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PREFACE

. This report assesses for decision makers and those involved in coal
resource development the environmental and health impacts of trace-
element effects arising from significant increases in the use of coal,
unless unusual precautions are invoked.

Increasing demands for energy and the pressing need for decreased
dependence of the United States on imported o0il require greater use of
coal to meet the nation's energy needs during the next decade. 1If coal
production and consumption are increased at a greatly accelerated rate,
concern arises over the release, mobilization, transportation,
distribution, and assimilation of certain trace elements, with possible
adverse effects on the environment and human health. Although most
trace elements are beneficial and many are essential, the Panel is
concerned with those that may become available to the environment in
toxic amounts. It is, therefore, important to understand their
geochemical pathways from coal and rocks via air, water, and soil to
plants, animals, and ultimately humans, and their relation to health and
disease.

To address this problem, the Subcommittee on the Geochemical
Environment in Relation to Health and Disease (GERHD) of the U.S.
National Committee for Geochemistry, Assembly of Mathematical and
Physical Sciences, National Research Council (NRC), established the
Panel on Trace Element Geochemistry of Coal Resource Development Related
to Health (PECH) with the following objectives:

« To determine the present state of knowledge of the composition of
coal and potential health hazards of trace elements during development
of coal resources;

e To examine the environmental and man-induced factors that are
related to human health through the deficiencies or excesses of trace
elements;

« To evaluate how much of an additional burden of natural or
man-made pollution would be tolerable from both detrimental and
beneficial trace elements;

e To disseminate information useful for the establishment of
baseline studies and the development of guidelines or standards
necessary for the elimination or control of toxic trace elements
associated with coal development;

ix
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e To point out gaps in our knowledge about health effects of trace
elements released by coal development and suggest what further studies
or research might be needed to correct these deficiencies.

The Panel was formed with knowledgeable biomedical, environmental,
and earth scientists and engineers from agencies, industries, and
universities concerned with coal, with emphasis on trace-element
environmental and health aspects.

Planning and conduct of this study were coordinated with other NRC
committees undertaking related studies. The study on the Redistribution
of Accessory Elements from the Increased Utilization of Coal by the NRC
Committee on Accessory Elements (National Academy of Sciences,
Washington, D.C., 1979) is in two volumes; Volume I is concerned chiefly
with resources and economic aspects of coal and oil shale development.
The Committee on Research Needs on the Health Effects of Fossil Fuel
Combustion Products (HEFF) of the NRC Assembly of Life Sciences is
chiefly concerned with the effects of fossil-fuel combustion products on
human health. These three studies, which address somewhat different
objectives, complement and supplement each other.

Certain assumptions were made by the Panel to highlight the central
issues of trace elements and health and to avoid unwarranted duplication
of other studies. These assumptions, which focus on specific areas of
concern, were incorporated into the design of the report to help the
users to understand the Panel's rationale. The assumptions are as
follows:

e Coal production will increase in the United States at an
accelerated rate, with the major portion being used for the generation
of electricity.

o Most of the increased coal production will be from surface-mine
operations in low-sulfur western coals.

e Current mining technology will gradually decrease the significance
of acid mine drainage (AMD) from old mine operations in eastern and
interior coals, so that potential problems with trace elements in these
contexts should diminish rather than increase.

e Solid wastes or residues generated by increased coal production,
coal-washing operations, and coal use will elevate the amounts of
certain soluble trace elements entering the environment and pose a major
disposal or control problem.

« Beneficial, as well as detrimental, trace-element occurrences must
be evaluated geochemically, geographically, and geologically at site-
specific locations with respect to both environmental conditions and
human health effects.

« The conclusions and recommendations of this report should be of
direct value in minimizing detrimental impacts on human health that may
be expected from increases in the development of coal resources.

Based on the charge to the Panel and these assumptions, this report

" describes the amounts and distribution of trace elements related to the

coal source; the various methods of coal extraction, preparation,
transportation, and use; and the disposal or recycling of the remaining
residues or wastes. The known or projected health effects are discussed
at the end of each section.
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The Panel's summary, conclusions, and recommendations are presented
initially along with a ranked listing of the elements in order of
estimated importance to this study. Recommendations are made concerning
site-specific trace-element occurrences that need further study and
concerning those trace elements that do not appear to merit additional
consideration.

The following chapter of this report on trace elements deals with
the formation of coal, its physical and chemical composition, the
resources of coal, and its utilization. A portion of this chapter also
deals with chemical analytical procedures and standards, with emphasis
on possible future modifications and improvements. General health
considerations are also presented.

The next chapter concerns coal mining, including the different
surface and subsurface methods employed, subsidence and water control,
soil and overburden handling and replacement, refuse and waste disposal,
vegetation, and the health effects associated with the various coal-
mining steps.

Chapter 4 deals with the cleaning, storage, and transportation of
coal and the attendant occupational and public health effects.

Coal combustion products are discussed next in regard to the
disposal of harmful trace elements and the health aspects concerned with
their physical properties, their chemical composition, and their
deposition from the atmosphere and disposal on soils or surface waters.
The information on fly-ash-amended soils and plant growth emphasizes the
concern for proper disposal of coal-waste residues.

The last chapter of the report deals with synthetic-fuel processes,
the trace elements so released and/or concentrated, and the health
effects associated with coking and synfuel processes.

The report concludes with references, supplemental material in
appendixes, and an index.

Although important concerns have been expressed about increases of
CO, in the atmosphere, acid precipitation, and radiocactivity associated
with additional coal development, these are not the topic of this report
and consequently were not evaluated in detail.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

SUMMARY AND CONCLUSIONS

The U.S. coal resources are estimated at approximately 3.6 trillion
metric tons, of which an estimated 396 billion metric tons can be mined
economically. Annual consumption of coal in the United States is
currently about 600 million metric tons, of which about two thirds are
used in electric power generation. The production and use of coal in
the United States is projected to double in the next decade. Electric
power utilities are the major users of coal, and most of the projected
increase will also be for the generation of power. Minor increases in
coal use as a chemical feedstock to replace petroleum sources is
anticipated, but not in the next few years. The use of coal in coking
will probably remain at about the present level.

Because of the way it was formed, coal may contain every naturally
occurring element. Except for the major elements (carbon, hydrogen,
oxygen, nitrogen, sulfur, silicon, iron, aluminum, potassium, calcium,
and magnesium), most elements are present in coal in trace amounts. The
chemical composition of coal is site-~ and source-specific and varies
with rank and location in a coal bed, as well as between beds. Of the
trace elements in coal, only boron, mercury, lead, molybdenum, arsenic,
cadmium, antimony, and selenium are commonly more abundant in coal than
in the average composition of the earth's crust. However, not all are
concentrated in coals from the various coal-mining regions of the United
States.

Generally, coals from the western United States contain lower
concentrations of sulfur and certain other trace elements than do coals
from other regions in the country. In the future, more of the high- and
medium-sulfur coals (>1 percent) will undergo cleaning and processing
before use, primarily to reduce sulfur and inorganic matter
concentrations. In the process of coal cleaning, trace-element
concentrations are usually lower in comparison with those in uncleaned
coals. Because western coals are generally low in sulfur (<1l percent),
they are not expected to require coal cleaning on a broad scale.

The handling of coal during mining, cleaning, storage, and
transportation produces materials that may release trace elements with
possible health effects. Information on these trace-element releases is
sparse. Coal cleaning generates some dust problems, but most critical

1
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is the proper control of slurries or residues produced during the
washing and preparation processes. The slurries are acidic and have
elevated trace-element concentrations, especially of arsenic, lead,
zinc, manganese, gallium, and selenium.

Coal dust is a major problem encountered in storage and transport of
coal. Aqueous solutions of surface-active agents are often used to
minimize windblown dust. Soils near coal storage areas and along
heavily used coal-haulage routes can, however, contain elevated trace-
element concentrations because of additions of windblown coal dust or
because of the leaching and dispersal action of rainfall.

Direct health impacts of dust or leachates from coal during
cleaning, storage, or transportation are relatively unknown, but dust
inhalation could present a problem if not controlled. Dust-control
measures currently used in the United States are expected to prevent
severe health hazards.

Residues remaining from coal cleaning and preparation using current
methods are site-specific problems dependent on local geochemical
conditions, climatic conditions, and the type of coal treated. Careful
monitoring, neutralization, and disposal should effectively control
potential health problems.

Unless new and currently unknown health-related problems emerge,
present regulations and controls for coal cleaning, storage, or
transportation with existing technology appear to be adequate to
accommodate increased coal consumption.

Combustion of coal in power-generating plants produces a variety of
residues and emissions (bottom ash, boiler slag, fly ash, flue-gas
desulfurization sludge, and noncaptured gases and particulates). The
relative amount of each residue depends on the power-plant configuration
and emission-control devices used. Trace elements originating from the
source coal are redistributed among the various residue streams. For
example, the concentrations of most inorganic trace elements are higher
in ash residues than in the coal. Elements that are volatile at
combustion temperatures (e.g., selenium, molybdenum, mercury, boron) may
or may not exhibit higher concentrations in fly ash than in coal.

Fly-ash residues captured in bag filters or electrostatic
precipitators, which currently represent the greater percentage of
solids collected, contain most of the trace-element burden. Research
has demonstrated that when fly ash is incorporated in soil it is
beneficial to crop growth because it serves as a source of some elements
essential to plants, such as sulfur, calcium, molybdenum, boron, zinc,
and possibly manganese. Fly ash is substantially alkaline in nature,
and its potential as an inexpensive amendment to neutralize acidic soils
has been demonstrated. Field and greenhouse studies, however, have
shown possible detrimental effects on plant growth and crop quality
where fly ash has been added to soils at rates greater than
approximately 4 percent by weight. 1In particular, concentrations of
total dissolved salts and boron may reach levels that are toxic to
plants. Forage crops grown on fly-ash-amended soils may accumulate
levels of molybdenum and selenium considered unsafe for livestock
consumption., Data available indicate that hazardous accumulations of
certain additional trace elements (such as cadmium, arsenic, lead, and
mercury) by plants grown on fly-ash-amended soils will not occur.
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In Figure 1, trace elements that are of concern in coal and residues
produced from coal resource development have been placed in five
categories: of greatest concern; of moderate concern; of minor concern;
radiocactive elements generally considered to be of minor concern but
adequate information is lacking for proper assessment; and of concern
but with negligible concentrations in coal and coal residues.

