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mean sulfate content in six monitoring wells ranged from 24% to 240% of the
mean concentration at the discharge point. Sources of recharge and rela-
tive flow rates determine the contribution of a particular zone to overall
discharge quality.

These basic studies of acid production and transport indicate some
shortcomings of standard reclamation practices at certain sites. This
information will be used to develop alternative abatement technology de-
signed to mitigate acid production at the source.

INTRODUCTION

Acid production from coal mining wastes at inactive operations in the
Eastern United States is a significant environmental problem. Applying
soil cover and revegetating coal mine spoil and preparation plant refuse
can significantly reduce the acid load that discharges from some inactive
sites; at other sites, discharge water remains heavily contaminated.
These latter sites require additional effort to control the pyrite oxida-
tion responsible for acid drainage.

The Bureau of Mines is investigating the formation and transport of
pyrite oxidation products at a variety of coal refuse disposal areas and
inactive surface mines. Oxygen required for pyrite oxidation is probably
supplied from the atmosphere. We are, therefore, studying the pore space
gas composition within unsaturated refuse and spoil to identify probable
zones of active pyrite oxidation. Hydrolocgic studies are being used to
monitor acid loading in saturated coal mine spoil and the migration of
pyrite oxidation products toward discharge points. A better conceptual
model of these processes is required for the design of abatement
strategies.

Pyrite Oxidation

Pyrite oxidation occurs by either of two pathways that can be differen-
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tiated by the oxidant. Oxidation of pyrite by oxygen can be summarized:
2+ 2- +
FeS, + 3.50, + Hy0 ~—3 Fe™ + 250, + 2H (1)
This may occur as a purely chemical process or with catalysis by bacteria

such as Thiobacillus ferrooxidans (1, 2}. The ferric iron oxidation path-

way is expressed:

FeS, + 14Fe”" + 8H,0 —p 15Fe”* + 2505" + 16H" (2)
This reaction is generally significant only under the acidic conditions
necessary for ferric jon solubility (3). The oxidant must be supplied by
ferrous iron oxidation:

1476 + 3.50, + 1aH' —p 14Fe®" + 7H 0 (3)

Catalysis by iron-oxidizing bacteria 1is required for this reaction to
proceed at a significant rate in acidic solution (3-5). Both pathways
result in the overall reaction stoichiometry shown in equation (1): 3.5
moles of molecular oxygen are consumed to produce 2 moles of sulfate.

The Role of Oxygen

Observed levels of acidity and sulfate in water that discharges from
mined lands are orders of magnitude higher than could be produced from the
oxidation of pyrite by oxygen dissolved in recharge ground or surface water
(6). Dissolved oxygen concentration at saturation is on the order of 3 x
1074 mol/L (7). According to the reaction stoichiometry, complete con-
sumption of this oxygen by pyrite would yield 1.7 x 10'4 mol/L or 16 mg/L
sulfate. Additijonal oxygen must be supplied from the atmosphere to produce
the observed contaminant levels.

The rate dependence of the relevant reactjons on oxygen partial pressure
is not well understood. One published study describes oxidation of coal
crusher reject in columns maintained under various gas atmospheres (8).

Acidity and iron concentrations in drainage from the columns were used to
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provided no data on pyrite oxidation. Jaynes, et al (17) monitored gas

composition within a regraded surface coal mine. They have developed a
model for surface mine drainage quality that considers the oxygen content
of pore space gas (18).

The Role of Water

Water has three roles in the formation and discharge of acid mine drain-
age (AMD): (1) as a reactant in the oxidation process; {2) as a medium for
the bacteria and inorganic pyrite oxidation; and (3) as transport medium
for reactants and products. The role of water as a reactant is described
in the oxidation equations 1-3. As only 1 mole of water is consumed per 2
moles of sulfate produced, the volume of water required to supply water as
a reactant is less than 0.02 mm of rainfall per hectare per year for a
typical surface mine. Even at the most impermeable sites, it is unlikely
that the consumptive use of water is limiting to the pyrite oxidation
process.

