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FOREWORD

This report was prepared by Dames & Moore's Park Ridge,
Illinois Office under USBM Contract No. J039S069. The contract
was initiated under the Mining Environmental Research Program.
It was administered under the technical direction of the
Pittsburgh Research Center with Mr. Noel Moebs acting as
Technical Project Officer. Mr. William R. Mundorf was the
Contract Administrator for the Bureau of Mines. This report is
a summary of the work recently completed as a part of this
contract during the period July 1979 to February, 1981. This
report was submitted by the authors on February, 1981.

Dames & Moore would like to acknowledge the assistance and
generosity of the Pennsylvania Department of Environmental
Resources, especially Messrs. Dave Hogeman, Evan Shuster,
Richard Hoffman, and Dick Fisher. The MSHA offices throughout
West Virginia were also very cooperative, especially Mr. Romeo
and Mr. Gunter of the Pineville, West Virginia, office.
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INTRODUCTION-- ---

Mine drainage pollution has been a national concern for
many years, especially in the Eastern Bituminous Coal Region
where the major contributors to acid mine drainage are abandoned
mines. Since presently active mines will be responsible· for
the tr ea tment 0 f any poll uted discharges after abandonment, a
method of effectively closing mines is needed.

A previous U.S. Bureau of Mines Contract (No. J0265044)
performed by Bituminous Coa·l Research, Inc. (BCR) reported
preliminary indications .that mine flooding would be the best
method of abating acid mine drainage formation and discharge
afteraban don men t • BCR 's stu d y a Iso r e c 0 mm end e d s eve r a I
research and development programs which would be required prior
to implementing mine flooding as an abatement technique. Among
the research and development recommendations was a program to
determine the specifications for the minimum size of coal
barriers, both internal and outcrop, to be left in place
to implement mine flooding. The Bureau of Mines has since
developed a program that is intended to provide design criteria
for use in planning and designing outcrop barriers that will
minimize barrier failures and mine drainage problems. This
research deals with the design of outcrop barrier widths,
potential problems associated with impounding large volumes of
r,.,'a ter in an abandoned bi tum ino us coa 1 mine, outc rop g ro uti ng ,
and measures necessary to prevent seepage through a coal
barrier. The Bureau of Mines authorized Dames & Moore to
Fer-form this study under Contract No. J0395069. This report
presents the results of the contract and includes guidelines
for the design of outcrop barrier pillars that will induce
post-mining inundation and maintain stability· when subject to
hYdrostatic pressure. .

At the outset of the project an intensive literature search
was performed to document the existing technology of mine
closure and to determine what legal requirements mine operators
ar-e faced with relating to outcrop barriers. During the course
of the literature search, several cases were found that would be
suitable for the field investigation, and after carefully
comparing all of the possible sites, six were selected for field
inspection. The case histories of these sites are presented to
SGOW a variety of conditions that actually occur within the
Eastern Bituminous Coal Region.

A data analysis program was designed to utilize the
information obtained in the field and lite.rature studies
az .a. ~asis for designing outcrop barriers. Both seepage and
staolllty Wf.:re analysed for a variety of different cases that
rni.ght typic~lly be found in the Appalachian Region. Based on

9
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the interpretation of these analyses,
design of outcrop barriers are made.
describes the results of each phase of
the recommended d~sign procedures
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OUTCROP BARRIER_PILLAR LEGISLATION

The following information has'been compiled in order
to understand the legal requirements placed on mining companies
and the enforcement philosophy of the regulatory agencies.
Clearly defined limits for outcrop barriers are very seldom
specified, and when they are, rules of thumb' rather than
scienti fic designs govern the barr ier limi ts. The following
sections describe both the Appalachian States I and the Federal
requirements.

State Regulations and Inspection Procedures

,Barrier pillar legislation has, in the past, been limited
to property boundary barriers for approaching an abandoned mine.
These regulations were designed to insure the safety of miners
by preventing the possibility of punching into a flooded
section of an abandoned mine. Pennsylvania, in particular, has
become very stringent regarding discharge allowances after
abandoning a mine. Although no state has a clearly defined
method for computing an adequate outcrop barrier, they have
other requirements which provide the states with the authority
to approve or disapprove a mining company's plans and thereby
control barrier design. The following section describes
the regulatory programs in the Appalachian states as they apply
to outcrop barrier pillar requirements and the inspection
procedures which enforce them.