« Besides the troublesome gaseous compounds of carbon, nitrogen, and
sulfur, the elements of greatest concern are arsenic, boron, cadmium,
lead, mercury, molybdenum, and selenium. These eight elements commonly
occur in coal and in residues from coal cleaning and combustion at
concentrations greater than those encountered on the average in the
earth's crust. The elements carbon, nitrogen, and sulfur and their
compounds, although considered to be of greatest concern, are beyond the
scope of this report and are not discussed here. Arsenic, cadmium,
mercury, and lead are highly toxic to most biological systems when they
occur in available form at concentrations above certain critical levels.
Levels of molybdenum and selenium derived from airborne deposits
resulting from coal development produce concentrations in soil and water
that should present no adverse impact on the health of humans or plants.
Even if molybdenum and selenium become somewhat enriched in soils, they
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should not be toxic to plants. However, the disposal of fly ash on
soils used to produce forage crops could lead to accumulations of these
elements in the forage and render it unsafe for consumption by animals.
Adverse impacts of excess boron contamination are limited to possible
phytotoxic effects. However, atmospheric deposition of boron onto
plants or soil is small, and the probability of encountering levels
sufficiently elevated to cause phytotoxicity is remote.

o Elements considered by the Panel to be of moderate concern include
chromium, vanadium, copper, zinc, nickel, and fluorine. The Panel's
rationale for grouping these elements in this category is that they are
potentially toxic and occur at elevated concentrations in some residues
produced during coal combustion, but the probability of adverse impact
is considered less than for the elements of greatest concern. Also,
vegetation and animal health problems that could occur from excesses of
these elements are reversible and can be corrected economically.

Copper, nickel, and zinc, in certain site-specific situations, could
accumulate over the years in soils to levels that are phytotoxic.
Fluorine is a highly volatile element, and, in areas where its
deposition onto vegetation is great, the forage may not be suitable for
consumption by animals.

o Those elements considered to be of minor concern include barium,
strontium, sodium, manganese, cobalt, antimony, lithium, chlorine, and
bromine. Although these elements frequently occur in fly ash at
concentrations greater than in the normal geochemical environment, the
probability of a specific adverse impact that could not be easily
corrected is regarded as remote.

o The radiocactive elements 238U, 235Uy, and 232Th are present in coal
in small quantities and are released into the environment as airborne
effluents, in collected residues [fly ash, bottom ash, and flue-gas
desulfurization (FGD) sludge], and in mine tailings during the course of
coal utilization. Because levels of radioactivity associated with these
elements during coal resource development are not significantly
different from those commonly found in nature, and because they are in a
geochemically immobile form, their effects on health ar:z thought to be
negligible. Available information on other radiocactive elements such as
radon, radium, and polonium suggests that the effects of their
radioactivity associated with coal resource development are minimal;
however, because adequate information is lacking, the Panel has classed
these radiocactive elements in a category requiring additional
information for conclusive assessment.

e Although there are other elements in the periodic chart with known
and documented relationships to health, many of them have only
negligible concentrations in coal and are commonly rendered inert in
coal residues; therefore, potential hazards associated with coal
development from these elements are considered to be remote. Elements
in this category include tin, beryllium, thallium, silver, and
tellurium. Environmental exposure resulting from coal resource
development of the other remaining elements, not otherwise cited, is not
generally regarded as hazardous to health.

Residues from the coal combustion process include those materials
collected by the emission-control devices and those that escape these
devices and enter the atmosphere. The noncaptured particulates entering
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the atmosphere from stacks are of submicrometer size. High percentages
may remain airborne for extended periods of time; similarly, some
elements (e.g., fluorine and mercury) are released in a gaseous form
from stacks and remain airborne for some time. Current best-available
technology is such that more than 99 percent of the solid residues from
coal combustion are collected (Figure 2). Therefore, in the future the
trace-element burden associated with coal resource development in terms
of total quantities is one of proper disposal or recycling of the
collected residues (Figures 3 and 4). New power plants should represent
only a negligible contribution to the trace-element burden from airborne
sources. However, power plants not equipped with modern control devices
will continue to emit to the atmosphere considerable quantities of trace
elements until they are phased out or required to install up-to-date
equipment. The trace-element enrichment in soils and vegetation around
these plants will continue to be localized and will occur in regions
close to the source, generally within a few kilometers.

Current annual production of fly ash from the combustion of coal by
electric utilities is 56 million tons, of which less than 15 percent is
used in industrial operations. As relatively small amounts of the fly
ash produced are used, and the amounts generated will increase as coal
use increases, fly ash will accumulate and intensify disposal problems.
Approximately 36 percent of the fly-ash disposal is by trucking to
storage areas, presumably landfills, and the remainder is sluiced to
disposal ponds. Leachate from unsealed disposal ponds could contaminate
groundwater. Likewise, dust from dry ash storage areas, if left
unstabilized, could contaminate soils in adjacent areas. Volunteer
growth of native vegetation also may accumulate certain trace elements
(molybdenum and selenium) to levels unsafe for consumption by wildlife.
Current information on the potential problems associated with the
disposal of fly ash is inadequate. Knowledge required to assess the
impacts of fly-ash disposal, therefore, should be developed. Once
developed, criteria for the safe disposal of fly ash should be
formulated.

The submicrometer-sized particles emitted to the atmosphere from
power plants (even though equipped with modern control devices) include
those that, when inhaled, may be deposited in the lung. Concern has
therefore been expressed over possible long-term, subacute, chronic
poisoning from certain trace elements in the vicinity of coal-burning
plants. The current data show that the contribution of particulates
from a power plant to the trace-element concentration in air surrounding
such plants is small, much less than other sources of natural and man-
made atmospheric contamination, and because of particle size
considerations inhalation of these submicrometer-sized particles should
not be ignored. ,

Near-term development of coal in the United States will be
principally at western sources where surface mining is widely practiced.
In the process of topsoil removal, overburden removal, coal extraction,
overburden and topsoil replacement, and regrading, the porosity of the
displaced material is increased. This increased porosity may allow
additional leaching of trace elements by groundwater or surface water.
Because, except for boron, the solubilities of the trace elements of
greatest concern in the neutral to alkaline rocks and soils of the
western region are small, the transport of trace elements via this
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FIGURE 2 The 2700-MW, coal-fired Bruce Mansfield Plant at Shippingport,
Pennsylvania, is the world's largest electric generating station with
comprehensive environmental controls. (Photo courtesy Pennsylvania

Power Company.)

pathway should be limited to short distances. On a localized basis,
certain specific imbalances may cause reduced productivity and adversely
affect the quality of new crops planted on the reclaimed land. Saltg
could accumulate, and soil salinization could occur and cause reduced
productivity. Because of increased exposure and porosity from strip
mining, boron concentrations in surface waters and groundwater coulgqd
reach levels that would damage boron-sensitive crops. Molybdenum and
selenium also could be rendered more available to plants and coulda
accumulate to such an extent in forage as to make it unsafe for animaj
consumption. There are insufficient data from actual field situationg
to make proper assessments of these potential problems. When they
occur, such problems are site specific and may be mitigated through
proper soil management.

The term synthetic fuels refers to liquid and gaseous fuels Produced
by the thermal processing of coal. Liquefaction and gasification
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FIGURE 4 The gypsumlike waste from the Bruce Mansfield Plant is
deposited in the valley behind the dam. The capital cost of this waste-
disposal system is reported to be $90 million. (Photo courtesy

Pennsylvania Power Company.)

In conclusion, the volume of chemical analytical data on U.S. coal
is now considered large enough to provide the needed broad assessment of
trace elements in coal and related problems. The major problem now is
to identify the types of studies and possible regulatory actions needed
to control those relatively few trace elements of known health concern
in those particular coal beds and combustion plants that contain such
trace elements in appreciable amounts. For example, arsenic and mercury
are of no concern for coal mines and coal-fired power plants in the
Northern Great Plains; however, close monitoring and possible regulation
of arsenic in mines in the Appalachian and Interior provinces and of
mercury in the Appalachian, Interior, and Gulf provinces may be

necessary. Clearly, adequate information on coal is now available to

use the bed-specific, site-specific approach in assessing related health

hazards.
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RECOMMENDATIONS

1. Determinations of the exact chemical and mineralogical form of
the relatively few trace elements of health concern in specific coal
beds and coal-use processes should be made (or confirmed) as soon as
practical so that appropriate physical and chemical treatment measures
for their removal and control can be developed.

2. Adequate information on the health effects of radioactive
elements associated with coal resource development on which to make a
reliable judgment should be gathered and assessed. Although available
data suggest that these effects are minor, this assumption should be
either substantiated or corrected by appropriate agencies.

3. A single federal agency, such as the U.S. Geological Survey with
its National Coal Resources Data System, should be designated to
maintain a single trace-elements-in-coal data bank, to which pertinent
data would be submitted routinely by all government, university, and
industry groups.

4. More data are needed on the chemical form and solubility of trace
elements in the topsoil, the overburden, and the underclay associated
with site-specific coals, before and after the coal is mined. These
data would provide the basis for an improved prediction of mining
results, particularly with respect to the new underclay-spoil interface
and the porosity, density, permeability, and surface area of the
materials disturbed, which will provide the basis for theoretical and
empirical assessments of the effects of these changes on the mobility of
trace elements. Such collections should be begun soon by both
environmental and regulatory agencies.

5. More and better information on the mass balance and on the
migration pathways of trace elements through major coal gasification and
liquefaction processes is urgently needed; efforts to improve such data
should be initiated and vigorously pursued by the appropriate agencies.
Specifically, the concentrations of trace elements in hydrocarbon
liquids produced from coal must be studied. The fate of these elements
in subsequent uses of the liquids should also be investigated.

6. In addition to the Standard Reference Material for bituminous
coal (NBS SRM 1632a) and subbituminous coal (NBS SRM 1635), standard
samples of other coals, with certified critical trace-element
concentrations, should be established on a priority basis by the
National Bureau of Standards. Standard reference samples for lignite
and anthracite are needed and should be made readily available.

7. The Panel also recommends that individual researchers in
academic, industrial, and government organizations and administrators
responsible for planning federal agency programs give particular
attention to the following research and data needs that would improve
the safe and effective exploitation of coal resources (the sequence of
listing is not intended to signify relative priorities):

o Research is needed to facilitate industrial and agricultural uses
of coal ash, and to identify and implement additional uses, including
the development of techniques to alter the properties of the ash thus
rendering it more conducive to beneficial uses.

+ Data are needed on leaching of salts, boron, fluorine, molybdenum,
selenium, chromium, and possibly other elements from ash piles and
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lagoons. This information is needed to guard against unnecessary
contamination of surface waters, groundwaters, soils, and vegetation.

