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PROGRESS IN CONTROLLING ACID MINE WATER:
A LITERATURE REVIEW'

by

Walter C. Lorenz?

INTRODUCTION AND SUMMARY

In connection with its renewed study seeking solutions to problems creat-
ed by release of acid water from bituminous coal mines, the Bureau of Mines
recently surveyed reports already written on the subject. This publication is
based on that search.

The Problem

Poor distribution of water is evident on an ordinary geographic map of

the United States. The more abundant supplies of surface water appear to be
centered in the northeast, the southeast, and the.central humid areas of the
country. It is in the midst of this abundant surface water, in the Ohio River
Valley, that most of the bituminous coal is mined. Varied industry has located
in the valley to use the coal and the river. The coal is a source of power and
raw material. The river provides transportation for raw and finished materials;
equally important, it provides the water that is used for cooling and process-
ing in manufacturing. It also serves as a vehicle for the disposal of waste.

Keeping the surface water in the Ohio River basin free of excessive domes-
tic and industrial waste pollution has been a great problem. The Ohio River
Valley Water Sanitation Commission, organized in 1948, has inspired progress in
pollution control that has reversed a half-century trend of indiscriminate dis-
charge of waste into the river and its tributaries.

The most serious pollution problem that continues in the Ohio River is the
discharge of acid water from bituminous coal mines. The quantity of the poten-
tially polluting water increases with rising coal production, but unlike most
industrial and domestic waste it does not decrease when production has ceased
or population has decreased. Acid drainage may continue for years after a mine
has been abandoned. It is potentially very great because the total bituminous
coal already mined in Pennsylvania and West Virginia represents only 9 or 10
percent of their reserves.

1 Work on manuscript completed May 1961.
2  Chemical engineer, Coal Mining Research Center, Bureau of Mines,

Pittsburgh, Pa.



The chemical pollutants in acid mine water, including sulfuric acid and
the acid salts of iron and other metals, are toxic to aquatic life. They des-
troy or reduce the natural alkalinity of streams, resulting in a permanent sul-
fate hardness both difficult and expensive to remove at water-treatment plants.
The presence of the dissolved salts of iron and manganese imparts undesirable
properties for many water users. As with other pollutants, the detrimental ef-
fects of mine-drainage pollution grow in importance with the water needs of the
expanding population, especially in urban centers. Future needs for suitable
domestic and industrial water must be met from various surface-water sourcesj

the ground water supply will be inadequate.

The magnitude of the acid mine water problem in the Ohio River Valley can
be visualized from an estimate made in 1942 by the U.S. Public Health Service
(198).% It reported the sulfuric acid load in the river as 2.4 million tons
per year, of which more than half drained from active and abandoned mines in
Pennsylvania and northern West Virginia. From the same report, the figures
for table 1 were taken to represent the acid load of the Allegheny and Monon-
gahela Rivers.

TABLE 1. - Acid load of Allegheny and
Monongahela Rivers in 1942

Tons per year
Allegheny River....... 405,150
Monongahela River..... 920,656
Totalawsseasnasuses 1,325,806

Acid is formed in coal mines from the pyritic material in coal, gob, and
associated rock, in coal, and in coal-refuse storage when the pyrite contained
in these various materials is exposed to the oxygen and moisture of the atmos-
phere. When the sulfuric acid and the acid salts of iron, formed from the py-
rite, are dissolved by surface or ground water and carried to an adjacent water-
course, they become acid mine drainage and pollutants of connecting streams.
Secondary reactions between sulfuric acid and the acid salts of iron, inorganic
minerals, and organic materials in the mines, in coal storage and coal-refuse
piles, and in the streams produce other chemicals often found with acid mine
drainage.

Prior Research and Preventive Measures

Pollution of streams by acid mine water has been a problem of great con-
cern to many individuals and organizations in the past 40 years. Many theories,
investigations, and field experiments have been directed toward a solution.

Early studies, before and after World War I, were mainly concerned with
identifying coal mine drainage as one source of acid in certain Pennsylvania
streams. Methods were suggested for correcting the problem by treating with

® Underlined number in parentheses refer to items in the bibliography at end

of this report.
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lime and recovering valuable byproducts. A neutralizing plant where byproducts

were recovered was described by Campbell (48) and Tracy (194). Cost of treat-
ment with lime was discussed by Handy (87) and Leitch (131). They recommended
treating the water to neutralize it, as the only known method to correct pollu-

tion of streams by acid mine drainage.

A second phase in the progress toward a solution of the problem began with
the studies and the recommendations made by Leitch and Yant, Bureau of Mines
(132), on sealing abandoned coal mines. They were able to show from data col-
lected that acid formation in three experimentally sealed mines did decrease
over a period of more than 1 year. This information was used as a basis for
an extensive mine-sealing program sponsored by the Federal Government during
the 1930's, as a public works project, under the general supervision of the U.S.

Public Health Service.

In addition to the work at the Bureau of Mines, research projects were
carried out at West Virginia University, covering the cause and the extent of
acid mine water in West Virginiaj; concurrent studies were made of results of
mine-sealing programs in the State. The mine-sealing phase of abating stream
pollution from acid mine water, which included both Federal and State programs,
extended from about 1928 to World War II. The State-sponsored mine-sealing
program in Pennsylvania started after World War II.

The next period, from about 1944 to the present, covered laboratory work
on oxidation reactions, on methods of chemical analysis, and on the role of
bacteria; it included laboratory and pilot work on the practicability of neu-
tralizing acid water, on sealing abandoned coal mines, and on an engineering
approach to a solution for the problem of acid mine water. The early work of
this period, sponsored by Bituminous Coal Research, Inc., was carried out at
West Virginia University. There, Hinkle and Koehler (93-95), Colmer and asso-
ciates (58, 59), and Temple and associates (184-187) studied oxidation reac-
tions, methods of chemical analysis, and the role of bacteria.

Soon after World War II, the Department of Health, Commonwealth of Penn-
sylvania, and later the National Coal Association and other coal producer or-
ganizations sponsored industrial fellowships at Mellon Institute for studies on
acid mine water. Braley (37) investigated oxidation reactions, methods of anal-
ysis, and the practicability of neutralizing acid water and sealing abandoned
coal mines, and advocated an engineering approach to a solution for the problem
of acid mine water. Leathen and associates (111-120) studied the role of bac-
teria in bituminous coal mines and in the acid water drainage from the mines,

In 1955, the Ohio Department of Health, and later the Ohio Department of
Natural Resources, sponsored studies on acid mine drainage in the State at the
Ohio State University. The work at this institution was carried out by a team
of scientists representing many skills (ng). Oxidation of pyrite, formation
of acid, and the role of bacteria are being studied in the laboratories; field
expgriments are made on mine sealing, neutralization, impoundments, and other
engineering approaches.



Many studies have been made, and many reports have been published about
acid mine drainage. While the various studies have contributed to a better
understanding of the problem, areas of conflicting information and areas of

limited subject matter knowledge exist.

Field applications designed to curb or stop pyrite oxidation are occa-
sionally successful when most of the pyrite-containing material is submerged
in water or is covered with earth. Except for an occasional natural flooding
of an underground mine or earth sealing of a few refuse piles, most applications
of this principle are found at strip mines. Similarly diversion of ground and
surface water away from the mining is usually found at strip mines; a few ex-
perimental exceptions apply to underground mines or an occasional refuse pile.