The role of water as a medium for T. ferrooxidans was investigated in

detail by Brock (19). He conducted laboratory studies of the changes in
bacteria populations as a function of changes in water potential, and
concluded that water availability could be limiting to the growth of T.

ferrooxidans under conditions that might be associated with coal mine

wastes. Similarly, Kleinmann and Crerar (20) found that the frequency of
wetting crushed pyritic coal influenced the amount of acid produced.

The role of water as a transport medium is a function of the spoil
hydrology. Numerous studies have been done on the hydrology and water
quality of watersheds subject to surface mining. These include studies of
mining impact on ground water {21, 22), infiltration and percolation (23,

24), streamflow (25-27), and small watershed hydrology (28, 29). The role
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of water as a transport medium is the primary focus of the hydrologic
studies described in this paper.

The transport system consists of three major components: recharge,
storage, and discharge. The most common sources of spoil water recharge at
eastern surface mines are direct infiltration and ground water seepage
from adjacent undisturbed bedrock. Additional sources may include last-
cut lakes, flooded underground mines, and sludge dewatering pits on the
spoil surface. The character and magnitude of the discharge are directly
related to the source and persistence of the recharge.

If one assumes an impermeable mine floor and neglects soil water losses,
all of the recharge immediately following reclamation will contribute to
spoil water stofage. As storage requirements decrease, discharge begins
to occur on the down-gradient parts of the site. When a recharge-storage-
discharge equilibrium is attained, the volume of discharge is equal to the
volume of recharge. The time required for equilibration depends primarily
on the recharge rate, spoil water storage requirement, and physical char-
acteristics of the backfill. Contamination will continue to occur as acid
products are flushed into the spoil water system by fresh recharge and are
transported to the discharge area.

GAS COMPOSITION STUDIES
Coal Refuse

The atmosphere within unsaturated coal refuse was sampled with soil gas
probes similar to those described by Staley (30}. The probes consist of
hollow stainless steel tubes, with 6.4 mm outer diameter and 2.5 mm inner
diameter, A solid steel tip is swaged on one end of the probe to facili-
tate insertion into the refuse. A 1.5-mm hole drilled through the hollow
probe 10 mm above the solid tip allows access to the refuse atmosphere.

Probes ranging in length from 20 to 170 c¢m were pushed into the refuse by
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hand. The hollow tube extending above the surface was inserted into gas-
tight nylon tubing that was clamped closed between samplings. Gas stored
in the probe and tubing was withdrawn into a 10-mL evacuated tube immedi-
ately before sampling. The analytical sample was then drawn into a 20-mL
evacuated tube and subsequently analyzed by gas chromatography. Because
of the small inlet port, this type of probe is frequently blocked by fine
particles, particu}arly under wet conditions.

A preliminary survey of gas compositions within unsaturated coarse re-
fuse was conducted at three sites. Gas probes were installed in two active
refuse disposal areas in Allegheny County, PA. At both sites the probes
were placed in inactive sections that appeared to be o1d, weathered, highly
compacted, and removed from refuse bank slopes. The third site, located in
Wise County, VA, was a 100-m-1long ridge of coal refuse constructed in 1980
for reclamation research (31). For our purposes, five of the subplots on
this site could be considered as barren refuse: one plot which recejved no
amendments and four plots which were treated with soil amendments and
seeded directly on the refuse. Vegetation covered less than 5% of the
surface of the seeded plots at the time of this study (32). Gas probes
were installed at depths ranging from 15 to 91 cm, and samples were taken
three to five times at each site during 1982.

The oxygen concentrations observed during the sampling periods are shown
in Table 1. Oxygen concentrations decreased with depth at each site, as
one would expect if the atmosphere is the major oxygen source (9, 14). The
consistency of data from the three sites is interesting. The oxygen
concentration within 20 cm of the surface was only slightly lower than the
nominal concentration of 20,95% for air. Below 60 cm, the refuse was poorly
oxygenated, approaching the values considered rate-limiting for acid pro-

duction. The 1intervening zone showed a wide range of oxygen

64






sulfate concentrations, monitored in three wells located parallel to the
highwall, usually range between 4,000 and 8,000 mg/L. Four sets of gas
probes were installed in the refuse in May 1982 to sample depths ranging
from 15 to 81 cm. Thirteen sets of samples have been analyzed since the
study began.

