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CHAPTER 1
INTRODUC TION

The natural formation of acid as a by-product of mining operations has
been observed throughout the world. This acid has been formed by the re-
action of oxygen and water with sulfur-bearing minerals, such as pyrite
(FeS,).

" The formation of sulfuric acid from pyrite has become a major problem
in the coal mining areas of the eastern United States, particularly Ohio, West
Virginia, and Pennsylvania. The formation of an acid discharge, popularly
known as "acid mine drainage, " or simply AMD, is responsible for the ruining
of many streams and lakes as recreation areas, for numerous fish kilis, and
for gencral wasting of natural resources and beauty. The acidity also causes
corrosion of bridge piers, locks, boat hulls, and pumps. (30)

The acid mine drainage problem has been attacked from many angles--
ranging from treatment of acid water and sealing of abandoned mines to labo-
ratory scale research. Research on AMD has included studies in the areas
of chemical kinetics, microbiology, mineralogy, geology, hydrology, and
treatment methods. Thus far most work has been confined to specific areas
with little interaction among disciplines.l To co-ordinate this diverse iﬁfor—
mation, researchers at Chio State University have undertaken a systematic
analysis of acid mine drainage. The object of the analysis is to develop a
mathematical model of acid mine drainage systems.

1
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A useful mathematical model must quantitatively relate the physical and
chemical parameters of a pyritic system to the rate of pollution discharge
across the boundaries of the system. Such a model would accurately pfe—
dict the long-term effects of mining operations, abatement procedures, and
other conditions imposed on the system.

Of equal importance is the ability to predict surges and peak flows of
acid. In many pyritic systems, "normal" runoff can be absorbed without
effect on receiving streams. It is the heavy slugs of discharge that period-
ic:_ally cause extensive damage to recelving waters. - Prediction of these
would allow design of protective ncutralizing systems.

The development of a mathematical model of a system usually follows a
step-by-step approach. The first step is the identification of what is known
about a system (and by inference, what is not known). This may be done by
reviewing the literature and work of previous investigators. The second
step is filling in the gaps in existing k:nbwledge. The preferred technique
is experimentation. However, if the lproblem is not amenable to experi-
mental solution, approximations can be generated starting from basic
scientific principles. The final step is comparing the model behavior with
that of the real system. At this time, variables are free to interact, and
the validity of the basic assumptions is proved or disproved. Once the
model has been refined and can predict previous data, then it is possiblg to
forecast the effects of perturbations imposed on the system.

Such a step-by-step procedure will be followed in developing a model of
a pyritic oxidation system. In this case, the examination of existing knowl-
edge includes reviewing both general acid mine drainage literature, and

experimental studies of natural pyrite oxidation systems, The experimental
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work is reported along with numerical computation techniques used to eval-
uate undefined quantities.

‘ Next, the actual model and computational methods are developed and
proved. This has been done for one specific pyrite oxidation system, a
drift minc, but the generalization of this model to other types of systems
will be shown. Finally, the model will be used to predict results of possible

system perturbations.



CHAPTER I
LITERA TURE REVIEW
Historical

The problem of acid production in coal mining regions has been the sub-
Ject of studies since before 1900. The earliest studies were essentially
reports of local acid production and high acid concentrations in streams after
heavy storms. The reports frequently traced the acid source back to aban-
doned coal mines, and more specifically to iron pyrite associated with the
coal. In some manner, the pyritic sulfur was reacting and oxidizing to form
.sulfuric acid and iron sulfate.

Early attempts were made to stop this oxidation by using mine sealing
techniques. This was done with some success in the 1920's in West Virginia,
but in other states records of methods and results have been lost. Moulton(26)
has presented a good review of the early studies in Ohio.

Since 1965, Bituminous Coal Research, Inc. (23) has issued annual
bibliographies of acid mine drainage.

The next step beyond reporting of acid production was the start of experi-
mental laboratory work. Some of the earlier investigators include Li and
Pafr {(20), McKay and Halpern (22), Burke and Downs (6), and Nelson, Snow,
and Keyes (28).

Li and Parr (20) studied the oxidation of pyrite using both air and oxygen
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atmospheres containing moisture. They found the rate of oxidation in air to
be only one-half of that in oxygen, and that the rate increased with the amount
of water vapor in the atmosphere. In tests where the pyrite had been wetted,
it appeared that the pyrite was more reactive, and that water might be acti-
vating the pyrite in some way.

Nelson, Snow, and Keyes (28) passed water-saturated air through beds of
crushed coal. They found oxidation rates increased with increasing temper-
ature, but seemed to decrease over a period of days. They attributed this
decrease to a build-up of surface products. In other studies, Nelson et al.
added ferric ions to coal-water slurries. Although the oxidation rate in-
creased 20 to 25 per cent, the investigators did not feel this indicated ferric
ion was acting as an oxidizer.

McKay and Halpern (22) oxidized pyrite in aqueous solutions in the temper-
ature range 100 to 130 °c. They found the overall oxidation rate was
proportional to pyritic surface area and oxygen partial pressure, but inde-
pendent of solution composition. They concluded that the rate controlling
step in pyrite oxidation is a heterogeneous surface process involving a chemi-
cally adsorbed oxygen molecule. They also observed that the stoichiometric
oxidation reaction was:

FeS, + 7/2 Op + Hp0 = Hp80, + FeS0, (2-1)

Oxidation Mechanism

In more recent research, the emphases has been on solution chemistry
and the definition of the precise oxidation mechanism. Birle (4), Kim (16),
Jutte (15), and Morth (24) studied the basic kinetica of the oxidation of con-

centrated pyritic material.
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Birle (4) performed a general study of the oxidation of iron pyrite. He
measured relative surface areas of different structural forms of pyrite.
Sulfur ball material of the type found in coal had much greater gurface area
per unit weight than did highly crystalline museum grade pyrite (fool's gold).
Stiles (41) in parallel work showed that the reactivity of pyritic material is
proportional to its surface area.

Kim (16) studied the oxidation kinetics of concentrated pyritic material in
liquid and vapor phase reactions. The liquid or vapor referred to the phase
being recirculated through a pyrite bed. He found that the oxidation rate
depended on oxygen concentration. Vapor phase oxidation rates seemed to
increase with temperature, but Kim attributed this increase to the increase
in humidity.

Morth (24) also worked with liquid and vapor phase reactions. He found
that oxidation rate doubled with 10 °C jncrease in temperature. He observed
that vapor phase oxidation increased with humidity, and that at 100 per cent
relative humidity, the vapor phase rate is the same as the liquid phase oxi-
dation rate. Morth suggested that water is both a reactant and a reaction
medium.

Jutte(15) studied the influence of oxygen concentration of the oxidation
rate. The relative oxygen concentration was controlled by applying nitrogen
pressure on a liquid phase oxidation. The oxidation rate decreased with in-
creasing pressure. This result led to the conclusion that there was
c.ompetition between nitrogen and oxygen for a "reactive site.' The concept
of a "reactive site” has led research into the area of the actual reaction

mechanism in addition to the kinetics or rate of reaction.



Electron Transport

-8inger and Stumm (34), Smith, Svanks, and Shumate (39), Smith, Svanks,
and ﬁalko (38), Sasmojo (29); and Grove (14) have studied the electron trans-
port mechanisms of iron pyrite oxidation. Singer and Stumm (34) investigated
the liquid phasc oxygenation of ferrous ifons and the hydrolysis of the resulting
ferric ion. They found that sulfate ions retarded the rate of ferrous fon
oxidation, and that high surface area materials such as alumina catalyzed
the oxidation. They concluded that ferric ion could not exist in contact with
pyrite, and that the overall rate of pyrite dissolution is independent of the
surface structure of the pyrite. Finally, Singer and Stumm concluded that
the oxidation rate controlling step is the ferrous iron oxidation.

Smith, Svanks, and Shumatc (39) studied the anaerobic {oxygen free) oxi-
dation of pyrite using ferric ion as the oxidant. Working with various ratios
of ferric and ferrous ions, Smith et al. concluded that the oxidizing species
is a surface adsorbed ferric ion. The rate controlling step is the surface
transfer of electrons. It was also suggested that aerobic (oxygen) and ferric
ion oxidations follow different reaction paths. In a continuation of the above
‘study, Smith, Svanks, and Halko (38) reported that the aerobic oxidation rate
was a function only of the oxygen concentration at the reactive site. However,
the ferric ion oxidation rate was dependent on the ferric-ferrous ratio and
the total iron concentration in solution.

Sasmojo (29) studied the kinetics of both aerobic and ferric ion oxidation
and attémpted to determine if there was an interdependence between the two
reactioﬁs. He compared the ‘aerobic oxidation rate in the presence and

absence of ferrous jons in solution and found no difference. Then using
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identical total iron concentration, ferric-ferrous ratios, and pH, Sasmojo
measured the ferric ion oxidation rate. This rate was about one-third of the
aerobic oxidation rate. He concluded that the raie of pyrite oxidation by
oxygen is not controlled by the oxidation reaction of ferrous to ferric jon in
solution. Sasmojo studied ferric ion oxidation at varying ferric-ferrous
ratios and total iron concentrations. At constant total iron concentration,
the rate increased with ferric-ferrous ratio, and at constant ferric concen-
tration, the rate increased with decreasing ferrous concentration. From
this, he concluded not only that ferric ions increased the oxidation rate, but
that ferrous ions had an inhibiting effect.

Grove (14) also investigated ferric ion oxidation and the effects of the
ferric-ferrous ratio. He found that the real variable was the free ferric-
ferrous ratio. He defined free ifons as those which were not complexed nor
assoclated with the solution anions in any manner. He developed a set of
equations to estimate tho effects of anipﬁs on the free ferric-ferrous ratio.

Smith and Shumate (27) in a final project report have summarized and put
in proper perspective the various pyrite oxidation studies performed at Ohio
State University. The time interval covered includes the work of Birle
through that of Sasmojo. The report is particularly significant since it is a
unified presentation of information from different approaches to the problem

of defining the sulfide to sulfate raction mechanism.

Microbiological Oxidation

Microbiology has been another area of laboratory scale investigations.

Bacteria, such as Ferrobacillus ferrooxidans, enhance the rate of pyrite




oxidation. Lorenz and Tarpley (21) and Konecik (17) reported ten to fifty
fold increases when these bacteria were added to pyritic systems. Bailey (2)
found that bacteria increased the oxidation rate, but only afier 70 to 80 per
cent of the iron in the reaction medium had been oxidized to the ferric state.

Dugan and Lundgren (12) investigated the metabolism of Ferrobacillus

ferrooxidans. The organisms were found to use the oxidation of ferrous to

ferric ions as their energy source. Hence, the bacterial enhancement of

oxidation rate arises from the increase in ferric ions during F. ferrooxidans

metabolism.
Lau, Shumate, and Smith (19) studied the role of bacteria in the kinetics

of pyrite oxidation. They studied the growth of Ferrobacillug species in a

medium where pyrite was the only source of reduced iron. The bacteria
multiplied and increased the rate of pyrite oxidation by maintaining a high (in
excess of six) ferric-ferrous ratio in the solution around the pyrite. Lau et al.
noted the influence of the water-pyrite ratio on the rate of oxidation. For low
ratios, the oxidation rate was limited by the number of bacteria in the water
while at high ratios therc were excess bacteria and the pyrite surface area
influenced the reaction rate. They suggested that bacterial catalysis is much
more likely at the surface of a pyritic system such as a refuse pile than in an
underground mine environment. This is attributed to the fact that oxygen is
the ultimate electron acceptor and must be readily available for bacterial

activity to occur.

Geological Studies

Since acid mine drainage causes stream deterioration not in a laboratory,
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but in the real world, studies in the earth sciences, geology, hydrology, and
mineralogy, are as important as laboratory investigations. In such studies,
pyrite is not isolated but is distributed in a binder such as coal or shale.

Caruccio and Parizek (8) and Caruccio (7) have conducted extensive in-
vestigations of geologic factors in acid mine drainage around Clearfield,
Pennsylvania. Two locations were compared, one having acidic strip mine
drainage, the other non-acidic drainage. Caruccio and Parizek conducted
leaching studies to determine if the acid potential of a coal could be related
to its sulfur content. While increased sulfur led to greater acidity, this
factor did not explain drainage differences of the observed area.

Caruccio (7) found that finer pyrite grains led to higher acidic activity.
He also suggested that shales may generate more acid than coal binders.
Coal i8 relatively 'tight" and seals the pyrite from the atmosphere while the
relatively permeable shale permits oxidation of the enclosed pyrite. Final-
ly, Caruccio noted that if the ground water in a mining area contains calcium
carbonate, alkalinity will develop to counteract acidity. Thus, even if acidic
oxidation is occurring, the net effluent will not be acidic.

Vvimmerstedt and Struthers (43) studied the weathering of spoils material
from Ohio strip mines. They packed the spoils into columns and exposed
these to natural weather conditions. The leachate leaving the bottoms of the
columns was collected and analyzed for soluble salts, sulfate, and various
cations. The investigators found that the amount of leachate and weight of
galts followed the annual rainfall pattern. Through regression analysis it
was also determined that there was an overall decrease with time in the

weight of salts leached. This simply indicated that the pyrite in the samples
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was being consumed.

Several investigations have checked the effects of coal mining on the
hydrology of an entire water shed. Corbett (10) and Agnew and Corbett (1)
have studied the hydrology and chemistry of coal mine drainage in Indiana.
In particular, they were concerned with flushouts during storms in strip
mined areas. Corbett observed that the refuse piles acted as aquifers to
store water during storms. The stored water would then be released grad-
ually during dry weather. On the average, about 30 per cent of a given
storm was retained in the heavily mined areas as opposecd to 15 per cent re-
tention in less mined regions. The peak stream flow during the storm was
also considerably less in the stripped area. Corbett c_lid ohserve that if the
refuse piles were already saturated or if there had been heavy compaction

* during grading of the mined areas, the surface runoff would be enhanced
relative to undisturbed land.

Agnew and Corbett (1) emphasized the need for continuous data when
studying flushouts and natural systems. Peak flows occurred over a period
of hours rather than days. The flushouts increased the concentration of
deleterious ions (sulfate, hardness, acidity, and iron) in the receiving
streams from 30 to 1000 per cent over normal levels. These goncentrations
increased at the start of the storm and remained high even after flows had
receded. Agnew and Corbett also suggested that some standard method of
reporting acidity be determined. In particular, it seemed that both "acidi-
ty* and “alkalinity'" should be reported rather than just a net acidity. A

number of other questions were raised about the analyis of mine waters.
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Discussion

. The investigations discussed to this point can be considered no more than
a aainpling of the total acid @ne drainage literature. They are typical of
the varying points of view which must be considered in any model of pyritic
systems. Although methods and interpretation of results may vary, investi-
gators have well defined the kinetics of iron pyrite oxidation,

From the early investigations by Li and Parr {20) to more recent work
such as that by Kim (16), Morth (24), Jutte (15), and Morth and Smith (25),
the importance of oxygen has been stressed as would be expected in an oxi-
dation reaction. In kinetic terms, the oxidation rate is fractional order with
respect to oxygen concentration. Jutte estimated the dependency as three-
fourths power. Over the normal range of atmospheric concentrations this
can be taken as a linear (or first order ) dependence.

The rate of pyrite oxidation has been shown to depend more on the pyrite
surface available than on the absolute weight of pyrite present. 8tiles (41)
came to this conclusion for concentrated, crushed, sieved pyritic material.
Caruccio and Parizek (8) observed a similar dependence for pyrite still em-
‘bedded in coal. Their observation was based on s qualitative estimate of the
fineness of pyrite grains rather than on exact measurements.

As the stoichiometric chemijcal reaction equation {Equation 2-1) showed,
water is also a part of the pyrite oxidation reaction system. Kim (16) and
Morth (24) investigated the influence of water on the oxidation rate. In liquid
phase réactions, ‘water was present in excess and did not enter the oxidation
rate eqﬁation. It was only in vapor phase reactions where humidity could be

varied that water concentration appeared to influence rates. No specific
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reason for this influence was put forth until investigations of the actual re-
action mcchénism were undertaken. The mechanism studies led to the
conclusion that water was necessary an an oxidation product dissolution med-
fum. The influence of humidity was then related to how much of the pyrite
surface contained adsorbed water and was available as a reaction zone.
Hence, for the rate limiting step, the basic function of water is to provide a
means for the removal of oxidation products.

The determination of the oxidation mechanism involved not only chemists
but also geochemists and microbiologists. Here differences in philosophy
and technique tended to cause divergent interpretations of similar experimen-
tal data. Singer and Stumm (34) in their studies of liquid phase oxygenation
of ferrous ions and dissolution of pyrite, concluded that ferric ions could not
exist in contact with pyrite. They also stated that the ferric ion was the only
actual oxidizing agent even though oxygen might be the ultimate electron
acceptor. The first conclusion perhaps is based on a thermodynamic ap-
proach where infinite time is allowed for a reaction to .reach equilibrium
rather than on a kinetic approach where concentrations are considered as
functions of time. There is strong evidence to contradict the conclusion that
ferric ions in solution are the only species capable of directly oxidizing
pyrite. Morth (24), in studying liquid phase oxidation, placed an Amberlit.eR
IRA-120 ion exchange resin bed in series with the pyrite bed in a recircu-
lating solution. No iron was found in this solution using ortho-phenanthroline
spectrophotometric analysis. However, the oxidation rate, as measured by
oxygen consumption, was the same as in runs where -iron concentrations

were at the 1000 parts per million level.
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Smith, Svanks, and Halko (38) also refuted Singer and Stumm by showing
that there are parallel oxidalion mechanisms whereby oxygen and ferric ions
simultancously and independently oxidize pyrite. In addition, Sasmojo (29)
showed a direct surface reaction of pyrite with adsorbed oxygen. Finally,
as a practical maiter, in a real system there is no recirculation of iron-
containing water over the pyrite. In experimental work, iron-containing
solutions were contacted with pyrite, and the reduced iron then reoxidized to
the ferric state after returning to the bulk solution. In nature, the only way
that the reduced iron can leave the oxidation site is by gravity flow. I« the
water flow is away from the oxidation site, it is improbable that the iron
fons, when reoxidized, return to the pyritic surface. This is not to deny the
possibility that drainage from one mine could come in contact with pyritic
“material in a lower elevation mine.

Smith and Shumate (27) in discussing the two mechanisms of pyrite oxida-
tion stated that at low ferric-ferrous ratios, oxygen oxidation is dominant.
As the ratio increases, the relative importance of ferric ion oxidation in-
creases until at ratios in excess of five, ferric oxidation is dominant. In a

natural system, the only way to reach this ratio is through Ferrobacillus

specics oxidation of ferrous to ferric ions, since at a pH of two or three,

the rate of oxygenation of ferrous to ferric ions is too slow to maintain a
high ferric concentration in solution, This requirement of bacterial assist-
ance is in accord with Bailey's (2) observation that in a laboratory oxidation

system containing Ferrobacillus species, the pyrite oxidation rate increased

only after the bacteria had oxidized 70 to 80 per cent of the iron in the reaction

medium to the ferric state.
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While laboratory investigations were concerned with detailed examination
of the oxidation reaction, there have been few detailed studies of what happens
once oxidation products have been formed. There is a middle ground such
as that taken by Vimmerstedt and Struthers (43) who worked with spoils ma-
terial. They observed that trickling flow such as that produced by rainfall
removes oxidation products. This same observation has been made by nearly
everyone who was concerned by acid flushouts after heavy storms. Overall,
no great effort has been expended in defining the exact mechanism whereby
acid products move from the reaction site to the receiving stream.

Field studies have emphasized that neutralization by naturally-occurring
alkalinity is as important as the formation of acid. Caruccio and Parizek (8)
and Agnew and Corbett (1) reported that calcium and magnesium carbonates
neutralize acidic drainage. The difficulty arises in defining how much acid
was originally produced at the source. Should just sulfuric acid be included
or should the acidity of metallic sulfates such as ferrous or ferric sulfate
also be considered? Sulfuric acid is important because of biological effects,
but total acidity determines the cost of treatment. Most analytical tech-
niques determine the total acidity by hot titration to a phenolphthalein end-
point. Agnew and Corbett (1) also observed that if the acid equivalent of
hardness was added to the value of measured acidity in their samples, the
sum was quite close to the sulfate level. The implication of this equality is
that hardness is indicative of neutralized acidity. The only shortcoming of
all these calculations is that none considered the effects of precipitation of
iron hydrox'y sulfates or other metallic sulfates. The main conclusion that

can be drawn is that natural alkalinity of grouand water should be considered
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and that hardness may be taken as a good estimate of the alkalinity which

had been avéllable.

Model Oriented Studies

While much has been writen in the area of acid mine drainage, there are a
number of studies of particular importance in the development of a mathemat-
ical model of a pyritic system.

Smith (36) laid the basis for the development of such a model by discussing
the engineering aspects of acid mine drainage. In particular, he showed how
basjc laboratory rate data and "first principles' of engineering could be used
to estimaie acid mine drainage discharge rates.

Basic Concepts of Model:

A mathematical model of pyritic systems was first suggested by Shumate,
Smith and Brant (33) in 1969, They expressed the belief that a model would
greatly reduce the time and expense of studying acid mine drainage. They
described pyrite oxidation within the framework of a basic engineering
system in the hope of stimulating critical discuasion. Shumate et al. sum-
_marized five characteristics common to all pyrite systems which must be
considered in any model:

1. The oxidation is a heterogeneous reaction involving

crystalline pyrite with oxygen in water. The environment
at the reaction site determines the reaction kinetics.

2. - Oxygen transport is in the gas phase.

3. Pyrite exposed to a vapor phase will oxidize at a rate

similar to pyrite in water, provided the relative humidity

is near 100 per cent.
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4. Removal of oxidation products has no influence on the rate

of oxidation.

8. In general, the reaction does not occur on the bulk

surface, but on pyrite embedded in a porous structure.

These five criteria are litlle more than restatements of the research
results already discussed. However, they are indicative of the orderly,
logical approach which must be used in the development of a mathematical
model of a pyritic system. Shumate et al. also suggested methods of relating
rates of oxidation, and acid release, to system characteristics. The thrust
of the suggestions was to treat a pyritic system as the sum of many micro-
systems.

McDaniels Research Complex:

There have been two major investigations of natural systems by workers
at Ohio State University. The development of a natural laboratory by Shu-
mate and Smith (31) and the study of a refuse pile by Good (13) have furnished
much of the information for development of a mathematical model.

Shumate and Smith have developed the McDaniels Rescarch Complex in
Vinton County in southeastern Ohio. The complex, administered by Ohio
| State University, includes the McDaniels Test Mine and six experimental
auger holes. The mine i8 located in the extensively mined upper reaches
of Sandy Run inBrown Township in the Middle Kittanning (No. 6) coal bed.
Moulton (24) has described the ge;ology of the area as follows:

There is a discontinuous shz;le layer overlying the coal, but a

shaly sandstone is present most frequently. The sandstone, though

shaly or silty at the base grades upward into a massive, medium

grained, well cemented rock. . . . The sandstone over the Middle
Kittaiing coal bed is about 40 feet thick, and at its top there is a
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thin stained zone which indicates the horizon of the Lower Freeport
coal. . . . The general character of the remaining upper part of the
geologic section is of sandstone or silt composition, with exception

of more or less minor occurrences of shale, limestone, and thin
clay and coal beds.

In gelecting a mine suitable for field research, investigators examined
four mines in the Sandy Run area. The McDaniels Mine was selected be-
cause it best met the following four criteria:

1. K was physically separated from all other mines.

2. There was only one opening to be sealed.

~ 3. The strata near the opening were sound so that a {ight
seal could be constructed.

4. The mine produced a significant quantity of acid mine water.
McDaniels Mine was also relatively small and in a good state of repair.

The test mine is a small drift mine extending 35 to 40 feet into the hill-
side. The refuse and other material left during mining was removed. A
concrete seal was placed on the only entrance to the mine. The seal contains
sampling ports and connections for injecting gases for controlling the atmos-
phere in the mine. The geology and hydrology of the mine was determined.
Six observation wells were drilled in the hillside above the mine.

The most important aspect of the test mine work has been the continued
periodic measurements of drainage flow rates and chemical analyses for over
five yeara. ‘The data are important both because of their frequency and be-
cause they represent a relatively well—definéd system. Besides collecting
ds;ta, Shumate and Smith have attempted to use the mine as one would use a
chemical eﬁgineering pilot plant to perform experiments.

The main variable available for experimentation was the atmosphere
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with in the mine. Since the mine is located in a '"tight' geologic formation
and has only one man-made opening, the initial test was simply to put a seal
at the entrance. With a seal, the oxygen concentrati_on in the mine atmos-
phere dropped to 10 per cent, but n;'lower. This behavior, which has been
observed in a number of other "sealed" mines, has been attributed to
"breathing." "Breathing” is the pushing and pulling of air through the fine
channels in the overburden by atmosjheric pressure variations. To counter-
act breathing, positive atmospheric control was maintained by injecting gases
intlo the mine to maintain a slight positive pressure relative to the outside
atmosphere. The gases that have been injected include oxygen, nitrogen,
and air. The oxygen was added to raise the oxygen level. The nitrogen was
added to minimize the oxygen level, and air was injected to hold a constant
21 per cent oxygen level,

The expectation of the investigators was that the results of a change in
the atmosphere would become appa ren_t Iin one or two months. This hypothe-
sis was based on the assumption that oxidation was occurring close to water
flow channels and that products were washed out soon after formation. It
was only after 6 to 8 month delays that anticipated acid load changes occurred.
This response lag indicated that oxidation was occurring in areas away from
normal flow channels. Product in unleached volumes would only be removed
by gravity diffusion as described in Chapter IV. Hence, no changes in acid
removal would be noted until the previously accumulated oxidation products
had been removed from the system. In light of this conclusion, the most
recent experiment, addition of nitrogen to maintain a slight positive pressure

of nitrogen at all times, has been in progress since the middle of 1969, over
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a year ago at this writing. One of the best checks of any model that is de-
veloped is that it will show a long lag time similar to the observations at the
Mci)aniels Test Mine. 1In other experiments, the permeability of the over-
burden was estimated, and core drill samples were taken from behind the
exposed coal faces. These cores showed that pyrite oxidation had occurred
as much as fifty feet info the coal away from the bulk atmosphere.