Neutralization and various dilution projects have been advanced as treat-
ments for acid drainage. The cost of lime, application difficulties, temporary
nature of the treatment, and failure to remove objectional sulfates have led
many investigators to conclude that neutralization cannot solve the problem but
that it is useful and can be applied successfully in certain isolated cases
(28, 34, 37, 40, 52, 127, 131). Some dilution projects are useful in control-
ling acid waterflow to streams, and streamflow control from flood-control dams
has been reported capable of reducing overall acidity of a stream (110, 198).
Many investigators agree that maintaining a proper ratio of acid mine water to
streamflow will allow a stream to receive acid drainage and remain alkaline.
They usually conclude that the dilution principle should be used where it is ap-
plicable, even though it does not solve the problem (37, 85, 105, 110, 160, 198).

The variations in terrain, in geological formation of coal and associated
rock, in methods of mining, and in composition of pyritic materials contribute
to the complexity of the problem. More must be known about the composition of
the pyritic materials associated with coal, the mechanism of acid formation,
and the control of chemical and bacterial oxidation reactions.

In the past, the Bureau of Mines has assisted the coal industry on many
problems concerning acid mine water, including abatement of stream pollution
from various mining wastes. Presently, the Bureau has reactivated a research
project on the mechanics of reaction in the formation of acid in coal mines
with a program designed to obtain the needed fundamental information.

SOURCES OF POLLUTION

Occurrence of Iron Sulfides

A natural chemical reaction, which takes place between the iron sulfides
(pyrites) associated with coal and atmospheric oxygen and moisture, is respon-
sible for the formation of the soluble acid sulfates. Some of the iron sul-
fides occur in the coalbed and others occur in the rock above and below the
coal. Although marcasite and pyrite are often mentioned together, these sul-
fides, unless otherwise identified, are considered to be pyrite by many inves-
tigators. Yancey and Fraser (203), Sprunk and O'Donnell (175), Yancey (202),
R. Theissen (189), G. Theissen (188), and Newhouse (153) have described the oc-
currence of pyritic material in binders or partings, in sulfur balls or nigger-
heads, in lenses, in veins or plates, and in finely disseminated particles or
crystals. These forms in the coalbed are described in the following section.



Binders and Partings

Binders or partings are layers of shale that are parallel to the bedding
planes of the coal, often continuous over large areas. These partings fre-
quently contain pyrite and other minerals. A good example of this formation
can be observed in the Pittsburgh seam.

Sulfur Balls

Sulfur balls are globular or irregular angular masses commonly found in
many coalbeds. They are often mixtures of pyrite, clay, calcite, and other
minerals, though occasionally they are siderite, limestone, or calcium sul-
fate. The balls may be distributed at random throughout the coal, or they
may be concentrated in certain benches or layers in the bed.

Lenses

Lenses are circular or elliptical masses. They are possibly the most
common of pyritic impurities in coal. They are usually thick in the center,
gradually thinning to an outside edge. Common sizes range from one-half inch
to 3 inches in thickness and about 1 foot across, although much larger ones
are sometimes found. In some beds, small lenses occur at the same horizon
along certain bedding planes. They may be almost edge to edge forming what
appears to be a continuous sheet. In other cases the lenses are distributed
randomly through the bed and may be found in any position, horizontal or ver-
tical.

Veins or Plates

Veins or plates are thin streaks of pyrite, which fill joints, cleats, or
fractures in many coalbeds. Pyrite in this form is probably secondary in ori-
gin and has been redeposited and recrystallized in the cracks and fractures
after the coal was compacted; kaolinite and calcite are occasionally mixed with
the pyrite.

Finely Disseminated Particles

A large part of the total pyritic sulfur in coal occurs in a finely dis-
seminated form, The particle size of these crystals range from a fraction of
a micron to 50 or more microns. The small crystals may be distributed evenly
through the bed but are often concentrated in certain benches or layers.
Thiessen (189) has shown by microscopic analysis of coals, starting at the
bottom of the stratum and progressing upward every few inches, that seams just
above the basic fire clay contain most of the pyritic material.

After the coal is mined, the foregoing materials, which contain pyrite, are
often removed by handpicking or by mechanical action in a preparation plant.
They constitute the accumulated refuse from coal mining. As this refuse is
discarded either inside or outside a mine, the pyrite becomes exposed to nat-
ural oxidation and finally to natural leaching of the oxidation products by
ground or surface water.



The most common pyritic materials usually associated with formation of
acid are large sulfur balls, top and bottom coal, and rock above and below the
coal seam. Of these, the more important sources are in the rock above and be-
low the coal seam and in the top and bottom coal that is not mined but allowed
to remain in place as roof and floor. In these places, pyritic materials are
exposed to oxidation through upheaving, spalling, and roof falls, even after a
mine has been abandoned.

Braley's data (37) from the analysis of three core drillings, taken for ex-
ploratory purposes in northern West Virginia, indicated how the sulfur content
was distributed above, below, and through the Pittsburgh, the Sewickley, and
the Waynesburg seams. The highest sulfur percentages were found in the shale
below the Pittsburgh seam, in the 8-inch bottom and the 8-inch top coal of the
seam, in the shale parting, and in the shale and the coal above the seam.
Similar conditions and generally lower sulfur percentages exist for the
Sewickley and the Waynesburg seam, Braley calculated that 8 inches of roof
coal, containing about 2 percent sulfur, could produce about 45,500 tons of
sulfuric acid per square mile of workings.

Temple and Koehler (187) examined and analyzed the roof strata that had
been exposed by a fall in a northern West Virginia mine in the Pittsburgh seam.
They found sulfur in varying amounts in the shales and the exposed coals from
0 to 25 feet above the seam. The exposed strata were coated with acid salts,
identified as starkeyite and copiapite.

The examination of rock cover from core drillings, roof falls, and ex-
posed overburden at strip mines has revealed that pyritic material exists
many feet above the coal being mined. Even at 30 or more feet the rock often
contains more sulfur than the coal. The disturbance of the cover or the over-
burden during mining exposes these pyritic materials to the air. The natural
oxidation that then occurs is apparent in formations of white or yellow de-
posits of acid sulfates that often coat the exposed rock.

Oxidation of Iron Sulfides

The rock immediately above and below the coal seam often contains pyritic
material as finely disseminated particles too small to be visible upon casual
observation., Braley (37) described this pyrite as finely divided, black, amor-
phous material. Newhouse (153) reported minute grains that do not reflect
light or etch with acids like single crystals but appear to be aggregates of
crystals of submicroscopic size. Because of this small crystal size or be-
cause of other associated materials, the pyritic material in rock often oxi-
dizes more rapidly than the various pyritic materials in the coalbed under the
same exposure. Braley (25) reported an experiment to determine differences in
oxidation rate between materials that he classified as yellow pyrite, marcasite,
and black amorphous pyrite. Marcasite reacted 10 times as fast and black
amorphous pyrite, 80 times as fast, as yellow pyrite.

: Temple and Koehler (187) concluded that the two most important sources of
pyritic material that contributed to acid formation were sulfur balls and roof
strata. Of the two, roof strata showed more rapid oxidation and acid formation.