Typical summer oxygen profiles are shown in Figure 1. Oxygen is depleted
rapidly with depth near the surface, resulting in concentrations at the 15-
cm depth that are 36% to 88% lower than the oxygen content of air. The rate
of decreasing oxygen concentration is sharpest in the uppermost 15 cm of
refuse in sets 2 and 4 and in the uppermost 30 cm of refuse in sets 1 and 3.
Variable oxygen consumption and replacement rates in the heterogeneous
material may explain this observation.

There was an apparent seasonal effect reflected in the oxygen profiles.
Data from samples taken in January and February 1983 are shown in Figure 2.
In contrast to summer profiles, the refuse is well oxygenated at all
sampled depths during the coldest months. The rates of most chemical
reactions tend to decrease with decreasing temperature (33), and catalysis

by T. ferrooxidans is highest between 25° and 40°¢C (34). It is likely that

the higher oxygen content in the gas phase in winter results from decreased
acid production. However, we do not have sufficient water quality data to
determine if the acid load decreased during winter.

Carbon dioxide content of the gas at this site was inversely related to
oxygen content (figure 3). On a barren site such as this, microbial
respiration probably accounts for only a fraction of the COZ' Another
source of carbon dioxide is the acid dissolution of carbonate minerals,
such as Timestone:

2H" + CaC0; —3 Ca® + Hy0 + CO, (4)
The complex carbonate equilibria determine to what extent this reaction

occurs {35). However, evidence of carbonate dissolution is observed in
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water quality data. Acidity to sulfate molar ratios are usuaily about 0.8/
for runnoff samples and 0.65 for ground water samples, suggesting that some
of the acidity is neutralized as the water moves through the refuse (see
equation 1).

Further evidence to suggest that respiration is not the major CO, source
is found in the gas composition data shown in Table 2. The 79-cm probe of
set 2 yielded a sample on five occasions. Nitrogen content of the gas
samples ranged as low as one-third that of an air atmosphere. Since it is
relatively inert, it is unlikely that nitrogen is consumed in chemical
reactions in the refuse. The result is probably due more to the net
evolution of CO,, which decreases the nitrogen fraction in the total gas
volume. In soi]é, the sum of oxygen and carbon dioxide is usually approxi-
mately equal to the sum of 20.98% in air (36). With the exception of the
February sample, the carbon dioxide values were higher than values that
could be expected for soil reactions. Data from other probes at depths of
76 to 81 cm showed a similar trend.

TABLE 2

Gas composition within coal refuse at the Morgan
County site, 79 cm depth.

Date GAS COMPOSITION, moisture-free volume percent
Oxygen Carbon dioxide Nitrogen
06/23/82 6.0 56.3 37.3
01/06/83 7.8 22.2 69.2
02/15/83 18.2 2.8 78.1
04/28/83 1.0 23.7 63.5
G7/14/83 0.6 73.9 25.2

These studies of gas composition, while far from complete, are providing
insight into acid production in coal refuse disposal areas. 0Oxygen content
of the gas phase decreased within the uppermost meter of refuse to levels

that may be limiting for pyrite oxidation. The oxygenated zone, and thus
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the acid-producing zone, at these sites was a small fraction of the total
waste material volume during summer. OQur findings are consistent with
Good's description of a thin, near-surface reactive zone, although his
conceptual model was based on physical properties of coal refuse (36).
Deeper oxygen penetration during winter, observed at one site in this
study, may reflect decreased oxygen consumption at low temperature. The
effects of this seasonal oxygenation trend on pyrite oxidation need to be
examined.