8ix experimental auger holes were drilled in the same coal seam as the
McDaniels Test Mine, but on the other side of the valley. The flow rate and
drainage characteristics from these holes have been monitored since they
were drilled in the summer of 1869, The most notable observation has been
the change from alkaline to acidic discharges. The change is a sign of in-
creasing acid production rather than a decreasc in the natural alkalinity of
the ground water. A number of experiments have been proposed and will be
studied as soon as '"base line" data are collected. A publication describing
all of the research at the McDaniels Research Complex is being prepared by
Smith and Shumate.(37)

In Sitn Oxidation Rates:

Larez (18) determined the oxidation rates of pyrite contained in natural
‘coal and shale. He obtained blocks of coal and shale from the walls of Auger
Hole Number 3 at the McDaniels Research Bite. The oxygen uptake rate of
each of the blocks was measured in a8 Warburg-type apparatus. The oxygen
consumption for shale was about t.hree micrograms per hour per cubic centi-
meter of solid. For the coal binder, the uptake was only one microgram
oxygen per hour per cubic centimeter. In engineering units, these rates are

in the range from one-hundredth to one-tenth pound per day per cubic foot
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solid. This difference in rates was attributed to the higher pyrite content
and greater porosity of the shale. Since the blocks used were only about a
ceﬁtimeter in thickness, the observed rates are probably the maximum pos-
sible at the operating conditions used. These rates can be used as boundary
conditions in developing a model.

Larez exposed the sample blocks to chlorine to kill any bacteria present.
This treatment had no influence on the shale block oxygen uptake rate, and
slightly decreased the coal rate to 0.7 micrograms per hour per cubic
centimeter solid. These results prove nothing concerning the effect of bac-
teria on acid production and may only indicate the total absence of bacteria.

Refuse Piles:

Good (13) has investigated acidic drainage from the refuse pile of the New
Kathleen Mine. This mine, near DuQuoin, 1llinois, was operated by the
Truax-Traer Coal Company. The pile covers an area of about 40 acres and
rises 40 to 65 feet above the surrounding farm land. The pile contains about
two million cubic yards of coal refuse. Good described the hydrology and
oxidation characteristics of the refuse pile.

Oxidation appeared to occur in a 4 to 10 inch thick outer mantle. The
clay was washed out of this layer by rainfall to form a layer of clay just
beneath the outer mantle. This clay layer was tightly packed and about an
inch in thickness. The layer had low permeability, but there were cracks and
crevices where water could enter the main part of the pile. The clay layer
did serve as an oxygen and water barrier over most of the pile. The re-

mainder of the pile showed little evidence of oxidation.

The pile had several distinct drainage areas. Instruments were set up to
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measure the flow rate and water quality from each of these areas. There
were also a number of springs around the base whose flow rates were meas-
ured. These springs were fed by some sort of internal storage pool in the
pile. Test wells in the pile confirmed the existence of such a pool, but did
not define its exact nature. This pool was recharged by precipitation and
supplied a ggnificant flow rate between storms. Depending on the gection of
the pile, 40 to 75 per cent of the precipitation was recovered as surface run~
off. The runoff was analyzed for sulfate and acidity. Generally, these were
at a maximum concentration at the beginning of the storm, and tailed off as
the acidic products were removed.

Since the runoff data had some scatter, Good developed a one-tenth acre
irrigation sprinkler plot. Precipitation could be simulated by sprinkling
uncontaminated water on the plot at any desired rate. Again, the drainage
was measured and analyzed. Based on all data, Good estimated that about
30 per cent of the water from a given stdrm entered the pile and later emerged
via springs. The daily acid productioﬁ was estimated as 200 pounds per acre.

Brown (5) studied the transport of oxygen through layers of soil and mater-
ial from coal refuse piles. He attempted to model the transport, but he
encountered difficulty in estimating the diffusivity of air through the soil.
Brown obtained laboratory scale oxidation rates for materjal from the Truax-
Traer pile Good had studied. The small scale rates closely checked those
obtained by Good.

The projects discussed in this section have been oriented towards devel-
oping information about natural pyrite systems. The results have been in

accord with the reaction kinetics developed in laboratory investigations.



23
Although Smith and Shumate (37) and Good (13) furnished data on acid re-

moval rates; no removal mechanisms were suggested and evaluated. This
subject of removal mechanisms and rates is one of the areas where infor-

mation and theories will be developed as the model is constructed.



CHAPTER I

EXPERIMENTAL PROGRAM

While much experimental information.is available on oxidation rates,
no work has been done to determine removal rates. To counteract this

deficiency, several relatively simple experiments have been performed.

Acid Removal from Isolated Coal Blocks

Blocks of coal were isolated from the main seam in Auger Hole Number
2B at the McDaniels Research Site.  One foot square blocks were isolated
by cutting channels 6 to 12 inches deep around the blocks, and then filling
the channels with polyurethane foam. The foam provides a barrier to oxygen
and water vapor. The block is exposed to the atmosphere only on the front
face_and only to other coal on the rear face. At the time of the foaming,
Plexiglasn drainage troughs were placed in the horizontal channels.
Periodically, at 4 to 8 week intervals, the faces of the blocks have been
washed. One liter of water was placed in a polyethylene squeeze botile and
the block was sprayed. The wash water was collected and returned to the
laboratory for analysis. About 65 to 75 per cent of the water was recovered;
the remainder was lost by splashing. The recovered water was assumed to

be the average composition, and all calculations have been based on one

liter of wash water.
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The wash water was analyzed for acidity by hot titration to the phenol-

phthalein endpoint, and for sulfate by barium sulfate precipitation. The
wash water was acidified, and atomic absorption spectrophotometry was
used to determine the iron concentration,

The acidity and sulfate are virtually identical since the wash water con-
tained no alkalinity. The acid removal rates for a block are shown in
Figure 1 as a function of time. After an initial peak at the beginning of the
test in March, 1970, the rate fell off through the summer. In October, the
rate began to risc and reached a peak in January, 1971. This seasonal vari-
ation corresponds to the variation observed by Smith and Shumate (37) in the
drainage from the auger holes at the McDaniels Regsearch Site. This similar-
ity indicates that large scale acid removal rates can be explained by micro-
scale rate variations as in the case of oxidation rate calculations. A detailed

explanation of removal mechanisms and rates will be presented in Chapter 1V.

Removal Rates in High Humidity Chamber

During the cutting of channels in the above experiment, several large
blocks of coal were dislodged. Two blocks, about 1 x 2 x 4 inches in size,
were placed in the bottom of a desiccator. Water, instead of drying agent,
was placed in the bottom of the desiccator. With the normal good seal of the
desiccator, 100 per cent relative humidity was maintained in the chamber.
Perijodically, the lid was removed to renew the oxygen supply.

Although the blocks were ,aittiné above the water, they gradually became
wet, and océasionally drops of water would fall back into the main body of

water. This experiment was continued for several months. At the
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conclusion of the run, the bottoms of the blocks were rinsed with distilled
water. This water was added to the water in the chamber and analyzed in
the normal manner for acidity, sulfate, and ferrous and ferric iron.

During the first test of 196 days length, the acid removal rate for both
blocks was 14.4 milligrams per day, the sulfate removal was 2.4 milligrams
per day, and the iron rate was 3.3 milligrams per day. The ferric-ferrous
ratio was 1.6. When the test was repeated for a 72 day period, the acid re-
moval rate was 5.5 milligrams per day and the sulfate rate was 4.2. The
iron rate increased to 13.1 milligrams per day, while the ferric-ferrous
ratio was only 0.24. These two sets of data have much scatter, but they do
give an order of magnitude estimate of the rate of the gravity diffusion type
of removal mechanism which will be presented in Chapter 1V.

The weight of the blocks was about 200 grams. When a removal rate per
day per gram of coal is calculated, values are in the range of 1 to 10 micro-
grams per day. It is interesting to observe that Larez' (18) estimates of
oxygen uptake by coal and shale gamples fell in this same range. This
agreement is particularly significant since there has been very little other
experimentation with naturally occurring materials regarding oxidation and

product removal rates.

SBulfate and Acidity Analyses

In their work with acid mine drainage in Indiana, Agnew and Corbett (1)
raised questions about methods of analyzing drainage. In particular, they
observed that calcium and magnesium hardness (CaCOg and MgCOg3) should

be considered in drainage analyses. Their results showed that the sum of
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acidity plus hardness, in consistent units, was equal to the sulfate,

To check this observation, samples from McDaniels Mine and the six
auéer hole mines at the McDaniels Research Site were taken in the usual
manner. A small portion of the sample was acidified to prevent precipi-
tation. The usual sulfate and acidity analyses were run on the bulk sample.
Atomic absorption spectrophotometry was used to determine calcium and
magnesium in the acidified samples. The acidity, sulfate, and calcium and
magnesium data are tabulated in Table 1. The concentration of each has
been converted to an equivalent calcium carbonate basis as is usually done
for the acidity delermination. The sum of acidity and hardness are in ex-
cellent agreement with the sulfate values in all cases. These results are

in accord with the observations of Agnew and Corbett. (1)
Comments

These relatively simple and crude experiments have provided information
about the rate of product removal from a small volume of coal. These data,
along with all of the oxidation information, will be used in the development of
a model of a pyritic system in the following chapters.

The calculations involving water hardness have shown that the alkalinity

of the receiving waters must be considered in our model.



TABLE 1

DRAINAGE ANALYSES DATA

L __ @ o ___—__ . — - — ]
Equivalent

Source Meta! Ions, ppm CaCO ppm Acidity, ppm Total CaCQ3 Sulfate, ppm
(Date) Ca Mg Ca 3 Mg CaCO3 Equivalents '

McDaniels Mine 15 10 36 40 72 146 133
(12-15-69) :

McDaniels Mine 16 9 38 35 87 160 154
(8-6-70)

Auger Hole No. 1 70 22 168 87 265 520 533
(8-12-70)

Auger Hole No. 2A 118 57 290 225 1665 2180 2108
(8-12-70)

Auger Hole No. 2B 25 11 60 43 60 163 168
(8-12-70)

Auger Hole No. 3 107 23 126 91 270 497 491
(8-12-70)

Auger Hole No. 4 9 27 216 106 152 474 453
(8-12-70)

Auger Hole No. § 81 22 194 87 225 506 525
(8-6-170)

Auger Hole No. 6 111 35 266 138 347 751 757
(8-6-70) :
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CHAPTER 1V
THEORETICA L BASES OF A PYRITIC SYSTEM MODEL |

"Iron pyrite reacts in the presence of oxygen and water to form iron
sulfate and sulfuric acid: These products are removed and frequently have
deleterious effects‘on the receiving body of water." The preceding phrases
are a verbal model of acid mine drainage _.; mathematical mode] of acid
mine drainage starts with the verbal model and precisely quantifies and
computationally defines each event in the verbal model.

The items to be quantified include how much oxygen reacts with how much
pyrite at what rate in the presence of how much water? Additional questions
include in what manner and how fast do the acidic products get to the receiving
waters ? These factors as well as others suggested by the previously dis-
cussed research investigations will be evaluated in the following sections.

There are different kinds of pyritic systems such as drift mines, auger
holes, deep mines, and refuse piles. A single model capable of describing
all of théae systems would be cumbersome and difficult to use. Therefore, a
model will be developed to describe one particular system. Suggestions and
techniques for generalizing the model to fit other systems will then be offered.

A drift mine was selected for the initial model. This system was chosen

because Smith and Shumate (37) have obtained detailed and fundamental in-

formation about a drift mine, and McDaniels Test Mine can furnish a check

on the validity of the model. In addition, the auger holes at the McDaniels

30
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Research 8ite will provide an opportunity to test the generality of the initial
model.

An acid mine drainage system has two major subsystems: 1) pyrite
oxidation, and 2) oxidation product removal. Each of these areas will be
discussed separately. The oxidation presentation, based on experimental
and theoretical information, is applicable to all pyritic systems. The re-
moval section is based on general knowledge, but has less experimental data

to support the presentation than does the oxidation discussion.

Derivation of Oxygen Concentration Gradient

The reaction mechanism and the kinetics of the oxidation of concentrated
pyritic material have been described in the review of previous laboratory
work. Certain conclusions will be reiterated to aid in the development of the
oxidation model.

One observation was that the oxidation rate was proportional to the oxygen
concentration. In the mine environme’nt it is possible to measure a bulk oxy-
gen concentration in the main cavity. However, this concentration is only
applicable to oxidation occurring on exposed coal surfaces. Since oxidation
products have been observed along cleavage planes within coal away from an
exposed face, oxidation obviously occurs well back in the hill. Therefore,
some method of estimating oxygen concentration within the pyrite-conta;ning
material must be developed. 8Since no direct analyses are readily available,
a mathematical analysis will be used.

The analysis begins by assuming that oxidation occurs along the walls of
small channels in the coal or shale. The channel has cross sectional area, A,

and extends distance, L, into the binder. Reaction occurs the length of the
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channel at a rate proportional to the oxygen concentration, C The rate

ml
may also be assumed so slow that no oxygen gradient exists across the area

A.

Consider an element in the channel of AZ length as shown In the sketch

The oxygen entering this volume at Z is ANOxz AY where Nox is pound moles

below:

A Z+AZ

per hour per square foot and A is the time increment in hours. The oxygen
leaving the volume at Z + AZ is ANOxz A7 A @ . The oxygen consumed by
reaction is kR Cox AAZAS where kp is the reaction rate constant with units
.of reciprocal hours and C Ox is the oxygen concentration in pound moles per
cubic foot of gas. The accumulation of oxygen in the volume is AC OxA AZ.
These terms can be collected in the form: input minus output equals reaction
plus accumulation.

ANox, 88 - N A9 =ACGAAZ +kgCo AAZAD

OXz+ AZ
If all terms are divided by A AZA#S, and the limits are taken as the differen-

tial elements approach zero, the following equation is obtained:

3Nox kg C C
3z - R%¥0x . 35-%?5- (¢-1)

The oxygen concentration term, COx' can be replaced by XOxC where C is

the total gas concentration in pound moles per cubic foot and X___ is the mole

Ox
fraction of oxygen in the gas. This substitution yields the general equation:
3 Nox 3Cox
-~ kpXgxC = 4-2
3z R Q6 -2

Equation 4-2 is a general relatio_nship which can only be solved by making
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specific assumptions and substitutions for given situations. For this analy-

sis, it is reasonable to assume that there is no time dependence; an
assumption that will be verified in the course of the analysis. A second
condition for the solution is that an "effective" diffusivity, D, which is inde-
pendent of position and concentration, be defined such that

Nox = - cn%’izg_x . (4-3)
This condition is based on the fact that coal and shale contain voids and
channels which are neither straight na uniform. Because of the non-uniform-
ity of the diffusion path, the normal distinctions of diffusion area, path length,
and counter-diffusion become blurred. Bird, Stewart, and Lightfoot (3 ) have
discussed the concept of effective diffusivity in detail. They presented a sim-
flar situation of the first order consumption of a gas inside porous catalyst
pellets.

When the two modifications are applied to Equation 4-2 and derivatives

taken, the following equation is obtained:

o .
CD d7Xox kg, Xy C

= . 4-4

a 72 R 2Ox (4-4)

This may be rearranged easily to give:

®Xox _ krXox . o . *-5)
dZ2 D
The general solution to Equation 4-5 is:
Xox = Aexp ((kg /D)2 z)+ Bexp (-(kn/ D)V2 2) (46
The integration constants may be evaluated by used of the two boundary
conditions.

B.C. 1: AtZ=1L, Xgx = 0.0
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From B. C. 1, it is apparent that A 1is zero. Then, using B. C. 2,

X0x6=Bexp(—(0)) = B _or
/2

1
Xox = Xox, €xP ( -{kg/ D) Z) 4-7)
In the evaluation of the oxygen gradient, some value must be assigned to the
effective diffusivity. Workers in soil mechanics (see Brown (5) ) have sug-
gested using D = 0.6 DAB' where D

AB
Another solution to Equation 4-2 may be developed by assuming that the

is the normal oxygen in air diffusivity.

atmospheric pressure varies at the mouth of the channel. H the ambient
pressure increases, air containing 21 per cent oxygen will be pushed into the
pore. If the outside pressure decreases, parti of the air in the confined vol-
ume will be pulled out. This is now an unsteady state problem which is more
easily handled by numerical than by analytical solution techniques. One sim-
plifying assumption is that the pressure alternately increases and decreases
uniformly with time, i.e., a "sawtooth" function. As in the previous analyti-
cal development, the effective diffusivity will be used to describe other motion
of the oxygen molecules. These ass.mptions give for the oxygen movement:

Nox = ~DCdXox + Xox(Nox+Ny) (4-8)
The first term on the riaglﬁ hand side of the equation is the molecular diffusion
6f oxygen into the channel, and the second term is the bulk flow of oxygen and
nitrogen being pushed and pulled by the pressure variations.

At atmospheric pressure the moles {An) of an '"Ideal" gas entering the
channel mouth is equal to V/RTAI;(G), where V is the channel volume, R is
the gas constant, T is the ambient temperature, and AP(9) is the change in
atmospheric pres'sure as a function of time. When V is replaced by A-L. and

the entirc equation divided by area to convert to a flux, we obtain:
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An AL AP(®)
2 = (Nox*Nn) = "Ry

= _LAP¥) )
BT (4-9)

Finaily it may be assumed that effects of gas entering (or leaving) the chan-
nel are uniformly reflected over the length of the channel, i.e., each

incremental volume gains an additional 1/V moles of gas. This in terms of

the flux is:
(N_ +Ny)_ = LAP(8) (1- Z/L) (4-10)
Ox z RT
(Nox + NNz = Al;‘gel (L-2Z) (4-11)
T

Equation 4-11 may be substituted in to Equation 4-8 and the derivative taken.

3Nox . -cpd®Xox , ape)(1-2)9%ox _Xox A “ (4-12)
Y 3 72 RT 32

Equation 4-12 is substituted into Equation 4-2 to give the second order un-

steady state equation:

cd¥ox 3% Xox _ aP(8) (L-2)9X0x , XOx AP(0)
C3e " Pz 272 RT 0z RT

- kg Xox C (4-13)

Three boundary conditions are required for the solution of Equation 4-13.
Two are the same distance and mole fraction parameters as used in the ana-
lytical solution. The third is a time and mole fraction parameter describing
the oxygen gradient at zero time.

B.C. 1: AtZ=1, 06=0; xOx = 0

B.C. 2: AtZ=0, 8=0; X, = xOxo

B.C. 3 AtZ=2, 0=0; X, = x0x0 exp (- (kg/ D )l/2 Z)

Equation 4-13 is of such complexity that there are no straight forward

analytical solutions. However, numerical techniques using a digital com-

puter can be used to generate solutions for different values of the independent
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variables L and AP(6). Implicit finite differences are used to estimate all
derivatives, and a solution is obtained by iterative techniques. The setup of
the numerical solution and the computer program "GRADIENT' are shown
in Appendix A.

The output of the program "GRADIENT?" is sets of oxygen gradients for
given L and P(¥Y) values. . An integrating function in the program estimates
the daily oxygen consumption in the channel at the stated conditions. Since
"GRADIENT" generates much data rapidly, the most important information
will be summarized using Figures 2 to 7.

The AP(0) function was treated as a sawtooth variable that linearly
moves between some maximum and minimum value. The maximum has been
fixed at 745 mm Hg pressure and the minimum is established by the AP.
Figure 2 shows the maximum and minimum oxygen gradients for a daily pres-
sure change of 12 mm Hg and an L of 200 feet. At the minimum pressure, the
channel has been partially evacuated, and the oxygen gradient is at its lowest
level as the highest oxygen content air has been pulled out. At the maximum,
relatively oxygen rich ( 21 per cent ) atmospheric air has been forced into the
channel to raise the gradient. For comparison, the gradient from the analyt-
ieal solﬁtion ( no breathing ) is also shown. The analytical gradient is
slightly closer to the minimum than to the maximum. Calculations for more
normal, 1 to 3 mm Hg, daily pressure changes give maximum and minimum
gradients closer together. At these low pressure variations, the time aver-
age of the gradients approaches the analytical gradient.

The channel length L is representative of the volume of gas available for
compreszinn and expansion ra;:her than being & perpendicular distance from

the channel mouth. Figure 3 shows the influence of L on the amount of oxygen
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consumed in the channecl. As expected, more oxygen is consumed on the

"in" than on the "out" breathing cycles. Longer channels increase the oxida-
tion on the "in" steps, but give less oxidation on the "out" cycles. The net
result is a slight increase of oxidation with increasing L.

The evidence presented in Figures 2 and 3 leads to the conclusion that
Ybreathing™ has little effect on oxidation in closed end channels. If channels
between the atmosphere and a very large void volume, such as a mined out
volume, were congidered, "breathing' might be of greater importance.

This is indicated by the rapidly increasing oxygen consumption at longer pore
leﬁgths in Figure 3. In such a case nearly all of the pyrite-containing chan-
nel would be swept with a new atmosphere during each pressure change.
However, in the current dcvelopment, it seems reasonable to use the analyt-

ical oxygen gradient.

Influence of Reaction Rate Constant

The rate constant kR also influencés the oxygen gradients and amount of
oxidation. Generally kg is defined in terms of the reacting materials. 1In the
case of a heterogeneous reaction a very careful definition is required. The
reaction rate equation is written below in the usual symbolic language for a

first order reaction:

C
- :QOX = kg Cox (4-14)
The derivative, dCQOx, is the change in moles per unit volume per unit time.
do

The rate constant, kR, has the units of reciprocal time, and Cgy, the gas
concentration, has the units of moles per unit volume.
Pyrite is embedded in the channel walls in small quantities so the actual

concentration must be considered in determi:iing kr. Since the true pyrite
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distribution is not known, it is necessary to assume a distribution. For ex-

ample, in the laboratory, one gram of 60 mesh, concentrated, pyritic
material consumed 25 micrograms of oxygen per hour in air at 25 ©C. The
gram of pyriie can be assumed to be distributed along the walls of some vol-
ume, V, of channel, or:

Rate x gram pyrite _ kR mole. oxygen
gram pyrite Volume Volume

25x10'(igram oxygen . kg x _0.21 x 32 grams oxygen
A4 hour 22.4 liters

krp = 8.3 x 1074 liter
V hour

I a channel cross sectional area one one square millimeter is considered,
it is likely that the reactivity equivalent of onec gram of crushed pyrite would
be found in a length of 100 meters. This would give a volume of ‘0. 01 cubic
meter, or a kR value of 0. 083 per hour. Since this can only be considered
an educated guess, Figurc 4 has bcen drawn to show the effect of the rate
constant on oxygen gradients. The higher the rate constant, the more rapidly
the gradient drops to zcro. The influence of rate constant on the amount of
oxidation is shown In Figure 5 as a logarithmic plot. This plot has a slope
.of 0.5 indicating that the rate is proportional to the square root of the rate
constant. This is the result for any rate calculation using a concentration
term based on Equation 4-7. The preceding observation leads to the conclu-
sion that for a reasonably accurate oxidation model, the rate constant should

be known within an order of magnitude.

Effects of Reaction Qrder

All of the discussion to this point has been based on the premise of first
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order, or oxygen concentration dependent, reaction kinetics. However, in
microbiological work, particularly that of Lau et al. (19), it has been ob-
served that above a certain minimum concentration of oxygen, the oxidation

of pyrite is independent of the oxygen concentration. The oxidation rate ap-

pears to be some function of the Ferrobacillus concentration, or zero order

with respect to oxygen.

The "GRADIENT" pr;ogram was modified to do zero order calculations of
oxidation above a lﬁinimum oxygen level and first order below that level.
Based on Lau et al. 's work, 2 per cent oxygen was used as the cut-off point.
The oxidation rate above 2 per cent oxygen was considered {o be the same as
the rate observed at normal (21 per cent) atmospheric oxygen level.

The results generated using these assumptions lead to the same conelu-
sions as the first order case. Some differences in form do exist. For
example, the zero order oxygen concentration gradients shown in Figure 6
are steeper than the first order curves in Figure 4. The most important
difference between the two orders is shown in Figure 7 where the amounts of
oxidation are plotted against pore length for the different orders. The zero
order reaction gives a consistently higher level of oxidation than does the
first order. This occurs because t1.- 7. o order concentration gradient, the
driving force for diffusion, is steey .- 18 more oxygen enters the channel to
be used in oxidation.