0



Intermediate steps of the natural oxidation of exposed pyritic material
have often been identified as entities in dry, mined-out areas of many coal
mines., These entities include melanterite, white to light-green crystals of
ferrous sulfate; copiapite, yellow to brown crystals of ferric sulfate;
halotrichite, white crystals of iron or magnesium aluminum sulfate; and
alunogenite, white crystals of aluminum sulfate. Yellow amorphous masses
also often formed in worked-out mine areas have been identified as basic hy-
drated ferric oxides or basic hydrated ferric sulfates.

The natural oxidation of pyritic material may be represented by the fol-
lowing chemical equations, which have been quoted by many investigators:

2FeS, + 70, + 2H,0 = 2FeS0, + 2H,S0, , (1)
FeS, + 30, = FeS0, + SO, (2)
FeS, + 7Fe, (SO, ); + 8H,0 = 15FeS0, + 8H,S0,. (3)

Secondary reactions take place between ferrous sulfate, sulfuric acid and
the compounds in nearby clays, limestones, sandstones, and various organic sub-
stances that are present in mines or streams to produce the variety of chemicals
found in mine drainage. The supplemental reactions explain the existence of
aluminum, manganese, calcium, magnesium, sodium, potassium, chlorates, nitrates,
and silicates,

Studies have been made to determine a mechanism of acid formation in coal
mines by atmospheric oxidation and by oxidation with micro-organisms. Several
investigators described their experiments with atmospheric oxidation of pyri-
tic materials (37, 45, 93, 147); other scientists reported on their investi-
gations as to the role of sulfur- and iron-oxidizing bacteria in the formation
of acid from pyritic material (58, 111-120, 184, 185).

Atmospheric Oxidation

Earlier investigators often reported that pyrite would oxidize after a
specimen was exposed to oxygen in the atmosphere or oxygen in water. Stokes
(181) stated that the amount of oxidation depended upon the time a specimen
was exposed to either dry or moist air, or to water containing oxygen or other
oxidizing agents in solution. Allen and Johnston (6) reported that it was
well known that the sulfides of iron gradually oxidize when exposed to the at-
mosphere. Winchell (201) noted that oxidation is carried out by the action of
descending meteoric water, free from dissolved solids but containing gases in
solution, especially oxygen, nitrogen, and carbonic acid.

Downs (68), and Burke and Downs (45) were the first to verify experi
mentally the equations (1) and (2), using pyritic material associated with
coal. Their tests were made on sulfur balls, containing about 90 percent
FeS,, in an apparatus designed to control oxygen, moisture, temperature, and
solution concentration. Braley (37) confirmed this work in controlled oxi-
dation experiments when he demonstrated that 1 mole of pyrite would react
with dry air to form a mole of ferrous sulfate and a mole of sulfur dioxide,
equation (2). 1In a similar fashion except for the use of wet instead of dry



air, he showed that each mole of pyrite would oxidize to produce a mole of fer-
rous sulfate and a mole of sulfuric acid, equation (1). Temple and Koehler
(187) verified equation (3) by mixing finely ground pyritic material in a solu-
tion of ferric sulfate. In this experiment, the ferric ion reacted rapidly
with the pyrite to form ferrous sulfate and sulfuric acid.

Oxidation by Microorganisms

The reports written before and immediately after World War I usually con-
tained the theoretical equation (1) for oxidation of pyrite. These authors
assumed that the reaction proceeded without catalyzers, because previous in-
vestigators referred to atmospheric oxygen along with other chemical oxidizers
in their studies of oxidizing pyrite and marcasite (1-4, 42, 82, 180, 181,

201).

The first reported observation that indicated that other substances may
be present to accelerate the oxidation reaction arose from a study by Parr and
Powell (154), on analysis of sulfur in coal. Fresh pulverized coal samples
were inoculated with well-oxidized coal that was high in sulfates. At the end
of an 88-day test, it was noted that soluble sulfates in the inoculated sam-
ples increased over those found in noninoculated ones. The explanation for this
increase was a theory on the possible existence of bacteria or catalytic agent
that accelerated the normal atmospheric oxidation of the sulfur in coal, after
it had been mined. Apparently, no further work was carried out to identify or
isolate bacteria or catalytic agents at that time. Davidson (65) in 1930 and
Carpenter and Herndon (52) in 1933 conducted various experiments that con-
firmed Parr and Powell's theory. Duplicate pulverized coal samples were placed
in distilled water, and half the samples were sterilized. Both sets were ana-
lyzed at intervals over an extended period of time. The data showed higher acid
formation in the unsterilized samples. The conclusion was that at least part
of the higher acidities could be attributed to bacteriological action. Their
attempt to isolate the bacteria responsible for the acidity in the unsterilized
samples was unsuccessfuly a bacterium, which thrived at a pH of 2.9 to 3.1, was
isolated from sources other than acid mine water and tentatively was identified
as Thiobacillus thiooxidans.

In 1947 at West Virginia University, Colmer and Hinkle (58) reported con-
clusive evidence of the presence of a known sulfur-oxidizing bacterium,
Thiobacillus thiooxidans, in acid mine water. Another bacterium that oxidized
ferrous sulfate to ferric sulfate was isolated from the same acid water and
identified as Thiobacillus ferrooxidans (59). Both organisms were found in
every sample of acid mine water examined. Temple and associates (184-187) at
West Virginia University reported that in addition to oxidizing ferrous to
ferric iron, Thiobacillus ferrooxidans enhances acid formation from pyritic
material. In the experiments made by Temple on oxidation of pyrite from a
pulverized sulfur ball, Thiobacillus ferrooxidans produced a total acidity
that was nearly double that reported for sterilized samples or for atmospheric
oxidation only. Further confirmation of the role of bacteria in the formation
of acid in coal mines was made at actual sites of acid formation in various
underground mines. In each instance Thiobacillus thiooxidans and Thiobacillus
ferrooxidans were identified and associated with the acid formation.

~
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Leathen and associates (111-120), Mellon Institute, isolated Thiobacillus
thiooxidans from every acid mine water sample they examined. In studies of the
role of this bacterium in acid formation, various samples were inoculated with
it, including museum-grade pyrite, museum-grade marcasite, sulfur ball material,
and elemental sulfur. These experiments showed that the bacterium increased
formation of acidity and sulfate from elemental sulfur. Only a slight increase
in acidity and in sulfate was noted from bacterial action on museum-grade mar-
casite, and no increase was observed from the action on sulfur ball material on
museum-grade pyrite. Similar experiments were conducted with the iron-oxidiz-
ing bacterium, Ferrobacillus ferrooxidans. In these studies, increases in
acidity and in sulfate production from sulfur ball material that were 3 to 10
times greater than those obtained from sterile samples were observed. Sub-
stantial increases were found in acidity and in sulfate production from museum-
grade marcasite but not from bacterial action on pyrite or elemental sulfur.