+» Better understanding is needed of the factors influencing the
availability of molybdenum and selenium to crops grown in ash-
contaminated or ash-amended soils in relation to their chemical,
physical, and biological properties. Knowledge of the fate of
molybdenum and selenium in ash-amended soils over extended periods of
time is also needed to evaluate adequately the possible accumulations of
molybdenum and selenium in forage grown on ash-amended soils to levels
considered to be unsafe for livestock consumption.

« Techniques are needed to guard against excessive accumulations of
salts and boron in regions adjacent to coal-ash disposal or utilization
locations. Total dissolved salts and boron in leachates from coal ash
frequently reach levels that are toxic to plants.

¢« The increased use of lime and/or limestone to remove SO, from flue
gas will result in the production of large quantities of waste referred
to as flue-gas desulfurization sludge (FGD sludge). Techniques are
needed to use this sludge or to dispose of it in a manner consistent
with preservation of environmental quality, particularly with relation
to its readily mobilized trace elements and soluble salts derived from
coal.

« Although the percentage of coal ash emitted from stacks in a
modern coal-fired power plant represents less than 1 percent of the
total ash that is produced, the size of particles entering the
atmosphere is of submicrometer size, and they are known to have
abnormally high concentrations of surface-adsorbed trace elements.
Additional information is needed on the possible impact of inhalation of
these submicrometer particles on human health.

« A uniform method of expressing data for the chemical composition
of coal and coal ash should be established.

+« Research is needed to hasten the revegetation process of
renovating lands disturbed by strip mining. The use of fertilizers and
irrigation to re-establish native vegetation should be investigated more
thoroughly.

« Research is needed to characterize more completely the chemical
composition and to develop improved techniques for the safe disposal or
recycling of the large volumes of coal-cleaning liquid wastes that
generally have abnormally high concentrations of certain metallic trace
elements.

o Investigations are needed to determine the condition under which
coal ash can be used to remove phosphorus and other undesirable trace-
element constituents from surface waters and wastewaters.

e Continued efforts are required to identify regions that are
subject to mobilization of trace elements by acid mine drainage (AMD)
and to take appropriate corrective action, even though substantial
progress toward correcting AMD has been made.

« To extend coal-ash disposal studies and to enhance evaluations of
the impact of coal residues on the quality of soils, vegetation, and
surface and underground waters, field-plot studies on agricultural land
with coal ash containing notable amounts of possibly deleterious trace
elements are needed. Such studies have been mainly limited to
greenhouse conditions.
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THE RESOURCE AND ITS UTILIZATION

COAL FORMATION

Coal, like other fossil fuels, represents the accumulation of organic
materials in sedimentary strata. Unlike oil or gas, coal does not
migrate, but it undergoes in situ compaction and induration with time to
form the various ranks of coal. Coal, which may contain recognizable
source material, is composed chiefly of compressed and somewhat altered
remains of terrestrial plants, such as wood, bark, roots (some still in
the position of growth), leaves, spores, and seeds.

Accumulation of in situ residues and imported debris (mostly
inorganic sediment) in swamps leads to the formation of peat. Burial of
the peat and subsequent alteration by pressure and heat convert the
plant material to coal. With heat and pressure over geologic time,
there is a continuous transformation from peat, made up of slightly
modified plant fragments that have a substantial oxygen and hydrogen
content, to hard black glistening anthracitic coal, which is
predominantly carbon and contains little or no recognizable plant
remains. The coal genetic series has been arbitrarily divided into a
number of ranks referred to, from lowest to highest rank, as lignite,
subbituminous, bituminous, and anthracite coals. The more obvious
features of these ranks are shown in Table 1.

The higher the proportion of total carbon and the lower the volatile
matter, the higher the rank of the coal in the series from lignite to
anthracite.

For peat to undergo the transformation to coal, a series of geologic
sedimentation processes must occur over time. After peat has
accumulated for a period, it must be buried under mineral sediment,
generally clay, silt, and sand. 1In time, the peat forms beds of coal
that range from a few centimeters to many meters in thickness. The coal
is often interbedded with shale, sandstone, and other sedimentary rocks.
A single stratigraphic sequence may include several coal beds; 117
different coal beds have been identified and named in West Virginia
alone. Coal-bearing strata may include alternating marine and nonmarine
beds. The coal beds are in the nonmarine parts of the section and are
of brackish-water or freshwater origin, though some peat swamps received
occasional marine incursions. Clay and sand that washed into the swamp
while the incipient coal accumulated and other inorganic components

11
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TABLE 1 Distinctive Features and Typical Analytical
Components of Coal of Various Ranks

Featuresa
Rank Physical Appearance Characteristics
Lignite Brown to brownish Poorly to moderately consolidated;
black weathers rapidly; plant residues
apparent
Subbituminous Black; dull or waxy Weathers easily; plant residues
luster faintly shown
Bituminous Black; dense; Is moderately resistant to weather-
brittle ing; plant structures visible
with microscope; burns with
short blue flame
Anthracite Black; hard; usually Very hard and brittle; burns with
with glassy luster almost no smoke

b
Elemental Components (percent)
In-Place Dry and Ash-Free Basis
Moisture® Carbon Hydrogen Nitrogen Oxygen Sulfurd

Lignite >30 <70 >5 1-1.5 >15 0.5
Subbituminous 15-30 70-75 >5 1-1.5 10-15 0.5
Bituminous 5-15 75-91 2-5.5 1-1.5 5-10 >1.0
Anthracite <5 >90 <2 <1 <5 0.5

%Source: Gilluly et al. (1968).

bThe ash content is not shown because it has a wide range for all ranks of
coal.

“Moisture refers to water held in the pore spaces within the coal.

dSulfur content, like ash, depends largely on conditions that existed during
accumulation of the peat and hence is independent of rank. However, in the
United States the western low-rank coals tend to contain less sulfur than the
higher-rank midwestern and eastern bituminous coals.

together with some remaining plant materials remain as ash when the coal
is burned. Such noncombustibles lower the heating value of coal and, by
increasing the waste, detract from its desirability as a fuel.

Because of the inclusion of this sediment and waterborne dissolved
elements, coal beds will contain all the elements found in the eroded
rocks from which the sediments are derived. A coal bed could therefore
contain all the naturally occurring elements. Additional elements can
be introduced into the coal after burial by infiltrating groundwater,
either precipitating as minerals or through ion exchange in the clays or
organic matter.

In terms of biogeochemical cycles, coal represents the fixation of
carbon from atmospheric carbon dioxide by plant growth over extensive
geologic time. The release of all this accumulated fixed carbon into
the atmosphere as carbon dioxide may result in an unbalanced
biogeochemical carbon cycle. In the long term, the consequences of this
imbalance may be the most significant impact of coal utilization, and
these are currently under study by many scientists. Other elements will
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be mobilized to a far less dramatic level but in sufficient quantities
to warrant concern.

COAL USE

The higher-rank coals--anthracitic and bituminous~--that occur in eastern
and central North America are found in Pennsylvanian-age (upper
Paleozoic) rocks (about 300 million years old). Western coals are in
younger Cretaceous and lower Tertiary rocks (60 million to 135 million
years old), and most are lower in rank.

Small tonnages of anthracite are mined in commercial quantities only
in Pennsylvania. Younger lignitic and subbituminous coals occur
pPrincipally in Montana, Wyoming, North Dakota, and the Gulf Coast
states. As shown in Figure 5, coal-bearing rocks underlie about 14
percent of the land area of the contiguous United States. According to
Averitt (1975), bituminous, subbituminous, lignitic, and anthracitic
coals represent 43.1, 28.1, 27.7, and 1.1 percent, respectively, of the
identified U.S. coal resources in 1974. The percentage of each of the
different ranks of coal currently being produced in the United States
and their typical heating values are shown in Table 2. This shows that
more than 90 percent of the coal produced in the United States is
bituminous (Swanson et al., 1976).

Coal supplied about half of the total energy requirements of the
United States in 1940. In 1972, which was a record year in the
production and consumption of energy in the United States, only 23
percent of the total production of energy was derived from coal, and
only 19 percent of energy consumption came from coal (Averitt, 1975).
Increased demand for reliable and inexpensive sources of energy and the
emphasis on reducing U.S. dependence on foreign sources of fossil fuels
is, however, turning the trend of coal consumption upward. The U.S.
coal resources were estimated in 1974 at 3.6 trillion metric tons, an
amount equivalent to 20 percent of the world's estimated total coal
resources (Averitt, 1975). Geographical distribution of these reserves
is shown in Figure 6 and Table 3. The 1974 estimate of the amount of
coal that can be mined economically was 396 billion metric tons (U.S.
Bureau of Mines, 1977).

Production of coal in 1975 was estimated at 654.6 million short
tons, from which the electric utilities consumed 404.7 million tons or
61.8 percent (Table 4). Brackett (1973) estimated that by the year 1980
power utilities consumption will reach about 500 million tons annually.

Energy contained in anthracitic coals is about 1.6 times that of
lignitic coals, principally because of the high moisture and oxygen
contents of the low-rank coals. 1In coal-fired power plants,
approximately 35 percent of the heat energy contained in coal is
ultimately converted into electrical energy. The actual energy
efficiency for a specific power plant depends on such factors as coal
properties, plant size, and plant load. Larger plants are usually more
efficient than smaller ones, but heat-conversion efficiency in power
plants is not necessarily directly proportional to the plant size.

Because the increasing need for electrical energy is the predominant
impetus for increased coal use, the present use pattern is likely to
change only in degree. The use of coal to produce synthetic fuels for
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FIGURE 5 Coal fields of the conterminous United States (Gluskoter et
al., 1977).

the transportation and industrial sectors will increase. Coking will
probably remain at the present levels. Some increase in coal use as a
chemical feedstock to replace petroleum sources is anticipated but not
in the immediate future.

This report reflects the foregoing use pattern in concentrating on
the mobilization of trace elements from electric power production.

TABLE 2 Proportion of Total Production and Typical
Heating Values of Coal

Production Heating Value
Rank (percent) Btu/1b kcal/g
Anthracite 0.6 12,780 7.1
Bituminous 95.1 12,260 7.0
Subbituminous 3.1 9,410 5.2
Lignite 1.2 5,000 2.8
All coal 100 11,180 6.2

aSource: Swanson et al. (1976).
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FIGURE 6 Remaining identified coal resources of
the United States, January 1, 1974, by states
(Averitt, 1975).