The difference between zero and first order rates is not important in the
development d a model for three reasons. As a practical matter, the 30 per
cent difference is minor compared to some of the other influences such as
rate conztants. More import;mtly, Smith (35) and others have stated that the

significant bacterial activity, ferrous to ferric oxidation, occurs in the
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drainage rather than on the surface of the oxidizing pyrite. This means that

in a natural system the pyrite is oxidized, the products move to a receiving
stream or pool, and then the bacteria oxidizc ferrous ions to the ferric state.
In the laboratory research, the bacterial enhancement of oxidation rates was
observed only in systems where the culiure medium was recirculated over
the pyritic material. In a natural system recirculation does not occur.
Finally, in a natural system, the watcr-to-pyrite ratio is low at the reaction
sites. Under this condition, as explaincd by Lau et al. (19), there will be rel-
atively few bacteria growing, and therefore, no enhancement of the oxidation

© rate,

Oxidation Product Removal

. Generally speaking, the removal of pyrite oxidation products has been
investigated much less than oxidation of pyrite. The basic removal problem
is to describe and evaluate the flow rate of oxidation products through var-
fous porous niedia by both water movemeni and by molecular diffusion in
aqueous solution (i.e., without net flow of water ).

The rate of removal is primarily a function of the hydrologic character-
istics of the system. Conditions describing the extremes of removal rate
compared to oxidation ratc can be imagined as varying from oxidation sites
in close proximity to flowing ground water to sites far removed from the
water table which are never inundated or flushed by flowing water. All other
factors being equal, oxidation rates at these sites would be the same, but the
rate of acid transport to the effluent stream would be quite different. To es-

timate the rate of transport, we must first describe possible transport

mechanisms.
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Removal Mechanisms:

On the basis of laboratory observations and physical considerations, it is
possible to visualize three parallel transport mechanisms. The first is sim-
ply a direct washing. As ground water percolates through flow channels in
the coal seam, products from the walls of the pores are dissolved. These
products may have formed at times when the channel was not filled with water
or the products may have diffused from adjacent channels that are not normal-
ly _used for water flow. As flow increases, more channels are utilized,
and more product is removed.

The second removal mechanism is the flushing of products from an inun-
dated volume. The inundation occurs as the water table rises during the
spring thaws or during heavy rains and covers a previously non-saturated
volume. The oxidation products gradually dissolve and are carried to the
receiving stream. This mechanism is partially responsible for the high
acid loads observed during the spring.

The final removal mechanism arises from the fact that the oxidation
products form a highly localized concentrated acid and salt solution. This
solution is hygroscopic and will absorb moisture from the air. Since the
relative humidity in a mine atmosphere is usually 100 per cent, ample water
is available for absorption. In addition, when warm air from outside enters
a mine and is cooled, moisture may be removed by condensation. Eventually,
sufficient moisture is collected at the oxidized surface, and droplets of acidic
solution form. Asthe drops become heavier, they begin to flow by gravity
and eventually reach the receiving streams. This mechanism has been ob-
served in laboratory studies where water saturated air was recirculated

over a bed of pjritic material. After about one week, acidic brown liquid
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began to drip from the pyrite bed. The removal by condensation, or gravity

diffusion in the nomenclature of this model, is assumed to occur uniformly
throughout a pyritic system, buf only the drops leaving the bottom of the sys-
temlare included in the net removal of acid.

While experimental data and theoretical calculations could be used to
closcly estimate oxidation rates in a pyritic system, less data are available
for estimating the rate of removal by each of the described removal mecha-
nisms. However, 'using "common sensc’ and the engineering approach of
Smith (36), removal ratcs can be estimated in terms of what is physically
reasonable.

Gravity diffusion both adds and removes products from a volume of coal
or shale. The rate of removal by this method can be estimated in two ways.
The laboratory experiment with small coal block in a 100 per cent relative
humidity chamber gave a removal rate, RRem’ of about 100 milligrams acid-
ity per day per square foot of coal drainage surface. If the rate of gravity
diffusion is considered proportional to the quantity of oxidation products
stored in a volume, the above removal rate is a maximum estimate since it
represents a volume at the air-solid interface where the oxygen concentration
‘and oxidation ratc arc at a maximum. If the rate of removal by gravity dif-
fusion is assumed proportional to the concentration of stored products, the
total removal rate from a one foot wide row of volumes perpendicular to the
interface may be estimated by integrating the exponential oxidation gradient
of Equation 4-7:

“Total removed = Ry fL exp (- (ke / D)V az
) em /0 R
Inserting the value of ky  equal to 0.8 per day * for coal, a diffusivity of 10.0

square fect per day, and the RRem value of 100 milligrams acidity per day



493
and noting that at great values of I, there are no oxidation products to be re-
moved, then:

Total removed = ( 100/(0.8/10)1/2 ) exp (~{ 0. 8/10)1/2)
= 343 milligrams acid per day per foot of interface.
For the estimated wall length of 100 feet at McDaniels Mine this gives 34
grams per day or about 2 pounds per month.

The second method of estimating gravity diffusion is to examine acid out-
put data {rom McDaniels Mine for periods such as late summer and early
autunm when the ground is relatively dry and ground water flows are low.
Under these conditions, leaching and inundation removal of oxidation products
are minimal, and gravity diffusion is the dominant removal method. Over
the 19G6 to 1970 period, acid loads in this dry secason have been in the range
of two to four pounds per month at McDaniels Mine. Since this ranges agrees
with the rate estimated in the laboratory study, a relationship must be includ-
ed in the model to give this rate of removal by gravity diffusion.

The removal of products by percolétion or by flushing both require that
there be a description of underground water flow patterns. Hydrologic equa-
tions have been developed to describe flow patterns in watersheds covering
hundreds of square miles. Even in these large arcas, the non-isotropic na-
ture of the earth forces generalizations in the flow descriptions. When the
relatively small, at most two or three acres, drainage area of McDaniels -
Mine is considered, flow can best be described as "through cracks and c.rev-
ices, ' (32) It has been suggested that the best mathematical description of

this behavior ecan be obtained by assuming a model and determining how well

the model correlates previous precipitation and flow data.



60
Underground Water Balance

The basis that will be used for a model of ground water flow is a material
balance: In - Qut:= Accumulation. This balance can be expanded and rear-—
ranged to describe the ratc of water flow through a mine. To aid the
visualization of the water material balance, McDaniels Test Mine will be used
as the basis for calculations.

The input term in the; water balance is a function of the amount and rate
of precipitation and. of the characteristics of the receiving ground. The out-
put term depends on drainage flows, evaporation, and transpiration. The
accumulation term approaches zero over a period of years, but has a finite
value over shorter periods of time. The accumulation may be considered as
the time for passage of water from the surface after precipitation through the
ground to sub-surface flow paths. The accumulation also represents a driv-
ing force or "head™ for underground flows,

The input of water can be estimated successfully using currently available
hydrologic models (11,44). The amount and duration of precipitation can be
measurcd. The rate and total uptake of water by the soil, infiltration capaci-
ty, can be determined. The infiltration capacity, fp, decreases exponentially

from a maximum initial rate, { to a constant rate. For the McDaniels

Max'’
area an fMax of 0.5 inch per hour has been estimated during the normal
growing season(32). When the ground is wet, the infiltration capacity drops
to lower values as the soil flow channels become saturated, and clay particles
begin to swell and constrict pores (44). Since the infiltration is laminar flow,
the raté is also viscosity dependent, Viscosity of water in turn is

temperature dependent. The aependence is of the form

Viscosity = A exp ( B/ Temperature)
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where A and B are constants for the liquid in question. Hence, there will be

a seasonal variation of infiltration capacity arising from temperature vari-
ations in addition to the cyclic variations caused by plant growth demands for
water. When the ground is frozen, the infiltration capacity approaches zero.

The output of water is harder to describe since only the dependent vari-
able, drainage from McDaniecls Mine, can be directly measured. The evapo-
transpiration losses, evaporation plus water vapor given off during plant
growth, can not easily be measured. However, techniques have been devel-
oped for estimating evapotranspiration. Thornthwaite and Mather (42)
cc.;mpiled and analyzed all of the existing evapotranspiration data from the
United States. On the basis of this compilation, they developed a method to
predict potential evapotranspiration (PE). Their correlation requires data
on the average monthly temperature, latitude, soil type, and vegetative cover
for the region in question.

The temperature data are used to estimate the solar energy received by
the ground, and the latitude determinés the daily time available for plant
growth., From this data a potential (maximum) evapotranspiration is calcu-
lated. From the type of vegetation and soil, a provisional water holding
eapacity (PWHC ) is obtained. The PWHC represents the ability of the root
structure to hold or bind water in the soil. The soil and vegetation of the
Vinton County, Ohio, area are probably best described by Thornthwaite and
Mather's category of sandy loam and open forest. For this combinatic;n,

a PWHC of 10 inches of water is suggested.

The PE; calculation techniques are fairly simple. The estimated evapo-

transpiration is subtracted from the water content of the soil. The actual

water content must be known at some time, or else the water content can be
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assumed equal to the PWHC during the wettest part of the year. As the PE

is subtracted from the root water storage, the storage level falls below the
PWHC. When the surface dries, there is less water available for evaporation
and the PE is reduced also. During a prolonged dry period, the root storage
asymptotically approaches zero. When precipitation occurs, the root storage
is recharged up to the PWHC. In the system being analyzed, exceas infiltra-
ted water is then considered to be available for drainage flows. The logic of
this assumption can be verified by digging into the soil after a summer
shower. While the surface is moist, the soil at a depth of a foot is dry and
powdery.

Precipitation occurring during cold weather is a special problem. When
the ground Ireezes, the water contained in the freezing ground is held and
prevented from reaching the arca of underground flows. The rain or snow
falling on frozen ground either remains as frozen waier or runs off into sur-
face streams. The frozen water may infiltrate the soil when the ground thaws
during warmer weather, but a large fx;action may run off as surface water if
there is a rapid thaw or a relatively large amount of frozen water.

Potential evapotranspiration and mean monthly rainfall for the McDaniels
area are compared in Figure 8, In the hot summer months there is a defi-
ciency of precipitation compared to the PE. In the cooler months there is
excess precipitation and the underground flow reservoirs can be recharged.
The calculation of the PE curve is shown in Appendix B. Data have been
abstracted from Thornthwaite and Mather's presentation so that the PE can
be repeatedly calculated for the McDaniels Test Site. The subroutine
"PEVAP" has been written to determine a PE for each month of the year.

"PEVAP" is described in Chapter V in the section on programming.
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The accumulation term in the water balance represents the water con-

tained in the geologic structure. Materials such as shale and sandstone are
not's_olid, but porous, and can hold water in these pores. There are also
cracks and crevices which can hold water. As was mentioned previously, the
water moving down from the surface or being held as frozen water or snow
can also be considered part of the accumulation in the mass balance.

Estimation of Drainage Flows:

Since the main Eoncern of this analysis is the estimation of drainage flow

from the McDaniels Mine, the material balance can be rearranged to give:
Output = Input - Accumulation

Breaking down the output term further gives:
Drainage = Input - Accumulation - Evapotranspiration

The information required to use the above equality for predicting groundwater

flows may be summarized as follows:
Input = f{ Precipitation, Infiliration capacity, Temperature)
Accumulation = f( Temperature, Geologic Features )
Evapotranspiration = f (Temperalure, Vegetation, Precipitation)

The nature of these relationships has largely been explained so the formu-
‘lation of a prediction technique can now proceed. The one relationship which
was not quantitatively described was the effect of geologic structure on the
gccumulation. 8ince no information exists to define this relationship, an em-
pirical correlation must be used. 1In terms of what is observed, the model
must provide for the general storage of water and the delay between precip-
itation ﬁnd measurable flow changes. It must also provide for longer term

storage of frozen water.

One storage representation is a set of three tanks: A, B, and C. Tank A
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receives precipitation when the ambient temperature is above freezing.

Tank B represents surface storage of snow and ice when the ground is frozen.
Tank C is the general storage volume from which water is continually re-
leased as drainage flow. A fraction of the contents of Tank A are transferred
to Tank C each day. This partial transfer builds in a delay representing the
time it takes for precipitation to move through the ground. The contents of
Tank B arec gradually transferred to Tank C as the ground thaws. With even
a simple three tank model, arbitrary constants must be evaluated. Since
there are limited physical bases for evaluating the constants, they may be
aséigncd valucs which best simulate existing data.

The computer subroutine "REMOVE" has been developed fxrom the infor-
mation presented in the discussion of the waler balance. The subprogram,
which is described in Chapter V, uses basic meteorological data and the
stor age model to generate daily flow estimates. The daily flow estimates
are then used to determine product removal rates by leaching .and inundation.
These calculations will be discussed when the total drift mine model is

described in the following chapter.



CHAPTER V
DEVELOPMENT OF DRIFT MINE MODEL

Several approaches are possible in developing a model of a pyritic system.
The major source of variations arises in the choice of the bases to be used.
The choice of a co-ordinate system depends on factors such as computational
facility, spatial visualization, and physical reality. The easiest choice is to
list all possible variables with a tabulation of data and feed the mass of num-
bers to a computerized multiple regression analysis. This statistical
approach offers computational facility, but sometimes ‘at the sacrifice of
physical recalily. Since the goal of this rescarch is to maintain physical
meaning so that diffcrent sites can be compared, a statistical approach must
be ruled out, |

For the sake of generality and physical significance, the best approach is
to work with Cartesian co-ordinates. The physical orientation of the system
can be easlily described in thesé co-ordinates. Physical and chemical vari-
ables such as water flow, oxygen gradients, and the water table are also
easily defined in rectangular co-ordinates.

Computational neatness can be assured by the careful definition of the
variables. For example, a technique to calculate the oxygen gradient in

terms of the distance from the air-solid interface has already been explained

in Chapter IV.

56
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Desecription of Micro-System

_ Let us begin development of the computational model by examining a

sketch of a pyrite containing coal seam as shown in Figure 9. Generally,
the coal seam is divided into a number of layers of coal and shale. The water
table may intercept the coal seam. The coal scam extends a relatively great
distance from the air-soclid interface,

One of the layers is shown in expanded form in Figure 10. The stratum
is of such size that oxidation and removal conditions can vary widely over
the stratum. Therefore, the stratum is subdivided into several layers, and
these layers are then divided into blocks. The basic assumption of the
whole model must now be stated: An average set of conditions exists over
each volume and can be used in any calculations for that block. The system
bkzhavior is then the linear sum of the behavior of all these small reaction
volumes.

The block marked "A" in Figure 10 is further expanded in Figure 11,
A material balance has been developed about the block to relate the oxidation
product formation and removal rates. Oxidation is the chemical reaction of
~oxygen and pyrite. Gravity diffusion is the very slow downward movement
of highly concentrated product solutions. Leaching is the removal of products
by ground water trickling through the oxidized volume. Flooding is the re-
moval of products when a volume is inundated. All of these terms have been
described in Chapter IV so now they need only be slightly expanded or altered
to give a single expression to describe the events in volume "A. "

Oxidation rate is a function of the oxygen concentratioﬁ. the pyrite surface
available for oxidation, and the reaction rate constant. The oxygen concen-

tration gradient can be calculated using - Equation 4-7. The pyrite available
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and the reaction rate constant can be estimated from data such as that
described by Larez. (18)

Previously, a rate constant was calculated by assuming that the reactiv-
ity of a gram of pulverized pyrite was distributed along the walls of some
void volume. larez (18), however, reported rates based on a volume of
binder material rather than on the basis of pyrite weight or surface area.

In this case, the void fraction, € , of the binder must be used in calculating
the rate constant. For shale, € is in the range 0.2 to 0.3. {(35) For coal,
the only data on porosity is that of the micro-structure measurcd by nitrogen
adsorption and other such techniques. Thercfore, if has been necessary to
make a rough estimate of € for coal. Dr. K, 8. S8humate of the Civil Engi-
neering Department of The Ohio State University has suggested that ¢
-probably has a relatively low value for coal--in the range 0. 005 to 0. 02, (32)
For compuiational purposes a value of 0. 005 void fraction will be used for
coal.

Larez! oxygen uplake rates and the void fraction may be used to estimate
a rate consiant for the naturally occurring pyrite. We may write the general
first order rate equation as:

Ratc ( moles/hour/volume gas) = kR( /hour) Cgx (moles oxygen/
volume gas)

The experimental rate, RateExp. was reported as oxygen uptake per total
volume per hour. Since the gas volume equals the void fraction times the
total volume:

Ratep.p/ € = kg Cox
This may be rearranged to give:
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If an oxygen level of 21 per cent is assumed in the bulk air phase, and
Larez' oxygen uptake rates of 3 micrograms oxygen per hour per cubic
centimeter solid for shale and 1 microgram per hour per cubfc centimeter
for coal are used, kg has a value of 0.067 per day for shale and 0.80 per day
for coal. The higher value for coal arises because the rate constani is in-
versely proportional to the void fraction.

In the following pages, a number of variables will be introduced. The
model terminology is summarized in Table 2.  The basic notation used in
thq. computation model is "J" for the layer number counting upwards from
the bottom layer, and "K' for the block number counting in a horizontal
dircction from the air-solid interface. In addition, the program provides
""" notation for increments along the interface for situations where conditions
may vary horizontally along the exposed face.

The quantity of oxidation, which increases the amount of products stored
in volume "A"Y (STORE(], J, K) in our nofation) can be expressed as follows:

OXIDN(I, J,K) = kR(J) Cox(I» J, K) DVOL{, J, K) (5-1)
OXIDN({, J, K) is the oxygen consumed per day in a block of volume DVOL
a, J,K). COX(I, J,K) 1is the oxygen concentration in the void volume, and
kR(J) is the rate constant for layer J.

A gravity diffusion function which includes a dependence on the quantity of
stored products and which assumes no horizontal motion of products is:.

GRAVOT(, J,K) = DIFFG(J) STORE(, J,K) (5-2)

GRAVIN(, J,K) = DIFFG(J+1) STORE(, J+1,K) (5-3)

GRAVIN and GRAVOT are the gravity diffusion in and out of 2 volume.
STORE(l, J, K) is the pounds of oxidation products, reported as oxygen con-

sumed, stored in the volume, and "J+1' refers to the volume above.



TABLFE 2

COMPUTER PROGRAMMING NOMENCLATURE

62

8TORE
RATEK
REACT
THICK
ROCK )
TYPE )
DIFFG
WASH

WATER
VAP

IN

10

Ip

IY
NLAYER
NDEPTH
NFEET
NPUNCH
IYEAR
IDAY

DTHETA
DI

DK

TOP
SLOPE
AIKALI
AMONTH
OXX
FRAC
FLOOD
DIF
GRAVIN
GRAVOT
DSLV
AOUT
OXIDN
-SUM

FJ

CON-

Main Program Arrays

Product storage volumes

Reaction rate constants of strata

Oxygen consumption rate of pyrite containing binders
Thickness of sirata

Literal description of strata

Gravity diffusion rate constant for a layer
Equilibrium product storage in layer

Water table

Monthly valuc of potential evapotranspiration

Main Program Integer Variables

Input unit number

Printed outpul unit numbex

Punched ouiput unit number

Year number storage

Number of layers in coal secam model
Number of depth increments in model
Number of air—-solid interface increments
Punched output control

Year

Date

Main Program Real Variables

Time increment lengih, days

Length of air-solid interface increments, feet
Lengih of depth increments, feet

Datum plane for top of coal seam

Slope of coal seam relative to datum plane
Ground water alkalinity, parts per million
Month

Mole fraction oxygen

Fraction of stored products removed daily during flooding

Acid removed during inundation, pounds

Base gravity diffusion constant

Gravity diffusion into a volume, pounds

Gravity diffusion out of a volume, pounds

Fraction of products removed each day by leaching
Daily acid removal by leaching, pounds

Oxidation in a2 volume, pounds

Variable representing cumulative total

The ratio of stored products to equilibrium storage level

Calculational constant
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_ {continued)

KEEP
LAST
LTHETA

REMOVE
DAYS
EVAP
TANKA
TANKB
TANKC
TA

TB
RAIN
RTIME
RCAP
TMEAN
RNET
PWHC
PWATER
DEFICT
TCAP
EFF
PEVAP
AIN
WSHED
FLOW

Subroutine Integer Variables

Length of month
Date of previous data input
Days since preceding data input

.Subroutine Real Variables

Name of flow calculation subroutine

Name of interval determining subroutine

Name of evapotlranspiration calculation subroutine
Storage of water from warm weather precipitation
Longer term storage of frozen precipitation

Main slorage volume

Rate of water transfer from TANKA to TANKC

Rate of water transfer from TANKB to TANKC
Precipitatlion, inches

Duration of rainfall, hours

Infiltration capacity of soil

Average daily temperature, degrees Fahrenheit

Net rainfall entering underground storage

Provisional water holding capacity of root structure, inches
Current water storage in root structure, inches
Deficiency in root water storage

Sum of RCAP and DEFICT

Effect of root storage deficiency on potential evapotranspiration
Potential evapotranspiration, inches of water

Five day average of water enfering underground storage
"Watershed" area of mine

Drainage flow from mine, gallons per day
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DIFFG(J) is the fraction of products stored in layer J which moves by gravity
diffusion each day. For different strata, DIFFG(J) is calculated as a con-
stant fraction, DIF, of the oxidation rate constant. This dependence is based
on the assumption that gravity diffusion depends on how fast oxidation prod-
ucts form, and inversely depends on the void volume available for product
storage. Both of these ‘factors are included in the rate constant. The mag-
nitude of DIF, 0.001, is chosen to give a net monthly removal rate of about
two pounds of acid as described in Chapter 1V, Calculated values of DIFFG(J)
are in the range 0. 0005 to . 001,

Removal by leaching and flooding are both functions of underground water
flows. The leaching occurs as water trickles through channels in the oxi-
dized volume. The trickling water picks up oxidation products and enters the
receiving stream. The products which are removed may have been formed
either along the flow channel walls or have diffused from adjacent "dry™
channels. ‘The basic assumption of the leaching model is that most of the
water observed as drainage has not contacted the reactive pyrite volume, but
merely dilutegs thc acid. The reasoning is that if the reactive area was con-
tinually washed by large volumes of water, the fine channels in the binder
'would be filled with water. The water then would block the transport of oxy-
gen to the pyrite, and oxidation would virtually cease.

The quantity of products leached depends both on the amount of products
present and on the number of flow channels being utilized for flow. The
utilization of flow channels is largely controllied by how much liquid is moving.
Therefore, AOUT, the quantity of material leached from a volume may be ex-
pressed as a function of the st.orage contents and the rate of water trickling

vertically from the surface:
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AOUT(], J,K) = STORE(],J,K) - FJ * DSLV {6-4)

DSLYV is the fraction of stored products removed each day by water trick-
ling downward through the binder and pyrite. The value of DSLV has been
obtained by correlating the calculated water infiltration rates with observed
variations in acid load at the McDaniels Mine. The best match of observed
and predicted acid load was obtained for:

DSLV = 0,002 ARN (5-5)
where ARN is the water infiltration rate averaged over a five day period.
This averaging represents the gradual movement of water down from the sur-
face after precipitation. The time response to rainfall becomes more rapid
as the soil becomes saturated with water, The value of DSLV is usually
calculated in the range 0. 0005 to 0,0015. The term FJ is the ratio of the

»quantity of stored products to the equilibrium product storage level. The
equilibrium storage is the amount of products that would be maintained in an
open system where oxidation and removal rates were equal. The equilibrium
conditions were estimated by allowing the simulation program to run under
conditions of 21 per cent oxygen atmosphere for a three year period. The
quantities of product stored at the end of this period were used as the equi-
librium storage.

The quantity of products removed by inundation depends on the movement
of the water table. The motion of the water table can be related to the under-
ground storage tank model. The variation in the level in Tank C can be used
to represent the fluctuations of the water table above a datum level. In the
real system, the fluctuations of the water level of Test Well Number 6 in the
hillside above McDaniels Mine are indicative of water table changes. It has

been suggested that the water tab_le is parabolic in form, rising at an
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increasing slope from the exposed coal face towards Well 6. (35) Obviously,

the total water table can not have this initial concave form since by logical
extension of the table there would be a water spout at the end of the table at
some point higher on the hill. Beyond Well 6, the water table probably has
a more hydrologically rcasonable shape such as convex parabolic which be-
comes esscnlially horizontal. The true shape of the water table is not
critical for this model, i:)ut some form must be selected for computational
purnoscs.

Under the assumption thal the calculated levels in Tank C directly cor-
respond to the ohserved levels in Test Well Number 6, an equation can be
devcloped to describe the shape of the water table. The basic equation for a
parabola, y = mx2 + b, requires evaluation of two constanis, m and b.
These may be cvaluated by examining data from Well 6.

When y, defined as the height of water in Well 6 relative to the bottom of
the coal secam, is 21 fcet, water runs out over the top of the coal seam 120
(x) fect away. Since the seam is about 3 feet thick,

21 =m (120)% + 3
or-upon rearrangement,

m =18/ (12002 = 1/800 .
The real point of interest is x, the point where the water table intersects the
coal seam, so the parabolic equation must be put in the form

X2 = 800 y

or X = (800y)1/2
Finally this may be converted to a dependence on Tank C. In the four year
period simulated by the flow p'rediction subprogram "REMOVE, " the storage

term, TANKC, varied in the range 0.9 to 2.5 (inches of stored water).
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During the same time intcrval, the water level in Test Well 6 varied between
15 and 22 feet above the coal seam. I it is assumed that the relationship
between the level in Test Well 6 and TANKC is linear, an expression such as

y =15 + 5 ( TANKC - 0.9)
can be used to define the relation. This gives

X = 28.28 (15 TANKC - 13.5 ) 1/2 (5-6)
as the final form to be used in the computational model. The shape of the
watcr table is rather uncertain after it intersects the coal. A linear slope
through the scam will be assumed although the actual table depends on where
cracks and cleats occur in the seam.