Moulton and associates (147), Ohio State University, also conducted stud-
ies on the role of microorganisms in the oxidation of pyritic materials. They
used a pure culture of Ferrobacillus ferrooxidans and bacteria obtained from
acid mine water. The rate of acid formation from pulverized pyrite and mar-
casite inoculated with bacteria was more than twice that of the sterile con-
trols. Studies using a culture of the same bacteria in mine water showed
greatly accelerated oxidation and precipitation of iron and a release of sul-
furic acid. The starting pH value decreased from 3.5 to 2.8 or 2.6 after in-
oculating with the bacteria. While the presence of sulfur-oxidizing bacteria
was demonstrated in acid mine water, these microorganisms apparently played no
role in the formation of acid. Moulton postulated that the presence of sul-
fur as an intermediate product may account for their presence in the acid
drainage.

Thiobacillus thiooxidans and Thiobacillus ferrooxidans were reported by
Ashmead (16, 17) to be present in certain acid mine waters and coal mines in
England. Bryner and Jameson (4l) identified similar bacteria in acid water
from copper mines in Utah.

The observations made at Ohio State University confirm the results of
studies made at West Virginia University and at Mellon Institute. Bacteria
carry out the oxidation of ferrous to ferric iron, and at present this is the
only role that may be assigned them. The conclusions drawn by the various
investigators, however, conflict. West Virginia and Ohio State University
groups believe that bacteria play a significant, though not completely under-
stood, role in the oxidation of pyritic materials, but the investigators at
Mellon Institute have indicated that bacteria are not involved in the oxida-
tion reaction to a major extent.

The research on oxidation of iron sulfides has been extensive. Much has
been written on investigations concerning oxidizers, including atmospheric
oxygen, and the acceleration of oxidation by an electric potential and by the
action of bacteria. Only a few of the steps in the acid-producing oxidation
reactions have been experimentally confirmed. The lack of information is
noticeable with respect to basic aspects of acid formation; more accurate data
would greatly assist better understanding of the mechanism.
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MEASURES TO PREVENT POLLUTION

Neutralization of Acid Mine Water From Underground and Strip Mines

Many methods have been advanced as possible solutions to the acid mine
water disposal problem. Often these suggested neutralizing the acid as it
flowed from the mine before it entered the stream and recovering the valu-
able byproducts. The most noted example of developing this idea was the
Calumet Neutralization Plant, which was operated intermittently from 1914 to
1920 by the H. C., Frick Coke Company. Campbell (48), and Tracy (194) de-
scribed the construction and operation of the plant: (1) for sufficient
treatment of mine water to permit its use in quenching coke; and (2) as a
byproduct plant to produce a special oxide of iron, which was used in the
removal of hydrogen sulfide from manufactured illuminating gas. The first
operation was unsuccessful, as additional sulfate from neutralized water made
the coke undesirable for metallurgical purposes. The second was unsuccess-
ful because plant operation and maintenance costs became excessive. Because
of these difficulties, the product became noncompetitive with a foreign pro-
duct imported after World War I. The plant was shut down and dismantled in

1920,

Leitch (131), and Handy (87) recommended treating acid water to neutral-
ize it as a logical method to alleviate the pollution of streams by acid mine
drainage. Handy (87) presented the cost developed by the Melcroft Coal Co.
for treating mine water with hydrated lime, together with an estimated cost
for constructing and operating a 500,000-gallon-per-day treating plant.

Many ideas were presented between 1920 and 1930 for continuous neutral-
ization of acid water discharging from a coal mine; some were even patented.
Among those patented were plants designed to use marl or other porous calcium
carbonates in specially constructed equipment placed at a point of water dis-
charge (U. S. Patent Nos. 1,685,300 and 1,685,301). Kaplan (107) and Kaplan
and Reger (108) proposed to neutralize the acid with various alkaline cyanides
and recover valuable cyanide byproducts.

One of the common practices of this period was for mine operators to
build boxes or flumes for lime or limestone near the mine entrance. The
operator had been led to believe that this would provide ample neutralizing
capacity and that the streams would soon clear. However, when no change was
noted, either in the drainage or in the streams, the projects were soon aban-
doned. GCenerally the lime or limestone became coated with a yellow basic hy-
drated oxide of iron, hydrated ferric sulfate, or calcium sulfate, which re-
tarded or stopped further neutralization.

Because the neutralization theory was so commonly accepted, various re-
search groups made it one of their first projects for investigation. After
comparing data from various experiments carried out by mine operators, Leitch
(127) concluded, "It seems obvious that the cost of chemical neutralization of
acid mine water must be calculated for individual mines, and these costs must

also be considered an additional burden from which virtually nothing of material

(s}
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value can be returned to the operator. Chemical neutralization may cause in-
creased hardness in direct proportion to the original acidity, possibly neces-
sitating softening; and finally enough chemicals are said to remain in solution
to cause foaming and priming in boilers." Carpenter and Herndon (52), after
carefully considering many alkalis and byproducts, noted, "It is clearly evi-
dent that the treatment with the chemicals does not completely solve the prob-
lem since the sludge itself must be considered.... It is apparent that any
attempt to treat the wastes on a large scale would be so expensive that unless
some material of value could be produced it would be prohibitive. Since the
materials in the water are mainly iron sulfates, and there are numerous other
cheap sources of iron and sulfur, no great profit could be derived." In 1951,
Braley (28, 34, 37) reported a pilot plant experiment in neutralizing acid

mine drainage; his conclusions were, "Although acid mine drainage can be chem-
ically treated with lime or other alkali to neutralize the acid, such a method
is not practical or feasible because of the economic and other difficulties in-
volved...hydrated lime might be used succesfully to neutralize casual pools of
acid water found in coal workings, especially strippings, prior to the release
of the water into drainage channels.... Calculations from the reactions...show
that one pound of limestone is required to neutralize 0.98 pound of sulfuric
acid. Thus, to neutralize the acid produced in the mines of Pennsylvania dur-
ing 1 year would require the total annual production of limestone in that state,

as reported for the year 1944."

While neutralizing acid water from existing mines presents an overwhelming
problem in economics, limited treatment of water at mines has become common-
place. In clean-stream areas of Pennsylvania, an operator will usually neu-
tralize casual pools before discharging to the stream. In Butler, Fayette,
Mercer, and Venango Counties, Pa., a few strip mine operators treat the acid
water as it drains or is pumped from their mines before it enters a clean

stream.

In Ohio, Indiana, Illinois, Kentucky, West Virginia, and Pennsylvania,
mining operators often use a closed circuit, wash-water system at preparation
plants. Dirt and other impurities, including iron sulfides and sulfates, are
removed from the coal and are carried along with the wash water into a set-
tling tank or pond. The overflow water, reused for washing coal, sometimes
becomes acid and must be neutralized to prevent corrosion of the steel washing
equipment. Many operators treat the acid water with lime slurry to a pH of
5.0 to 7.0 depending upon local requirements for protection of equipment and
final disposition of the water.

Mine Sealing of Underground Mines

Crichton (61) describes various suggestions and remedies for solving the
stream pollution problem with special emphasis on drainage from abandoned mines.
He felt that the custom of neutralizing water containing acid mine drainage,
then softening it for domestic and industrial use, only postpones the day when
more drastic measures must be put into effect. These suggestions and remedies
were proposed: (1) Sealing abandoned mines; (2) removing drainage from mines
through pipes, ditches, or ducts to preselected downstream sites; (3) distill-



12

ing the contaminated waters; (4) impounding fresh water for the purpose of dil-
ution; and (5) stopping the mining of coal in certain areas. Crichton's pro-
posals are still employed as preventive measures to control acid mine water.
Collins (57) proposed treating water with lime for active mines and suggested

sealing abandoned mines.