Coal Mine Spoil

Spoil atmosphere samp]ing devices were similar to nested ground water
piezometers. Each sampling port consisted of a 15-cm length of slotted PVC
pipe sealed at both ends with rubber stoppers cemented to the inner pipe
wall. A piece of flexible tubing longer than the desired port depth was
inserted through one stopper of the port. The ports were coupled to
lengths of solid PVC pipe to provide the desired sampling depths. Tubing
from lower ports was run through both stoppers of each higher port to the
surface. All stopper-tubing seals and stopper-pipe seals were tested for
leakage with a suction pump. The assembly is placed in a 15-cm boring in
the spoil. The annular space is backfilled with sand at each port and with
bentonite slurry seals between ports. Each piece of tubing is labeled at
the surface according to port depth and closed by means of a spring or
screw clamp.

The port tubing, a dust-sampling pump, and an evacuated, 20-mL sampling
tube were connected to a three-way gas-tight valve prior to each sampling. At
a rate of approximately 3 L/min, gas was drawn through the tubing and pump
for a sufficient time to remove at least three times the void volume of the

port and tubing. The valve was then repositioned to allow flow from the
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northwest under a maximum spoil thickness of about 8 m. Following recla-
mation, a perennial acidic seep having a mean annual discharge of 1.1 L/s
developed at the toe of the spoil.

Gas samplers were installed in two distinct environments identified by
electromagnetic conductivity surveys (38) at the Upshur County site. GS 5
is located in unsaturated spoil on the outslope. Ports range from 0.6 to
5.2 m below surface at 1.5-m intervals. GS 8 is located on the mining
bench down-gradient from an area used for disposal of black, pyritic mater-
jal believed to be scrapings from the pavement. The unsaturated spoil
thickness at GS 8 is approximately 2.5 to 3 m. Sampling ports are 0.5, 1.2,
and 2.0 m below surface. Gas compdsition data from five sets of samples

taken between May 1983 and February 1984 are summarized in Tables 3 and 4.

TABLE 3

Gas composition in samples from GS 5,
May 1983 - February 1984.

DEPTH, CONCENTRATION RANGE, moisture-free volume percent
m Oxygen Carbon dioxide
0.6 7.3 - 14,9 2.2 - 4.9
2.1 10.4 - 17.6 1.8 - 4.5
3.7 16.2 - 16.4 1.8 - 4.3
5.2 12.1 - 20.9 0.1 - 8.8
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TABLE 4

Gas composition in samples from GS 8,
May 1983 - February 1984.

DEPTH, CONCENTRATION RANGE, moisture-free volume percent
m Oxygen Carbon dioxide Methane
0.5 15.3 - 20.3 0.9 - 5.0 ND - 0.9
1.2 1.9 - 3.1 1.8 - 4.0 0.7 - 3.4
2.0 0.6 - 3.8 3.1 - 10.9 20.7 - 33.0

With the exception of high methane content, the gas composition at GS 8
is similar to that observed in coal refuse. Oxygen decreases and carbon
dioxide increases with depth. Near the surface, the combined 0, and C02
contents are approximately equal to the 20.98% sum for an air atmosphere.
At greater depth in the spoil, there appears to be net 0, consumption,
probably as a result of pyrite oxidation. The nearby zone containing the
black pyritic material has been identified by ground water quality analy-
ses as the largest source of contamination. The sharp decrease in oxygen
concentration in the uppermost 2 m of spoil at GS 8 is consistent with
rapid consumption of oxygen and may represent a profile characteristic of
active pyrite oxidation. At the 2.0-m depth, the oxygen concentration is
less than the 2% thought to be required for rapid acid production.

The profile for GS 5 is unlike other oxygen profiles we have observed in
coal refuse and spoil at locations distant from slopes. The highest mean
oxygen concentration in GS 5 occurred at the 3.7-m depth. Both the shape
of the profile and the location of the sampler on the outslope suggest that
there may be air flow laterally through the slope face. Such gas flow
patterns have been observed in mine waste leaching operations (39). A
preliminary analysis of water quality data indicated that the spoil around
well 5 did not contribute significantly to the total pyrite oxidation

product load. Oxygen consumption here may result mainly from ferrous iron
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oxidation. Spoil moisture analysis is needed to further elucidate chem-
jical processes occurring in this zone.