While a storage volume is inundated, the oxidation producis gradually

dissolve and flow away, The amount of products removed per day is

FLOOD(1, J,K) = FRAC - STORE(l, J,K) . (5-7)
FRAC is the fraction of products stored in a volume which are dissolved each
day that the volume is inundated. A value of 0, 002 per day has been found
most appropriate for FRAC. This is a higher value than that of DIFFG
(0. 0005 to 0. 001 range ) and that of DSLV (0. 0005 to 0. 0015 range ) since
inundation supersedes and includes gravity diffusion and leaching. An upper
limit on the rate of removal during inundation arises because of product sol-
ubility limitations, and because of the fact that products must still diffuse out
of capillary size channels in the inundated volume,

"~ At this point, it is appropriate to discuss in more detail how "suitable"
values were obtained for the constants DIF, DSLV, and FRAC. The basis
for the evaluation of the constants was the annual acid loads measured at
McDaniels Test Mine.

While the three removal mechanisms, leaching, gravity diffusion, and
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inundation, have been considered as parallel and independent, the total re-

moval must fit the constraints of the observed data. Hence, if one rate is
increased, the other two removal rates must be reduced.

In light of the preceding discussion, the general technique for evaluating
DIF, DSLV, and FRAC was to pick a value for each and determine how well
the annual predictions of acid loads matched the annual loads observed at Mc-
Daniels Mine. The key for the initial estimate of the constants was the
experimental knowledge that gravity diffusion removed two to four pounds of
acid per month combined with an estimate of the total product storage obtained
by ﬁllowing the program to run for a simulated period of three or four years.
The total initial storage was about 150 pounds of acid, and assuming 30 pounds
of removal by gravity diffusion per year, a gravity diffusion removal rate of
0.1 pound per day. As an order of magnitude estimate, this gave 0.1/150,
or about 0. 0007 per day for DIF. To get what was essentially a "trial and
error' approach started, initial guesses _of FRAC and DSLV ;vere set egual
to DIF. These values were the right magnitude, but gave low predictions.

The values of the three constants were raised to bring the annual predic-
tions of acid load in line with observed values. Once the annual loads were
in line, the 'fine tuning" or matching of short term acid loads was under-
taken. The inundation removal term was the most sensitive of the three
rates during the first three months of the year. 1t is, In process control
terminology, a derivative function which responds rapidly to changes in the
water table. Hence, the inundation constant FRAC could be used to match
early year increases in acid load. The leaching constant DSLV is most im-
portant in timcs of high flow so it could be varied to produce the best acid load

predictions in April, May, and June.
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As each constant was varied, the other two also had to be adjusted.
During the general trial and error evaluation, it was observed that any
conétant could be varied by 30 or 40 per cent of its value without great
damage to the annual prediction capability of the model. However such
variations in FRAC or DSLV could shift short term prediction peaks by as
much as 3 or 4 weeks.

Once all the events probable in a given volume have been defined, the
appropriate terms are summed to give the new storage contents in the volume.
Under normal circumstances, no flooding, the new product storage in a
volume is the sum of the rates in Equations 5-1, 5-2, 5-3, and 5-4 plus the
previous storage:

STORE(], J,K) = STORE(, J, K) + OXIDN(1, J, K) + GRA VIN(I, J+1,K)
- GRAVOT(1, J,K) - AOUT(I, J,K) (5-8)
During inundation, the water forms an oxygen diffusion barrier so that
oxidation virtually ceases, and
STORE(, J,K) = STORE(], J,K) - FLOOD(I,J,K) (5-9)

The tolal acid removed from the system is the sum of all AQUT(I, J,K),
gnd FLOOD(I, J,K) where appropriate, terms plus the GRAVOT terms from
storage volumes immediately above the water table. The calculation of
acid load as the sum of all acid removal rates assumes that oxidation
products leave the mine as soon as they enter the ground water. The
summation of all these removal terms plus the calculation of new storage
quantities are performed by a digital computer. The computer program
which does these calculations iteratively to simulate the passage of time

will be described in the following section.
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Computer Programming of Model

The programming of this or any other model is the restatement of regular
mathematical equations in the particular form required by a digital computer.
This language of the compuier has already been introduced with the I, J, K
notation of the first section of this chapter. The computational model of the
drift mine will be described in terms of one main program and three sub-
routines. The main program maintains generality with regard to most py-
ritic systems, but thc subroutines include special provisions for a specific
mine site. A flow chart for the main program is shown in Figure 12, and
flow charts for the subroutines are shown in Figures 13, 14, and 15.

The main program has two principle sections. The first section handles
.bookkeeping such as defining variables, establishing computational arrays,
and setting initial values. The arrays are the subscripted variables which
represent incremental changes in distances or conditions in different locations.
The initial conditions to be established include a base datum plane, a mini-
mum water level datum, dimensions of the coal and shale strata, alkalinity of
ground water, the "water shed' area drained by the mine, experimental or
estimated oxidation rates, and conversion factors. The most critical set of
initial values is the estimate of oxidation products stored in the system from
previous oxidation. That is to say, we are breaking into a steady state sys-
tem, and the steady state point is non-zero in value.

To obtain initial storage values, the computer program was allowed to
run for a simulated period of three years of oxidation and removal. The oxi-
dation rates were based on 21 per cent oxygen level in the mined-out volume

since prior to the start of the observation period, McDaniels Mine had been
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open to the atmosphere. The final storage values, STORE(], J, K) were then

punched out on standard computer cards in a format suitable for reading-in
as data. Once the initial conditions have been established, the simulated
daily mine behavior ¢an be calculated.

The second section of the program, which does the day to day simulation,
will be described in terms of a typical run. The first step in the simulation
is the readir-lg: of meteorological data. The date, the inches of precipitation,
hours of duration of precipitation, mean daily temperature and oxygen concen-
tration at the air-solid interface are the input data. The program is written
in such a mamer that only positive information such as precipitation or
changes in the temperature or oxygen level need be read in. The input data
are examined to determine if any conditions have changed, and the amount of
precipitation is recorded.

The subroutine "DAYS" is called to determine the number of days,
LTHETA, since the previous data input. The program i{s run on the condition
that precipitation only occurs on the LTHETA day--whether this is one day or
one month from the previous precipitation. The program performs the fol-
lowing set of calculations for each day. The computer variables introduced
in this section are summarized in Table 2.

1. The subroutine "REMOVE" is called. This routine, described in
more detail on page 78, calculates the ground water flow. and the
quantity of water in underground storage. The factor DSLV, the
fraction of stored products removed each day by leaching, is also
returned by "REMOVE. "

2, The position of the water table in relation to the coal seam is defer-

mined. A water level, YZERO, equivalent to the water level in Test
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Well 6 is calculated from the value of TANKC using the technique
shown on page 66, YZERO is used as one end of a parabolic water
table which intersects the coal seam at point XMIN. From XMIN,
the water tablc is taken as a 20 per cent dow;;lward slope through the
coal seam. The position of the water table in rel_ation to the seam
is recorded as WATER(K). The "K" increments are counted

horizontally from the air-solid interface.

Steps 1 and 2 have furnished numerical information for calculating product

removal rates. The next steps are performed iteratively - over the computer

array of oxidation storage volumes, STORE(I, J, K), for all volumes above

the water table. For inundated volumes, the program skips to Step 7.

3.

1.

The oxygen mole fraction, XNN, in the void volume is determined
using the oxygen gradient equation. (Equation 4-7) The total volume
of the block, DVQL, is calculated. The oxidation, as pounds of
oxygen consumed per day, is determined.

The quantity of products removed by leaching, AOUT, is calculated

using Equation 5-4.

_ The gravity diffusion in, GRAVIN, and out, GRAVOT, are computed

using Equations 5-2 and 5-3.

The terms calculated in Steps 3, 4, and 5 are summed to obtain

the change in product storage. The program then skips to Step 8.
The quantity of products-removed from an inundated volume is ob-
tained from Equation 5-7. Since there is no oxidation in inundated
volumeé, the new storage quantity is calculated simply by subtracting
{Le quantity removed from the product storage value.

The quantity of acid removed from each storage volume is added to
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the running total, TACID, of acid removed. In addition, sub-totals

of the amount of acid removed by each mechanism are also kept.

After the calculations have been performed for all of the volumes of the

STORE(], J,K) array, the results are prepared for output.

10.

11.

12,

13.

The acid load, TACID, is converted from an oxygen consumption to a
"total acid" basis by multiplying by 200/112. This is the stoichio-
metric ratio of 2 Hy804 to 7/2 Oy when acidity is expressed as the
calcium carbonate (CaCOg) equivalent.

The acid load is then corrected for the influence of alkalinity in the
entering ground water., A value of 20 parts per million alkalinity
has been used for the McDaniels Mine.

The daily acid load is added to the cumulative monthly, YSUMA, and
annual, YSUM, acid load totals., Similarly, monthly totals of re-
moval by gravity diffusion, GSUM, inundation, FSUM, and leaching,
ASUM, are also accumulated.

The daily flow, acid load, and precipitation are printed. At the end
of each month, a summary including flow, total acid load, inches of
water entering underground storage, and the acid removal by each
mechanism is printed.

Similarly, annual or quarterly summaries may be printed. The

sample program in Appendix C shows monthly and annual summaries.

- Once the calculations have been performed for one day, the program re-

peats Steps 1 through 12 LTHETA times. On the LTHETA day, the call of

the "REMOVE?" subroutine includes the amount of precipitation. "REMOVE"

performs all calculations involving rainfall and ground water flows.

Several subroutines have been written to assist the main program. The
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subprograms were written for either of two reasons. First, some routines
are of general use so it is convenient to be able to move them from one main
program to another, Seccond, each subroutine is compiled independently.
This feature can greatly simplify "debugging" and identification of errors in
the program. Errors can be corrected imme_diately rather than propagating
and giving falsc error messages in unrelated portions of the program.

The subroutine "DAYS" determines the number of days between two con-
secutive data inputs. The name of the month and the date are read into the
routine which compares the name of the month with the name of the month
frdm the preceding input. X the names of the months are the same, the rou-
tine obtains the difference of the two dates and returns this as the elapsed
time, LTHETA. If the months are different, the routine determines the num-
ber of days in the preceding month from an internal data table. The old date
is subtracted from the month length. The difference is added to the new date
to give LTHETA. The "DAYS" subrohtipe simplifies data iﬁput since only
positive information or changes in conditions need be read because the time
between changes can be computed. '"DAYS" is a general purpose routine
that can be transferred from program to program.

The subroutine "EVAP'" determines the potential evapotranspiration at the
McDaniels Test Mine. Monthly evapotranspiration rates have been calculated
according to the Thornthwaite and Mather (42) technique. These values are
read into the main program as data and transferred to the subroutine thi-ough
a Commo;a statement. The call to the subroutine includes the name of the
month. "EVAP" finds the evapotranspiration rate corresponding to the
month from an internal data table, and returns this value to the calling pro-

gram. This routine can be used for other sites if the appropriate



No

IDAY,
AMONTH

¢

Figure 13 -- Flow Chart of Subroutine DAYS

Does Amonth
= AGO

Yes

LTHETA =
IDAY - LAST
LAST = IDAY

Return

Determine KEEP,
Length of Previous
Month

LTHETA = KEEP
- LAST + IDAY

|

AGO = AMONTH
LAST = IDAY

!

Return

76



AMONTH

}

Identify
AMONTH

l

Compare
AMONTH with
Internal Table

’
Obhtain PEVAP
from Data
Table

}

Return

Figure 14 -- Flow Chart of Subroutine EVAP

7



78
evapotranspiration rates are calculated or measured and supplied to the pro-
gram.

The major subroutine is "REMOVE, " "REMOVE' has been written to
calculate drainage flow rates. The program also determines the fraction of
stored products to be removed each day by leaching.

On the first call of "REMOVE" initial conditions are established. The
short term storage volumes, TANKA and TANKB, are assumed to be zero.
The long term waler storage, TANKC, may be assigned a zero value or a
positive value. A4n initial value can be estimated by allowing the program to
run for a simulated period of 3 to 5 years, as in the estimation of initial
product storage. On each succeeding call of the routine, the following set
of operations is performed.

1. The daily potential evapotranspiration is determined. The monthly
maximum evapotranspiration is obtained by calling "EVAP," The
value is then converted to a daily value by dividing by the length of
the month, The daily value is then reduced depending on the mois-
ture in the ground. The drier the ground, the less the water near
the surface to evaporate or to be used for plant growth.

If there has not been any precipitation on the day being simulated, the
program by-passes the following two steps and goes directly to the calculation
of ground water flows in Step 4. _

2. Infiltration capacity, RCAP, of the ground is calculated. The total
capacity of the soil, TCAP, is taken as the sum of RCAP and
DEFICT, the deficiency in root water storage. DEFICT is the dif-
ference between the provisional water holding capacity, PWHC, and

the actual root water storage level, PWATER.
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The actual rainfall, RAIN, is compared with TCAP, and the lower

of the two values isused as the quantity of water, RNET, penetrating
the surface of the soil. Excess water is assumed to be lost as sur-
face runoff. Up to 90 per cent, if required, of RNET is used to
recharge the water storage, PWATER of the root structure. Ex-
cess water, ADD, is added to TANKA, the first storage or delay
volume. If the ground is frozen, the excess water is assigned to
longer term storage in TANKB.

From 20 to 40 per cent of the contents of TANKA is transferred daily
to the main underground storage volume, TANKC. The fraction
which is transferred is proportional to the value of TANKC. This
dependence simulates the more rapid water flow when the ground is
wetter,

Water held in TANKB is transferred to TANKC only after the temper-
ature rises sufficiently to melt the snow. For areas such as south-
eastern Ohio, where snows usually melt in a reasonably short time
rather than accumulating to great depths, Wisler and Brater (44)
have suggested that the rate of melting can be related to the degree
days above freezing. They suggest using an estimate of a tenth of
an inch of water equivalent for each degree day above freezing .

This water is then treated the same as ordinary rain with regard to

infiltration rate and capacity.
The drainage flow, FLOW, is calculated as a function of TANKC and

the drainage area, WSHED, of the mine. The function that gives
the best correlation with existing data is a linear dependence. The

goodness of fit of real and simulated flow data will be shown in
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Figures 16 and 17. In addition to the flow out through McDaniels
Test Mine, water flows out through other openings in the overburden.
This extra flow is also proportional to underground storage, TANKC.
During wet seasons, this additional flow may exceed the flow through
the mine. The value of TANKC is decreased in accord with total
quantity of calculated flow.

7. DSLV, the fraction of stored products removed daily by leaching, is
computed. As shownby Equation 5-5, DSLV is a function of the rate
of water addition to ground water storage.

8. Control is returned to the main program.

Although "REMOVE" is based on general hydrologic principles, the con~

stants used in the program can only be evaluated in terms of a real system.

. Factors obtained by examining real data from MecDaniels Test Mine include
the "water shed' area of the mine, the response time of drainage flow to pre-
cipitation, the water siorage capacity of the geologic structure, and a snow
melt criterion.

The "water shed' area was estimated by back calculating from the ob-
served yearly totals of drainage flow and precipitation. Water losses such
as evapotra;lsg;iration were then subtracted from the precipitation to give a
"net™ rainfall. The net rainfall and observed drainage were then used to cal-
culate the "water shed™ of the mine. In the McDaniels case, this area was
27, 000 square feet, or about two-thirds of an acre. In terms of a visual ob-
servation of the site, this is a reasonable estimate. Since the drainage area
of the mine is so small, it was virtually impossible to make exact calculations

of water storage or time response. Therefore, the technique of examining

real data was used.
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With slight modifications "REMOVE!" could be used to estimate drainage

flow rates from the auger holes at the McDaniels Research Site. The main
change will be that each auger hole will have a different size drainage area.
It will also be necessary to consider that the holes are tubular and extend a
relatively great distance into the hillside in comparison to the wedge shape
of McDaniels Mine. The cold weather criterion must also be examined since
auger hole flows increase in cold weather rather than maintaining a relatively
constant low flow rate as does the test mine. The likely explanation for the
increased flow is that the surface of the outcrop in which the holes are drilled
freézea. and all water must usc thc holes as exits.

To apply "REMOVE!! to other systems the following information must be
available:

1. Infiltration capacity of soil
System response time to precipitation

Water shed area of mine

pow o

.  Water storage capacity of geo.logic structure

5. Cold weather water behavior eriterion
Of these five items, only the water shed estimate is an absolute requirement
for other sites. For the other four factors, the McDaniels data are adequate

first approximations.



CHAPTER VI
VERIFICATION OF MODEL

The validity of the pyritic systems model which has been developed can be
evaluated by using the model to simulate mine drainage behavior for a period
during which there are natural data.” Such a comparison has been made by
simulation of the period from 1967 through 1970 for McDaniels Test Mine.

The compuler program was run using the physical description of the mine
and meteorological data as inputs. The experimental varations of oxygen
in the mine almosphcre were also included in the data. The output from the
‘program was the daily drainage, in gallons, and the acid load, in pounds.

In addition, monthly and annual totals of drainage and acid load were printed.

The day by day predictions of the model have been graphically compared
with the natural observations. The drainage flow rates are shown in Figures
16 and 17, and the acid loads are compared in Figures 18 and 19. Insufficient
short term acid load data are available for 1967 so monthly average values
are used for the actual data. A hydrologic year beginning with the October
dry season ( in Ohio ) has been used as the time basis. This choice simpli-
fies visualization of the cyclic nature of acid mine drainage rates.

" ‘The data in Figures 16 to 19 show the capability of the model to predict
the sharp peaks of drainage and acid load in the spring of each year. Like-
wise, the figures show the steady decline of flow rates through the summer
and fall. The success of the model in predicting short term variations has

fulfilled a major objective of this investigation. Such a short term response
83
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is necessary if the model is to be used to predict peak loads for use in the

design of treatment facilities. Similarly, the operation of existing treatment
plants may require knowledge of when peak acid loads will occur.

While the agreement of predicted and observed short term data is desir-
able, the validity of the model in the general case may depend more on the
long range predictions. Table 3 summarizes the monthly and annual (on
a calendar year bagis) drainage flows and acid loads. In this table it can be
seen that monthly predictions are generally within 20 per cent of the meas-
ured rates, and that annual values agree within 5 per cent. The goodness of
fit of long term data is important since there were large year to year vari-
ations in acid load because of the variation of oxygen levels in the mine
atmosphere,

*  The practical significance of the agreement of long range predictions and
observations is that for unmanned treatment facilities in isolated areas, the
mode! could be used to estimate the quantity of treatment chemicals which
must be available. The model can also estimate how often the chemicals
must be replenished.

A word of warning should be issued before the model is strongly praised
or condemned for the level of agreement with the natural data. The natural
measurements are based on flow samples collected for 10 or 15 second inter-
vals once or twice each week. Obviously, the reliability or the comparison
would be improved if sampling frequency were increased.

When the acid removal was discussed in Chapter IV, the description of
three different removal mechanisms was emphasized. The importance of
each of these mechanisms in the actual simulation is shown in Table 4. The

annual acid loads are compared with the quantity of acid removed by each
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TABLE 3

MONTH BY MONTH COMPARISON OF PREDICTED AND OBSERVED DATA

—

Date Drainage Flows, gallons Acid Loads, pounds
Measured Predicted Measured Predicted
1968
January 7560 5712 . - 5.7 5.5
February 6090 5853 9.5 7.0
March 7510 7852 12.6 13.7
April 10350 11513 23.0 31.7
May 16300 14504 39.5 34.6
June 8610 13798 16.8 23.1
July 8700 9794 12.4 8.1
August 8500 8471 11.4 6.9
September 7000 7063 7.2 4.8
October 6360 6605 5.6 5.0
November 5670 6076 4.8 5.6
December 6550 6588 5.4 6.8
Total 99000 104000 154 153
1969
January 6780 6749 7.9 7.6
February 7200 7891 12. 7 17.0
March 6920 7012 9.7 5.0
April 11250 9604 25.4 . 23.1
May 12000 10631 20, 7 22.9
June 9030 8960 10.2 11.2
July 8100 7820 6.7 4.9
August 7240 7300 5.0 5.9
September 5730 6092 3.2 3.9
October 5680 5671 3.4 4.0
November 5520 5775 2.8 5.1
December 5400 5472 2.5 3.5
Total 89000 88960 112, 114,
1970
January 5850 5631 3.1 4.4
February 6100 5485 5.2 5.0
March 9000 8092 8.5 9.8
April 9870 8792 12.5 18.8
May 11780 9812 14.9 13.7
June 9600 8673 .17 11.4
July 8740 8471 5.1 3.7
August 7690 7823 5.0 3.1
September - 7290 6751 3.7 2.2
October 6940 7080 3.1 2.9
November 8100 7043 4.1 2.5
December 8300 8144 5.2 5.4
Total 99000 93776 78. 83.
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method. { The annual totals in Table 4 are less than the sums of the three

separate rates since only the total includes the influence of alkalinity in the
gro{md water. For the case of 20 parts per million alkalinity in the water,

the acid reduction is about 17 pounds per year for 100, 000 gallons of flow. )

TABLE 4

COMPARISON OF ACID REMOVAL RATES

Acid Removal Mechanism . Observed
Year Gravity Diffusion Inundation Leaching Total
{pounds/year) (pounds/year) (pounds/year) (pounds/year)

1967 31.8 19.6 38.6 74.
1968 48,7 40.6 80.9 153.
1969 45.2 32.2 51.8 114.
1970 30.1 19.2 49.8 78.

leaching removal is the most important mechanism, contributing about
50 per cent of the acid load. Inundation removal is responsible for 20 per cent
of the acid, and the remainder is removed by gravity diffusion. As would be
expected from the description of the mechanisms, gravity diffusion fluctuated
less from year to year than did the leaching and inundation removal rates.
The diffusion is independent of the quantity and frequency of precipitation
which serves as the driving force for the other mechanisms. The relative uni-
formity, or lack thereof, may be seen in more detail by examining the sample
output for 1970 shown in Appendix C. For all months, gravity diffusion is

always two or three pounds while leaching and inundation removal have sharp
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peaks in the spring. The rest of the year inundation removal virtually

ceases, and leaching removal is at about the same level as gravity diffusion
with occasional peaks corresponding to rainy periods. Simulation data for
other years also show this pattern. There are even greater peaks in the

jnundation and leaching rates for the very high acid load year, 1968.
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CHAPTER VI
UTILIZATION OF MODEL

Although a model cﬁpable of describing past events at a drift minc has been
developed, the actual objective of this investigation, namely to make predic-
tions, must still be accomplished. The use of the model of a drift mine for
prognosticating falls into two areas:

1 Prediction of what will happen under different conditions at

McDaniels Test Mine.
2. Showing how the model may be generalized for use with other

pyritic systems.
Predictions

The best test of any model is how well it can foretell what will happen
when perturbations are imposed on the system in question. For a drift mine,
the perturbation of most interest is the exclusion of oxygen from the atmos-
phere. At this writing, in early 1971, McDaniels Test Mine has been under
a positive pressure of nitrogen for over a year. The oxygen level in the
mined~out volume has been reduced to less than one per cent, and the acid
loads from the mine have started to decrease. The question to be answered,
or predicted, is how long flow from the mine will remain acidic. The anawer

is “probably a very long time" if one considers that oxygen dissolved in water
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will continue to enter the mine. Practically speaking, there is very little

oxidation occurring, so the real prediction is how rapidly stored products
will be removed.

The product removal rate in the model has been related to the infiltration
of water from the surface of the ground. The rate of infiltration in turn is
dependent on the level of precipitation. Therefore, a number of predictions
are possible depending on the estimate of precipitation. The best source of

precipitation data is meteorological records from previous years. During
the 1965 to 1970 period, the rainfall in southeastern Ohio ranged from 30 to
45 -inches per year. In 1968 there were 45 inches of rain including nearly 13
inches in May. In 1867 and 1969, precipitation totaled only 30 inches. Since
the annual average rainfall is about 38 inches in the region, the 30 and 45 inch
years probably represent extremes. Therefore, duplicates of 1968 and 1969
will be used as sample data for wet and dry years. The prime reason for
using existing rainfall data for generatihg predictions is to ingure that the
natural pattern of storms and dry spelis is included. Another reason for
using the existing data is that the program requires temperature data, and
these are already available in the data decks for preceding years.

Two sets of predictions have been undertaken. The more important one
is determining what will happen if the low oxygen level is maintained in Mc-
Daniels Mine. The second set investigates the effect of imposing changes on
the system at different points in the hydrological year. The initial prociuct
storage and hydrologic conditions for the predictions were established by
allowing the program to run through the normal 1967 to 1970 simulation.

The prediction of what will happen if the current low oxygen level is main-

tained will be useful in evaluating the nitrogen addition experiment of Smith
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and Shumate. (37) On the basis of an observed decrease in acid load of 30

per cent during the past year, acid loads should be reaching a very low level
within two years. To check this hypothesis, the simulation of two years at
McDaniels Mine has been run for cases of above and below average rainfall.
These cases bracket the expected precipitation and removal rates and give
the range of times th;:t will be required to achieve a desired minimum acid
load level.

The results for the two cases are remarkably similar. About 85 pounds
of acid removal is predicted for 1971 and about 20 pounds for 1872 in each
case. Since the results are identical, only the predictions for the high rain-
fall case are shown in Figure 20. The expectation of a substantially higher
rate for the wet year was based on the high acid loads in 1968 which included

_a period when oxygen was being injected into McDaniels Mine.