The term "mine sealing", as it has been discussed in many reports and
papers, refers to closures of entrances, ventilating shafts, strata fractures,
sinkholes, and other cracks or openings of underground mines with earth, rock,
concrete blocks, concrete, brick, steel, or lumber. Since the term has become
almost exclusively associated with underground mines, strip mine sealing will
be discussed with strip mining under "Segregation and Sealing of Acid Forming

Materials."

From 1914 to 1918, the expansion of the coal industry intensified the
stream pollution problem from acid mine drainage (198), particularly from the
bituminous coal areas of western Pennsylvania. The Allegheny River and its
main tributary the Kiskiminetas River, and the Monongahela River and its main
tributary the Youghiogneny River had become acid during some seasons of the
year. The extent and magnitude of stream pollution from acid mine drainage
has continued to increase where ever extensive mining has been practiced.

In 1924 the Bureau of Mines, recognizing a need, started one of the first
research programs in the United States, designed to develop fundamental infor-
mation on the formation of acid in coal mines. The Bureau had already been
active in investigating corrosion problems arising from acid water in coal
mines (14, 56, 76, 103) and in using analytical methods to determine the de-
gree of acidity and the nature or composition of coal mine water (76, 172).
Leitch (122-135) observed that many mines abandoned and caved or otherwise
sealed were discharging water that was not acid or only slightly so. These
abandoned mines were usually in areas or districts where the water flowing
from adjacent open or active mines was acid. Because oxygen was necessary
for acid formation, the sealing effect of the caving and the closing of en-
trances and other openings was concluded to be excluding oxygen from the mine.
To confirm this, a series of tests, investigations, and field experiments was
devoted exclusively to mine sealing.

In 1932, three mines were experimentally sealed, and the drainage was
analyzed at regular intervals for more than a vear. The acidity decreased thus
demonstrating that the closing of entrances and other openings reduced or
possibly stopped the formation of acid in mines by the exclusion of air. The
seals were built with a water trap outlet designed to exclude air but not to
prevent a normal flow of water from the mine.

Based on this work, the Bureau of Mines advocated sealing abandoned mines,
not only to conserve natural resources but also to furnish employment in de-
pressed areas. Instructions were prepared on constructing seals, methods of
analysis for mine water, sampling procedures, and methods of measuring flow in
small streams.

Q
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In 1933, an extensive mine sealing program was started by the Federal
Government as Works Progress Administration, and Civil Works Administration
projects. This program continued for several years in Ohio, Pennsylvania,
West Virginia, Indiana, Illinois, Kentucky, Tennessee, Maryland, and Alabamaj
studies were conducted in Kansas and other States having coal mines. About
$5.4 million was spent (198) on the program; the money was divided among the
various States on the basis of relief fund requirements. The allotments were
about 36 percent to Ohio, 28 percent to Pennsylvania, 22 percent to West
Virginia; the remaining 14 percent was divided among the other States. The
U.S. Public Health Service administered the program in cooperation with State
and local health departments.

The data accumulated during the 1930's on existing active and abandoned
mines, on acidity or alkalinity of the drainage from these mines, and on costs
for sealing some of these mines have been used in various summaries to evalu-
ate the effectiveness of the mine-sealing program (55, 97, 198). An estimated
28-percent reduction in acid load (198) in the Ohio River was attributed to
sealing abandoned mines along the river and its tributaries.

Because the summaries were general evaluations of the effectiveness of the
program, the value or lack of value of the various types of seals used was not
appraised. As funds were not provided for maintenance of the seals at the
completion of the program, no comprehensive evaluation can be made. Many times
the seals consisted only of an earth dam or breast at each opening (105), in-
tended to force enough water in the mine to exclude air. Often these seals
failed or were removed because the acid water discharge had found a new open-
ing. Many of the masonry seals have cracked (187) or fallen into disrepair.
The deterioration of seals through vandalism, reopening of mines, and neglect
has obliterated visual evidence of this program in many areas.

When the Federal program was terminated, most localities failed to con-
tinue sealing abandoned mines. The Pennsylvania mining law (198) provided for
sealing abandoned mines but did not prescribe the method. Other States pro-
vided for closing or fencing to prevent entrance by abandoned mine openings.

In 1947 "The Coal Mine Sealing Act", passed in Pennsylvania (l0%3), re-
quired operators to seal coal mines as they were abandoned, within certain
prescribed time limits. The legislature also provided funds to defray costs
of sealing abandoned mines not in possession of an operator.

Mine sealing to exclude air from underground mine areas has certain in-
herent, basic weaknesses. Crichton (61) stated, "Sealing the abandoned mines
has been suggested, but this is impracticable in fractured ground. Where the
ground can be thoroughly sealed, keeping out air and keeping the pyrites under
water, oxidation will certainly be diminished." Brant and Moulton (40) ex-
plained, "Through the mining of coal, the roof strata lose their support, and
if weakening and collapse of the roof strata take place, air courses may de-
velop to render entirely ineffective a seal at the mine entry."

Since no critical evaluations had been made on the various mine sealing
programs, Braley (29, 36, 37), Mellon Institute, experimentally sealed six
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isolated drift mines in Pennsylvania and carried out routine weekly examin-
ations on each mine: (1) for change in oxygen content of the mine atmosphere
after sealing, and (2) for the average daily output of acid on a yearly basis.
The data collected over about 5 years, 1949-53, indicated that there was very
little average change in oxygen concentration of the mine atmospheres or aver-
age acid load in the various drainages from the six mines.

At the same time, Braley also collected data after the Department of
Mines, Commonwealth of Pennsylvania, had sealed the abandoned mines on Coal
Run (a tributary of Casselman River), on Jacobs Creek, and on Indian Creek.
The data collected indicated that there was no stream improvement because
there was no average decrease in acidity as a result of sealing the abandoned
mines. A deep mine, reached by a vertical shaft, was also sealed. As the
water level rose in this mine, samples of the mine atmosphere were taken for
oxygen determination as well as samples of the mine water for measurement of
acidity. Data indicated a gradual decrease in oxygen until the mine was flooded.
The mine drainage before sealing was alkaline, but became acid as it filled with
water. After 7 to 10 months of overflow drainage, the water was again alkaline.
Oxidation of pyritic material was concluded to be retarded or stopped when the
coal seam was below surface drainage level and the mine became completely

flooded with water.

In 1957, Moulton and associates (147), Ohio State University, questioned
the effectiveness of the various mine-sealing programs because of conflicting
information obtained by the various investigators. It was stated, "The ques-
tion of efficacy of a mine sealing program is still a debatable one. There is
no final proof, or disproof, at this point that seals will effectively prevent
the formation of sulfuric acid.”" In an attempt to properly evaluate the mine-
sealing program, a team of scientists from the university selected several
mines in southern Ohio for further study.