CHEMICAL AND MINERALOGICAL COMPOSITION

It should be recognized that all the material leaving the mine portal
enters into the environment in one form or another. Man's objective
must be to produce the material and avoid or minimize adverse
environmental effects. For example, certain trace metals applied to
crops as fertilizer may have a strong positive environmental effect,
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TABLE 3 Total aRemaining Identified Coal Resources of the United States,
January 1, 1974" (billions of short tons)

Bituminous Subbituminous Anthracite and

State Coal Coal Lignite Semianthracite Total
Alabama 13.3 - 2.0 - 15.3
Alaska 19.4 110.7 - - 130.1
Arizona 21.2 - - - 21.2
Arkansas 1.6 - 0.4 0.4 2.4
Colorado 109.1 19.7 0.02 0.08 128.9
Georgia 0.02 — — - 0.02
Illinois 146 - - - . 146
Indiana 32.9 - - - 32.9
Iowa 6.5 - - - 6.5
Kansas 18.7 - - - 18.7
Kentucky (eastern) 28,2 - - - 28.2
Kentucky (western) 36.1 - - - 36.1
Maryland 1.2 - - - 1.2
Michigan 0.2 - - — 0.2
Missouri 31.2 - - - 31.2
Montana 2.3 176.8 112.5 - 291.6
New Mexico 10.8 50.6 - 0.004 61.4
North Carolina 0.11 - - - 0.11
North Dakota 0 - 350.6 - 350.6
Ohio 41.2 - - - 41.2
Oklahoma 7.1 - - - 7.1
Oregon 0.05 0.28 - - 0.33
Pennsylvania 63.9 - - 18.8 82.7
South Dakota 0 - 2.2 - 2.2
Tennessee 2.5 - - - 2.5
Texas 6.1 - 10.3 - 16.4
Utah 23.2 0.2 - - 23.4
vVirginia 9.2 — - 0.3 9.5
Washington 1.9 4.2 0.1 0.005 6.21
West Virginia 100.2 - - - 100.2
Wyoming 12.7 123.2 - - 135.9
Other states 0.6 0.03 0.05 - 0.68

Total 747.48 485.71 478.17 19.59 1730.95

4Source: Averitt (1975). Some figures shown in this table were rounded off to the
nearest first or second decimal place and may therefore be slightly different from
the original source. Dashes indicate that tonnage is too small to make a noticeable
contribution and/or is included under other ranks.

Includes California, Idaho, Louisiana, and Mississippi.

whereas the same trace elements emitted to the atmosphere in an
uncontrolled manner could have strong negative environmental effects.
The maximum amount of a particular element that might be mobilized
into the environment from coal mining and use could be estimated from
data on the total major, minor, and trace-element content of coal. By
virtue of its origin, coal contains nearly every naturally occurring
element. However, except for carbon, hydrogen, oxygen, nitrogen,
sulfur, silicon, iron, aluminum, and the alkali and alkaline earth
metals, most elements are present in coal in only minor or trace
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TABLE 4 Production and Utilization of Coal
in the United States, 19752

Thousands of

Short Tons Percent
Production 648,438 —
Consumption 556,301 100
Electric utilities 403,249 72.5
Coke and steel 85,987 15.5
Other manufacturers 59,783 10.8
Retail market 7,282 1.3

4production and consumption figures refer to
bituminous and lignite coals. Production of
Pennsylvania anthracite coal amounted to 6,203
million short tons in 1975, and consumption was
estimated at 5,103 million short tons. Of the
amount consumed, 29 percent was used by power
utilities and 41.6 percent was consumed in
industrial and residential heating. Data were
combined from U.S. Bureau of Mines (1977).

amounts. Swaine (1977) indicated that some trace elements in coal may
be associated with phenolic, carboxylic, amide, and sulfhydroxyl
functional groups in the organic fraction of coal. 1In the inorganic
fraction, the trace elements are often associated with clays, silicates,
carbonates, sulfides, sulfates, and other minerals. Table 5 shows the
association of some trace elements with mineral matter. Layer silicate
minerals (clays), quartz, and pyrite are widely distributed in coals.
Kaolinite is the most common layered silicate, although montmorillonite
and illite are also found. Dolomite, siderite, calcite, and aragonite
are the most common carbonate minerals. Pyritic and marcasitic
crystalline forms of FeS, are by far the dominant sulfide minerals
occurring in coals of the United States. Barite, zircon, and
fluorapatite occur sporadically.

The concentration of inorganic elements in a given coal deposit
depends in part on the conditions that prevailed in the peat swamp in
which the coal-forming material was deposited and on the subsequent
genetic history of the coal seam. These conditions, especially the
hydrological conditions that affected the transport of inorganics into
the swamp, varied geographically and temporally within a given peat
swamp. Therefore, the concentration of inorganic elements, as both
mineral matter and organically combined species, varies from one
location to another in a coal bed and from one bed to another. Typical
compositional values are shown in Table 6, but it should be clearly
understood that any given coal seam may contain concentrations of
specific elements that deviate significantly from these values.

Silicon, aluminum, calcium, magnesium, sodium, potassium, iron,
manganese, and titanium are the major inorganic elements of coals but
generally account for <10 percent of its total elemental composition.
Lignitic coals generally contain higher amounts of silicon, calcium,
magnesium, and sodium than do other ranks of coal. Of the trace and
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TABLE 5 Possible Mineral Associations of Trace Elements with
Mineral Matter in Coal

Element Mineral Association

Arsenic Arsenopyrite (FeAsS)

Barium Barite (BaSO,)

Boron Illite and tourmaline (complex aluminum silicates)
Cadmium Sphalerite [(2n,Cd)S]

Cobalt Linnaeite (Co3Sy)

Copper Chalcopyrite (CuFeS,)

Fluorine Fluorapatite [Cag(POy) 4 (F, OH)]

Lead Galena (PbS)

Manganese Siderite [(Fe,Mn)CO3] and calcite [(Ca,Mn)CO3]
Mercury Pyrite (FeSj;)

Molybdenum Molybdenite (MoS,)

Nickel Millerite (NiS)

Phosphorus Fluorapatite [Cag (PO} 4(F, OH)]

Selenium Pyrite (FeS,)

Strontium Goyazite group (hydrous strontium aluminum phosphates)
Zinc Sphalerite (ZnS)

Zirconium Zircon (2rSioy)

aSource: Swaine (1977).

minor elements shown in Table 6, only mercury, lead, molybdenum,
arsenic, cadmium, boron, antimony, and selenium are generally richer in
coal than in the average composition of the Earth's crust (Table 7).

For comparison, Table 6 also shows that the estimated average inorganic-
element concentrations of coal on a worldwide basis are, in general, in
the range of those for U.S. coals.

The concentrations of most of the elements that occur in U.S. coal
were compiled by the U.S. Geological Survey from analyses of 799 samples
(Swanson et al., 1976). Their compilation is extracted in Table 8. The
analyses presented in Tables 7 and 8 are on a whole-coal basis. As of
1979, these analyses and similar analyses on 3700 coal samples from the
United States are stored in and available from the data bank of the U.S.
Geological Survey in the National Coal Resources Data System (Carter,
1976).

Regional Variations and Concentration Patterns
Examination of Table 8 shows the variation that occurs in the elemental

compositions of coals obtained from a number of coal-production
locations in the United States. Elements considered by the Panel to be
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TABLE 6 Chemical Composition of U.S. Coals2sP

Estimated
Sub- Worldwide
Element Anthracite Bituminous bituminous Lignite Average Average®
Major elements
(percent)
Sulfur (S), total 0.8 2.7 0.7 1.7 2.0d 2.0
Sulfur (S), sulfate 0.02 0.16 0.04 0.24 0.12
Sulfur (S), pyritic 0.35 1.70 0.36 0.68 1.19 -
Sulfur (S), organic 0.48 0.88 0.32 0.75 0.70 -
Phosphorus (P) - - 0.10 0.007 - 0.05
Silicon (Si) 2.7 2.6 2.0 4.9 2.6 2.8
Aluminum (Al) 2.0 1.4 1.0 1.6 l.4 1.0
Calcium (Ca) 0.07 0.33 0.78 1.2 0.54 1.0
Magnesium (Mg) 0.00 0.08 0.18 0.31 0.12 0.02
Sodium (Na) 0.05 0.04 0.10 0.21 0.06 0.02
Potassium (K) 0.24 0.21 0.06 0.20 0.18 0.01
Iron (Fe) 0.44 2.2 0.52 2.0 1.6 1.0
Manganese (Mn) 0.002 0.01 0.006 0.015 0.01 0.005
Titanium (Ti) 0.15 0.08 0.05 0.12 0.08 0.05
Minor and trace
elements (ppm)
Antimony (Sb) 0.9 1.4 0.7 0.7 1.1 3.0
Arsenic (As) 6 25 3 6 15 5.0
Barium (Ba) 100 100 300 300 150 500
Beryllium (Be) 1.5 2.0 0.7 2.0 2.0 3
Bismuth (Bi) - - <0.6 <0.8 <0.7 5.5
Boron (B) 10 50 70 100 50 75
Bromine (Br) - - 2.3 3.2 2.6 -
Cadmium (Cd) 0.3 1.6 0.2 1.0 1.3 -
Cerium (Ce) - - 5.5 12.3 7.7 11.5
Cesium (Cs) - - 0.40 0.25 0.4 -
Chlorine (Cl) - - 255 110 207 1000
Chromium (Cr) 20 15 7 20 15 10
Cobalt (Co) 7 7 2 5 7 5
Copper (Cu) 27 22 10 20 19 15
Dysprosium (Dy) - - 2.7 1.4 2.2 -
Erbium (Er) - - 0.46 0.16 0.34 0.6
Europium (Eu) - - 0.61 0.13 0.45 0.7
Fluorine (F) 61 77 63 94 74 -
Gadolinium (Gd) - - 0.13 0.21 0.17 1.6
Gallium (Ga) 7 7 3 7 7 7
Germanium (Ge) - - 0.47 1.20 0.71 5
Hafnium (Hf) - - 0.75 0.30 0.60 -
Holmium (Ho) - - 0.13 0.06 0.11 0.3
Iodine (I) - - 1.0 1.3 1.10 -
Lanthanum (La) - - 7.5 3.2 6.1 10
Lead (Pb) 10 22 5 14 16 25
Lithium (Li) 33 23 7 19 20 65
Lutetium (Lu) - - 0.09 0.05 0.08 0.07
Mercury (Hg) 0.15 0.20 0.12 0.16 0.18 0.012
Molybdenum (Mo) 2 3 1.5 2 3 5
Neodymium (Nd) - - 50 11 37 4.7
Nickel (Ni) 20 20 5 15 15 15
Niobium (Nb) - - 5.4 2.7 4.5 -
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TABLE 6 (continued)

Estimated
Sub- Worldwide
Element Anthracite Bituminous bituminous Lignite Average Average€
Praseodymium (Pr) - - 6.1 2.7 2.7 2.2
Rubidium (Rb) - - 5.3 0.98 2.90 100
Samarium (Sm) - - 0.50 0.27 0.42 1.6
Scandium (Sc) 5 3 2 5 3 5
Selenium (Se) 3.5 4.6 1.3 5.3 4.1 3
Silver (Ag) - - 0.17 0.26 0.20 0.50
Strontium (Sr) 100 100 100 300 100 500
Tellurium (Te) - - 0.1 0.1 0.1 -
Terbium (Tb) - - 0.1 0.1 0.1 0.3
Thallium (T1) - - 0.1 0.12 0.1 -
Thorium (Th) - - 2.3 1.2 1.9 -
Thulium (Tm) - - 0.07 0.07 0.07 -
Tin (Sn) - - 1.7 1.3 1.6 -
Tungsten (W) - - 2.2 3.3 2.5 -
Uranium (U) 1.5 1.9 1.3 2.5 1.6 1.0
Vanadium (V) 20 20 15 30 20 25
Ytterbium (Yb) 1 1 0.5 1.5 1 0.5
Yttrium (Y) 10 10 5 15 10 10
Zinc (2n) 16 53 19 30 39 50
Zirconium (2r) 50 30 20 50 30 -

aGeneralized from Swanson et al. (1976).
bDashes indicate no data included in source.