The breaks in the curve in Figure 20 indicate periods when the program
predicts alkaline drainage from McDaniels Mine. The actual fulfillment of
this prediction depends on the validity of the estimate that ground water
entering the mine contains 20 parts per million alkalinity. Also to be veri-
fied at some point in the future is the tacit assumption that no acid is diffusing
into or otherwise entering the drainage from outside the stated boundaries of
the system. Whether or not the observed drainage ever becomes alkaline
at McDaniels Mine, the acid load should be down to 20 or 25 pounds per year
by 1972, On a concentration basis, this is about 20 parts per million acidity
in the drainage.

In the second simulation experiment the effects of the timing of changes in
the concentration of oxygen in the mine atmosphere were studied. The situ-

ation that has been studied assumes that the oxygen level at the McDaniels
[
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Mine was returned to 21 per cent as In normal air. Two cases have been

examined:

1. The oxygen level was raised on January 1, 1971. In this case the

change immediately precedes the wettest part of the year.

2. The oxygen level was raised on July 1, 1971, In this case the

change follows the rainy season.
For this experiment, the average rainfall year, 1970, was used as the data
source.

The results of this experiment are shown in Figure 21. For Case 1,
where the oxygen level was changed in January, there is a rapid system re-
sponse in terms of increased acid load. The curve plotted for Case 2 during
the first half of 1971 represents the acid load if the nitrogen addition had been
continued during that period. For Case 2, the response to increased oxygen
levels appears more slowly. However, if the Case 2 curve in Figure 21 is
compared with the continued addition curve in Figure 20, it is apparent that
there are slight increases in acid load even when the reintroduction of oxygen
into the mine was done during the dry season. Significant Increases in ac¢id
load for Case 2 do not appear until the wet spell in late December.

In the second year of the simulation, differences in acid load for the two
cases become smaller. However, the fact that differences in acid load still
exist a year after oxygen was restored to the mine atmosphere can be taken
as evidence of the slowness of the time response of the system. This delay
in change of drainage composition is in accord with the observations of Smith
and Shumate (37) in the natural laboratory study. They had estimated lag
times for McDaniels Mine in the range from six months to one year.

The simulation experiments that have been run are examples of tests
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that can be performed with our model. Qther investigations could include

the use of zero order oxidation rate (uxygen concentration independent) or
evaluating the effects of ""leakages' of oxygen into the mine through the over-
burden. The most important use of the model still to be described is the
application to other pyritic systems. This topic will be discussed in the

following section.

Generalization of Model

A model has been developed which well describes the flow of acidic mine
drainage from a specific drift mine. This model includes physical, chemi-
cal, hydrological, and meteorological features of the mine environs. To
convert this specific model to a general model of pyritic systems, two levels
.of generality must be considered. The first level is that of geometric simi-
larity to other drift mines. At this level our model is virtually a general
model. The second level of generality is chemical similarity to any other
system containing oxidizable pyrite--such as refuse piles or auger holes.
At this level, the spatial configuration is different and limits the use of co-
ordinate based features of the drift mine model, to say nothing of possible
mechanistic differences.

Geometric Similarity:

The utilization of the model in cases of geometric similarity can be con-
sidered in terms of the underlying assumptions and input data requirements
for the two parts of the model--oxidation and product removal. The oxidation
model requires physical and chemical information about the mine. Physical
data include the length of the exposed coal face, the number and thickness of

coal and shale layers in the seam, and the porosity of the pyrite-containing
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strata. Chemical data include pyrite reactivity and oxygen concentration in

the mined-out volume, If the required information is not available, certain
approximations can be made. For example, in a mine containing only open
rooms, the perimeter of the mine cavity can be used to estimate the length
of exposed coal face. If the mine contains pillars or passageways, the sur-
faces of these must be considered as part of the exposed area. The perim-
eter of ﬁ pillar could be used as a measure of the exposed length, but it must
be remembered that the volume to surface ratio is lower for a pillar than for
a wall. Hence, there will be less oxidation products formed per unit area of
pillar than for the same area of regular wall. Using the length of exposed
coal face is based on the assumption of a uniform atmosphere in the mined-
out volume. The computer program has been wriften to handle varying con-
ditions along the exposced surface (this is the '"I' direction), but the time
required for computer calculations increases linearly with each increment
of change in conditions along the surfacé.

In the absence of porosity and reaétivity data, oxidation rate data of the
type that Larez (18) reported may be used. In fact, the computer program
for this model has been written under the assumption that such data will be
used.

Actual data are required to describe the number and thickness of coal and
shale layers in the seam. Finally, there must be an estimate of the bu‘rk
oxygen concentration in the mine. Starting with the bulk oxygen level and
reactivity data, the oxygen gradients within the strata can be calculated using
Equation 4-1.

The rate of removal is determined as the sum of the rates of removal by

three mechanisms. The usefulness of this part of the model in the general
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case must be evaluated in terms of the suitability of each mechanism.

The dependence of the gravity diffusion rate on the concentration of
stored products is fundamental to the definition of diffusion. The value,
DIFf‘G(J), used for the fraction of products moved daily by gravity diffusion,
was chosen on the basis of experimental observation and by correlation of
acid loads under low water flow conditions at McDaniels Mine. The fact that
two independent evaluation techniques yieldihg similar values of the gravity
diffusion coefficient indicate that the value could have general applicability.

The leaching removal mechanism has been related to the trickling of water
downward from the surface after precipitation. The validity of this mecha-
nism in the general case largely depends on the strata overlaying the coal
seam. If there is an impervious layer which blocks the percolation, no water
is available for leaching. Where there is a highly fractured sandstone over-
burden, as at McDaniels Mine, percolation is rapid, and leaching is an
important removal mechanism. Since there are very few totally impermeable
formations, leaching removal will occur in most mines. The overburden
will influence the time delay between precipitation and observed changes in
the leaching rate. The constants in the model derived from McDaniels data
‘-represent a time delay of two to four days depending on the wetness of the
soil. For overburden less permeable than fractured sandstone, the time de-
lay will be greater and the observed response will be flatter; that is, there
will be no sharp increases in acid load after a storm.

Products can only be removed by inundation if the coal seam lies in the
range of movement of the water table. Evaluation of this removal mechanism
for différent sites requires specific information about the location of the py-

ritic material relative to the water table. In our test case, water table
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fluctuationas have been described by using a correlation based on measured

water levels in a test well and the program water storage variable, TANKC.
This is a specific correlation for a particular mine. An important reason
for using this correlation has been to simplify the evaluation of other parts
of the model. As has been explained in Chapter VI, inundation removal is

at a maximum early in the year and at a very low level the remainder of the
year. On an annual basis, inundation removal accounts for about 20 per cent
of the total acid removal. If precise estimates of inundation removal are re-
quired at other sites, test wells or other hydrological techniques must be
uséd to determine the location and fluctuations of the water table relative to
the coal seam. (32) If exact removal values are not needed, or water table
data are not available, qualitative estimates of the elevation of the coal seam
relative to springs or surface flow may be used to determine the importance
of inundation removal.

In general, the removal rates are dependent on underground water move-
ment. The calculation of water flow variations in our model is based on
fundamental information such as infiltration capacity, potential evapotranspi-
ration, and meteorological data. A number of techniques have been described
for determining infiltration capacity. (11) Thornthwaite and Mather (42) have
presented a method to estimate potential evapotranspiration if the latitude and
vegetative cover are known for the site in question. Monthly summaries of
weather data are published by the Environmental Data Service. (8) From
the fundamental information, the day to day flow variations can be predicted.
In the model, the magnitude of peak flows, relative to "base' flows, has been
controlled by the assumption that as underground water storage increased,

more drainage outlets became available through the overburden. These
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paths could be through cracks, crevices, and porous strata. This assump-

tion required that an empirical constant be evaluated from correlations of
existing McDaniels flow data. Application of the flow rate prediction model
to other mines requires at least a qualitative evaluation of this assumption of
alternate flow paths during the "'wet' season.

Precipitation falling as snow is treated as being delayed until tempera-
tures above freezing occur. The rate at which the snow melts is proportion-
al to the number of degrees above freezing. (44) The melted snow is treated
as an equivalent amount of rainfall as far as flow rate calculations are con-
cerned. This way of computing snow melt is based on the assumption that
in the McDaniels Mine area, southeastern Ohio, snow melts throughout the
winter rather than accumnulating to great depth, and then melting in the
spring. Depending on the type of winter, other techniques have been de-
scribed for calculating snow melt runoff rates. However, the actual

estimate of water flow is usually obtained by correlation of data for each

site. (44)
Finally to use our model, the investigator must obtain an estimate of the

“water shed' area of the mine being studied. This value controls the mag-
nitude of flow predictions, but has no influence on the rate of product removal
or formation. The area does influence the concentration of acidity in the
drainage. The concentration of acid is an important biological consideration.
Since McDaniels Mine is a relatively small hole--six hundred square feet--
in a relatively large hill, there is no practical way to directly estimate the
area which drains through the mine. (32) Therefore, the drainage area was
determined by an indirect calculation. Drainage and rainfall rates were

known, and evapotranspiration could be estimated. (42) A material balance
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of water was developed. From this a "water shed' area of 27, 000 square

feet, or about two-thirds or an acre, was determined.

‘The use of back calculation to estimate the drainage area implies that
some flow data must be available for other sites before our model can be
used. However, the alternative, direct calculations using hydrological
theory, requires data thgt may be even less available. Such data include
information of the sub~surface structure and the water table. There are
special cases, sucﬁ as a large mine draining an entire hill, where direct
observation could be used to estimate the water shed area. 1In short, our
investigation, being conducted from a chemical engineering point of view,
does not possess the competence to develop new hydrological concepts. It
is our hope that those trained in the complex and diverse field of hydrology
will be avallable to guide the application of the model at different sites.

Summary of Data Requirements:

The basic information required to use our oxidation and removal model
for another drift mine includes the following items:

1. Prevailing oxygen concentration 11; mined out volume

2. Number and thickness of coal and shale layers in seam

3. -Rate constants and porosity of each layer

4. Area of air-solid interface

5. Meteorological data

6. "Water shed" area of mine

7. Position of mine relative to water table-

These data can be plugged into the model and calculations made using the
constants developed from McD;miela Mine data. It is not unreasonable to

expect the model to estimate annual acid loads to within plus-minus fifty
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per cent of the true value. The monthly predictions would only be an order

of magnitude estimate.

Non-Drift Mine Systems

A situation where there is geometric similarity with a drift mine is auger
hole mines such as those at the McDaniels Test Site. The model should de-
scribe these holes very well since they are in the same coal seam and a
geologically similar situation. 8ince precipitation data will not vary from
those used in the McDaniels simulation, the model can be used directly if the
length of exposed seam and drainage area data are estimated. Checking the
model with these auger holes is a logical extension of this study. Here there
is an opportunity to start with zero product accumulation and determine if the
observed increase in acidity with time can be predicted.

In the situation where geometric similarity to a drift mine is absent, use-
fulness of our model is limited. For example, in refuse piles the pyritic
material i8 more highly concentrated than in a mine, and oxidation products
form above the level of normal ground water flows. It can be seen at once'
that the removal portion of the model will not be directly applicable. It will
be easler to describe a new model with different computational methods than
to modify the drift mine program to fit a refuse pile. The similarities that
do exist between drift mine and refuse pile systems will be emphasized in
the presentation of suggestions for a model of a refuse pile.

Refuse Pile:

The following discussion of a refuse pile draws extensively on the work of
Good (13) at the New Kathleen pile of Truax-Traer. The oxidation in the

refuse pile occurs in a zone about 10 inches thick at the surface of the pile
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instead of extending as much as fifty feet into the binder as in a coal

seam. (35) A clay mantle which blocks oxygen transport is the stated reason
for the limited reaction zone. However, the concentration of pyrite is so
great in the refuse that it is entirely possible that the oxygen gradient goes
to zero in this short distance. If data on the bulk porosity of the refuse and
the pyritic content were known, the oxygen gradient could be calculated using
the exponential expression, Xc o = xCoo exp (- (kg /D )1/2 Z ), devel-
oped for coal and shale binders, However, Good has presented rate
information on the basis of pounds of acid formed per day per acre of refuse
pife area. On a smaller scale, Brown (5) took samples from the New Kath~
leen pile and obtained laboratory scale oxidation rates. Since the laboratory
conditions are well defined, Brown's data can be used to estimate a rate
constant for the exponential gradient calculation. Brown's laboratory rates
check Good's field data quite well. _ |
While there is a similarity in the area of oxidation between refuse piles
and drift mines, major differences arise in the removal mechanisms. In
drift mines, underground water flows are responsible for continuous removal
of oxidation products. In refuse piles, oxidation occurs, for the most part,
above the level of ground water flows. A fourth removal mechanism, phys-
ically impossible underground, becomes dominant. This is the direct
washing by precipitation on the refuse pile. This is analogous to the under-
ground leaching by trickling water. The rain water washing mechanisui is
efficient since the water, uncontaminated by acid, contacts a region of high
product concentration, and the resultant acidic solution quickly flows away by

gravity. The key point brought out by Good (13) and Corbett (10) is that not

all of this acidic solution immediately runs off into receiving streamas.
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Instead, a fraction of from 15 to 30 per cent of the drainage flows into the

pile and is temporarily stored. This stored water is gradually released as
flow or springs at the base of the pile.

The drainage flow behavior of a refuse pile can be modeled by starting
with a material balance as was done for the drift mine. S8imilar factors must
be considered, mcludmg rate and frequency of precipitation, infiltration
capacity, temperature, and evaporation. Transpiration will not be very
important since the acidic conditions at the surface of a refuse pile are not
conducive to plant growth. A storage tank model could be used to describe
the head or driving force available for flow from the pile. I a storage tank
model were used, the tanks could only be assigned limited volumes. In other
words, like a sponge, the pile can only hold so much water. Any additional
water runs off immediately. This immediate acid runoff is of major im-
portance since it is the sudden shock of acidity which causes much damage
to the receiving stream. |

The storage tank concept has physical validity since Good, using test well
measurements, observed distinct water storage volumes in ihe New Kathleen
refuse pile. The number and capacity of storage tanks in a model could be
'determl-ned empirically for a specific pile. This information might be gen~
eralized for refuse piles .on fhe basis of a storage volume per unit area of
refuse pile. To summarize, Good (13) and Brown (5) have presented suf-
ficient information for the develof)ment of a model of drainage flow and acid
load frqm a refuse pile. Such a model could give a very good estimate of the
quick runoff and acid release during or immediately after a storm. The

daily flows from internal storage could be estimated to within a factor of

two or three.
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Strip Mine System:
Another type of pyrite system geometrically dissimilar to a drift mine is

a strip mine. Development of a strip mine model requires ah extensive
background in hydrology. In this type of mining, the cuts taken and the spoil
banks left behind distort natural water flow patterns. The oxidation or acid
load can still be estimated by the techniques described in Chapter 1V,
Sternberg and Agnew (40) have undertaken the development of a model of
drainage in a surface mined area. They obtained solutions for changes in
ground water elevation and ground water flow that would oceur in response to
a uniform rate of deep percolation over the spoil bank. The solution for
ground water flow can be used to predict maximum and minimum flows from

the spoil bank to the last cut.



CHAPTER VIl
SUMMARY AND CONCLUSIONS

A mathematical model has been developed which can be used to describe
the drainage flow rates and acid loads from a drift mine. The McDaniels
Test Mine was used to develop this model. The model's predictions of acid
load and drainage flows match existing data within twenty per cent on a month-
ly basis and within five per cent on an. annual basis. The model has been used
to generate predictions of acid loads from McDaniels Mine for future years
under varying levels of precipitation and different concentrations of oxygen
in the mine atmosphere.

The development of a mathematical model of an acid mine drainage sys-
tem has led to the following conclusions: |

1. Basic scientific principles and laboratory data can be used to develop

a quantitative model of a natural pyrite oxidation system.

2. While no two pyritic systems are identical, all can be described

beginning with fundamental rate equations.

3. Since real, non-uniform systems are being modeled, basic principles

must be augmented with empiricai assumptions and correlations.

4. Because acid load and drainage flow rates can vary rapidly with

environmental changes, the frequency of system monitoring is as
important as the length of the time interval being monitored.

8. For $25 worth of computer time, five years of mine drainage '
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behavior can be simulated. This offers an inexpensive method

of estimating the effect of changes, such as varying oxygen level,
on the acidity of drainage from a drift mine. This technique can
also be used to screen experiments and identify the most promising.

abatement procedures.



CHAPTER IX
FUTURE WORK

The predictions for McDaniels Mine should be checked by continued
monitoring of the system.

The monitoring of the flows and acid loads from McDaniels Mine
should be on a continuous rather than on a weekly basis. | This
will better define the short term response of the system to per-
turbations such as precipitation.

The model should be tested using the auger holes at the McDaniels
Research Site. The model should also be tested using data from
other drift mines.

Since Good (13) has furnished a basic analysis of a refuse pile,

this information should be converted to a mathematical model.
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APPENDIX A
GRADIENT COMPUTER PROGRAM

During the investigation of the influence of "breathing ' on pyrite oxidation,
a complicated differential equation was derived. This second order, variable
coefficient, unsteacl_y state equation is shown here again:

CaxXy, CDABazh! LAP(8) (L-Z)3Xgx _- XoxAP(0)
de 222 RT 32 RT

Since there are no straight forward analytical solutions to this equation,
it has been solved using finite difference approximations and digital computa-
tion, Crank-Nicolson implicit finite differences have been used to estimate
all derivatives. Using the notation "I " for steps in the Z (distance ) domain,
and "J'" for steps in the 9 (time ) domain, the following approximations are
obtained:

%’% - ‘Aiz [xuu. F1) - X(I, J+1)}

22X « 0.5 [ X(H1, J+1) - 2X(1, J+1) + X(-1, J+1)
3z2 (a2Z)2

+ X(H1, J) - 2X(1,J) + X({-1,J) ]

The next step is the collection of coefficients of each time and distance
term. The collection of constants for the equation is shown in Table 5. The
six sets of coefficients are general and are equally valid for a point X(M, N).
To evaluate an X(I, J), this means that the five surrounding X values must be

known, However, this evaluation can not be done directly since the J+1 terms
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are in the next time step. Therefore, it is necessary to solve for all the J+1
terms firat, and then back substitute. This may be easily done since the ma-
trix in Table 5 is tridiagonal having non-zero elements only on the main
diagonal and on the diagonals immediately above and below the main diagonal.
The solution of this matrix is obtained using the "TRIDA G" subroutine of the
Ohio State University Chemical Engineering package. To use "TRIDAG, "
boundary conditions must be known, and a standard setup followed. Since the
solution to the matrix is implicit, the (I, J+1) terms are defined as the main
diagonal.
The setup of "TRIDAG" for our system is as follows:
Boundary Conditions
1. Ford=1, X(1)= X, exp (- (kg /D)2 142) .
This iz a restatement of the analytical oxygen gradient,

a good initial approximation.

2, ForJ=1,2,...N X(1)=X,. The first concentration
increment is the bulk concentration for all time steps.

3. For1l= N, where N is much greater than 1, X (N) = X(N+1).
In other words, at a great distance from the air-solid inter-
face, the oxygen concentration gradient is zero.

Column Vectors

1. A(N) = coefficients in lower diagonal ( I-1, J+1).

2. R(N) = coefficients in main diagonal {I, J+1).

3. C(N) = coefficients in upper diagonal (I+1, J+1).

4. D(N) = coefficients of known values such as X(0,J), X(N,1),

X(3,J), and so forth.



TABLE §
FINITE DIFFERENCE COEFFICIENT MATRIX

Terms X{I-1,-~) X(1, --) X(I+1, --)
X{--, J) 0.5CD)B CDAB , © 0.5CD, g
(aZ)2 AZ) A8 (AZ)2
X( ==, J41) 0.5CD, ‘- CDAp + ©C 0.5CDyp
(aZ)> (az)2  ae (AZ) 2
+AP {(L-2Z) -kpC + AP ‘ - AP(L~Z)
RT " RT. RT

STy
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The "GRADIENT" program functions by calculating the vectors A, R, C,

and D. Once theae vectors are evaluated, the subroutine "TRIDAG" is called.
"TRIDAG" solves the matrix described by A, R, C, and D and returns the
solution vecfor X{(N), the oxygen mole fraction gradient. The program prints |
the values of X(N) and then repeats the calculations for as many time steps
as are desired.

The program includes provision for varying the channel length, L, and
for using different size time and distance increments. A printout of the
program and samples of the output are shown on the pages immediately fol-

lowing in this appendix.
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C P IS AMBIENT PRESSURE, MM, HG.
C T 1S AMBIENT TEMPERATURE, CEGRFES FAHRENHEIT
C RATEK LS REACTION RATE CCNSTANT
C DAB IS OXYGEN IN AIR DIFFUSIVITY
READ{IN,1000) DTHETA, Py, T, RATEK, DAB
NL = N#*L
C GAS CONSTANT MM, HG.FT**3 /7 GM.MOLE DEGREE RANKINE
E = 760- * 359. / l454. * 4920’
c
WRITE(10,2002) DTHETA,E¢Py T4RATEK,NORDER L
WRITE (IC, 2005}
IN = N
C CALCULATE DELTA 2
B0 = 1.0 /7 IN
C_ SAWTOO CAUSES DELTA P TO CHANGE SIGN DAILLY

SAWTOO0 = -1.
NHOURS = 48

NHRS = NFOURS
COUNT = 16.0 o ) -
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C ASSUME A DAILY DELTA P OF BIGDP MM. HG.
VOL = 8.33

BIGOP = 12.
DELTAP = BIGDP / NHOLRS

NHOURS = NHOURS '+ 17777
C .

C ESTABLISH INITIAL EXPONENTIAL GRADIENY
¢ . ,

X011y = 221
ROOY = SCQRT ( RATEK / CAB )

NR =" NL + 2
DO 110 [ = 2, NN

K :
2 DZ = (I -1

“u

XU = 21 # UEXP OU-RODY ¥ 7Y Y
IF (X(1) .LT. 1.E-40) GO TO 111

110 CONTINUE
GO TO 113

T TITLT 00112 1 = Ky NN
112 Xtt) = 0,0

I11I3 7 "CONTINUE
48  CONTINUE

C
C START A SERIES OF CYCLES
—— bl
OO 30 MM = 1, M
T TTTTUTTSuM =7 040 B T )
DELTAP = DELTAP * SAWTOO
- YIME = 0.0

C START A 24 HOUR CYCLE

T DO 4T NYINME T =TTy NROURS T T
P = P + DELTAP

TTRAC = L.34 €(P/ 160 {48520 7 515401
CTOYAL = P/ (E»T)

T CALCULATE SECOND ORDER CONSTART
CUN1 = 0.5%CTOTAL*DAE / (CI1%%2)

T €7 CALCULCATE TRANSPTRT "CONSTANT
CONZ2 = DELTAP /(E%T)

C CALCULATE TIFE CCNSTANT
CON3 = CTOYAL / DTHETA

CALCULATE CONSTANT FOR INFLUENCE OF REACTION ORDER

c

C
€ CALCULATE TRICAG COEFFICIENTS
C

Ay Ry, AND CARE COEFFICIENTS OF UNKNUWN TERMS

C O IS SOLUT ION TERM.