Segregation and Sealing of Acid-Forming Material

Underground Mines

It has been demonstrated experimentally in the laboratory that acid for-
mation from pyritic material can be decreased or stopped by decreasing or elim-
inating the presence of oxygen. Leitch, Yant, and Sayers (135), Burke and
Downs (45), and Braley (37) studied the effects of varying oxygen concentration
in test atmospheres. Leitch, Yant, and Sayers (135) and Braley (37) studied the @
effects of eliminating atmospheric oxidation by covering pyritic material with
water, both in the laboratory and in the field. It has been further demonstra-
ted in field experiments that sealing pyritic material with earth, as well as
with water, can curtail or stop natural oxidation of the sulfides.

A coal waste fellowship was sponsored by the Western Pennsylvania Coal
Operators Association at Mellon Institute from 1949 to 1954 to investigate
spontaneous heating of coal refuse and to develop methods of preventing and of
extinguishing refuse fires. Abatement of atmospheric pollution by preventing
fires was the primary concern of this study, but the elimination of acid form-
ation and acid water runoff was an important contribution. Hall and Nelson

(86, 152), and Nelson (151) studied and reported sealing procedures that were
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used successfully by several coal companies. In general, these procedures in-
cluded compacting the refuse in 2- or 3-foot layers with particular emphasis

on compacting the edges; for extra protection, each layer of compacted refuse
was sealed with clay. Sometimes layers of clay a foot or more in thickness
were placed between each successive compacted layer of refuse, 2 to 4 feet in
thickness; other layers were built from compacted refuse, up to 10 feet in
thickness, and sealed with clay on the outer edge only. Edge sealing (86, 151,
152) is illustrated in figures 1-3.

Refuse at the Cadogan
mine of the Allegheny River
Mining Co. near Kittanning,
Pa., was sealed by placing
layers of clay between com-
pacted layers of refuse.
Prevention of spontaneous
combustion in the refuse re-
quired restriction of the
thickness of the refuse lay-

FIGURE 1. - Cross Section of Compacted Coal er to less ‘Lhak 4 Feet, <nd
about a foot of clay was

Ssil:;f afﬁ:!ieél:n the Edges With placed between each layer of
P Y refuse. The edges of each
refuse layer also were sealed

_________ Compacted clay seal with clay. Figure 4 is a
L f§%§:j/ view of this clay-sealed ref-
z ———= use, which is a storage for

: ASro s the coal waste at the Cadogan

mine. At the Allegheny River
Mining Co. Ringgold prepara-
tion plant, the sludge from
the settling lagoons was used
in conjunction with clay be-
tween layers of compacted
refuse. The layer edges of

FIGURE 2. - Cross Section of Compacted Coal the refuse at this plant also
Refuse Sealed on the Edges With were covered with sludge and
Compacted Clay. clay.

Many companies in the
various coal-producing States
follow a program of coal-ref-
use disposal by compacting
and sealing the piles and

et — e — —

..........

controlling surface-water

drainage from the disposal
area, OStrip mine operators

Compacted refuse layers:

SEEE . often transfer refuse to the
NNUNUNTNISS. base of spoils piles to be

FIGURE 3. - Cross Section of Compacted Coai covered with fresh-stripped

. spoil or transfer 1t to la-
Refuse Partly Sealed on the Edges goons or final cuts to be

With Compacted Clay. covered and sealed by water.
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FIGURE 4. - Coal Refuse Sealing at the Cadogan Mine. Refuse layers

can be identified by parallel line effect in the pile, as
indicated by arrows.

Coal refuse was used in many mining areas as road-building material be-
cause of its low cost and its compacting properties. Mine operators, farmers,
and local property owners sometimes used it for driveways, lanes, and other
access roads. In some States, township and county road commissioners used it
on the various highways under their jurisdiction. The practice had become so
widespread in a few mining areas that the stream pollution problems from acid
mine drainage increased after each rain. Because of the many undesirable con-
ditions resulting from the use of refuse on roads, many road commissioners and
property owners have discontinued its use. The old refuse roads are being
sealed by covering with earth, crushed limestone, or black top in many places,
including roads on coal mine properties.

Strip Mines

When known measures are used to prevent the formation of acid and acid
water runoff at strip mines, the entire operation, including abandonment, can
be accomplished with minimum pollution to the local stream systems. One of the
most important measures is the segregation and sealing of acid-forming materi-
als. The procedures are simple and add but little to the costs of digging and
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backfilling if a routine is established at the beginning of the operation and is
continued throughout. Braley (30, 32, 37), Pennsylvania Department of Health
(160), Jones (1l05), and others have recommended the following procedures for
minimum acid formation at strip mines: (1) As the overburden is removed and
piled to conform to the contour of the strips, the acid-forming refuse is sep-
arated and placed at the base of the spoil pile. (2) The final bit of loose
overburden on the exposed block of coal is separated and cleaned away by bull-
dozing and hand sweeping. (3) The backfill, which is started with the opening
of the next succeeding cut, covers all waste. (4) A final step after aban-
donment to seal the mine is either to grade overburden to cover the pit and
highwall area or to construct earth dams to hold water and flood the final cut.
Figure 5, a sketch of a hypothetical strip mine, indicates a mine-sealing pro-
cedure that can be followed to bury refuse with earth. Figure 6 illustrates
completed grading and reclamation for an abandoned coal-stripping operation
near Kent, Pa., Figure 7 is a view of the restoration of land to contour at a
strip mine east of Greensburg, Pa.

Sealing of abandoned
strip mines probably start-
ed in Indiana during the
Federal Government mine-
sealing program in 1933;
Indiana sponsored a contin-
uation program from 1933 to
1940, The method used was
to construct an earth dam or
dams across the final cut be-
tween the highwall and adja-
cent spoil pile to hold and
raise the water level above
the coal seam and adjacent
pyritic material. This im-
pounding of water has often
been successful in sealing
; ; . the pyritic material found
FIGURE 5. - Jereh ot o Mine Seoling oo in coal and sssociste steats

' against further oxidation and

formation.

Final contour
of backfill

e

In Indiana, the strip mine ponds, usually acid to start with, often become
neutral or alkaline within 2 to 4 years after they are formed. This change in
acidity is a natural reaction brought about between the acid water, the sur-
rounding soil, and the diluting and neutralizing effect of entering ground and
surface water, after the pyrite material has been sealed to stop further ox-
idation and acid formation., Similar conditions exist in a few strip mines in
other States where bituminous coal is mined.

In the calcareous areas found in Illinois, West Virginia, and other States,
the impounded water in a final strip mine cut often remains alkaline because
early acid formation has been neutralized by the carbonates in the soil. If
these mines are sealed shortly after abandonment the water drainage will con-
tinue alkaline., Figure 8 is a view of an alkaline pond in Harrison County,

“. Va., where spoil has been restored to a natural contour around the pond and
then planted to alfalfa.
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FIGURE 6. - Abandoned Coal-Stripping Operation Near Kent, Pa. Backfilling,

grading, and reclamation conform to Pennsylvania laws.

FIGURE 7. - Land Restoration to Contour at Abandoned Coal-Stripping Operation
Near Greensburg, Pa. Restored land planted to corn. Previous
highwall follows tree line in background.



19

.

.

FIGURE 8. - Alkaline Pond in Harrison County, W. Va. Spoil has been restored

to a natural contour around the pond and then planted to alfalfa.