“Generalized from Bertine and Goldberg (1971) and U.S. Environmental Protection
Agency (1975).

dExcept for sulfur, the average composition of U.S. coals was calculated from the
analysis of 53, 509, 183, and 54 samples of anthracite, bituminous, subbituminous,
and lignite, respectively; the all-coal average is calculated from analysis of 799
samples. The average sulfur was calculated from the analysis of 38, 277, 105, and
26 samples of these coals, respectively. The all-coal average sulfur is from the
analysis of 488 samples. See footnotes to Table 8 for methods used for determining
mean concentrations.

TABLE 7 Enrichment Factors of Trace Elements ig goal with Respect
to the Average Composition of the Earth's Crust '

Limited Enrichment Moderate Enrichment Marked Enrichment
Element Enrichment Element Enrichment Element Enrichment
Hg 2.25 As 8.3 Se 82
Mo 2.00 ca 6.5
Pb 1.28 B 5.0

Sb 5.5

aRefer to coal composition in Table 6.

bThe average chemical composition of the Earth's crust was taken
from data reported by Taylor (1964).
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’

Northern Rocky
Appalachian Interior Gulf Great Plains Mountain
Element® Region Province Province Province Province Alaska
Major elements
{percent)
Sulfur, total 2.3 3.9 1.9 1.2 0.6 0.2
Sulfur, sulfate 0.09 0.27 0.33 0.03 0.05 0.01
Sulfur, pyritic 1.56 2.37 0.59 0.76 0.19 0.07
Sulfur, organic 0.74 1.25 0.96 0.37 0.32 0.12
Nitrogen 1.3 1.2 0.4 0.9 1.2 0.7
Silicon 2.7 2 6.6 1.4 2.5 2.9
Aluminum 1.6 0.97 2.1 0.69 1.2 1.5
Calcium 0.12 1.2 1.2 0.97 0.59 1
Magnesium 0.068 0.089 0.291 0.255 0.104 2.5
Sodium 0.032 0.035 0.732 0.182 0.102 0.018
Potassium 0.23 0.16 0.3 0.04 0.076 0.12
Iron 1.9 3.3 2.2 0.75 0.45 0.38
Manganese 0.062 0.014 0.024 0.0051 0.0036 0.0061
Titanium 0.09 0.052 0.16 0.042 0.061 0.077
Minor and trace
elements (ppm)
Antimony 1.2 1.7 0.9 0.6 0.4 2.7
Arsenic 27 21 6 3 2 3
Barium 100 70 200 500 200 700
Beryllium 2 3 2 0.5 0.7 0.7
Boron 30 100 100 70 70 70
Cadmium 0.7 7.1 1.3 0.2 <0.1 <0.2
Chromium 20 15 20 5 S 15
Cobalt 7 7 7 2 2 5
Copper 24 20.2 28 8.3 9.1 16.8
Fluorine 80 71 124 45 70 90
Gallium 7 S 10 3 3 5
Lead 15.3 55 20 5.3 5.5 5.9
Lithium 27.6 11 28 6.0 9.2 10.1
Mercury 0.24 0.14 0.18 0.09 0.06 4.4
Molybdenum 3 5 3 2 1.5 1.5
Nickel 15 30 20 3 30 10
Niobium 5 1.5 7 5 1 3
Scandium 5 3 7 2 2 5
Selenium 4.7 4.6 7 1.0 1.6 2
Strontium 100 50 200 150 100 100
Thallium 4.9 5.2 8.3 2.7 3.6 4.4
Uranium 1.4 3.3 3.2 0.9 1.6 1.2
Vanadium 20 20 50 10 15 30
Ytterbium 1 0.7 2 0.3 0.5 1
Yttrium 10 10 20 5 S 10
Zinc 20 373 40 25.6 9.9 24
Zirconium 50 15 70 15 20 20
aSource: Swanson et al. (1976).
Sulfur and nitrogen analyses are expressed on an as-received basis. Arsenic,

fluorine, mercury, antimony, selenium, thorium, and uranium were determined directly

on a whole-coal basis.

expressed on a whole-~coal basis.

The remaining elements were determined in the ash and are

cAverage sulfur and nitrogen calculated from analysis of 158, 90, 19, 40, 86, and 9
samples from Appalachian region, Interior province, Gulf province, Northern Great

Plains province, Rocky Mountain province, and Alaska, respectively.

Averages

of the

remainder of the elements were calculated from the analysis of 331, 143, 34, 93, 124,
and 18 samples from the Appalachian region, Interior province, Gulf province,
Northern Great Plains province, Rocky Mountain province, and Alaska, respectively.
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of greatest concern (arsenic, boron, cadmium, fluorine, lead, mercury,
molybdenum, and selenium) range in average concentration in coals from
the regional highs and lows shown in Table 9.

Table 8 also shows large variations in the concentrations of those
elements considered to be of moderate concern (chromium, vanadium,
copper, zinc, and nickel) among coals from those regions. These data
demonstrate the necessity of using the site-specific approach in
assessing health-related hazards associated with trace elements in coal
resource development in the United States.

Gluskoter et al. (1976, 1977), at the Illinois State Geological
Survey, have conducted a study that further defines the patterns of
variability of trace-element concentrations within coal. They found
that those elements with the greatest variability are associated with
sulfide minerals in coal. Elements that occur in organic combinations
or that are contained within the silicate minerals have the narrowest
ranges of concentrations. Elemental concentrations tend to be higher in
eastern coals, lower in western coals, and intermediate in the Interior
coal province. The concentrations of many trace elements are positively
correlated with each other in their occurrence. The highest correlation
was between zinc and cadmium concentrations. The concentrations of
chalcophile elements (antimony, arsenic, cobalt, lead, and nickel) are
also mutually correlated, as are calcium with manganese and sodium with
chlorine. The Gluskoter study consistently found the selenium content
of coal to be enriched compared with the average for the earth's crust.

In earlier work at the Illinois State Geological Survey by Ruch et
al. (1974), it was found that certain of the elements (iron, beryllium,
boron, chromium, copper, nickel, selenium, and vanadium) display a
relatively normal distribution of concentration among samples; others
(cadmium, zinc, arsenic, antimony, lead, tin, and mercury) exhibit a
skewed and wide range of concentrations. The geochemical relations and
associations of trace elements in coal have also been reviewed by
Zubovic (1976).

The variability in coal composition is large, and the mobilization
from its use will largely depend on the coal, mining methods, type of
transport (rail, barge, pipeline, or truck), and energy or industrial
conversion process. Any harmful consequence of the mobilization will be

TABLE 9 Highest and Lowest Concentration (and Region) of the Elements
of Greatest Concern to the Panel

Low High

Concen- Concen-
Element tration Province tration Province
Arsenic 2 Rocky Mountain 27 Appalachian
Boron 30 Appalachian 100 Gulf and Interior
Cadmium <0.2 Alaska 7.1 Interior
Lead 5.3 Northern Great Plains 55 Interior
Mercury 0.06 Rocky Mountain 4.4 Alaska
Molybdenum 1.5 Rocky Mountain and Alaska 5 Interior
Selenium 1 Northern Great Plains 4.7 Appalachian

aSource: Table 8.
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dependent on the environment into which the elements are released. 1In
this analysis, all possibilities cannot be considered, and an attempt

has been made to. look at the problem "on the average" as well as a few
specific problems.

Uranium in Coal

Uranium is present in most coal in about the same very small amounts as
it is in most rocks and soils the world over--a few parts per million.
Such concentrations that apply to approximately 97 percent of the coal
mined and burned in the United States (Swanson et al., 1976) are based
on many thousands of analyses for uranium in coal throughout the
country. Therefore, rather than be improperly cited as a major or
specific cause for environmental concern, uranium in coal should be
clearly relegated to a category of minimal concern (Farmer et al., 1977;
Peyton, 1976; Stanford Research Institute, 1977).

What little uranium there is in most coal is almost entirely
concentrated in the bottom ash during combustion. It is not
volatilized; rather, as an exceptionally heavy element, it reacts
chemically and physically as a refractory element. The uranium, which
is disseminated in the coal, becomes firmly bound in the glassy ash and
is released only in very long-term reaction with natural waters. It is
released from the stacked or buried ash in the same extremely minor
amounts that are slowly released and dissolved from most soils and
unconsolidated sediments. The relatively minor amount of uranium that
is in the fly ash (generally <0.0002 percent, or <2 ppm), which is
produced as particulate exhaust from a combustion plant, is so small
that it can be considered as actually diluting the uranium content of
the soil or other surface material on which it comes to rest.

Coal in only two areas of the United States is known to contain
abnormally high amounts of uranium. That in the north-central
Midcontinent is high-sulfur bituminous coal of Pennsylvanian age, used
principally in a few relatively small electricity-generation plants in
Missouri and southern Iowa. That in the second area is spottily
distributed uraniferous lignite near the northwestern corner of South
Dakota. This lignite is a very high-ash low-Btu lignite of Paleocene
age that is not now of economic value. The lignite was strip mined
locally for uranium in 1957-1962; the uranium was concentrated in the
ash by spreading the lignite on the ground and waste-burning the
combustible fraction. The uranium content of the north-central
Midcontinent bituminous coal is generally 10 to 15 ppm; the sparsely
distributed "uranium lignite" of South Dakota rarely contains more than
100 ppm.

