
1 1 S 2711 392 230 240
V.. - 18 15 14 23
Cr. 16 13 12 13
G0 oo 6.2 4.6 6.1 2.4
Ni. 25 17 17 9.0
Cu 12 8.6 11 10
Zn._. 33.0 9.2 23 19
[€:7: SO 4.1 2.4 1.6 1.5
Ge 27 16 .73 1.1
Mo.... 3.6 1.0 2.6 3.4
5 T 1.2 <.43 .70 2.3
SN 4.5 6.8 6.4 6.9
La.. 4.5 3.0 8.6 5.7

TaBLE 8.—Comparison of the average minor-element content of coal from the Western
and Eastern regions of the Interior coal province

[In parts per million]
‘Western region Eastern region
Element Oklahoma- |Iowa, Missouri,| Total Western
Arkansas North region (47 samples)
Oklahoma (44 samples)
32 samples) (12 samples)

Be.. ——— 0.64 2.3 L1 2.5

B_ - 18 73 33 96

T [, 250 250 250 450

V.. - 17 22 18 35

[ O 12 17 13 20
[0 SO 4.4 5.4 4.6 3.8

Ni... 11 24 14 15

Cu 11 13 11 11

Zn.... - 22 152 128 44
Ga . —- 1.4 3.7 2.0 4.1

Ge. 1.0 22 6.8 13
Mo.... - 2.6 4.3 3.1 4.3
Sn.. 1.6 .6 1.3 15
Y. 7.2 7.9 7.4 7.7
La-. 7.2 2.9 6.5 5.1
Ash 15.11 27.45 28,75 |occmcmcomccanan

1 High zinc samples Mo-T-M (loc. 5, fig. 2) and Mo-P-T (loc. 4, fig. 2) not included in average.
2 Ash content, in weight percent.

METHODS OF COMPUTING AVERAGE ELEMENT CONTENT
Two methods were used to compute the average element content

of the samples: (1) the use of zero for each sample in which the element
content was below the limit of detection, and (2) the use of one-half
the detection limit if element content was below limit of detection.
The number of analyses that were made for each of the elements
and the percentage of samples in which the elements were detected
are shown in table 9. Six elements were found in all the samples,
and four additional elements were found in more than 97 percent of
the samples. For the elements which were detected in the fewest
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samples—tin, zine, germanium, lanthanum, and molybdenum—two
averages are shown. The lower values are those calculated by using
zero for each sample in which the element content was below the limit
of detection, and the higher values (in parentheses) are those calcu-
lated by using one-half the detection limit for each element. The
largest difference between the averages as calculated by the two
methods is that for tin, the element that was detected in the fewest
samples.

COMPARISON OF WEATHERED AND UNWEATHERED COAL

Among the 48 samples of coal of Pennsylvanian age listed in table
9, 44 are of unweathered coal and 4 (locs. 32, 36, 37 in table 1
and fig. 2) are of weathered coal. The four weathered samples
contain abnormally high concentrations of some of the elements,
but they do not contain detectable zinc, germanium, or tin. Their
molybdenum content is comparable to that of the 44 unweathered
samples, their boron content is only slightly higher, and their average
contents of the other 10 elements are much higher, ranging from 3.3
times higher for cobalt to 14.9 times higher for yttrium.

We believe that the large amounts of these elements in the four
samples of weathered coal do not represent the minor-element content

TABLE 9.—Average contents of minor elements in 44 unwealhered and 4 weathered
coal samples

[ALl averages were calculated by both methods (1) using zero for each sample in which element content
was below limit of detection, and (2) using one-half detection limit if element content was below limit of
detection, Ifaverages were same (rounded) by both methods, only one figure is listed; if different, aver-
ages obtained by method 2 are shown in parentheses beneath those obtained by method 1]

Average element content
Percentage (ppm)
Number of | of samples Factors of
Element analyses in which enrichment
element 44 un- 4 weathered (ppm)
detected weathered samples
samples
228 97. 8 11 13 11.8
227 100 33 47 1.4
227 100 250 1,700 6.8
227 98.7 18 70 3.9
227 100 13 64 4.9
227 100 4.6 15 3.3
227 100 14 95 6.8
227 100 11 72 6.5
228 48.2 00 [0
(108) (76)
227 98.2 2.0 9.1 4.6
228 57 5.8 [ PR
6.9 (1.6)
228 §4.2 3.0 3.4 1.1
3.1
228 30.3 (1. g) (g N
1. 3
Y - 227 97.8 7.4 110 14.9
L. 227 59.5 6.2 93 14,3
(6. 5) (15.0)
ASD 228 |coooooio. 15.79 13143 |ocoioen

1 Average ash content, in weight percent.
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of this same coal when unweathered. Most of these elements probably
were introduced into the coal during weathering and are being held
in the weathered coal by ion exchange or as simple complexes rather
than as chelates. Therefore, until more is known about the effects
of weathering, one should not rely on samples from weathered out-
crops to indicate the minor-element content of a coal bed.