CDN4 = . 21%¢ RATEK * CTOTAL*( 1 - NORDER 1}

B Lt 1 =1, AL
CLI) = CON1 ~- CON2¢(NL = [)
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- A{I)Y = TCCN1 + CONZ2#(NL - & )
IF ( X{1) ,LT. 0.02 )} NCRDER =1}
1 R{I) = -2#CON1 + CONZ - CON3 - RATEK *

1 CTOTAL * NCRDER
NORDER = NSTORF
C INTEGRATE QUANTITY OF OXYGEN CONSUMED IN CHANNEL
IF {NJRDER LEG. 1 ) GO Y€ 301
DO 300 I = i, NL
IF (X(T) LY. 0.02 ) NURDER = 1
SUM = SUM + 0.21%RATEK®=DTHETA %= (L~NORDER) #
1 PHO * DZ
SUM = SUPM ¢ DZ/ 6.0 * (X{1+2) ¢+ 4,0 * X([+1})
1 &« X{I)) * RATEK « DTVTHETA £ NCROER™ /7~
_.300__ CONT INUE
301 CONTINUE
NCRDER = NSTCRE
IF { NORCER L.EQ. O )} GO 10 302
DO 99 T = 1y Ny 2
SUM = SIUN % 02/ 3.0 * {(XCI+2)1+4 . #X1'T+1) +
1 X{I)) * RATEK & DTHETA * RHG * NORDER
99  CONTINUE
302 CONTINUE

I =NI-1
] Di(l) =-CONL* ( X{1) - 2%x{2) + X{3)) -~ CON3
TOF T X2 -(CONT +CONZ T (NL-1)Y T XU1) T+ CONG T

DO 4 1 =2,J

DIE) = —CONI®{X{I) = 2.8X{ 1 + 1) + X{1 +
{27 = CON3 & X([+1) + TN
NK = [ +1

DO 5 LL = 1, NL
OD(LL) = 0.0

GC 108
CONTINUE

CONT INUE

|

@, W

DINLY = “=CCNi * (X{NL =1)V =" 2.% X{(NLY) -
L CON3 & X{NL) + CON&
C ESCAPE FRUOM CC LGCOP AT END OF 24 HOUR CYCLE
IF( NTUME .FQ. NHOURS ) GO TC 30 L B
C PRINT INITUAL ANO FINAL SETS OF CONCENTRATIUN DATA
IFL MM .EQ. 1 ) GO TO 21
IF { MM ., LT. MINY GC TC 20
21 CONT INUE
[FINTIFME =1 )} 9, 94 15
C_ WRITE QUT EVERY 8TH TIME INCREMENT
156 FLAG = [ NYIME - 1 ) 7 COUNT
NFLAG = FLAG
FLAG = FLAG - NF LAG
IF ( ABS {FLAG) .GT. 0.0l ) GO 1O 20
9 WRITE (IGC,2000) MM , TINE, P
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C WRITE OUT FIRST 20 CONCENTRATION INCREMENTS
pc 1o (=1, 20
DIST = DZ *(1 -1 ). _ .
WRITEL 10,2001) DISToX{I} dA(L) yR{TI1CLI),D(I}
10 CONTINUE B
C WRITF OUT EVERY FGURTH DISTANCE INCREMENT
DO L1 [ = 21y NKy, 4
OIST = DZ *{1 -1} ,
C_PRINY ONLY NCN ZERC RESULTS
IF( x{I) .LE. 0.,000r) GO TO 20
11 WRITE(IC,2001) DIST(X(I)4A(T),RUI},CLI),CH1)
20 CONTINUE '
C_STORE CAILY CATA FOR LATER PRINTOUT
[F{ NTIMF .NE., NHRS )} GG TC 80

. XSTORE (MM, 1} = x{2) R
XSTCRE (MM, 2) = XT15)
XSTORE (MM, 3} = X{35)
XSTORE (MM, 4} = X('100)

80 _CONTINWE
CALL TRIDAG( A, Ry, Cy Oy X,y NK}
C TRIDAG IS AN GHID STATE SUBROUTINE FOR SOLVIAG
C TRIDIAGONAL NATRICES SUCH AS THOSE ARISING FROM 7~
c IMPLICIT SOLUTIONS OF MASS TRANSPORT ECUAT IONS
DO 159 I = 1, NN
] IFL X{I) «1Te. 0.0 ) X{I} = 0.0
150 COCNTINUE
TIME = TIME + DTHETA
TSUM(MM) = SUM # 120. 7 112. % VOU
47 CONTINUF .
T30 T CONTYINUE
WRITE(K, 2003)
DO 31 My =1, W
31 WRITF (I0,2004) MM, XSTORE(MM, 1}, XSTORE([MM,
IT72), XSTOREUMM, 3T, XSTURE(IM, 4, YSUM{NMM)
STOP
1000 FORMAT U SFI0.8)
1001 FORMAT( S1I5)
2000 FORMATYUZ7//7 vV THTS IS DAY 7,15, ¢ AFTER Vv,
2 FB8.3, ' HOURS?', // 12X, ' THE PRESSURE IS *,
2 FT1.3, 7V EMMHG.TY ¢ 77715%X, YDEPIRY, 10X,
3 '02 FRACTION®, BXy *A(I) Yy 1SX,*R{I)", 13X,
RTVC{IYY 15X, i1 ")
2001 FORMAT{1MH0,10X, F10.3, 10X,y F 10,6, 4EL7.8)
T 2002 FORMATULIHY, YDY "=V, F4.2, ¥ HR.Y 77 CGAS Y, T
1 *CONSTANT =%, FO6.,4,// " INITIAL PRESSURE =1,
2 Fbaly ' MMN.RAG.Y, 77 ' TENPERATURE =V ,F6.0,
3 ¢ DEGREES R.', /77 ' RATE CONSTANT =t, F1C.8,//
%4 VvV DROER TF REACTIONTIS ¥, 12,77Y LENGYTH 187,
S 13, * FEET® ) '
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FORMAT " { 1HL, * X(I) VALUES ARE TABULAYED ¢,
1 *BELOW FCR THE LASTY' ,// ¢ DAILY TIME INCREM?,

3 'DISTANCE INCREMENTS', 7/ ' A FORM OF STEADY?',

4 YV STATE §S REACHED wHEN VALUES FOR ALTERNATEY,

5 ¢ DAYS ARE THE SAME', //' THIS IS USUALLY 1,
67 OCCURS AFTER 267 1O 307 DAYS 9,77 V THE FINAL ¥y
7 'COLUMN IS THE PYRITE OXIDIZED IN MGMS/DAY!,

LY

T 77715K, VDAYV, 6X, YC2 FRACTION T, 6CX, "OXIOATIGNT]

2003
2 ENT AT THE 2ND, T3YA, 35YH, AND 100TH ¥,
2004 FORMAT (leXx, I3, 5( 8X, F9.6))

72005 FORMAT (1H1)

END
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X{1) VALUES ARE TABULATFD BELOW FOR _THE LAST DAILY __

TIME INCREMENT AT THE 2ND AND 15TH DISTANMCE INCREMENTS.

A FORM OF STEADY STATE IS REACHED WHEM VALUFES FOR _

_ AI:I_ERNA_‘!‘_E__Q&!S__fF}@__I_!—!_E_ SAME._ TH!S USHALLY ncmms AFTE_B____
__pli_TQW?Q-94Y5:_*IﬂE_FJNﬁk_QQLUMH_IS“TﬁﬁufiﬁIlﬁ_OXJDPIAQNM_
IN MILLIGRJ&_M_§_ _UX_Y_G_EN CUNSUMEQ _FfFR DbY e

i N

TTOTTTTTOAYT 7T T OXYGEN MOLE FRACTION T U TOXTIDATION T

TTUTTTTTTTY T TT0.113637 T 0.002585° T 9,.8994R4
2 0.185306 0.007099 12.941030
TR TUUTUTRIIATAR T T T 04001857 7T TG aR7527 T
4 0.185298 . 0.007087 12.830004
B '"5 L1378 T T T 0.001784 T T T 9475387 T
6 0.185298 0.007075 12.R25077
T YT UTTTTTTOI137179 T T 04001774 7 T T U9 aT26R5 T
8 0.18529R 0.007072 12.823798
TG T TR 113779 T T T 0400177277 T T T T 9.471687 T
10 0.185298 0.007071 12,823528
TTTTTTTTITT T UUTTT0W1137797 T T T0.0017717 T T T 9 e 1R22T T
12 0.185298 - 0.007071 12.R23472
TTTTTTTORTT UTTTTQELI3779 T T T T0.001771 T T 94174
14 0.185298 0.007071 12,R23464
TTTTTTU1IS TTTUUTT 04113779 T T 04001771 777 TUT9.aryy7ATTTT
16 0.185298 0.007071 12.R23457
ST T UTO0WI13779 T T UT6.00177Y T T T U 9LETIvTA T
18 0.185298 0.007071 12,R23457
IS CTTOSII3779TTT T 0 000771 T 9 a4
20 0.185298 0.007071 12.823457

DY = 0.50 HOUR -
TTTTTGAS CONSTANT = 1.2215
INITIAL PRESSURE = 745.0 MM HG

——— = s=n— -~ -TEMPERATURE = 515. NEGREES RANKINE ~—~ 70 ~77~
RATE "CONSTAMT = 0n.0300
ORDER OF REACTIONTIS O~ — — ~~~~ T T
LENGTH IS 400 FEET o

e
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THIS IS DAY 1 - AFTER 8.000 HOURS

THE PRESSURE 1S 740,750 MMHG.

DEPTH C2 FRACTION
0.0 6 2T0000 "
1.000 T 0.131296 )
2.000 0.C82767
T 3.000 o 0.050897
4.000 ""“""_"'016;3,5‘57.“0"'
5.000 - 0.017995
6.000 0. 012162
7.000 TTTTTTO.012830
8.000 0.012316
9.000 | 0.011611
T 10.000 0.010808
11.000 0.009877
N 12.000 | 0.008842
13.000 T0.007755
14 .000 0.006675
15.000 0.005651
16 .000 0.004721
17.000 0.00390%
i8.000 0.C032C5
19.000 0.0026 20

20. 000 0.002135



APPENDIX B
ESTIMA TION OF POTENTIAL EVAPOTRANSPIRA TION

The use of the Thornthwaite and Mather (42) method for estimation of
potential evapotranspiration ( PE ) requires monthly average temperatures
and the latitude for the site. Information on the type of soil and vegetative

cover in the region are also required. The PE technique was developed by

an analysis of data from all over the United States. The correlations which
were developed have been published in the form of a manual of tables.
The best way to use the PE tables is to construct a table of data as they

are read. The data shown in Table 7 below are listed in six columns.

TABLE 17

ESTIMA TION OF POTENTIAL EVAPOTRANSPIRA TION

Month Tmean, Calculation Constants® Inches Potential
Degrees F A B C Evapotrangpiration

January 33.5 0.06 0.0 25.4 0.0

February 34.7 0.16 0.0 25.1 0.0

March 42.1 1.19 0. 02 30.9 0.62

April 53.3 3.68 0.06 33.3 2.00

May 62.8 6.44 0.10 37.0 3.70

June 71.4 9.34 0.14 37.3 5.22

July 74.7 10. 56 0.15 37.9 5.69

August 73.3 10,04 0.15 35.5 5.34

September 66.9 7.178 0.12 31.2 3.74

October 55.6 4.30 0.07 28.8 2. 02

November 43.3 1.41 0.03 25.2 0.75

December 34,2 0.11 0.0 24.8 0.0

*Calculation constants are explained in text on page 125 .

124
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The first two columns in Table 7 contain the name of the month and the month-
ly average temperature in degrees Fahrenheit. The second, third, and fourth
columns contain calculational constants. The significance of these columns,
labelled A, B, and C in Table 7, is as follows:
Column A -- Intensity of incideni sunlight. This is a function of
the temperature and is read from Table 1 in Section
I of the PE manual. In physical terms, this variable
is an estimate of the energy available to evaporate
water.
Column B ~-- Daily unadjusted PE, This term is read from Table 3
in Section II on the manual. It is a function of the
sunlight intensity, type of soil, and vegctation.
Column C -- Correction factor to convert daily unadjusted PE to
monthly values. This factor is based on the latitude
and represents the number of twelve hour days of
sunlight per month. The correction is based on the
fact that plant growth, and transpiration, requires
sunlight. This term is obtained from Table 6 in

Section II.

The sixth column is the adjusted PE in units of inches of water per month.

This value is obtained by multiplying Columns B and C together. The values
in the sixth column are those which are used in any further calculations.

These are the values which have been read into the "PEVA P subroutine as

data.

Thorntiwvaite and Mather have also presented tables for scaling down
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the potentia_l evapotranspiration for cases where the soil is less than satu-
rated as is the assumption in the initial calculation. These scaling factors

have been written into the "PEVA P subroutine,



APPENDIX D

DRIFT MINE PROGRAMMING
and

SAMPLE OUTPUTFOR 1970
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C
C
c
C
C
c
C
C
C

o

e

OO NDNA0

oo O ﬁ:

CFSTADL ISH ARRAYS

'§L7'iS"FtEVAYItN'CF'sTRﬂ1UM RELATIVE TO DATUM PLANE™ 7 7

IN IS INPUT CHANNFKL

1P TS PUNCHFC CUTPUT CHANNEL

128

CMAINT T

CTHIS IS T4E MAIN PRUGRAM FGR THE CALCULATION OF
TACTC MINE LRAINACE IN A DRTFT MINE. CERTAIN 7
CONSTANTS USFC IN THIS PROGRAM HAVF BFEN
OBTAINED BY CORRELATICN CF DATA FRCVM MCDANIELS ~
TEST MINE. THE MINE IS ADMINISTERED BY THE

"OHIC STATE UNIVERSITY.

DIMENSION STCREL 54 15, 30)y ALT(15), WATER(30),
1 THICK{ 1%}y REACTI(15),y RATEKIL®) 4 RUCKGIG).
2 TYPEMLS),PYCENTLS), CIHFGLI1S ), WASH( 1S5
PEAL BLANK, FAD YEAR, JAN, FEBR, MAR, APR.‘
2 MAY, JUNE, JULY, AUG, SEPT, OCT, NGV,s DEC
T COMMON/ CAY BLANK) ENDYYLARGIUAMNZFEByMARZVAPR,
2 MAY, JUNF, JLLY, ALG, SEPT, CCT, NGV, DFC
' CUMMUIN/ZCR/ AMINTH, AGRAIN, RTINM-, TMEAN,AGO,
1 TANKC, RSUM, RSUMA, FLAG, AFLAG, WSHED, PWHC,
2 PHATER] , LAST, KEFEP, LTHETA, TDAY T
COMNMON ZCC/7 VAPIT12)

DEFINITION OF COMPUTATICNAL ARRAYS

CWATER 1S WATER TAELE LEVEL ARRAY

RFACT IS THE CXIDATICN CF THE STRATUM EXPRESSED AS
MICROGCRAMS OFf OXYCGEN CONSUMED / CC SOLID /7 HCLR o
RATEK IS THE REALCTICN RATE CCASTANY OF THE STRATA

CTHECK 1S THE THICKNE §S OF THE STRATA

ROCK TYPE 1S A VERBAL OESCRIPTION OF THE STRATA
PYCON IS THE VOID FRACTICN CF THE STRATUM T
STORE IS OXIOATIQON PROVDLCT STURAGE ARRAY

" AY OHIO STATE THIS IS UNIT 5
IN = 5

1O IS PRINTEL CUTPUT CHANNEL

AT CHIC STATE THIS IS UNIT &6

10 = 6

AT OHIQ STATE THIS IS UNIT'?

L L
o Iy=o0 e el
RGO =B ARK
AG = BLANK

"READ NUMRER CF STRATA, DEPTH,ANC LENGTH INCREMENTS

REAC(IN, 53CC) NLAYFR, MDEPTH, NFEET, NPUNCH



€ RFAD SIZF OF DEPTH AND LENGTH INCREMENTS =~ TUUpee T
e e READ(IN,5302) DI, DK
C ALKALT IS PPM ALKALINTTY TN GROUUND wATER ~ 77 77777 7w
~C TOP IS TOP CF CCAL S[AM
READII Ny 5302) ALKALI, TCP, SLCPE  ~~
€ WSHED IS 'WATER SHLD* AREA OF MINE
C PWHC IS PROVISIUONAL WATER HOLDING CAPACETY 7
o C LT HAS THF _ESTIMATED VALLE CF 10 TACHES
REAC(IN, 5302) WSHED, PWHC, PWATER =77 777 o o o
€ RFAD IN MONTHLY FCIENTTAL EVAPCTRANSPIRATION VALUES
) READ(I N, S3IC) (VAP(I),s I=1,12) )
C
TCTOREAL CINDPUT TUATA CF STRAY A T e
NL = NLAYER + |
DIFFGL NLY = C.C B
C FRAC TS FRACTICKN CF STUREC PROCUCTS REMOVED BY
) C I NUNDATI CN L ACH DAY
FRAC = 0.02 ) L o
. . “OIE = g i} a e e
SUX = C.C
- KEEP = 30 i
LTHETA = 1 .
KAT = 0 L o o e
WHIN = 10.
i - TH = §QRTC 800. Y T e e
ALTINLAYER + 1) = TCP o -
) 00 1220 0 J = 1y, NUAYER T o
READ(I Ny5301)  RCCK{JYy TYPE(J), ALT WD),
T REACT{J), PYCUNCYY S . T
1200 COCNTINUE e
TR INLYTALL ZET STORAGE T T T - o
DO 1201 1T = 1y NFLET o o -
T Tod 12010 K =71, NDEPTH T T ST T
J201  STOREL 1, NL, XK» =C.O
C
€ ECHC INPUT DATA AND INITIAL CCACITICNS o
T T T T URRT TET T, 62CCIYNLAYER, NDEPTH,OK, NFEET ,DT, T '
o) MSHED, ALKALY
c ;
WRI TE(1D, €3CC) e

" CACCULATF RATE CONSTANT

_ _CORKECT TO MINE TFMPERATURE FRCM EXPERIMENTAL

LABORATURY Tt MPERATURE T T
TE“P -,,70-15.._. - - - . - [ e e e e e - - S i aw e = s — . . - .
FIGMAL 1S FY%%3 YCLUNME OQCCUPIEL BY CM MOLE GAS

CFTGMOL = 359. / 454. e

T OCCPRFT = {(2.54 %% 3 ) % 172E,
CONA = CCPRFT® FTGMCL /{0.21 %32, ) & TEvP

..... TTTTTTTTTTO0 1202 9 =1, NUAYER

REACT (J) *]1.F-6 * 24,

REACT(J) = * 24,
TORATEK(J) = REACT(J) # CCNA /7 PYCCNUJ)
C CIFFG(J) = DIF * RATEK{J) B o
THICK(J) = ALTI(JI+1) - ALT{(J)



. C
1

c
- C
C

C__ESCAPL FR(M PRUGRAM AT END UF DATA

2250  CONTINUE

ECHO INPUT DATA

3 RATEKI J)s PYCCNED)
DIFFGE 3Y = DIFFGLIC)
C AT THIS POINY, YFE SYSTEM HAS BEEN PPYS[CALLY
C AND CHEMICALLY DESCFIBED o
C
C BEGIN CALCULATTION OF OXTIDATION S
P=4’t-
C DIFF 1S GAS DIFFUSIVITY IN FT¢%2 PER DAY
CDIFF = 04692 % 24, % 0.0
C CORRECT CAS CONCENTRATICA TC MINE CCADITIONS
GASC = 2. / 359. ¢ 492./ §15,
DO 1209 J = 1, NLAYER
1205 REAL{IN, 70001 {STORE{I44,K)y K=1y NDEPTH)

NN 1SN0 1 =1, NFEET
DO 1498 J = 1,4 KLAYER
OO0 1496 K = 1y NDEPTH
] STORE(T+JyK} = STUREL(L, J,K} * [:l
149¢ COX = SX + STORF(1 ,J,K) -
WRITE(L0:€6305) (STORE(I,J,K) 4 K=1y NDEP TH)
T MASHO D) = STCRE() e Jdet) T et
1458 CONTINUE
1500 CCNT INUF
1600 CONTINUE
'  WRITELID, 63C2} SOX . )

- - C_,

DEFINF CPERATICANAL CC’\IST#NT‘;
WRI TE(IN, 6345)
TJSUM = 0.0

1605  CONTINLE

FLSUM = €. 0
b0 2500 L = 1,1000

€ READ DAILY WEATHER DATA

T REACUTIN, 5401 )AMONTH, IDAY, RAIN, RTIVE,
1 TMEAN, CXY, 1YLAR o o
' IFC OXY .GT. €.C Y GXX = CXY )

IF{AMONTE - END) 2250, 2200, 2250

TITFTAMONTF = YEAR ) 72255, 3050, 22%5
2255 CONTINUE |

292 7 WRITE( M} 6301) J, ROCKUJ}, TYPE(UY, ALTUDY

ST G UM B Qe T T T e e s e

YSUM = 0.0
CFSUM = 0.0 T -

RSUM = 0.0
YSUNA = 0,0 ) i N ) )
FSUMA = C. 0O

e e SUMA S O T S e e e e =
GSuUM = 0.0

CBEGIN DAILY CALCLLATICONS OF CXICATICN AND CQUTPUT 77

- 130 . .



CALL DAYS S 131

RKEEP = PAIN
RAIN = 0.0
D0 3005 M = 1, LTHETA

T TUUTEOTM LEQL. UTHETA ) RAIN = RKEEP 7
_ IFl KAT .NE. 0) GU TIC 2305
TC REMOVE IS A SUBROUTINE TO "ESTIMATE FLOw DATA
CALL REFGVY  (USLVy FLOW, M)
- 60 15 dogs - SRR To .
2305 CALL  REMOVE (DSLV, FLOW, M)
a0 e T EORT INGE e
C DETERAINE POSITICON OF WATER TABLE
€ YZERO 1S COQUVALENT TO BORE HOLE # &
C  XMIN IS MOST FCRWARD REACH CF WATER LEVEL ABOVE COAL
C WATER{KA) 1S POSITION Of TABLE THRCUGH COAL SEAM T
~ YZERG = WMIN ¢ 5, % TANKC
XMIN = H & SCRY { Y2ERC -~ 3.0 } T T }
XMIN = XMIN + 5,C
COXMIN = 120, - XMIN )
IFE XMIN LT, 10 ) XMIN = 1,01
" i T p0n 2310 KA =1, NDEPTH T T T T T
DF = XA * K
KB = KA }
1F(DF +GT. XMIN ) GC TG 2308
2310 WATER (KA) = ALTL]) '
GC TC 2316
23087 MY 2319 KA = KB, NDEPTH T T mmmm e mmrmmme -
WATER( KA) = WATER(KA - 1} + 0.2 %= DK
T IF{WATERIKA) LCT. TGP) WATER(KA) = TOP
2315  CONTINGLE . . |
C
2316 CCNTINUE
C  TACID 1S QUNNING TOTAL OQF AC1O cuTtepuy 7777/ = 77—
TACID = 0.0 _
DO 2060 T ol RFEET T T e e
PO 199% 4 =1, NLAVER
- DVOL = THICK(J) » BT & CK 77 I T
oL COMPARE ACIN STCRAGE WITH EQUILIERIUM ACID STORAGE
TOFJ = STURE(T 40y 1) 7 WASH(J) T e T/ T
B N TF(FY .GT. Lo1} FJ = 1.1
C CALCULATE CXYGEN GRACIENT [N EACH LAYER 77 -
DO 1990 X = 1, NDEPTH _
CANN e e e REERE L e o
o DNK = (TNN - 0.5 )#DK _ )
TUUUXNMN = OXXE EXP(-SORTIRATEK(JY/Z DIFF)Y} #DNK}
C
C  THE FOLLIIAING CALCULATICNS DESCRIBE EACH EVENT o
. c PROPALLE N THE BLOCKS
C GRAVOT S GRAVITY DIFFUSION (UT CF BLOCK T T
. _C _GRAVIHN 1S GRAVITY DIFFUSION INTC BLCCK L _
C  FLONO IS QUANTITY CF PROCUCTS REMOVED WHEN A~ 77~ 7777
_C_ BLDOCK IS IANUNDATED -
C AGUT IS AMCUNT CF PROEUCTS PENMOVED BY LEACHING h

STORE{I,JyK) IS PRODLCT STORAGF ARRAY



c
C
c
C
cC
1

.

DETERMINE POSITION OF BLCCK REUCATIVE TO WATER
~ TABLE AN CSTAIN SUM OF APPROPRIATE TERMS
647  CONTINUE L

HITE = ALT(J)Y + SLOPE #CK * K

e AFEHLTE = WATER(KE ) 1648, 1655, 1655
1648 T CONTINUE

AMEET = STCRELI,JyK) 2(1.~FRACI&*DT HETA

FLEOM = STORE(L ¢ JeK) —ALEFT

ADUT = FLOOD 7 - _

STORE(TyJsK) = STORE(I,J,X ) - FLOUD
MAINTATH RUNNING TOTAL GCF INLANDATICN REMCVAL

FLSUM = FLSU‘I + FLOOD=® 196. / ll?.

TFUFLSUM oLT. 14 F-10 ) FLSUVM = 0.0

1653 G TN 1989

1655  OXIDN = RATEK{J) * GASC #* XNN = DVOL*

¢

1 PYCUN{ J) %= DTHETA

CGRAVAT = DIFFG(J) * STORE(I »J,K) *DTHETA%FY
GRAVIN CIFFG(J+1) #* STORE{I,J+1,K}) %

1 DTHETA * FJ

I1-Il

16607 AUUT = STORCUTI yJeK) % DSLVE FJ
STOREC I43J,K1=STORE(T 3J4K) + OXIDN+ GRAVIN -

“i”cknvcr'; Acur"
WSUM = wWSUM +AQUT * 196.7 112,
"UP = HITE < WATER(K)
IFLUP .6T. 0.2 JANC.J .CT.1) GO TO 1969
AQUT = ACUT + GRAVCT = ' '
FF(STORE(TI JeK) LTl E~LO)STORELT yJ,K}=0.0

KEEP RUNNING TUTAL OF GRAVITY CTFFUS TON REMOVAL — 77

GSUM = GSUM + GRAVOT%® 196.7112.

1989  CONTINUE

1990  CONT INUF

TACID = TACID « ACUT

1995 CONT INUE

C

¢

© 2000 T TCCONTINUE

o

ALK = FLOW * ALKALT * 8,23FE-&

132

TCONVERT ACID LCAC FRCM AN OXYGEN™ CONSUMPTION™
BASIS 1O FOUIVALENT ALKALINITY BASIS
TUTACID = TACID ¥ 196. /7 112. < ALK~ - )
TSUM = TSUM + TACID
o e o T o e e et e e e
TSUF = TSUM - TACIC
2002  CONTINUE T T ) N T
FSUM = FSUM + FLOUW
CFSUMA = FSUMA 3 FLOW 0 T T T T S -
YSUM = YSUM + TACIC
TO¥SUMA F YSUMA Y TACTIDT T T T T T e
INAY = LAST + M .