To release and recover the uranium from the ash of the combusted
coal in both areas would require the pulverization of the ash, followed
by treatment with strong acid and alkali chemicals, a process that is
far too expensive (equipment- and labor-intensive) to be considered
economical even with current market values of $30 to $40 per pound of
U,04.

As for each of the many trace elements that are potentially
dangerous to health, no matter how they may be artificially released to
the environment, the uranium content of coal and other disturbed rock
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units at each planned coal mine should be precisely determined. For
those few mines and coal-using plants where uranium content of the coal
is as much as three times above that of the Earth's average of about 2
ppm, special investigations should be required to define the rates,
amounts, routes of travel, and long-term residence sites of such
uranium.

Relatively little is known about the many so-called radionuclides in
coal, although some have various degrees of volatility, and some are
asgsociated with or are decay products of uranium. It is known, however,
that during coal usage radionuclides are produced in almost
infinitesimal amounts, barely detectible with modern mass-spectrographic
instruments. The several existing reports on radionuclides in coal are
cited in this report, and the minimal information and the need for
additional work are clearly specified in the report.

ANALYTICAL PROCEDURES AND AVAILABLE
STANDARDS FOR COAL AND COAL-RESIDUE ANALYSIS

In recent years, general interest in chemical analysis of coal and coal-
related materials has significantly increased to the state where
adequate analytic procedures and suitable standards are currently
available for many trace elements. This progress has been possible only
because many governmental and private laboratories made a concerted,
cooperative effort based on anticipated needs of the coal industry.

The number of complete modern analyses for trace elements in coal
has increased greatly in recent years. As of 1979, the largest
accumulation of these data, on 3700 samples of U.S. coal, is publicly
available from the data bank of the U.S. Geological Survey in its
National Coal Resources Data System (Carter, 1976).

Although much progress on chemical analysis of coal has occurred in
recent years, much remains to be accomplished on such coal-related
materials as conversion products, intermediates, and wastes.

Chemical Procedures

Over the years a host of techniques has evolved for determining trace
elements in coal, coke, and coal ash. More recently, the trend has been
to develop instrumental techniques, in preference to chemical,
colorimetric, or "wet" techniques, because these procedures tend to be
faster, less tedious, and generally yield acceptable results when
sufficiently checked.

Several comprehensive reviews and bibliographies (Averitt et al.,
1972, 1976; Freedman and Sharkey, 1972; Gluskoter et al., 1980; Ignasiak
et al., 1975; Konieczynski, 1969) detail the available literature.
Perhaps the best guide to the determination of specific elements in coal
is the bi-yearly application review on "Solid and Gaseous Fuel" (Hattman
et al., 1977). Recent symposia of the American Chemical Society Fuel
Division have dealt with the analysis of coal for trace elements (Babu,
1975; American Chemical Society, 1977a). Several organizations have
published individual summaries of procedures used in their laboratories
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(Ford et al., 1976; Gluskoter et al., 1977; Karr, 1978; Pollock, 1975;
Swanson and Huffman, 1976).

Coal ash and coal-related materials such as conversion wastes are
also readily analyzed for trace elements by several techniques. Recent
work (Sather et al., 1975) concerned with the analysis of conversion ash
materials indicates that excellent agreement between two different
laboratories using two or more different methods can be obtained. Mass
balance studies concerned with liquefaction (Filby et al., 1976; Schultz
et al., 1977) and gasification (Attari, 1973; Forney et al., 1976)
processes indicate that a high level of analytical capability is
available for application to these difficult matrixes, which range from
dominantly organic to dominantly silicate materials.

The present trend is toward development of multielemental
instrumental procedures, to gquantitatively cover as many elements as are
applicable. Because any particular analytical discipline is better
suited for certain elements than for others for various inherent
reasons, a combination of methods is usually necessary to determine all
elements of interest. For example, instrumental neutron activation
analysis (INAA) is based on the detection of induced radiocactivity.
Detection is dependent on several nuclear factors and elemental
concentrations relative to other possible interfering elements. For
such a complex matrix as coal, coal ash, or residues, about 40 elements
are currently detectable with varying degrees of acceptable accuracy and
precision. Other analytical disciplines (such as optical emission and
atomic absorption spectroscopy) have corresponding principles,
limitations, and areas of application. The combined use of analytical
disciplines thus allows overlap, enabling an approach to better
accuracy. Many laboratories successfully use this approach.

Table 10 lists some of the significant literature available for the
determination of specific trace elements in coal and coal ash. One
section lists those references concerned primarily with multielemental
approaches, which include many or all of the individual elements listed.
No attempt is made here to classify any method as superior to another
because each, when properly developed and used, has definite inherent
advantages. Currently, of those listed in Table 10, the most-used
methods for analyzing trace elements in coal are activation analysis,
optical emission, atomic absorption, x-ray fluorescence, and mass
spectrometry or combinations of these methods. In general, each of
these methods is quantitatively applicable to many elements, not just
for those elements listed. Mass spectrometry, unless precise and
accurate isotopic dilution techniques are employed, is considered to be
only semiquantitative. Most colorimetric procedures, although
quantitative, are usually specific only for a particular element, hence
limiting. Because of the many analytical problems incurred with complex
matrixes, polarography has not been extensively developed and applied to
coal analysis.

Those methods generally offering lower detection limits are atomic
absorption and neutron activation, usually of the order of 1 ppm or
better for applicable elements. In the 1- to 10-ppm range and above, x-
ray fluorescence and optical emission methods are generally useful for
many elements. All of these methods are capable of acceptable precision
and accuracy (e.g., +10-15 percent of the true value) for the
determination of trace elements at concentrations significantly above
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TABLE 10 Literature Available for the Determination of Trace Elements in Coal and Coal Ash?

Multi-
elemental Sb As Be B Cd Cr Cu Fe Pb Mn Hg Ni Se V Zn Th u
Activation 1-12 20 37 - - - = = 67 - - 75,76 — 87 - - 95, 96, 95,96,
analysis 107 98, 99,
107
Optical 13-19 — 38,39 50 55-58 62 -~ — - - 73 - - 88 90 62 - -
emission
Atomic 20-22 - 40 51 - 63 64 - - 71 - 77-83 - - - 63 - -
absorp-
tion
X-ray fluo- 23-27 - - - - - - - - - - - - 89 - - 97 97
rescence
Mass spec- 28-30 - - 52 - - - - - - - - - - - - - -
trometry
Chemically 31 — 41-49 53,54 59-61 - 65 66 68-70 72 74 84-86 66 — 65,91 92-94 - 100-106
based
(includes
colorimetric
and polaro-
graphic
Mixed 20, 32-36 — - - - - - - - - - - - - - - - -
approaches

a .
Numbers are keyed to accompanying references.

9z
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their detection limits. 1In practice, it is highly recommended to employ
two or more methods when possible to check accuracy. Multiple-method
approaches also allow the determination of many more elements.

One important aspect to be considered is that volatilization losses
of certain elements occur during certain pretreatment and ashing
procedures. This can be a limiting factor on what type of sample and
analytical procedure may be applied. For example, instrumental neutron
activation analysis can be applied to any matrix and requires no sample
pretreatment. 1In contrast, analysis by atomic absorption or optical
emission usually requires an "ash" sample, sometimes needing extensive
pretreatment. For some elements the ash data cannot be related to the
whole coal. Some of these problems have been evaluated for several
elements (Guidoboni, 1973; lLee et al., 1977; Pollock, 1975; Ruch et al.,
1974; Schultz et al., 1975; Vasil'eva and Vekhov, 1971; Vogel et al.,
1976; Weaver, 1967); however, more effort is needed.

Data on radiocactivity in coal and coal-related materials are very
limited. Low-level alpha-, beta-, and gamma-counting techniques have
been used to assay radiocactivity levels for uranium, thorium, potassium,
and radium for various coals and lignites (Bayliss and Whaite, 1966;
Heugi and Jedwab, 1966; Safonov, 1974; Sklyarenko et al., 1964).
Elemental concentrations of uranium and thorium in coal and related
materials have been determined by several methods, as listed in Table
10. The “"before and after" contents of uranium and thorium in coal and
ash from a coal-burning power plant have been determined (Kirchner et
al., 1974), and the radium content of ~0.6 to 4.7 pCi/g of ash in flue
ash has been reported (Marquardt et al., 1970).

Standards

The current coal standard most used for trace-element analysis is the
National Bureau of Standards Standard Reference Material (NBS SRM) 1632.
An excellent standard for determining trace elements in coal ash is NBS
SRM 1633. These standards, initially circulated to many laboratories by
the NBS and the Environmental Protection Agency (EPA) as an extensive
comparative analysis study, were further analyzed by several activation
analysis laboratories, and comparative data for 33 elements are
currently available (Ondov et al., 1975). Recently, NBS SRM 1632aA, a
replacement for 1632, and 1635 (a subbituminous coal) have been
certified for various elements. Table 11l gives the certified values for
these materials.

Other comprehensive round-robin studies of coal samples, which are
continuing long-term studies that involve the consideration of
additional elements each year, are sponsored by the American Society for
Testing and Materials (ASTM) DO5 Committee on Coal and Coke. The
International Standards Organization (ISO) TC 27 Committee on Solid
Mineral Fuels also has extensive consensus data available for mercury,
beryllium, cadmium, cobalt, fluorine, chromium, manganese, molybdenum,
nickel, lead, strontium, and zinc.

In addition to consensus data, several laboratories have determined
a great number of trace elements in extensive surveys of U.S. coals
(Swanson et al., 1976; Carter, 1976; Gluskoter et al., 1977). Although
these data, in most instances, are not confirmed, these samples
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TABLE 11 Trace-Element Certified Values in NBS SRM 1632, 1632A, 1633, and 1635a’b

1632 1632A 1633 1635
Element (Bituminous Coal) (Bituminous Coal) (Coal Fly Ash) (Subbituminous Coal)

Al ol (3.07%) - (0.32%)
As 5.9 9.3 61 0.42
Sb - (0.58) - (0.14)
Be (1.5) - (12) —_

cd 0.19 0.17 1.45 0.03
Ce — (30) - (3.6)
Cr 20.2 34.4 131 2.5
Co (6) (6.8) (38) (0.65)
Cs — (2.4) - -

Cu 18 16.5 128 3.6
Eu —_ (0.54) - (0.064)
Fe 8,700 11,100 - 2,390

Ga -_— (8.49) - (1.05)
Pb 30 12.4 70 1.9
Mn 40 28 493 21.4
Hg 0.12 0.13 0.14 -
HEf - (1.6) - (0.29)
Ni 15 19.4 98 1.74
K —-— - (1.72%) -

Rb — (31) (112) -_

Sc - (6.3) - (0.63)
Se 2.9 2.6 9.4 0.9
Si (3.2%) - - -
Ag (£0.1) - - -

Sr - - (1,380) -

S — (1.64%) - (0.33%)
Te (<0.1) - - -

T1 0.59 - (4) -

Th (3.0) 4.5 24 0.62
Ti (800) (1,750) - (200)

U 1.4 1.28 11.6 0.24
v 35 44 214 ' 5.2
Zn 37 28 210 4.7

aSource: Ondov et al. (1975).

bAll values are in ppm unless otherwise indicated. Values in parentheses are

informational values only.

represent an excellent stockpile for potential reference materials.
There is a need for more standards representing ranks of coals in
addition to bituminous and subbituminous coals. Because some trace
elements are in different chemical associations in subbituminous or
lignite coals, as compared with their association in bituminous coals,
the chemical analysis problems might differ significantly.