VARIATIONS IN MINOR-ELEMENT CONTENT OF COAL
VARIATIONS IN RELATION TO RANK DIFFERENCES

In the Oklahoma-Arkansas basin, the rank of coal increases east-
ward from low-volatile bituminous to semianthracite. The seven
MecAlester (Stigler) and five Upper Hartshorne samples range in
rank from low- to high-volatile bitumiuous. The nine samples of
Lower Hartshorne coal range in rank from low-volatile bituminous
to semianthracite. Weathered samples are not considered in this
discussion.

Among samples of the McAlester (Stigler) bed (fig. 2; table 10),
the largest amounts of boron and germanium and the smallest amounts
of nickel and copper are in the four samples (locs. 16-19) from the
southwestern part of the basin. The other elements do not show
evidence of systematic distribution in this bed.

The Upper Hartshorne samples show a similar paucity of trends.
The largest amounts of cobalt, nickel, and copper are in the two
samples (locs. 20, 23) from the southern part of the basin. The
largest amount of boron is in the sample from the southwesternmost
part of the basin.

Among the Lower Hartshorne samples, the two from the eastern-
most part of the semianthracite region contain the most beryllium
and lanthanum. Boron content is highest in the southwestern
sample. The distribution of the other elements does not show any
relation to rank differences.

In summary, the areal trends of beryllium, boron, cobalt, nickel,
copper, germanium, and lanthanum appear to be related to rank
differences in a single bed. These trends do not appear in all beds,
except that the boron content is consistently higher in the lower-rank
coals. Differences in rank of coal do not appear to affect the distri-
bution of any element except boron, at least in the Oklahoma-Arkansas
basin.

STRATIGRAPHIC VARTATIONS AMONG BEDS

The average minor-element content of five different beds, arranged
in stratigraphic sequence, is given in table 11. Analyses of four or
more samples were averaged for each of the beds. The largest amounts
of beryllium, boron, nickel, gallium, and germanium are in the upper-
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D28 MINOR ELEMENTS IN AMERICAN COALS

most (Broken Arrow) bed. The largest amounts of titanium, vana-
dium, chromium, copper, and yttrium are in the lowermost (Lower
Hartshorne) bed. The highest concentrations of the other five ele-
ments are in the Upper Hartshorne bed. Yttrium and lanthanum
are also concentrated in the Charleston and Lower Hartshorne beds,
which are composed mostly of higher rank low volatile-bituminous
coal.

TABLE 11.— Average minor-element conlent of some coal beds sampled
[In parts per million. Beds are in stratigraphic sequence]

Coal bed Number of |Ash (per-] Be B Ti v Cr | Co | Ni
samples cent)

Broken Arrow_ ... ... 4 3.07 | 17528 230 12| 85| 57| 24
Charleston________ - 4 6.49 | .56 | 6.9 | 190 16| 97|10 16
MecAlester-Stigler.. - 7 2.94 | .22 |27 125 12{ 6.5 2.7 6.9
Upper Hartshorne - 6 3.3¢4| .19 | 14 115 10 7.2 3 6.6
Lower Hartshorne. ... _.______ 9 6.49 | 1.3 |18 390 23| 19 5.6 18

Coal bed Cu Zn Ga Ge Mo So Y La
Broken Arrow. ... ._.._______..__ 7.6 21 2.5 23 2.0 0.4 3.3 1.3
Charleston_ ... 11 41 1.9 1.5 2.5 11 10 15
MecAlester-Stigler_........______.__._ 5.6 16 .91 1.6 3.8 2.1 3.4 2.3
Upper Hartshorne._.___.____________ 5.2 12 .69 .62 1 1.5 2.8 3
Lower Hartshorne..._._..__.__._____ 17 28 2 .69 2 .2 12 12

The four samples of Eocene lignite (table 5, locs 38, 39) show a
large disparity in their minor-element content. The two samples
from Arkansas contain a greater quantity of the minor elements than
do either of the two from Texas. Only boron is present in larger
amounts in the Texas samples. The reason for such an enrichment
of the Arkansas samples is not known.

REGIONAL DISTRIBUTION OF THE MINOR ELEMENTS IN COAL

Of the 15 minor elements for which analyses were made, only tin
and lanthanum are more abundant in the coals of the Oklahoma-~
Arkansas basin than in coals of the central and northern parts of the
region, and the average titanium contents are identical for the two
areas (table 8). Beryllium, boron, nickel, zinc, gallium, germanium,
and molybdenum are much more abundant in the coals of the central
and northern areas; vanadium, chromium, cobalt, copper, and yttrium
are slightly to appreciably more abundant.

The most enriched element in the coals of the central and northern
areas is germanium, which, in the 12 columnar samples analyzed,
ranged in content from 8.5 to 48 ppm, and in 8 of the 12 was 20 ppm
or more. In comparison, the germanium content of Kansas coals,
as reported by Schleischer (1959), ranged from 5 to 116 ppm, and in
55 of his 117 samples it was 20 ppm or more.
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