Pennsylvania

Act No. 729 of the Pennsylvania Bituminous Coal Mining Laws
establishes a requirement for "35 feet of rock cover" for
approval of proposed mining plans, and a "200 foot sa fety zone"
adjacent to surface. water bodies. The Act is included as
Appendix A. Section 315 of the Clean Streams Law, of Pennsyl­
vania establishes permit requirements for all mine discharges
including those that develop after mine closure. Section 315
has been included as Appendix B . Neither act directly esta­
blishes'a barrier requirement.

The permit evaluation procedure in the State of Pennsyl­
vania involves the submission of a mining plan including those
plans related to closure of the mine. The Division of Water
Resources evaluates the closure plans and determines whether the

11



barrier pillars are of acceptable width. In cases where there
is a difference of opinion, the mining company usually alters
their plans in order to obtain their mining permit. The state's
inspectors determine barrier pillar requirements by a rule-of­
thumb. The most important factor is the amount of hydrostatic
head which could be present on the barrier if the mine became
totally inundated after abandonment. Once that head is deter­
mined, the barrier width requirement is 0.5 meters for every
foot of head. In cases where the min~ development is down-dip,
there is essentially no head on the outcrop, but a minimum
barrier of 50 feet is recommended. In cases where there
is an anticipated head of over 300 feet, mining up-dip is
generally discouraged.

The Office of Deep Mine Safety and the Bureau of Water
Qual i ty Management coordinate the inspection procedures after
abandonment. An excerpt describing their policy is presented in
Appendix C. In most instances, there is no inspection of the
outcrop for seepage. The state assumes the final mine maps are
reasonably correct and that the outcrop barrier conforms to the
amount stated in the original permit.

West Virginia

The State of West Virginia is a member of the Ohio River
Valley Water Sanitation Compact and, as such, has agreed to
carry out the control measures s.o established. The West
Virginia Administrative Regulations presented in Appendix D
describe the objectives within the state. In West Virginia, as
in Pennsylvania, abandonmen t plans must be approved pr ior to
mining. The state evaluates the plans according to guidelines
that were derived for property barriers and a general rule of
thumb. The rule of thumb requires a 50 foot minimum barrier,
and one additional foot for every foot of hydrostatic head that
could be present on the pillar after abandonment.

The State of West Virginia generally has the attitude
that water that builds up in a mine is a potential hazard,
and they would rather drain the mine than sustain the danger
of a catastrophic outburst. For this reason, water tight
sealing teChniques are not commonly found. There is presently

. a shift in authority from the Department of Natural Resources
to the Reclamation Division which will probably lead to more
requirements similar to those of Pennsylvania and Maryland.

12



The inspection procedures in West Virginia involve a spot
check of all mine closure sites such as drifts, portals, and
shafts, to make sure they meet safety standards and show no
visible construction deficiencies. Surveys for outcrop seepage
or weak points are usually not performed. Follow-up inspections
are not made unless a complaint is registered.

Kentucky

Kentucky Revised Statutes do not address the sUbject of
outcrops with respect to requirements fora barrier. Property
boundaries and adjacent mines are discussed in Chapter 352,
Section .090 and .490. Twenty-five feet of barrier is required
in this instance.

Mine closures are inspected by the State of Kentucky to
assure that safety standards are met. All seals with the
potential to impound water are required to have a discharge pipe
that will prevent any such buildup. These pipes are inspected
to ensure nothing is blocking them.

Maryland

The Maryland Register Title 08, Subtitle 13, Section
02, Deep Mining of Coal regulates mine seal ing and prescribes
barrier requirements. Two sections of particular interest are
presented in Appendix E. Outcrop barriers are required 'to have
50 feet of cover and barriers with hydrostatic head must be at
least one foot wide for each foot ,of hydrostatic head. Formulas
and clear definitions are specifically stated in Maryland's
regulations.

Inspection procedures are carried out after mine closure.
Since all mine plans and closure plans must be certified by a
professional engineeri they are assumed to be correct. The
stringent regulations of Maryland are enforceable because there
are very few active underground mines in the State.