Sampling Considerations

It is mandatory that proper sampling procedures be used to obtain a
representative sample and, ultimately, the desired trace-element
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evaluation of a particular source of coal. An excellent guideline
addressing this problem has been published by the U.S. Geological Survey
(USGS) (Swanson and Huffman, 1976). A time-honored procedure, published
by the U.S. Bureau of Mines (Holmes, 1918), is still used by many
organizations as a guide to proper sampling of coal seams. Several
standards on sampling are also published by the American Society for
Testing and Materials (ASTM D2234-76 and ASTM D2013-72).

Some general problems and criteria to be considered seriously for
the proper sampling of coal or any heterogenecus materials have been
discussed in recent symposia and in the literature (American Society for
Testing and Materials, 1973; Anders, 1977:; LaFleur, 1976; Maienthal and
Becker, 1976).

Needs for General Analyses

There is an ongoing need for further consensus and standardization of
commonly available analytical methods so that trace-element data may be
more comparable from one laboratory to another. Organizations such as
ASTM, ISO, and the International Atomic Energy Agency (IAEA) are
actively involved in this effort; however, it is a slow process.

Besides the well-characterized NBS coal and coal-ash standards,
there should be more standards avaiable for other ranks of coal.

Increasingly needed are the availability of suitable standards and
convenient analytical capabilities for trace-element analysis of coal-
conversion products, intermediate materials (such as tars and chars),
and residues. These materials pose special analytical problems,
including sampling, pretreatment, and ashing. A general concerted
"stockpiling" of these coal-conversion materials is urged for future
round-robin studies involving analyses of samples distributed to several
different laboratories.

Although significant effort in trace-element characterization of
coal-conversion systems is currently under way (Attari, 1973; Dreher,
1978; Filby et al., 1976; Forney et al., 1974; Sather et al., 1975;
Schultz et al., 1977), much more is needed. This subject was discussed
in terms of general areas of research needs by Magee et al. (1973).
Several recent conferences and workshops (Ayer, 1974, 1976; U.S. Energy
Research and Development Administration, 1976) discussed trace-element
analysis and the need for proper sampling procedures in conversion
processes in order to ensure accurate mass balances.

Further research is needed on the elucidation of specific
association of the mineral state of inorganically combined elements and
also on the nature of the organically combined elements in coal and
related materials. These questions have been addressed by several
investigators (Given, 1974; Gluskoter et al., 1976; Koppenaal and
Manahan, 1976; Zobovic, 1976).

Analysis of Related Materials for Environmental Assessment
This vast subject covers the trace-element analysis of a whole realm of

related materials, such as water, coal-processing waste streams, soils,
sediments, sludge, air, and biota. The analytical methodology for these
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materials is extensive and can be referred to only in general terms
here.

The great number of published analytical procedures for these
materials are included in Analytical Abstracts, Chemical Abstracts,
Nuclear Science Abstracts, INIS Atom Index, and similar journals.
Extensive status reports and reviews on specific topics, such as water
analysis and food, appear biannually in Analytical Chemistry (American
Chemical Society, 1977). Similarly, reviews on a specific chemical
procedure, such as nucleonics and ion-selective electrodes, appear
biannually (American Chemical Society, 1978) in the same journal.

A series of excellent NBS-sponsored conferences over the years has
been concerned with the general status of sampling, sample handling,
methodology, accuracy, available standards, significance of data, and
general needs of most of these specific subjects (Kirchhoff, 1977;
LaFleur, 1976; Meinke and Taylor, 1972). A recent NBS publication
surveys the current literature on sampling, handling, and storage of
various environmental samples (Maienthal and Becker, 1976). Similar
types of standards are constantly reviewed, updated, and published by
the ASTM. An ACS publication specifically addresses trace elements in
the environment (Kothny, 1973). The EPA has published a compilation of
recommended procedures for determining various trace elements in water
and wastes (U.S. Environmental Protection Agency, 1974).

The NBS, International Atomic Energy Agency (IAEA), USGS, ASTM, and
other laboratories are making an effort to provide trace-element
standards and consensus-data samples for a variety of environmental
materials. These materials include water, air-filter deposition
samples, a variety of biological materials, sediments, soils, plant
materials, radioactivity standards, and rock (Flanagan, 1976; National
Bureau of Standards, 1975). There is a need to fill out and to obtain
consensus data for all elements under consideration in these currently
available environmental standards. Although extensive data are
available for some materials, other materials have data for only a few
elements. One definite need is for an analytical standard as well as
reliable and efficient methods for the analysis of stack gas.

GENERAL HEALTH CONSIDERATIONS

The possible significance to human health of trace metals mobilized
during the coal fuel cycle is both obvious and obscure. Obvious because
many metals are known to be highly toxic at high doses, but at the same
time, complex pathways through the environment to man and the damage to
health from low-level doses of multiple pollutants obscure the problem
so much that it is difficult to draw conclusions about the real hazards.
Pathways of exposure may be as direct as coal dust inhaled by
underground coal miners or as circuitous as ingestion via
biocaccumulation through the food chain. Fossil-fuel-cycle activities
may mobilize metals over short distances, as in windblown coal fines
lost during transportation, or over thousands of miles, as in increased
concentrations of fossil-fuel-derived elements in the Greenland ice
sheet, oceanic sediments, and midoceanic trade winds and at the South
Pole (Dickson, 1972; Duce et al., 1975; Weiss et al., 1971; Zoller et
al., 1974). Trace elements may injure directly, through toxic metabolic
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interactions or by catalyzing the effects of other pollutants (Amdur,
1976; Nordberg, 1974). Finally, response is partially governed by
individual nutritional and immunologic status (Nordberg, 1974).

Except for dust and metal assays of the lungs of deceased
underground coal miners, evaluation of actual metal dose resulting from
a particular process of the coal-fuel cycle is not directly
ascertainable for an individual. Recent modeling efforts provide a
starting point for dose assessment (Baser and Morris, 1977; Klein et
al., 1975; vaughan et al., 1975). Despite the voluminous biochemical
and toxicological literature on trace-metal effects, the nature and size
of the human response to the chronic, extremely low levels of expected
metal exposure from coal-fuel-cycle processes is, as yet, poorly
understood, as are the characterizations of emissions from many
processes. Because toxicity of trace elements is often related to
physicochemical states, detailed emissions characterizations are an
important facet of health effects assessment (Davison et al., 1974;
Linton et al., 1976; Natusch and Wallace, 1974; Natusch et al., 1974).

Results of studies directly bearing on occupational and public
health effects of trace elements from the coal-fuel cycle are reviewed
in conjunction with discussions of various industrial activities
necessary for coal mining, processing, and utilization. Steam-electric
plant coal combustion is generally considered responsible for most
trace-element emissions attributable to the coal-fuel cycle; water
emissions are well quantified from power plants but not good enough in
other parts of the fuel cycle--extraction (underground and surface),
preparation, transportation (unit train, barge, truck, and slurry
pipeline), and coal gasification--to allow comparisons. Emissions for
11 trace elements to air and water from extraction, preparation,
transportation, and utilization for the five major coal regions of the
country in 1975 are given in Appendixes A-C. These calculations may be
useful in assessing possible areas of concern to public health
regionally for steps that have particularly poorly characterized
emissions, such as transportation, and for making interregional
comparisons.

The method of computation, described in Appendix C, should be
consulted before interpreting the emissions tables and appendixes.
Water emissions were not considered in the summary of calculations,
because the water-emissions data are too scanty for comparative
purposes.
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COAL MINING

An understanding of coal-mining processes is germane to determining the
significance and redistribution of trace elements in the environment
resulting from coal mining.

Current government regulations require that before any physical
activity begins at the mine, plans must be developed to assure optimum
mine operation, reclamation, and conservation of the environment.
National and state regulations now require that the objectives of
complete reclamation and conservation of the environment be a mandatory
part of mine operations (Office of the Federal Register, 1979).
Environmental inventories are also required so that the site-specific
concerns may be alleviated in mine planning and reclamation planning.
With greater development of the western coal, a greater proportion of
U.S. coal production will come from surface mines. This report has
therefore given more attention to the effects on trace elements in the
environment from surface mining than from underground mining. A brief
description of the relevant phases of mining as practiced in the coal
provinces of the United States follows.

The general, net effects of surface mining are a few-hundred-meter
relocation of the overburden, the earth materials above the coal,
accompanied by a reduction of its density. As a result, permeation of
groundwater through it occurs more readily. The major force for the
redistribution of trace elements in the environment of a surface mine is
thereby related to the changed physical properties of the overburden.
In an underground mine, the density of the overburden is reduced by
subsidence that results in greater porosity and permeation by
groundwater and air, which brings about microenvironmental changes and
redistributions of the contained trace elements. Similarly, in surface
mines, the removal and handling of the overburden provides for the
dissolution and migration of the contained trace elements.

SURFACE MINING

Surface mines in the three western coal provinces (Northern Great
Plains, Rocky Mountain, and Gulf Coastal Plain) are generally set in a
rangeland environment. To a lesser extent, potential sites may occur on
high, sloping plateau areas and even less frequently, on agricultural
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land. 1In the two Appalachian provinces (North and South), the
environmental setting is typically hilly to mountainous. 1In the
remaining two provinces (Eastern and Western Interior), surface mines
occur in mostly agricultural environments and, to a much lesser extent,
in undeveloped areas. Surface mining processes are summarized below.

Coal Extraction

The first stage of surface mining is removal of the native soil referred
to as a natural soil in 91 Stat. 487 (7) (U.S. Congress, 1977). Trees
and large shrubs are removed first; those of sufficient size are used as
timber. Smaller vegetation is removed by dragging a chain between two
bulldozers. This vegetation becomes a sclid waste and is buried in the
spoil area of a mine or burned on site. Soil, known as the "A horizon"
in Public Law 95-87, 91 Stat. 487 (U.S. Congress, 1977) or the "natural
earth materials at or vertically adjacent to the land surface with
physical and chemical characteristics suitable for support of
vegetation" in Title 30 CFR 211.2 (Office of the Federal Register, 1978)
is removed next. This material is segregated for replacement during
reclamation. The B horizon, or a combination of it and other, lower
strata, is next removed and segregated for replacement as root zones.