The sealing failures in strip mine impoundments were traced by most in-
vestigators either to earth dams that were inadequate to impound enough water
to cover exposed potential acid-producing material or to toxic overburden that
cannot be covered and sealed. Sandstone overburden and overburden composed of
acid-producing shales are most commonly associated with acid strip mine ponds.
Figure 9 is a view of acid sandstone spoil and an acid pond at a strip mine in
Williamson County, Ill. Figure 10 is a view of acid shale spoil and an acid
pond at an abandoned strip mine Mahoning County, Ohio.

Inhibitor: Research and Application in Underground Mines

In the various sealing programs conducted at coal mines, acid formation
was often curtailed or stopped when the pyritic material was covered with
either water or earth., This principle of sealing or blanketing pyrite to ex-
clude oxygen has led to theories on the possible use of chemical inhibitors or
coatings to provide a similar blanketing effect. For example, introducing
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FIGURE 9. - Acid Pond in Williamson County, lll. Spoil is predominantly sandstone.

FIGURE 10. - Acid Pond in Mahoning County, Ohio. Spoil is predominantly

shale and clay.

acid
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small concentrations of a chemical either to create a film over the metal or
to induce passivity by inhibiting the anodic or cathodic portions of the normal
corrosion reaction can control corrosion of metals.

Experience with the use of chemicals to inhibit oxidation of pyritic mate-
rial in coal mines has been meager. Burke and Downs (45) noted that the pre-
sence of insoluble sulfates decreased or inhibited the oxidation rate of their
pyrite sample. Other than this observation, apparently no further work was re-
ported on the inhibiting effect of insoluble sulfates. Patrick (156) supervis-
ed laboratory experiments at Johns Hopkins University on the use of chromates
to inhibit oxidation of pyrite, assuming that pyrite would display an electro-
chemical behavior similar to that of iron. No field experiments were made us-
ing chromates, but limited applications were conducted using various phosphates.
Because of application difficulites, the experiments were discontinued. Braley
(37) conducted laboratory experiments with phosphates, chromates, and various
alkalies; at the same time he made field tests with ammonia gas. His observa-
tions were that the chromates and phosphates acted as an alkali or neutraliz-
ing agent rather than as an inhibitor, and that even though inhibitors may be
available the practical application of these chemicals to all areas of a coal
mine presented an unsurmountable obstacle to their use.

In experiments to inhibit the growth of acid-forming bacteria, conducted
at coal mines, Temple and Koehler (187) sprayed acriflavine on a roof section,
intermittently over a 6-week period. During the spraying period, no acid was
formed, and no bacteria were detected; after the spraying was stopped, the area
became acid and bacteria reappeared.

The use of chemical inhibitors or coatings has been unsuccessful in under-
ground mines. Lack of knowledge of methods of application and suitable chem-
icals as inhibitors has restricted progress.

Control of Drainage

Underground Mines

When acid forms from oxidation of pyritic materials, the reaction requires
only a small amount of water; the moisture in the atmosphere is usually enough.
The soluble acid salts remain harmlessly in place, where formed, until enough
water collects to dissolve them. This collected water becomes acid mine drain-
age and a pollutant of streams when it flows or is pumped out of the mines. A
measure has been proposed to remove this acid from mine drainage by collecting
and pumping the water from the mine before it has had an opportunity to contact
soluble acid salts.

The studies made by Braley (30, 32, 35-37) of methods to decrease acid
formation in strip pits led to further consideration of a possible engineering
approach to the problem in underground mines. Such an approach to control
drainage included aboveground systems to prevent entrance of surface water,
whenever possible; at the same time it included designs for impervious under-
ground sumps to store fresh alkaline water for frequent pumping to the surface.
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The water would be fed to these sumps by ditches and pipes, which would collect
it at the coal face or other points of water entrance, thus preventing contact
between the entering water and the acid salts that had been formed on exposed
pyritic material in the mine. Because natural ground water is usually alka-
line, Braley (37) stated, "The best system of mine drainage is the system that
takes the water out by the shortest and most rapid route and does not allow the
water to form pools in the mine, except for strategically located sumps where
it can collect without leaching acid and from which it can be pumped most con-

veniently.,"

Two notable experiments are presently being conducted in underground mines

to test the value of the frequent water-discharge principle and other recommend-

ed drainage-control measures. Both mines are in or near CGreene County, Pa., on
the Dunkard Creek watershed. Dunkard Creek has been classified as a clean
stream by the Pennsylvania Sanitary Water Board in accordance with provisions

of the Clean Stream Act of 1945, Braley (33) has described the program conduct-

ed by the Christopher Coal Co., a subsidiary of the Consolidation Coal Corp.,
at its Humphrey Mines near Mt. Morris, Pa.; Steinman (177) has described the
Jones and Laughlin Steel Corp. program at its Vesta-Shannopin mines in the same
general area. Both mines conducted closely controlled programs which adhere to
the recommended practices of the Pennsylvania Sanitary Water Board for dis-
charge of mine water to a clean stream,

Strip Mines

Methods for mine water drainage controls can be readily tested at strip
mines. Because the mines are often small and stripping uncovers the coal and
rock strata, the various applied measures are in the open for better observa-
tion and study. Because of this arrangement, the principles for frequent dis-
charge of water, rapid drainage, minimum pooling, and the handling of surface
drainage from areas outside the mine can be practiced under carefully regulat-
ed conditions; the immediate and long-range benefits can be readily noted.
Figure 11 is a sketch illustrating these various drainage-control principles
at a strip mine.

The studies conducted in Pennsylvania from 1949 to 1953 have contributed
to a better understanding of acid formation and of practical engineering
methods available to decrease stream pollution from acid mine water. Invest-
igations made by Braley (30, 32, 33, 35-37) for the Sanitary Water Board, Jones
(105), and the Commonwealth of Pennsylvania (159-161) have outlined practical
methods as follows:

1. Keep strip pits dry at all times.

a. Surface water must be excluded as much as possible by
providing diversion ditches above the highwall.

b. Ground water and any surface water that collects in
the pit must be removed rapidly and continuously by
pumping or through a free-flowing drainage system.



C

23

c. Pooling of water should be held to a minimum needed
for pump operation. The water should never overflow
from pools into the general pit area during active

mining.

2. Segregate and bury all pyritic material in the bottom of
the open pits under impervious material. This prevents oxidation.

3. Backfill the pits in such a manner that all coal refuse
is buried in the bottom, and the exposed coal in the highwall is
covered with compacted spoil. The contour of the grading and back-
fill must encourage positive drainage of surface water away from
the immediate area at all times.

4. An additional control for too rapid runoff of surface
water from spoils piles, contour backfill, and similar areas can
be accomplished by planting trees, shrubs, or grasses on the bare
ground.

Ponds

The ponds used by coal
operators are generally
artificial bodies of water
formed in a depressed area
near a mine or a prepara-
tion plant. They are often
built to conform to the char-
acteristics of the local
terrain., In hilly or roll-
ing land, an earth dam may
be built between the high
points in a valleylike area
to impound water; in flat
land, a depression may be
dug and the earth banked
around the hole to create a
pond of the size and depth

FIGURE 11. - Sketch of Strip Mine Drainage Control desired. At a strip mine,

Measures for Surface and Ground Water. an earth dam may be built
between the highwall and the

spoil bank in a final cut. The impounding of mine drainage has occasionally
been considered a preventive measure in controlling stream pollution from acid
mine water or other waterborne coal mine wastes. The ponds have been used for
these purposes:

1. To regulate drainage flow, over a 24-hour period, from a
coal mine to a stream after once-a-day, offpeak pumping from under-
ground workings.
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2. To regulate acid waterflow to a local stream by retaining
the water in the pond during a time of drought or low flow and then

releasing it at flood or high flow.