Virginia

The mining laws of Virginia do not address the sUbject of
outcrop barriers in any manner. The only boundar ies which are
described are those that divide property owners. The subject

13



of inundated mines is dealt with only from the standpoint of
punching into them and the hazards associated with approaching
them.

Ohio

The State of Ohio has its own Environmental Protection
Agency (EPA) which regulates mine drainage occurrences. It has
recently been given the authority to approve or deny abandonment
plans which are submitted along with the "permit to mine"
request. The state has not given much attention to outcrop
barrier requirements because it has not had many closures.
The Ohio EPA generally recommends the use of double bulkhead
seals to form a watertight seal of the portal area, but no
regulations specifically define outcrop barrier limits.
The Ohio Division of Reclamation has recently started a
program to clean up some of the abandoned mine discharges
left throughout the state. .

Tennessee

The Department of Labor is the regulatory agency for mines
and mining in the State of Tennessee. Title 58, Section 1012
defines the requirements for abandoned workings and is presented
in Appendix F.

Paragraph (c) of Section 1012 addresses the sealing of
abandoned mines. It should be noted that sealing is not
required and that in cases where seals are installed, there must
be a capped pipe or valve to provide samples of mine atmosphere
and a means of determining hydrostatic head. A post-abandonment
inspection is made to assure that ~requirements for posting and
sealing are met. No attempt is made to locate seepage.

Alabama

In the Coal Mining Laws of the State of Alabama, regulated
by the Department of Indust rial Relations, no mention is made
of outcrop barriers or abandonment procedures. Guidelines
are stated for use when approaching abandoned mines that are
likely to be inundated. Outcrop barrier regulations may have
little usefulness, however, due to the absence of man~ outcrop
mines.

14



Federal Regulations and Inspection Procedures

Two Federal agencies are responsibie for enforcing reg­
ulations regarding abandonment and mine closure procedures.
These are the Mine Safety and Health Administration (MSHA) and
the Office of Surface Mining Reclamation and Enforcement (OSM).

MSHA requ ires mines to be sea led as a pro tee t i ve meas ure
to prevent entrance into abandoned mines by unauthorized
persons. Specific guidelines for slope and drift mines are
given in the Code of Federal Regulations Title 30 Section
75.1711-2 which is presented in Appendix G. The sealing
procedure is not designed to withstand much hydrostatic
pressure. From conversations held with MSHA inspectors, it
became evident that they do not favor water tight seals. The
opinion was that there are too many unknown variables and
possibilities that could result in uncontrolable accidents or
disasters. MSHA does not prescribe limits for outcrop barrier
widths. .

The OSM also has regulations for the closing of underground
openings. In this instance, though, seals must also keep
acid or other toxic drainage from entering the ground or
surface water system. Section 817.15 of Title 30 Code of
Federal Regulations and Section 817.50 ar~ presented in
Apendix H. By referring to these regulations it will be
found that outcrop barriers are not considered, yet the
intent of the regulation is to produce a water tight seal
after aban~onment.

Concerning enforcement and inspections of mine seals, MSHA
becomes involved when there is concern about the adequacy
of the seal. In some cases, the District Office will receive
complaints from local residents who see an imminent danger in

·the seal. MSHA will then send out an inspector to check on the
situation and make a recommendation to remove the hazard. MSHA
does not have the staffing requirements or time necessary to
actively seek out leaking mines. The result is that mines are
sealed to prevent the entrance of unauthorized people rather
than to control drainage.

The OSM has a staff of inspectors, but as of this writing
closures of mines that opened after the effective date of the
regulation have not occurred. Post-abandonment inspections will
become part of their duties when the programs are implemented.
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with respect to gravity drainage, decisions are made at the
permit stage, and will determine whether or not treatment
facilities will he required.