C__PRINT OUT SUMWARY OF DAlLy RESULTIS 1388

1F{ A5 - AGC ) 2C62C, 2010, 2020

T 20T T WRITECTU, 635C AGO, TI0AY, FLOW, TACIDy RAIN  —— T
GC YO 3000
2020 IF(IDAY .GY. KEEP )Y GG TC 2030 R CoTT
2025  MWRITE{]U,6350) AGy IDAY, FLOW, TACID, RAIN
. SR R Te 3000 - DAYy FLUW, Talils RAL o
_ 2030  ICAY = {CAY - KEEP
T T U TTRITENIC,6350AGE, ICAY, FLUW, TACID, RAIN &~ ~ 7T T
3000 CONTEINUE
T T IF IDAY WNE. KEEP ) GO TO 3005 T
WRITEL IO, 6241 ) FSUMA , YSUNMA, RSUMA
WRITF{ 10, 6245%) FLSUM, GSUM, WSUM C o
CHWRITELIC, 6349) L _
o SUM AT . e e e
GSUM = 0.0
i FLSUM = 0.0 T T )
RSUMA = 0.0
- N SURMA = oD o _
 _FSUMA = 0.0 .
3005  CCNTINLE B i B T T
LAST = [DAY
KAT = 1
2500  CONTINULE
. 3050 CONTINUF -
1Y = IYEAR SO
WRITE(TO, 6370 IYEAR , FSUV, YSUM, RSUNM
0N 2201 [ = 1, NFFET o
DO 2201 J = 1y NLAYER i
2201 WRITE(IC,6305) (STURE(I,JsK}y K=1,NDEPTH)
B E BTG TEER PHREN g R 1y i
2200 WRITE(ID,636C }
T T T T1F ANPUNCH JEG. O) STO® ) B A
DO2217 1 = 1, NFEECY
ST DO2217 J = 1, NLAYER - - -
WRITE(IP, TOOOI{(STORE(I+JsK)y K=14NDEPTH)
U221 T CONTINGE T TUTTIT T T T T mmrmT
STOP
5300  FURMAT (& ]5) . T T e
5301 FURMAT (204, 2Xy F5.0, 2F10.5 )
%302 7 FURMAT (B FI0.5) o T me o
5310 FORMAT {12F5,2)
5401  FORMATIL IX, A4, 1X, T2, 22X, 4F1C. 5, 14Y -
6200 FORMAT { 1M1, 10X, *THE INITIAL CONDITIONS ¢
T T T, rAND VAPTARBLES USED IN THIS MCDEL VG227 0 T T T T
2 10X, 'THE NUMBER DUF LAYERS IS ', 13,/10X,
T T T TR Y THE NUMBER CF ODEPYH INCREMENTS IS ?y 13,7 15Xy ~
4 "EACH INCPEMENT =', FS5,2, % FEFT',/ LOX,*'THE",

T TR OO NUMAER OF PER IMETER INCREMENTS 1Sy 1'3,715%X,
_'67 'tACfi INCHFNENT _='__,__F?_.2, t FEFT '1/ lOX.___ S
7 Y"THE WATER SHED 1S VW 10.04 ¥ SCUARE FEET',/7
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6241 FORMAT(// 4 SX+*GALLCNS CF FLCW DURING MONTH?*
1y ISY F10.0,7 5%, 'POLNDS OF ACID DURING *
T2 VMONMTIV IS, Fo.l,7 S5Xs VINCHFES OF RAIN v,

3 SENTERING srunnct 1S*y, ¥6.2 /7 ) ,
6245 FORMAT (S5X, "ACTO REMOVED BY INUNDATION',F8. 3,7
1 SXy"ACID REMCVED BY GRAVITY DCIFFUSIUN®y FB.3s/
2 SX,'AZIND REMOVED BY LEACHING', F8.3,//7/7)
6300  FORMAT (1K1, * THE FOLLOWING 1S A DESCRIPTION',
T OYOFTTHE CMINEY /79 RBEING MCCELET. THE UAYERSY T,
2t ARE COUNTED FROM THE BOTTIOM. 'y /7
4 ¢ LAYER MATERIAL ELFVATIUN K{RATE)?', 3X,
5 'VOID Y, /2Cx, CFEET )
6301 FORMAT (22X, 12, 3X, 284, 3X, FS5.1y 44Xy FHe 0y
ol 2%y FTe3 ) e e
6302 FORMAT(// FL1C.a 771
6305  FORMAT ( 10 (3X, FB.4)) o
6319 FORMATILRL, /77/5%, 'CATEY', 6X,
_ 2 'FLOW,GPD 42X,y TACID sLBSY 44X, *RAIN, INJ*,///)
6350 FORNAT {3X, A4, 15, 3%, F6.0, 4 ( 3%, FI0.5 ))
6351  FORMAT{(3X, Aty 15, 3X, F6.0v 4 { 3X, FLOWS M//77)
6360 FORMAT (1H1, ¢ TERMINATIOM CARD REACHED ¢ )
6370  FORMAT (////7 SX*SUMMBARY 0OF CATA FOR 'y 14,//
' 1 5Y,'GALLONS OF FLOW DULRING YEAR ISY, F10.0,//7
2 5%, 'POUNDES UF ACID DURING YEAR 1SY,WF10.0,//
3 S X,¢ [NCHES OF RAIN ENTERING STCRAGE JS5°*
e B FO2y 1711 e e
7000 FORMAT (8F10.8 ) '
7001  FCRMAT(F10.B)
END

A b e m e kA e ——— s L p— e ek R L 4 1 P T s e — e e

T BLECK BATA

REAL BLANK,y, END, YEAR, JAh, FE?.}“{R' _#_PBL_‘_________*________

T2 MAY, JUNE, JULYy AUG, SEPT, OCT, NCV, DEC
COMMON/ CA/ BLANK, EMO, Y EARJ AN, FEB, MARy APR,
"2 MAY, JUNE, JULLY, AUG, SEPY, CCTy NCV, CEC
DAT A DBLANK, ENDs YEAR, JAN, FEB, MAR, APR,
"1 MAY, JUNE, JULY, AUG, SEPT, CTCT,NCV, CEtC/
2 ! Y, 'END Y, 'YEARt, TJAN ', YFEBR ' ,* VAR ',

TP Y, OMAY Y VQUNEY, TOULY ¢y tAUG T R SER T,
4 '0CT 'y 'NOV 'y 'CEC '/
A JTCT e NGV Ty TDEC
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DAYS

SUBRCOUTINE £AYS N
_ REAL BLANK, END, YLAR, JAN, FEB, MAR, APR,
T T T2 MAY, JUNE, T JULY, AUG, SEFT, CCT, NOV, DECT T T T
COMMON /CA/ BLANK JEND JyYEAR,) JANLFEB,MAR,APR,
T 27 MAY o JUNE, JULY, AUG, SEPT, OCT, NUOV, DEC =~ T B
COMMON/ZC D/ AMCNTH, AG.RAIN, RTIME, TMEAN,AGQ,
o 1 TANKC, RSUM, RSUMA, FLAG, AFLAG, WSHED, PwWHC, ~~ — 7
_ 2 PWAT[CR, LAST, KEEP, LTHETA, IDAY
T TUTTTTIE CAGO LEQ. BLARK Y GO IC 22407 0 T T oTTTT T
C CHFCK TO SEE IF MONTH HAS CHANGED
TUTTT2210 0 1T AGEC T — FEB) 2215, 2214y 2215 Tt T -
2214 KEEP = 28
Sl 10 2330 R
2216 IF(AGD .FC. SEPT .CR. AGC .EC. NGV .OR. 2GD
T LR . APR LU, AGU LEQ. JUNEY GUTTO 2218 7 T -
KEEP = 31
oo T 2230 e _
2218 KEFEP = 30

2230

CCANTINUE
IF({ AMCNKIH - AGC ) 2205, 2201, 2205

TTTT2200 7T LUTHETA =TTOAY = LASY T Ty e e

GO TO 2235

T 722057 LWETA = TKEEP = LAST ¢ IDAY T i -
2235 CONT INUE
5240 " CONT INLE. e e i e -
AG = AGO
T TTTAGY = TAMDNT H T Tt
FLAG = 0.0
CAELAG & Doy = e s e me i e e - R
IFLAGD .EC. CCT ) AFLAG = 1.
T 7T T UTIF(AGD JEGe NCV Y TAFLAG =X, T T T -
IF{AGD LEQ. DEC ) AFLAG = 1.
T TR (AGTT TECTT JAN Y TAFLAG =TT T - T
IF{AGND .EC., FEB ) AFLAG = 1.
o TF{AGY JEC. MAR ) AFLAG = 3, T -
IF(ACD) JEQ. APR ) AFLAG = 2.
- CRETURN = oo o et e 2 e e e
e BN
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F VAP

SUBRGUTINE EVAP (PEVAP)

C SUBROUTINE ESTIMATES PUTENTIAL EVAPCTRANSPIRATION.
TTTTTTCETTUSING THORNTHWAT TE ME THOD T T )
REAL HLANK, £NO, YEAR, JAN, FEB, MAR, APR,

"2 MAY, JUNC, JULY, AUG, SEPT, CCT, NOV, DEC
COMMUNZCAZ BLANK ¢ FND W YEAR y JANLFEB yMARAPR,

T2 MAY, JUNF, JULY, AUG, SEPT, OGCT, NOV, DEC

COMMON /CB/ AMONTH , AG,RAIN, RTINMF, TMEAN,AGC,

T T T UTANKCy RSUM, RSUMA, FLAG, AFLAG, WSHED, PWHC, 777~

2 PWATER s LAST, KEEP, LTHETA, ILCAY

CUMAON /CC/ vAP(12) R S
IF¢ AMOUNTH - JAN ) 2, 1, 2
1T PEVAP = vaAPC Y T T T T B
RC TURN .
e e T ANGNT R FERY ey Ry e e e e o
3 PEVAP = VAP( 2)
e BETRN - e L _
4 [FC AMONTHL — MAR ) 64 54 6
e PEVAP = VARL 1) '+ o _ _
Rf TURN
TTUTTTTTTTTE IR RMADANTH -TAPR Y 8y T, BT T T e e
7 PEVAP = VAP{ 4)
_ - RE TORN. Ay o ) .
] IF{ AMONTH - MAY ) 10, 9, 1C
9 T PEVAP = vaAPL SY . ) -
RE TURN :
TTUUTTTTTIO IR CAMONTH <TYUNEY 1, 11l o e
11 PEVAP = VAP{ &)
S B ETLRN e i
12 IFT AMONTH — JULY) 14, 12, 14
N 13 UPLVAS = VAPL 7y - o en —_ e e
RE TURN -
TR T T OTEUTAMONTH  STAUGT Y e, ISy 1T T T T o
15 PEVAP = VAP( 8)
e RETURN e e e N . . e
16 IF{ AMONTH - SEPT) 18, 17, 18
TTTTUUTTYY T T OPEVAP = VAPLU QYT 0 T T ot o T e
. _RETURN ) _ - . S
in [F{U AMONTH - 0CTY 1 2¢, 19, 2¢ T -
B 19 PEVAP = VAP(10) )
. S RETURN e . _
20 IFL AMONTH = NGV ) 22, 21, 22 ) o )
21 PEVAP = VAP(CLYY 7 T T )
. RFTURN . e
22 PEVAP = VAPL1D) T T T
oo RETURN e - o .
Erp R e




NNt

C
L
C
C
C
C
C
C
C

T

C
c_.
c

" REMCVE TS A SUBRCUTINF TO ~CALCULATE FLUW RATFS

TOTANKA T STWARM WEATHER WATER DELAY STCRAGE

CTCA® IS DAILY MAXIMUMA INFILTRATICAN CAPACITY 7 " 7

T CONS IS A CAUCULAY IONAL CONSTANT

A IS A CALCULATIDONAL CONSTANT

REMOV

SUBRDUTENE REMOV (DSLV, FLChy M) 7
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ARD FRACTION OF POODUC TS REMOVED BY LEACHIAG

REAL BLANK, END, YFAR, JAN, FEB, MAR, APR,
2

CUMMON/ CA/Z BLANK, END YEAR, JAN,FEB,MAR, APR,
2 MAY,y JUNE, JULY, AUG, SEPT{ CCT, NOV, DFC 7777
COMMON /CB/ AMUONTH, AG.RAIN, RTINE, TMEAN,AGQO,
TANKC, RSUM, RSUMA, FLAC, AFLAG, WSHED, PWHC, ~
PWATER , LAST, KEEP, LTHETA, IDAY
TEXTERN AL TEVAP ’ o T T e

.N—'

CDEF INE FLOW RATE VARTABLES "AND ESTABLISH TNITIAL VALUES

2 MAY, JUNE, JULY, AUG, SEPT, CLCT, NCV, DEC —~ —— 77

CINTTIAL CONDITIONS ARE CNLY FSTIMATES TO SPEED Up

CALCULATICNS ANC REMUVE OLL VALUES FROM
_COPPUTER STCRAGE

FLOW IS GALLCANS FPEFP DAY FLOW FROM SYSTEM

TANKA = 0.0
TANKR IS FRFEZING WEATHER WATFR STCRAGE
TANKR = Q.0
TANKC IS SCURCE CF GRUUNEC WATER FLOW
TANKC = 0.5

CTAA IS FACTUR TO REPRESENT FASTER "TRANSFER GF WATER™

WHER GRCUND IS WETTER
"TA IS DATLY TRANSFER FRCM TANKA TG TANKC
TA = 0.0
TEB IS DALLY SANCWMELT TRANSFER TU TARKC
TB = 0-0

CAP = 0.5

EXCLUSIVE CF RCCT STORAGE REQUIREMNTS
 TCAP = 0.7 :
RCAP IS TOTAL CAILY INFILTRATION CAPACITY

DELAY IS ESTIMATE OF RAINFALL CF PRECEDING DAYS
~ DELAY =70.%

RSUM 1§ MUNTKLY TCTAL OF WATER INFILTRATICN

RSUMA IS ANANUAL SUM OF WATER INFILTRATICN 7

CEFICT IS CEFICIENCY DF WATER IN ROOT STCRAGE

CEFF IS FRACTIGNAL RECUCT IOCN TN EVAPCRAT ION BECAUSE™
OF DEFICIENCY IN ROOT STCRAGE

CON5S = WSHLD * 7.5 /7 12.0

A = 4203. / 528.

e e e

CCAS 1S HAXTMUH FOURLY  INFILTRATION RAY

CPNET IS AMCUNT OF WATER AVATLABLE FOR T INFILTRATION



€ OFFINE ADDITIONAL REMCVAL VARIABLES 138 :
¢ e
C _DSLV IS FRACTICN CF STCRED PROCLCTS REMOVED BY
€ LEACHING EACH CAY -
o€ RIN IS INFILTRATION CELAY ANC SMCGTHING FUNCTION
RIN = C.C - B -
C AIN IS FIVL CAY AVERAGE OF WATER INFILTRATION
AIN = 0,0
ACC = 0.7
R R FORR o e e
ENTRY REMOVE (DSLV,y FLOW, M) ‘
T CALCULATE DAILY PCTEANTIAL EVAPCTRANPIRATICN == =777
C FVAP IS SURRUUTINL TO CALULATE PCTENYIAL EVAPORATION
‘€ 7 IT RETURNS A MUNTHLY AVERAGE POTENTIAL VALLE -
CALL EVAP (PEVAP )
T SURTRACT EVAPORATION FRCM ROOT "STROAGE ~ 77 o
DEFICY = PAHC - PWATER
T TOPUTENTIAL FVAPODTRANSIRATION DEPENDS Cn #CISTURE T
C CONTENT OF GROUND )
c
EFF = 1. /EXP( 0.9%DEFICT/PWHCH
TA060 T T CCNTINUE T T T T T o o T
PEVAP = PEVAP & EFF
i PEVAP = PEVAP/ 30. - i T i T
PWATER = PWATER = PEVAP
"RECAP =T TCAP + DEFICTY 2 2.0 o nmmmm e m e m e
C 1F THERE 1S NO RAINFALL, BYPASS INFILYRATION STEP
TN RARALN L8000 GETTETINS T
C INFILTRATION RATE DECAYS EXPUNFANTIALLY
€ INTECGRATE TC GET INFLUX FROM STURM N )
IFIRTIME 6T. 2.C ) GO TC 3100 B
e CALCULATE RNET - 200 B PP AR e i
PNET = CAP & {1.0 - EXP{-RTIME) } o .
TTITITITITTITTTEO TR 3160 T T - T T
3100 KNET = CAP (1.0 ¢ EXP(=-2.)% (RTINM =~ 3,01 )
310 T 1TF( RNEY LGT. RCAP ) RNEY = RCAF ~~ — 7 = o o
L IF{ RNET LGT. RAIN ) RNET = RAIN o o

3115 ADD = 0.0

€ ND MATTER HOW DRY GROUND I'S, SOME WATER ENTERS SOIL
3110 PWATER = PWATER + 0,875 # RNET

CEFICY = DEFICT / 2.0
If (RNEY - DEFICTY 3110, 3120, 3120

ADD = RNETY /7 8,
GG T 3130

GC T4 313C

TUUC T TAUGMENT ROOT STORACE WITH NEW RATNFALL 77T
3120  PWATER = PWATER + DEFICT o o
T T ADD ERNFT - DEFICT -

oo . TF (TMEAN ,GE. 33.) GO YO 3130 o
3128 CCNTINLEF
__C ADD FREEZING WATER TO TANKB -
TANKB = TANKB + ACDH
CRNETY = 0.0 .

73130 CORTINUE
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C DEVERMING EFFECY OF TEMPERATURE CN INFILTRAT ION

FV = FYP{A- 42C3., /(TMEAN+4E0.) ) T e o
e TCAP = 0.7 * FV
C REDUCE TNFILTRATICN CAPACITY DURTNG WINTER MCNTHS
o IR (TMOAN JLF. 404 ) TCAP = Q.1
C REDUCE INFILTRATICN CAPACITY BY PRECEDING INFIL TRATION ~~
e YCAP = TCAP - DELAY
IF {(TCAP LT, 0.0 I1TCAP = 0,0 7w
_.. _.C __CALCULATE INFLUENCE CF RECFNT _PRECIPTATION OR MELTING
DELAY = DELAY + ADD + T8 —m
e DELAY = 0.7 * DLLAY S
C INCLUDE RAINFALL IN INFILTRATJION TOTALS
RSUM = RSUM +ADD
TREUMA = RSUMA "+ ADD

ot~ - mmameb— e m e [,

C
TCTTCALCULATE CUTELGCW
C INCLUD®E KECENT RAINFALL AND THAW CCNDITICNS

C
C CALCU[ATE TA
e T:\A = Q.2 & Cc. 2 * TAKKC T mTTmm e e e e
TA = TAA & TANKA
} oz o0.0 - . . o o — -
1F{ TANKS JEQ. 0.0) GC TC 31£0
"TANKB = D.98 * TANKB T -
C CALCULATE T8
TTTTTTTTUTTUTTTTIF(TMEAN JET. 320) 760 TG T3INEC T CTTTmTmTn T e
‘ TB = 0,1 * (TMEAN - 32.)
T T IFLTB o6T. VTANKB)Y TB = TANKB . - ) T
TANKH = TANKB - 18

T T T U IR{TANKS WLT. 1. E-10) TANKE = 0.C
RCAP = TCAP - ADD

e e R TG T RCADY TR R TRCAP T T e e e e

C INCLUCE SNCAMELT IN INFILTRATION TOTALS

TOTTTTUT UTRSUM S RSUMTH TES T Tt
RSUMA = RSUMA + 1B
“3160 TCONTINUE T T T T T
C__TC 1S TUTAL WATER TRANSFER TC TAMKC
TTTTTTTTTTTTTTTYE s TA Y Yy T T T
TANKC = TANKC + TC o

Tttt Ty FL[],‘: 0.0]_ _#—“']ANKC" TTr T T o

TANKC = TANKC % ( 1.C - C.0C75 #* TANKC)
CTANMKA = TANKA - TA '+ ACC T T
FLOW = FLOW # CONS
T CALTIUATE TESLV
DSLY = 0.01 * AIN

e T e —— ———— - A < 57 b o o i 1 — it b = E —om o

—_——————
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C OETERMINE NEW VALUE CF WATER INFILTRATICN FUNTICN
IF(AFLAG LEQ, 1.0) ADD = 0.75 * ADOD

T TIF(AFLAG LEGQ. 2. )} ACD = 0,75 = ACD T
TF(AFLAG JEQ. 3. ) ADD = 0.50 = ADD
RIN = RIN ¥ AODC ¢ Y 7 2.7 o -
. B ADD = RIN / 5.0 - )
RIN = RIN = ADD
AIN = 0.75 * AIN
BTN CTRINCYCAGD T e e - e
. _.C _RETUPRN TO MAIN PROGRAM - o ,
T TTRETURN T T T o Tt
. END B e



GALLNONS

~PUUNDS

TACID REMOVED AY TNUNDATICN

L bATE  FLOW,GPD  ACID.LBS

RAIN,

OF FLOW DURING MONTH T35

OF ACTU DURING
_INCHES OF RAIN ENTERING STCRAGE IS

FONTF IS

ACID REMOVED BY GRAVITY DIFFUSION

ACID REMOVED

BY LEACHING =

0.

0. 100007

IN.

--o'-:‘oc'OooooOr—-oooooo.oocn

3000
09000

c
0
0.
0
0
C
0,
R
. 0.

3000

1

c.
C.
0.
0.
0.
0.
0.
0.03000
0. C
0.
0.
O. |
0.

15000

0.0
0.05000

0.0

C. 02000

T 0.73000

JAN 1 187, 0.14014.

JAN 2 191, 0.15675

JAN 3 163, 0. 17C73

JAN 4 193, - 0.18082

JAN 5 T 193, T g.1868B0
JAN 6 192.  0.18898

JAN 7 191. 0.18822

JAN 8 180, 0.18580

JAN 9 189. "0.18180

JAN 11 L87. 0. 17C06

J AN 12 187. O. 16414

JAN 13 186. 0.15831

JAN 14 195, 0. 15243

JAN 15 7 183, T 0.146%0

JAN 16 182. C.14057
CJAN L7 T181. 0.13475

JAN 18 179. 0.129113
TIANT T e T T E, T T, 12400

JAN 20 177. 0.11931
TIANT T 21 1764 0.11500

JAN 22 174. 0. 11104
CJAN T 23 173, T 0410748 T

JAN 24 173, 0.105472
Y- 1 S I 7 DU « P [ 1 - D

JAN 26 172. 0.10407

T JAN 27 XrZ. T U pJ 1047y T T

JAN 28 172. 0.1055%6
TJAN T 297 TTURTN. T0.10617
_JAN 30 171, 0.10735

JAN 3171 . TTTe 1984y T

0.0
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0.0

5631.

4 o4

0.C9

T0.004 7

3. 335

1,909
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FEB
FEB
FES

FEB
FEB
FE®
FEB

TFER
FED
TOFER
FEB 1t
CHED
FER
Crem
FEP
S
FEB
- FEH
FER
Ctem
FER
S 1.1 -
FER
ren .
FER
RATES
FEB
"FEB

DA Tt

1

21
23
25

27

~_ GALLCNS CF FLOW DURING MCONTH IS
POUNDS OF ACIO NDURINS MONTH IS
INCHES OF RAIN ENTERING STORAGE 1S

TACTU REMOVED BY INUNDATICN

_ACTD REMOVED BY GRAVITY DIFFUS ION
ACID RCMOVED BY LEAGHING & "2.931

10

Lo

2L
23

25

A.éﬁnn

_FLOW,5PD  ACID.LBS

el

170.
174.

179.

T I180.

180.
179 .
183.

196.
198,

qu.
199,

208,

215.
" 215.
214,

E It

211.

TT209.

207,

ST o

- 25,

2030 .

200 .

res. T T

169.

Ty

0. 10899
0. 10503
0.11469

0. 12287

0.13089
0.13792
0. 14306

0.14620

0. ]52‘1(.

T 0016432

0.17791

0. 18947

0.197517

0 0.20237

0. 20649

PIIVTTTT OV e T

0. 22364

00,2269

0.23265

T C.23C03
0.22478

T0.21745
0. 20865

T 0.19892

0.18907

I N W )

0.16690
T0.15706

" 0.CE4

_RAIN, TN,

0.0
-0 B0G0GT T
0.10000
rom g Ty e
0.07000
e
0. 02000
0.27000
C.5400C
TT0.04000
0.0
0.02000
77 0.04000
0. 28000
i e

QOO ooCOD

cCo0oo

I
b
!
L=
1
]

1
|

*|x % ¢ a4 * 8 * '

C>cci0c50
o

|

t

|

|

|

5485,
sS.0

0. 44

3.065

142
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INe

e e DATE FLOW,GPD  ACED,LBS PAINS

0. 14785
C0.13909 T
00 I. 356()

0. 13444

0.1602%

MAR
“MAR
MA R
“MAR TR

1 196.
2 el
3
4
MAR 5
e
7
8
S
0

195.
200.
2077 T
2313,
o261,
276,
At
282,
280,77 7
278,

MAR
_ MAR
MAR
MAR
AR
MA R

- 0.27508
0.34362
0. 39245

r

0-4’&92"

B T MAR 12 275, 0. 4477
MAR 13 276 . 0442673
MAR 14 278.7 7 7 0.44995 7 7
o MAR 15 2717. D. 43834

TTT0.4725297
0. 41105
0.39595
D.38369

CORTs T
272.
S 210. T
214,
274,
212.
270,
267,
254,
262.
282
259,
e A B
261. 0.