3., To slow down drainage flow from a mine or neutralizing plant
to facilitate the settling of insoluble iron compounds or calcium
sludges before discharging the water to a stream.

4, To provide reservoir capacity for preparation plants and
storage space for the water discharged from the washing operation

in closed-circuit water systems.

5. To slow down waste water effluent from a preparation plant
to remove coal and refuse fines before returning the water to a local

stream.

An application of regulated acid water flow to a local stream was describ-
ed by Gross and Lee (85) in 1951. A levee had been built around coal refuse
piles to impound surface water runoff on the Peabody Coal Co. properties near
Kincaid, Il1l. The acid water was released from this impoundment through various
control-valving mechanisms to the Sangamon River at a predetermined dilution
rate of 1 to 50. The quantity of water that was reported to be released was
based upon riverflow rates calculated from continuous gaging records.

Flood and Low-Flow-Control Reservoirs for Acid Water Dilution

The intensive urban and industrial development of the Ohio River basin
(110) has provided economic justification for the multiple-purpose reservoirs
needed as aids in solving many water-use problems. The most important of
these problems include navigation, floods, hydroelectric power production,
domestic and industrial water supplies, waste disposal, recreation, and fish
and wildlife conservation.

Low-flow regulation is the reservoir's most valuable function in relation
to stream betterment and pollution abatement activities. The detrimental ef-
fects to a stream of sewage, industrial wastes, and acid coal mine drainage are
more pronounced during low streamflow than during more normal flow or floods.
For this reason, an application of flow regulation has been advocated (198) as
a remedial measure to abate pollution of streams of the Ohio River basin from
various wastes, including acid mine drainage.

Flood and low-flow regulation reservoirs impound water when an excess is
available and store it for controlled release during subsequent low flow (110).
The value of this type of control lies in the ability to dilute the wastes at
times when natural stream flow is insufficient. Flow regulation, which is not
acceptable as a substitute for waste treatment, does supplement it through di-
lution. It does not reduce the quantity or quality of wastes, particularily
acid mine drainage, but merely dilutes this waste. No amount of reservoir op-
eration can make an alkaline or neutral stream of one whose average quality is
acid.

%)
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The operation of the Tygart River reservoir (110, 198) is an example of
the beneficial effects that can be realized from low-flow regulation in the
reduction of stream hardness from pollution by mine drainage. Table 2, es-
timated and compiled by the Corps of Engineers (110), illustrates possible
beneficial effects of dilution in the Monongahela River during the drought of

1930-34.

TABLE 2. - Tygart River reservoir effect of low-water regqulation, 1930-34

Hardness,?! Discharge,’
Month parts per million cubic feet per second

(average 1930-34) | Natural | Regulated [ Change | Natural [ Regulated | Change
January.eesseeees 97 97 0 15,800 15,800 0
February.eeeeeees 81 81 0 15,800 15,800 0
March,ceaevoonces 75 75 0 27,200 27,200 0
Aprileceieeeeeenss 89 93 2 4 20,500 19,600 (2 900
MaVeosoensoununes 105 114 29 16,300 15,700 |2 600
JUNE.eriveennnnss 146 152 26 5,100 4,900 |2 200
JULY e ieiainsaisssnse 160 146 14 4,600 4,900 300
Augusteeisessssen 188 158 30 5,400 5,700 300
September........ 158 127 31 4,600 5,000 400
Octobereeseceossae 200 169 31 2,800 3,100 300
November...eeee.. 197 158 39 5,600 5,900 300
December...oeeese 129 127 2 13,500 13,600 100

Average....... 136 125 11 11,400 11,400 0

1 Effect of flood control operation disregarded because of its rela-
tively small effect on monthly average discharges and consequently
on monthly average hardness.

2 Denotes increase in hardness and decrease in discharge during
storage period.

The reservoir on the Tygart River, a Monongahela River tributary, is op-
erated in the primary interest of flood control during the winter and early
spring and for flood control and low-flow regulation on a seasonal basis dur-
ing the late spring, summer, and fall. The operation is designed to insure a
minimum flow of 340 cubic feet per second in the Monongahela River at Dam No.
8 under the most severe drought conditions of record (110). Similar benefits
have been noted from reservoirs and low-flow regulations on the Allegheny
River and its tributaries.

Acid Water Diversion

Acid mine drainage makes water difficult and expensive to treat for most
domestic and commercial, and some industrial, water supply purposes. Chemical
treatments that neutralize and remove the acid, the acid salts, and the non-
acid sulfates are operations that add to the overall water treatment costs.
Occasionally the water authority in a coal-mining region has been able to
eliminate some of these costs by diverting as much of the acid mine drainage as
possible to a watershed away from a public water supply reservoir. Examples of
this preventive measure for diversion of acid mine drainage from public water
supply areas to less sensitive ones are found in western Pennsylvania.
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Diversion of Acid Water by Pumping.--Westmoreland County Sanitary District
impounds acid mine water in a tributary to Beaver Run about 10 miles north of
Greensburg, Pa., and automatically pumps it to the Turtle Creek Watershed.

This preventive measure protects the Beaver Run Reservoir by removing up to 1
million gallons per day of acid mine drainage from the Beaver Run Watershed.

Diversion of Acid Water by Draining.--In 1925, the Supreme Court of Penn-
sylvania directed a lower court to restrain the Sagamore Coal Co., the Melcroft
Coal Co., and others from discharging any drainage of acid mine waters into the
waters of Indian Creek or its tributaries above the dam of the Mountain Water
Supply Co. in Fayette County, Pa. To comply with the court order, the various
coal companies constructed a flume and a tunnel to drain the acid water around
the reservoir to a point below the dam.,

CONCLUSIONS

The research and industrial applications summarized in this circular show
that a great deal of work has been done toward bringing the acid mine water
problem under control. From the research surveyed, it is evident that the coal
industry has been offered many practical tools toward diminishing pollution,
particularily where there is strip mining. It is encouraging to note that the
coal industry has applied many of the useful control measures and at the same
time has done much to improve its housekeeping in relation to waste disposal.

Although excellent work has been done in the laboratory and in the field,
it is also apparent that much remains to be done. The review of research shows
that there are still many areas of conflicting thought, particularily as to the
mechanism of acid formation and the control of the chemical and the bacterial
reactions involved. Reviewing fieldwork shows that many practical questions
have been given only provisional answers. There are also many questions where
the best answer is an educated guess. In fieldwork more information is needed
in identifying and disposing of acid-forming materials, in sealing of coal
mines, and in control of ground and surface water in abandoned mines.

The application of current knowledge is important, but further research
is vital. New guidelines are needed for successful solutions to the problem.
To assist in finding answers for the knotty acid mine water problem, the
Bureau of Mines has begun a research program designed to obtain fundamental
information on the formation of acid in coal mines.
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