According to. the legislation which has been presented,
there is a wide variety oJ attitudes throughout the Appalachian
Region, and there is an obvious inconsistency in the recommen­
dation of post-mining inundation as an acid abatement measure.
The development of hydraulic seals has led to regulatory
recommendations for sealing, but barrier requirements are still
based largely on formulas derived for use at adjacent mine
boundaries underground. wi th the advent of OSM regulations,
more inundations are likely to occur in order to comply wi th
the zero di scharge requirement, and in order to as sure the sa fe
accumulation of water in abandoned mines, engineering quidelines
for outcrop barrier designs are necessary.
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EXISTING TECHNOLOGY REGARDING OUTCROP BARRIER DESIGNS

The literature search that was performed under Task 1 of
the project resulted in an accumulation of data relating to the
design of outcrop barrier pillars. In addition, a state-of­
the-art survey was performed to compile background information
relating to sealing technology and mine drainage treatment. The
formulas currently used to estimate barrier widths are also
d escr i bed. Thi s info rmat i on prov ides the bac kg round upon whi ch
design criteria will be formulated.

Factors Influencing Barrier Designs

The following section describes the geologic and engineer­
ing factors that influence the design of barriers and closure
methods and how or why they affect barrier and closure designs.
Some of the general characteristics of the Eastern Coal Province
are described in each category.

Geologic Factors

The composition of the mine water and. the ability to
maintain a sound hydrologic system after the completion of
mining is controlled by the geology of the coal measure strata~

The following paragraphs describe the influences of mineralogy,
stratigraphy, structural characteristics, and hydrology of the
Eastern Bituminous Coal Region~

Mineralogy

The mineralogical characteristics of coal and associated
strata will Ultimately affect the chemical composition of the
ground water that seeps into the surface water system. The
sulfur content is the most important factor regarding water
quality. A recent study showed that increasing sulfur content
!n the coal rel~tes fO increases in acidity, SUlfate, .and total
lron concentratlons. .

The most abundant minerals in the coal. and associated
strata are quartz, micas, clays, and carbonates. The presence
of calcareous rocks (carbonates) has been shown to have ~

beneficial influence on the pH and net acidity values.
Calcareous rocks also tend to increase s~fate concentrations
and decrease the total iron concentrations.
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stratigraphy and Structure

In the Eastern Bituminous Coar region, coal seams are
usually associated with 3. series of sandstones, siltstones, and
shales, and occasionally limestones. The local structure
determines the drainage paths for a given area. The Eastern
Coal Region is generally characterized by nearly flatlying beds
dipping gently in association with broad folds or regional
tilting. Low displacement faults are common in many areas.
Jointing is variable, but often associated with axes of gentle
anticlines and synclines.

Hydrology

The ground~water flow in coal and associated strata is
usually controlled by the rock types, fractures, and the dip of
the beds. In the pre-mining, natural condi tions, the ground
wat~r will flow down through the joints, and fractures and the
rock members themselves until a relatively impermeable bed such
as the underclay beneath the coal seam is encountered. The
wat~r will then flow laterally to the surface. In response
to dynamic forces~ ground water will generally flow from
topographic highs to topographic lows along a subsurface
parallel to the local topography. Ground water is also more
abundant in synclinal structures than on the anticlinal
structures due to the relative structural positions. 21 This
is especially apparent where anticlines underlie topographic
high s.

In post-mining systems dominated by fractures, the sand­
s ton e s , limest 0 n e s, and co a 1 seamsstill act ass e condary
aquifers and probably provide most of the ground-water storage.
At various locations within the region there ar~ perched water
tables which are isolated on impermeable strata and discharge
as springs where the ground surface intercepts the permeable
strata. It is also possible to find areas of artesian flow
in the middle and lower portions of the syncl ines. Artesian
flow is generally associated with intergranular porosity,
but inclined fracture zones can also contribute to or be
character ized by artesian flow. If the intersecting fracture
zone is drained by a mine opening, water is released from
storage.
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In sandstone, flow is usua~JY along bedding planes, joints,
and other separation planes rather than through intergranular
spaces. In limestone, groundwater flow is generally along
joints which are most predominant along the axes of the folds.
At greater depth, however, these joints appear to heal and don't
yield much ground water. In shales, ground water flow paths
occur primarily along bedding planes and joints. Shale has a
relatively low intergranular permeability due to its fine
grained and lithified natu~e.

Engineering Factors

Barrier pillars have traditionally been designed to provide
stability and protection from high stresses. More recently,
however, they are becoming responsible for impounding water
as a pollution abatement measure. Some design experience may be
derived from property boundary pillars which have been exposed
to hydrostatic forces over the years. There are also some
engineering factors that are unique to outcrop barrier design
inclUding the physical properties of the coal measure strata,
the hydrostatic head, the integrity of the coal, the thickness
of the overburden, the method of mine development, and the
effects of other mining operations in close proximity.