TMARTTT
 MAR
MAR
MA R
" MAR
... MAR
MAR ~— 22T
MAR
MAR
MA R 25
MAR 26
MAR 27

e AR T2

MAR
29

0.36162

0. 32695
" 0.311%3
0.29485
0.28C&%
0.206810
0. 25005
24419

g

MAR

S UMART T30 T Ze0 T T T a2 T
cee Lo AR 31 2T 0.26C70

T T T GALLUGN S TOE TR LW DURT NG MERTHTTS
POUNDS DF ACID DUR ING MINTH

0. 61C00

0. 21687 C.0

0.42699

0,37254

TT0J35055

~oagr2.
IS G,

0. O

“0L.11000

0.0

0.17000

0.0

T RN

0.0

T 0.54000

0.09000
‘o

0

)

C
.25000

1

0

)

e
0

‘o

.11000

R

.0

L75000

+31000

N

.0

8

o INCHES OF RAIN FNTERING STCRAGE 1S~ "1.027 77
o ACID REMCVED BY INUNCATION 44292

CTACID REMUVED BY GRAVITY DIPFU%ICN
. ACID REMOVED 8Y LFACHING

3.618

3.58%



e DATE FLOW,GPD
APR 1 271,
APR 27 7 2171,
AP R 3 38,
) CAPRT T 4T 336«
APR 5 341,
APR 6" 340.
AP R 7 339,
APR "~ B 7 336,
AP R 9 332,
) CAPR T I0 T 327
APR 11 322,
- APR 12 318,
APR 13 313,
- CAPR L4 3L
AP R 15 309,
- TTTAPR T 304 .
AP R 17 300.
APR 18 7 297,
AP 19 293.
T AaeR T 20 252,
APR 21 312,
i TOUAPR 22 T T390
APR 23 320.
APR T 24 330.
APR 25 365.
APR T 26 371,
APR 27 378,
TTTTUAPR T T T T3 AT
APR 29 373,
) CAPR T T30 T 369,

AC!I.)_._!. RS RA_IN. IN_:__*‘___
0.26€613 0.15000
0.2758B7 176000
0. 40289 0.0

B -3 ) A + I ¢ B
Q. 60547 0.0
0. 61552 " 0.16000
0.72478 0 05000
0.76133 0.0 T T
0.78143 C.0

C0.78963 T T QL0 T
0. 718839 0.0
D. 77999 0.0
D.76636 0.14000
0.74999 T 0.06000
0.73201) 0. 0

B ¢ Y 3 . A ¢ T R
0- 6’1 017 0.0
0.58158 0.0 T
N.53165 0.30000

0. 43C91 C 0.5400C
0.51637 0.0

T0L.54601 0.0 T T T
0. 556753 0.37000

T 0.58869 0.%400C
0.62209 0.0
0. €5929 I T o
Q.639184 0.0
0.69909 T T 0.25000 T
0. TQ086L4 c.0

TT0.71004 T 0.0

GALLONS OF FLOW DURING MONTH IS

POUNDS TOF TACID DURING RONTE IS
(INCHES OF RAIN ENTERING

- ACID REMOVED 8Y TNUNDATICN

_ACID REMOVED BY GPAVITY DIFFUSION
AC1D REMCVED BY .LEACHING

T6.012

9792,

TEB
STORAGE 1§

1.39

VFUFLT T

3.478
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e 3 e e R b a s ek m—— e < £ 7 8 A~ e e e = ek T Amn o s R A m— s 7 Th = ———— - = — =

DA TE _FLCWsGPD  ACID,LBS RAIN, IN.

364, 0.70397 0.0

358, T 0.8&9166 016000
354, 0.67578
3500 0.65681

345, 0.63579
7339, T T0.61323

334, 0. 58995
e

MAY 325, 0.54361
B T 11 ST i L, S

MAY 1r 35,  0.50026

MAY .12 T 311. 0.48030  0.30000

MAY 13 310. 0.46396 €. 3700C
MY 14 73120 7 0.45263 7 0.05000

MAY 1% 311. 0. 44398 0.0

MAY 16 0 308. T T 0.436818 T 0.48000

MA ¥ 17 310, 0.43200 0.0

MAY 18 308, = 0.42664 = 0.04000

MAY 19 306.  0.47252 0.0

MAY 20 7 302, To.38012 0.0 T

May 21 299, 0.36018 0.0 )

(- 22 )

MA Y
CMAY-
MAY
A
MAY
Ay
MA Y
-~ MAY

. H
Cooo 000

Co0oDOoDAVO

3

I
I
I
I
]

O g O W 2 WA e

- i
OO

U —

!

295,77 70 32914 0.0
MA ¥ 23 291. 0. 39226 0.0
MAY 24 T 287T. T 0.27877T T 0.65000
MA Y 25 291. 0.26329 0.0
MAY T 26 291, 0.252017 " 0.03000
_MAY 27 2?89,  0.24313 0.0
TTTMAY T 2B T 286, T T 0,226 0.0
MAY 29 283,  0.2123& __ 1,48000
MAY 30 T 333, T0.27978 0.0
MAY 31 355, 0.35C85 0.0

T GALLONS OF FLDW DURING MONTH IS 7 981z.
PUOUNES DF ACID DUR ING MINTH IS  13.7

" INCHES GF RAIN ENTERING STCRAGE 1S 0.85 -

_.BCID REMCVED 8Y INUNCATICN = 7.3%7
AC TD REMOVED HY GRAVITY DIFFUSTCNT ~3.006
ACID REMCVED BY LEACHING  3.551
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DATE

JUNE
"JUNFE
JUNE
“SONE T
JUNE
T JUNE
JUNF
JUNE
JUNE 9
JUNE 10
JUNE 11
CJUNE T 12
JUNE
JUNEC 14
JUNE 15
JUNE 16 T T
JUNE 17
JUNE 18
JUNE 19
JUNF 20
JUNF 21
TJUNE 22
JUNF 23
"JUNE 24
JUNE 25
CJUNFE T 26
JUNF 27
TTJUNE T T 28 T
JUNE 29
COJUNE T 30

T POUNNS OF ATID DORING MONTR IS
_INCHES OF RAIN ENTERING STORAGE IS

TACTID REMOVED BY TNUNGATI CN

FLOW, GPD  ACID,L DS RAIN, IN,

362. 0.41436 0.0
361. T 0. 454667
358, 0.50123%
T30, 0G24 T

1

2

3 C. 45000
4

5 358, 0. 54330

o

7

8

C.0
354, 0.54615
349, 0.54624
T 344, T 0.53624
338. 0.52089
7333, 7 T 0. 50180 7T
328, 0.48034
324, 0.45766
13 319. 0. 43465
3174 "0.41379
316. 0.39546
T 323,77 7 0.38636
3723. 0.3762723
T 32C. 0. 36A7)
316. 0. 36064
312. - 0.3515%5
3oe. 0. 34144
227 77304, T T T 0L3TIS2T T T
300, 0.28587
296, T 0.25341 7
292 . 0.22557
288, 7 0. 20165
288 . 0.18304
T294, 01365 T 0.0
295. 2 16872 0.0
293,77 7T 04168544 0.0

0.0
¢

(=
o

|
|

OC>OC3ONDD.

l

ochiomncaoc:C:ofb—-vCic:oj

1

ooqudooo

0.7800¢C

GALLCNS COF FLOW DURING MONTH IS 96112,
114
C.36

4.55%7
ACID REYOVED BY 2.72C

GRAVITY DIFFUSION
TACID REMOVED BY LEACHING

5,028

T 0.12000

0.10000

0.0

TC.27006
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e DAJE  FLOW,GP0 ACIO.L3S = RAIN, IN. =
- JuLy 2S1. 0. 162?78 0.0
JULY 2817. S 0.19854 0. 2300C
JULY 286. 0.15034 0.12000

JuLy

ACID REMCVFD 8Y LEACHING

285, G0 1429277 0 15000 7

1

2

3

4

5 291.

A . o
7

8

Jury 0.14848 0.0
JULY 292, T0.15361 0 Tg.00
S JuLyY 290. 0.15744 0. 0
JULY "287. T DL.15379 0.0 7
gy 9 2B4. . 0.14905  C.0 B
TJULY 10 280 . ‘0.14320 TTg.0 T T
_ JuLy 1Y 277, _0.13408 0 .06000
JULY 12 274, 0. 125?72 0.0
JuLy 13 271. 0.,11655 0.0
JULY 14 77 268, 0 T 0.10683° 0.0
CJULY 18 265, 0.08167 0. 3C00C
JULY 16 T TFes T T T 09123 T 0640007
JuLy 17 270, 0. 02205 0.0
JULY 18 271.  0.09481 7 0.0 T
JuLyl! 19  270. 0.07747 0.0
JULY 20 268, 0. 69775 7 T 0.31000°
ULy 21 269.  0.10038 < 0.0 N
JUL Y 22 267, TTTGL10096 T T o.0 T T
) S Jury 23 265. 0.10C49 0.0
JULY 24" 7 2. 7 0.09876 T 0.32000
) S JuLy 25 263, . 0.09f12  C.0 B
JuLy 26 T2, T T0,09732 T 0.0 -
S0y 27 259, 0.09578 0.50000 .
JuLy 28 T262. 0. 09685 6.0
o JuLY 29 262.  0.0983C _ 0.10000
TJULY 30 261,  0,09969 7C.5C000
JuLy 31 265.  0.10362 0.0 .
TGMLONS OF FLOW DURING MONTH [S 8aTl.
) ~ POUNDS OF ACID OURING MINTE 1S 3.7
INCHES OF RAIN ENTERING STCRAGE IS 0.47

_ACID REMCVED BY INUNCATICN = 0.623
TACID REMOVED RY GRAVITY DIFFUSION
2:614

1.590



UG

CTAUGT T

AUG

DA

TE

AUG

AUG

AU G

TAUG

AUG
- AUG
AUG

- AE T

AT TTIE

AUG
AUG
AU G
AUG
AUG

AUG

- AUG

AUG

"~ T AUG

AUG

o aue

AUG

- AUG

AUG

B P

T

11
12
13
15

17

18

19

20

22 7

21

23

T 24

T TAUG T

AUG

AU G

AUG T

AUG,

T GALLGNS OF FLOW DURTNC MCNTH T8~
POUNDS OF ACID OUR ING MINTH IS

25

2g "

27

=T

29
30

T 0.11093

- 0.10611

- 0. 11039

TTTo,09589 7 T

_FLOW,GPD_ ACIDILBS

O0.1074R8

0.10598

0.11065

0. 11011

0.10723

0. 102273
0.09848
0. 092 {)9

T 0.09185

0.07825
0. 11290
0.117406
0. 11946

0.118916
0.1150G2
0.10457
0.09825
0. C9163

0. 03532

~ 0.08668

0.08815
0.04838

0.08363

0.0

0. 09883

oL 0867 T

T 0.,08036

0.07628

TTTTB23,
3.1

" TINCHES OF RAIN ENTERING ST CRAGE 1S

ACIO REMOVED BY INUNDATION O.128 .
ACTD RFMUVED 8Y GRAVITY DIFFUSTCN 1.707
__RCID RIMOVED BY LEACHING

INUNDAT ION

2.

0.128

443

0.0

oc:oc3c>gc;c<:c>o

_RAIN, IN.

0.0
0.0
0.721000

C. 0

c.0

1.70000

T TTLL 00000

. @

~0000C00000D

2000

0.0

0. 0 T
0.0
0.0
0.0

0.0 77T
0.0

0.0 -
C. 0

T T0.88000

IR ¢ T ¢ A

3000

P TR
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LBATE  FLOA,GPD ACITWLABS  RAIN, IN.
SEPT 1 232. 0.071%2 0.0
SEPT 2 T23C, 0 T 0.061733 0.0 )
SEPT 3 228. 0.06283 0. 05000
TREPT 4 T T 226, T TT0.0588% T T T 0.50000 T T
SEPT 5 229, 0. 05950 0.05000
TSEPT T 6 230, Tp.06018 7T TC.0
SEPT 7 229, 0. 06209 .0
TSEPT 8 T 228. 7 0.063%4 T 0.0
SEFPT 9 2206, 0. 06420 _0.70000
TSEPY Y0 T 231, T 0. CeBE9 T T 0,0 T
SEPT 11 232, 0.07419 0.0
TSEPT i2 T T 232. 0. 07892 @ 0.0
SEPT 13 231. 0.08202 0.0
SEPT 14 T 2729, 0.08348 °  0.06000
SEPT 15 227. 0. 08377 0.0
TSEPY T le T T 72267 T 8,08289 T 0.0
SEPT 17 224. 0.0309 0.0
SEPT 18 221.  0.07814  C.1900C
sepy 19 221,  0.,07600 0.10000
SEPT 20 221. 0. 07461 0.17000
CSEPY 21 222. . 0,01439 0.0 3
SEpT 22 221, 0.07426 0.0
SFPY 23 220. 0.01372  G.C
SEPY 24 218, 0.07256 = 0.0 T
SEPY 25 @ 216. 0.07078 0.0 .
SEPT 26 214, 0. C6849 0.0
_SEPT 27 212, 0.06576 __1.29000
TSEPT 28 222. 0.07144 0.0 -
_SEPT 29 = 227. __0.078¢2 GO =
SEPT 30 228. " 0.08R820 0.0
_ _GALLCNS CF FLOW DURING MONTH IS~~~ 6751. _
"PCUNDS CF ACID DURING MANTH 1S 2.2

(INCHES OF RAIN ENTERING

" ACID REMOVED

BY TRUNDATICN

‘ACIC REMCVED BY GRAVITY CIFFUSION

T ACID REMOVED BY LEACHING 1

579

STURAGE 1S 0.39
4.015

L1750
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DATE

o ocr
oct

e e o -

o T
. oer
oc Y
ocr
ocT

ocT

ocr

oct

ocT

acy

T

ocr

ocT

ocT

ocT
ocT

- 0CT

ocY

ot
- ocr

ocY
PR |

O o

(1109 |
acry

ocT

ocT

g

“oeT

307 "

i

11
12
13

1H

15

16

l‘? _— - ..-

18
19

50

21

23

26

23
26
27

g

29

31

BT R

FLOW,GPD

2726,

224 .

. 235

AC

IN,LBS

RAIN,

IN.

227,

0. 09474

" 0.09898
04100806

S T

0.10208

0. 10074

0. 05816

0D.07449

0. 09012

0. 08531

0.03290

0. 0836%

0.08519

-~ 0.03634

0. 10157

0.00445 7

70,8930 7

. POUNCS DF ACID DURING
INCHES OF RAIN ENTERING STCRACE IS ~0.8Y ~

. ACID REMOVEC BY INUNCATION & 0.023
ACID REMCVED 8V GRAVITY DIFFUSTEN” 71,882

INUNCAT IOV

0. C€3070
0.0957%
0. 099873
0.102272
0.10275

0.09865

© 0409699

0. 08587
0.079239

0.N85%65

008158

0.07172%

0.07561
0. 07873

P SR

R

0.0
0.0
0.30000
0.0
0.0

0.0

0. G

0.0

0.0

0.0
0.0

0.0
0.42000
.0

0.0

0.0
0.0
0.0
C. €000C

0.0

0.0

0.0

0. 5500C
0.45000

Dre2000 .
'T0.810007
0. 16000

TT0L13000 7

"0.73000

0

T GALLGNS OF FLOW DURTRG MONTH TS
MONTH 1S

2e

023

.. ACID REVOVEL RY LEACHING  2.1C0

7080.
9
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- DATE

NOV

NOV T

NOV
TNOV
NOV
NOV
NOV

NIV

CNOV
" NIV

NOV

NOV
NOV
NOV
NOV

NIV

NOV

‘NOV

NOV

“Nov

NUV
- NOV

“NOV

NOV

NOV

NOV

NIV

NOV
NOV

GALLONS OF FLOW DURING

_UNCHES OF RAIN ENTERING

-- ~NOv

1u

O~ nwnm S

il
i3

15

16

1?7

8

19
20
21

G5

23
25

27

28

29

N

Ry

S "

FLOW, GPD

T R
ST R

Cye T

_239.
239,

244,

247,

S T T e

24% .

SaalT

240 -

237,77

236,

T VS

232.

230.
_233.
237,

237.

235.

SRS TR

2313,

233, )

232 .,

53y

229.

227.

225,

223,
221.

S219.

POUNDS OF ACID MIRING HANTH

TACID REMGVFD 8Y

_ACID REMOVEL

HY |

L

236,

TINUNCATICN
BY GRAVITY DIF
BCID REMCVED BY LEACHING

0.08303
0. 09292
0.10324

0.10655

0. 07265

0.03830

0, 03358
0.07652

0.07144

¢.07791

0. 0? ?68

_ACTD,LHS

0.09471

0. 10539
o~ 0.10196
N.09757

RA IN,

0.0B6BG T T

T o.10%89

0. 07870

T0.0T6RT T T

0.07662

0.07595
0.07508
0.07199

0. 06731

T 0. 0731

00,0756

TT0.068975

3 . B
OOO'DODODOOC‘O0.0oiG
L ]

IN.

0.0

C. 10000

TT0.06000

‘e W e "
Oc3c>0c10

04000

ll
onoou.booo

4000

32000

) .25000
0. 13000

TT0.0

0.0
C. 0

C.0
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0.60000

19000

8000

0.03000

T 0.04000

TTTT0.06466

0.06178

T0.05883

0.0
0.0

MCNTH

]
FUS
1.6

!__T_
14

15
is
STCRAGE 1S

7043 .

"2.5

1.858

7 0.100060

0.28
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DATE FLOW, GPD  ACID,LBS ~ RAIN, 1IN,

DEC 218. 0.05634 0.0
- DEC 217 0.05409 0.0
DEC 215, 0.05197 0. 10000
DEC T 214, 77 T 0L.05%038 7 0.20000
DEC 2140 0- 04")92 000
- LEL 1A T 006986 CoLg T
DFC 212. 0.04973 0.0
“pEC T

U211, 0. 060%4) 0.0
DEC

209. 0.04883 G. 0
B T o R U ¢ I-X s r APS « Do P34 1 R ¢ Y +
DEC 11 205. 0. 04¢55 0.0
T UUTpEC T 12777777204, T T TO.045T6 1.0C000
DEC 13 238, 0.06292 . 0.0
T TPEC T T la U258, T T TT00085000 T T gL 0 T T
DEC 15 267 0.11698 0.0
TTTTTUUUTREC T T T Le T T 270 T T T T MRS T T T TR 76000
DEC 17 270, 0.16498 0.24000
TDEC 18T T 208 T T 0.17862 77 0.0 T
DEC 19 266 . D.14174 0.0
DEC 7 20 263.7 T 0.1%086 T T 0.04000
DEC 21 261. 0.177C0 0.5300C
TTTTTTTDEC 2?7 TTRTE . T T TOLITTSY T 0.88000
DEC 23 282. 0. 187179 1.04000
T TDECT T 24 T T A2 T T T 0.260200 7 T 0,077 T
DEC 25 340, 0.32330 0.0
”DEC‘“”“'2EW”"”‘3457""“""6(37419“"'"“"6.
DEC 27 344« 0.41230 0.0
TTTTTTDEC T 28 350. D. 4384 T ToL.0 T T T
__DEC 29 336, 0.45423 0. 0

"DEC 30 331. 0.46135 0.0
DFC 3L 326, 0.45161 0.0

- 1
]
Do~

TTTTTTTTT TGALLENS OF FLOW ODURTNG MONTH IS 8144,
_POUNDS OF ACID DURENG MONTH IS 5.4
INCHES GF RAIN ENTER ING STURAGE IS 1.19

ACID REMOVED BY INUNDATION 2.8717

ACTO REMOV ED RY GRAVITY DIFHUSTUN " 2.116
ACID RFMOVED BY LEACHING  3.423




.SUMMARY OF DATA FUR 1970

__GALLONS CF FLOW DURING ¥ EAR IS

_POUNDS OF ACIO DUR ING YEAR 15

93776,

. INCHES OF RAIN ENTERING STCRAGE 1S 7.30

s 83
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APPENDIX D
INSTRUCTIONS FOR USE OF MAIN PROGRAM

The use of our program for prediction of flow rates and acid loads at
other sites is described in this appendix. The discussion presumes that the
reader is familiar with the technical content of the model and needs only
"muts and bolts" information to use the computer program for his system.

The application of this program requires that the user furnish three kinds
of information:

1. Specific program statements as described below
2. Data describing system
3. Meteorological data

The user must furnish statements identifying the input and output channels

of his computer installation. These statements have the form:

IN = Input channel number

10 = Printed output channel number

IP = Punched output cham-lel number
The statements replace the IN, I0, and IP identities at the beginning of the
program. These are channels 5, 6, and 7 respectively in the Chio State
University computer system. The other statements to be supplied in the main
prégram are statements describing the fluctuations of the water table in re-
lation to the coal seam. The new statements replace the section from

statement 2306 through 2315, If inundation removal is unimportant, the
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water table section and also statements 1647 to 1653 may be deleted.

A description of the system is the first information to be read in as data.
The variables and formats are shown in Table 8. The first data card con-
tains the number of length (NFEET), layer (NLAYER), and depth (NDEPTH)
Increments which will be used to represent the coal seam. An output control -
(NPUNCH), described on the following page, is also read from the first card.
The size, in feet, of the length (DI) and depth {(DK) increments are read from
the second card. Alkalinity of the ground water (ALKALJI), the elevation of
the top of the seam relative to a datum plane (TOP), and the slope of the
seam relative to horizontal (SLOPE) are read from the third card. The fourth
card contains an estimate of the water shed area of thc mine (WSHED), the
provisional water holding capacity (PWHC), and the initial root storage water
.Ievel (PWATER). If no data are available, PWATER may be set equal to
PWHC. Monthly values of the potential evapotranspiration are read from the
fifth card. These values must be measured experimentally or estimated by
an empirical technique (such as the Thornthwaite-Mather method (42) ) for
each site,

A set of NLAYER cards, one for each stratum or substratum, follows the
initial data. In addition to the natural division between coal and shale layers,
it is desirable to subdivide thick binder layers into thinner layers for compu-
tational purposes. In our test case, the coal layers were divided into
secfions of no greater than six inch thickness. The natural shale layers
were one to four inches thick so no division was necessary. Each ecard
contains a brief alphameric description of the stratum, the elevation of the
bottom of the stratum relative to a datum plane, the oxygen consumption in

the material in micrograms oxygen consumed per hour per cubic centimeter,
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and the void fraction of the binder.

The final batch of descriptive input data is the initial quantity of oxidation
products stored in each incremental volume. If initial values are not known,
they may be estimated by assuming they are zero (by inserting an appropriate
number of blank data cards ) and allowing the program to run for a simulated
period of three to five years. Storage values will be built up in the STORE
(1, J,K) array in this simulation. These values may be obtained as punched
output by reading a positive value of NPUNCH on the first data card. The
punched data may then be recycled as initial conditions.

Once the system has been described, day to day weather data are read
into the program. Each daily data card contains the month and day, (AMONTH
and IDAY), the inches of precipitation {(RAIN), the hours of duration of the
Precipitation (RTIME), the mean temperature (TMEAN), and the oxygen mole
fraction (OXY). Each of these data, except OXY, must be included on every
card. OXY need only appear on the first card, and thereafter only when its
value changes. The remaining data need anly be read for positive changes,
i.e., precipitation or temperature changes. Otherwise, the program will
assume zero rainfall and constant temperature. During warmer weather,
it is adequate to assume the monthly average temperature since the chief
program use of the temperature data is the calculation of freeze-thaw in-
formation.

. The month must be read in as standard three or four letter notation:

Jan, Feb, Mar, Apr, May, June, July, Aug, Sept, Oct, Nov, Dec. No
periods are to be used in these abbreviations.

In addition to the weather cards, output control cards may be included
in the data deck. On these cards the word "Year" is punched instead of the
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month, and the year number of the preceding year may be punched. Placing
a "Year' card at the end of a block of data will give a printout of the summary
for total flow and acid load since the previous "Year' card. Monthly reviews
are always printed, so the "Year' card permits quarterly or annual totals
to be printed, The final data card must contain the word "End" in the month
slot to terminate calculations.

The first output from the program is an echo of the descriptive data.
The normal output from the program is the daily flow rate, acid load, and
the quantity of precipitation. In addition, monthly totals of flow and acid
load are printed. The monthly acid load is also divided into the amount
removed by each of the three removal mechanisms. The total reflects the
alkalinity of the ground water so it is lcss than the sum of the three sub-
totals. As was mentioned above, provision has been made for printing

longer term summaries of flow and acid load data if such are desired.
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Card 1
Columns 1-5
6-10
11-15

16~20

Card 2

Columns 1-10

Card 3
Columns 1-10

11-20

21-30
Card 4
Columns 1-10

11-20

21-30

Card 5

Columns 1-5, 6-10

11-15, ete.

TABLE 8

Descriptive Data

Variable

Number of layers

Number of depth increments
Number of length increments

Non-zero if final storage array
desired as punched output

COMPUTER PROGRAM
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Length of perimeter increments, feet

Length of depth increments, feet

Ground water alkalinity, ppm CaCOQOj

Maximuni elevation of front of seam

relative to datum plane

Slope of seam, per cent

Water shed area, square feet

Provisional water holding capacity,

inches

Initial root storage water level,

inches

Monthly values of inches of potential

evapotranspiration, in order, January

through December

Format

IS
15
I5

15

F10.5

F10.5

F10.5
F10.5
F10.5
F10.2

F10.5

F10.5

F5.2
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TABLE 8
{continued)

== ____ . .- — . —— —————}

Descriptive Data

Variable ' Format
Card 6 to NLAYER + 6
Columns 1-8 Alphameric description of layer . 2A4
9-10 Blank
11-20 Elevation of front of layer relative F10.5
to datum plane
21-30 Oxygen consumption, micrograms F10.5
per hour per cubic centimeter binder
31-40 Void fraction, void volume per total F1.0.5
volume
. Meteorological Data

Normal data card

Column 1 Blank
2-5 Month A4
6-8 Date I3
9-10 Blank
11-20 Precipitation, inches Fl10.5
21-30 Duration of rainfall, hours F10.5
31-40 Temperature, degrees Fahrenfeit F10.5
41-50 Oxygen mole fraction F10.5

Summary card (as frequently as desired)
Columns 2-5 The word "YEAR" A4

51-54 The year number, if desired I4
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TABLE 8
(continued)

Meteorological Data

Variable Format
Final card (place at end of data deck to terminate simulation)

Columns 2-4 The word "END" A3
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