Oxygen penetration appears to occur at greater depths in spoil than in
refuse, particularly at the Clarion County site. Varying particle size
distributions and moisture-retention properties may be responsible for
higher diffusion rates in spoil. Alternatively, the sharp profiles in coal
refuse may reflect more rapid acid production in the preparation plant
waste, which contains a higher fraction of pyrite. Further studies are
needed to relate the observed gas composition profiles to chemical and
physical processes.

SPOIL WATER QUALITY FIELD STUDIES

Once acid products have formed, their discharge is a function of agueous
transport through the spoil. The Bureau of Mines is currently studying the
transport process at several surface mines in the Appalachian region. One
phase of the study has been to instrument three surface mine sites receijv-
ing both direct infiltration and bedrock seepage recharge. At each site, a
series of observation wells are being monitored for water quality and water

levels. Some results of the study are summarized in Table 5.

TABLE 5
Water quality data summary for three reclaimed surface mines.
SAMPLING POINT MEAN CONCENTRATION, mg/L
Sulfate Total Iron Acidity
SITE 1
Discharge 460 36 230
A1l Wells 470 88 180
Well Nearest Recharge 110 26 i0
SITE 2
Discharge 3500 470 2000
A11 Wells 1300 130 170
Well Nearest Recharge 340 3 13
SITE 3
Discharge 3200 37 1100
A1l Wells 2900 NA 1200
Well Nearest Recharge 580 NA 240

NA: not available
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observed, as much as four times higher than the discharge in the spring
months. Water quality in well 4 was also highly variable, with sulfate
decreasing by more than 50% during low water levels in late August and
September. Similar relationships were found for acidity and iron
concentrations.

The Tlarge differences in water quality between wells 4 and 7 suggest
different abatement strategies. For example, a subsurface drain to inter-
cept clean bedrock seepage near well 7 may be all that is necessary for
reduction in discharge volume and loading, and therefore in treatment costs.
The pyritic material near well 4, however, may regquire special treatment
such as localized alkaline 1loading of the spoil or concentrated appli-
cation of a bacterial inhibitor. Development of an abatement program based
solely on a few discharge measurements and dignoring the site-specific
characteristics of the spoil environment would likely lead to deficiencies
in the technical strategy and consequently wasted time and money.

SUMMARY

Oxygen profiles in coal preparation plant refuse appeared to be related
to acid production, as one would expect from knowledge of the pyrite
oxidation processes. In barren refuse, oxygen content of the gas phase
decreased rapidly with depth. Oxygen consumption probably occurred pri-
marily from pyrite oxidation, particularly at the Morgan County site,
where runoff water quality indicates rapid near-surface acid production.
The bulk of the waste material beneath the weathering zone probably contri-
butes relatively Tittle to the total acid load. Covering the refuse with a
non-polluting material which consumes oxygen as efficiently as pyrite

should greatly reduce acid drainage. OQOverburden spoil does not appear to
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be a good cover material, in view of the deep oxygen penetration observed
in spoil. Alternatively, a cover of material with low gas diffusivity may
be effective.

Coal mine spoil is oxygenated to greater depths than is coal refuse. A
Tower Os consumption rate in spoil is consistent with the majority of gas
composition profiles derived from this study. Exceptions were GS 8 at the
Upshur County site in the vicinity of oxidizing pyritic waste and GS 7 in
vegetated spoil at the Clarion County site.

The Upshur County site illustrates the value of both gas and hydrologic
studies. The oxygen profile at GS8, which was similar to the coal refuse
profiles, appeared to indicate a zone of acid production. In the future,
it may be possib]e to survey the oxygen status across a site with gas
probes to identify such zones. Special reclamation practices or pyrite
oxidation inhibitors, too costly to apply to an entire site, may be useful
for acid abatement in selected zones.

The hydrologic studies summarized in this paper emphasize the role of
water as a transport medium for pyrite oxidation products. The results
indicate that monitoring wells are important in obtaining a conceptual
understanding of spoil hydrolegy. The patterns of loading and migration of
pyrite oxidation products at a particular site can then be used to develop
efficient mine drainage abatement strategies.
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