If either material must be stored, it is protected from wind and water
erosion and noxious plant species in Title 30 CFR 211.40(a) (4) (Office
of the Federal Register, 1978; U.S. Congress, 1977). Normal practice is
to use self-loading pan scrapers (Brown, 1977). If bulldozers and
front-end loaders are used, trucks transport these soils to active
reclamation areas or to storage.

The next step is overburden removal. In mine areas where the
overburden rock is dense and consolidated, a pattern of holes is drilled
nearly to the depth of the coal. These holes are charged with
explosives, which are detonated to fracture the overburden or actually
move it into an adjacent, open pit. Various combinations of ammonium
nitrate and fuel oil are the most commonly used explosives. Other
blasting agents such as aluminum slurry mixes, gelatins, and dynamites
may be used in fracturing harder formations. Following this blasting
operation, overburden can be removed.

In the coal provinces of the Northern Great Plains, Rocky Mountains,
Gulf Coastal Plain, and the Eastern and Western Interior, many
economically significant coal beds are nearly horizontal beneath level
to gently rolling surface terrain. Mining normally begins near where
the coal outcrops at the surface, where the overburden is thin, then
continues into thicker overburden until physical or economic limits of
mining are reached. Overburden from each cut is placed in the previous
cut after removal of the coal. Operation in this manner advances in
much the same way as in plowing a farm field (Cassidy, 1973, p. 386). A
typical section view for this operation appears in Figure 7, which shows
a horizontal section of a mine plan to mine the Wadge coal seam, the
uppermost coal seam (about 8 ft thick) that occurs in some portions of
Routt County, Colorado (L. G. Shearer, 1975, Peabody Coal Company,
Denver, Colorado, perscnal communication).

The upper portion of Figure 7 shows a section of a surface-mine pit
looking from the highwall toward the regraded spoil. At the left end of
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FIGURE 7 Typical cross sections of a surface-mine operation in
Routt County, Colorado. (Source: Peabody Coal Company.)

the cut the depth of the coal eventually reaches a level beyond which it
is uneconomical to dig. The lower portion of Figure 7 is perpendicular
to the cut. The difference between the dashed line (representing the
spoil as overburden is removed from above the coal and cast into empty
cuts where coal has already been extracted) and the upper solid line
(representing the original surface) indicates the large amount of
grading that is required to meet the standards for restoration in Part
816.102 of the 1977 Surface Mining Control and Reclamation Act (Office
of the Federal Register, 1978; U.S. Congress, 1977).

Figure 8 is an artist's concept of the overall operation of a
surface mine. Portions of a railroad loop and coal loading layout
appear near the upper left (l1l). Area (2) is where topsoil has been
removed and set aside for later replacement on the regraded spoil. Area
(3) is a bench from which the dragline will cast the underlying
overburden into the adjacent cut where coal has been removed. Haul
roads (4), connecting inclines (5), and topsoil storage areas (6) are
shown. A fully reclaimed area (7), where vegetation has already been
re-established, is now self-sustaining. A somewhat rougher area in the
regrading reclamation plan (8) has been left deliberately to serve as
wildlife habitat and cover.

Figure 9 is an aerial view of a coal mine that is planned and
operated according to the scheme depicted in Figures 7 and 8. At the
extreme left of Figure 9 is an unmined area with vegetation, a few large
rock formations (which will be avoided in future mine progress), gently
rolling topography, and a natural drainage channel near the top of the
photo. Running vertically through the center of the photo is a strip
where topsoil has been removed. In the center of the photo, a dragline
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FIGURE 8 Artist's concept of a surface-mine operation. (Source:
After P. Schirmer, du Quoin, Illinois.)

can be seen removing interburden (earth material lying between two coal
seams) and casting it toward the right. Actual coal extraction is
occurring immediately below the dragline in the darkest strip in the
photo. Partially graded spoil appears in a vertical line to the right
of the dragline. Completely graded spoil occurs on the right third of
the photo. 1Inclines run across the graded spoil into the cut. This
area is ready for reseeding at the next available planting season. At
the extreme right of the photo, some fully reclaimed areas are partially
visible (top right). Figure 10 shows a dragline in operation on an
interburden bench; it is casting spoil to its right.

In other coal provinces or where the terrain is hilly, contour
mining prevails. Contour mining commences where the coal bed and surface
elevations coincide and proceeds along the outcrop of the coal bed.
Overburden from the first cut is commonly hauled to a nearby mine pit.

A second cut, and any subsequent cuts, may be made and overburden placed
in earlier cuts as described above. 1In such instances, the cuts
parallel the contact between the coal bed and the surface of the ground,
unlike the plowing procedure illustrated in Figqure 7.

Overburden removal by dragline or shovel mandates transfer into
adjacent, open cuts. Use of bucket-wheel excavators, or other equipment
using conveyor handling of dug overburden, permits moving the spoil
material considerable distances from the active cut. If such an
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FIGURE 10 Dragline on an interburden bench casting spoil to its
right.

potentials exists, which may cause dissolution and migration of trace
elements in this zone. Migration of and altered chemical forms of trac
elements in this zone are not believed to be consequential, but this
fact suggests the need for further research on the environmental impact
of mining. Investigations of this impact will be conducted as a result
of the environmental regulations mentioned earlier (U.S. Congress,

1977).

In all coal provinces, most coal beds are drilled and blasteq to
fracture them for easier loading. The practices and explosives used ar
similar to those described for overburden removal. Coal extraction in
surface mine is almost exclusively accomplished by small shovels (bucke
capacity up to about 30 m?). The universal practice is to haul coal
away from the active pit in trucks.

Drainage Water Control

Rain falling upslope of a surface mining area will be diverted by
ditches around the active mining areas but will rejoin the natura]
downslope drainage pattern. Standard practice is to design the di;:chez
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to handle a 50-year flood (the maximum flood expected in a 50-year
period). Streams that normally flow at <5 ft3/s (<0.14 m3/s) will also
be diverted around the mining area. Streams that normally flow at
greater volumetric rates are usually left undisturbed and the mine
designed around them.

Runoff water resulting from precipitation directly onto the active
mining area joins groundwater seeping into the mine. Groundwater
seepage occurs from the highwall, the pit ends, and, to a lesser extent,
the spoil side of the pit. Such water is collected in sumps and pumped
to settling ponds, where it is treated as necessary to conform to the
National Pollutant Discharge Elimination System (NPDES) [Federal Water
Pollution Control Act, Amendments of 1972, Public Law 92-500 (U.S.
Congress, 1972)] prior to release to the natural downslope drainage
pattern.

UNDERGROUND MINING
Coal Extraction

In an underground mine, some digging operations are required, such as
shaft construction, that produce rock but not cocal. This ordinary mine
rock generally must be brought to and handled on the surface. Further,
some roof and floor rocks are extracted with the coal during mining
underground to assure maximum coal recovery. A crushing, grinding, and
screening operation at the mine separates most of the roof-and-floor
rock from the coal. This rock is generally disposed of with the other
rock produced at the mine, commonly to piles on or near the mine site,
or it is used for roadfill and building low dams for water impoundments.
The volume of rock thus affected, with its trace-element loading, is
small in comparison with the volume of rock similarly disturbed in a
surface-mine operation. This waste rock, however, may contain some
waste coal. If it does, such waste is heaped into piles, and drainage
from upslope is diverted around them. They are covered with earth and
the sides of the piles may be further sealed with clay. Covering and
sealing prevent spontaneous combustion of waste coal that may be
present. Rolling and compacting the ends and sides reduce erosion and
slumping, which might otherwise expose waste coal.

Subsidence

Subsidence commonly occurs following coal extraction by underground
mining. In a few places, subsidence occurs relatively soon, as a result
of controlled roof collapse, during long-wall mining. In other places,
as in some old mining areas, subsidences may continue for several
decades after mining has ceased. In some mines, the floors of
underground mines heave upward, thereby reducing the amount of
subsidence, but subsidence, in some degree, occurs above practically all
underground coal mines.

As controlled roof caving occurs, subsiding rock fills the void left
from coal extraction with less dense material. Subsequently, additional
overlying material, but with less volume, settles into the void left in
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collapse of the immediate roof. This sequence repeats. As the effect
propagates to the surface, broken rock gradually fills the void.

This generally accepted picture of how subsidence occurs produces at
least one significant result with respect to the impact on trace
elements from coal extraction from an underground mine, that is, the
reduced density of the geologic zone immediately above the extracted
coal. The reduced density results in greater porosity and therefore
greater surface area of solid exposed to groundwater. The consequence
is a greater potential for dissolution and then migration of trace
elements in the immediate environment of the mine. As in the case of
surface mining discussed above, this phenomenon bears further
investigation to determine its quantitative effects on trace elements as
a result of coal extraction. These investigations will be conducted in
the future because of environmental factors reporting required by
current regulations governing coal mining.

Groundwater Control

Dewatering of underground mines requires collection of mine water in a
sump and pumping it to settling basins (which now commonly include water
treatment), either outside the mine or in abandoned workings. The
pumping of mine water to mined-out areas is possible in relatively dry
mines, and such action may serve eventually to recharge aquifers. 1In
new mines with water passing through undisturbed earth, the effects of
this operation on the redistribution of trace elements may be no more
significant than from a well in an undisturbed area. On the other hand,
if seepage eventually occurs from old workings to surface streams, the
effect is about the same as the pumping of such water to surface
settlement basins, with the added leachates from any earth filling in
the old works. The effects of this latter process on trace-~element
redistribution appear similar to those of subsidence.

Acid Mine Drainage

Trace elements from acid mine drainage (AMD) may be mobilized into
subsurface water systems, lakes, and streams. In the late 1960's, AMD
was especially serious in the eastern half of the country, where over
10,500 miles of waterways were being degraded by acid drainage and
200,000 acres of land became barren or infertile because of refuse
disposal and acid runoff (Ohio Basin Regional Federal Water Pollution
Control Administration, 1969). By 1977, these figures were reduced to
5700 miles (nearly half of the waterway mileage) and to only tens of
thousands of acres of land (Kendrick, 1977).

Today, AMD is primarily effluent from abandoned underground mines.
A survey in Appalachia indicated that inactive underground mines
contributed 52 percent of the total acid drainage in the region; active
underground