Physical Properties

The physical properties that influence outcrop barrier
designs are permeability and strength. The permeability of coal
is an important consideration because of its role in providing a
complete seal at the outcrop. In its natural state, the coal
seam is very often characterized by horizontal flow due to the
presence of a relatively impermeable underclay (many coal seams
have been located by finding the seepage along the outcrop). A
recent paper by John L. Miller and D. Richard Thompson "gives
a range of values for the permeability of coal and related
rocks typical of the Appalachian Region. 21 Table I presents
these values. The permeability of coal strata is normally
altered as a result of underground mining due to secondary
faults and fractures that are formed and enhance the vertical
permeability of the overlying strata.
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TABLE 1 - permeability Values Typical of the Appalachian Region

Base of Upper Freeport Coal

Lower Kittanning Coal and
adjacent shale w/sandstone

Shale w/sandstone bridged
through a height of 44' over
a lower Kittanning mine void

Tests T Depth I Averaae Permeabilitv---T--=-===----r- -,- ---=-.: ~

4 I 23'-67' 1.00 ft/day
I

3 I 28'-68' 3.21 ft/day
I
I

4 I 54'-109' 0.75 ft/day
I
I
I

7 I 50'-99' 4.25 ft/day
I
I

12 I 44'-95' 0.74 ft/day
I
I 99'-104' 1.98 ft/day
I

Mine debris-

Upper Freeport Coal

Shale w/sandstone over
solid coal

Source: Miller, J.T., and D.R. 'Thompson. 1974.-

In addition to the permeability, it will be important for
all coal pillars to remain stable if post-mining inundation
occurs. There is a substantial amount of information on the
strength properties of coal, but there has not been much
research into the effect of inundation on the strength of coal
or underclays. Table 2 gives strength values for coal and
associated strata typical of the Appalachian Region. The
strength properties will dictate the design of a support system
that will allow the safe operation of a mine. It is important
to stabilize the mine in order to achieve hydrologic equilibrium
and to min imi ze ac id fo rmat i on. The suppo rt sys tern should be
able to handle periods of high ground-water infiltration without
the threat of bursting through the outcrop or overburden.

Hydrostatic Head

In the des i gn 0 f post-m in ing closu re plans, the max imum
head that would be present on a sealed portal or outcrop barrier
can be estimated by finding the difference in elevation between
the portal or outcrop and the highest elevation of surface
water. If seals and outcrop barriers are designed to sustain
the com,pu ted head, there should be an inhe ren t sa fe ty facto r
i n, the des i 9 n due to the pro ba b iIi t Y t hat new f r act ures will
open as a result of mining, and the post-mining water table
elevations will not reach the same height as the pre-mining
elevations. . _
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Coal Integrity

Another engineering factor that will influence the barrier
width is the competency of the outcrop barrier pillar. There
may be weak spots present in the outcrop barrier due to frac­
tures or weathering which may fail and develop into direct
openings as the hydrostatic pressure increases. The only way to
prevent an incident such as this is to provide for a barrier of
sufficient thickness. There is still a discrepancy as to what a
sufficient thickness is.

When outcrops are disturbed by mine entries, the integrity
of the coal adjacerit to a seal is one of the principal problems
in obtaining an effective seal. As a result of the mining
operation, the coal surrounding the entry is normally fractured.
Seepage may take place around the seal, and with increasing
hydrostatic head, the seepage rate will increase. Therefore,
installation of grout curtains adjacent to the seal is often an
integral part of the sealing procedure. This has been proven to
be an effective method of reducing seepage in the surrounding
coal seam.

Overburden Thickness

The thickness and condi tion of the overburden are other
factors that will dictate procedures for designing outcrop
barriers and post-mining pollution control systems. When
in undat i on is be ing attempted, the over b urd en mus t coun te ract
the hydraulic uplift forces. If the overburden is shallow,
it will be necessary to leave a larger coal pillar in place to
avoid the possibility of seepage topping over th~ coal and
draining out through the overburden. If the overburden is
deeply weathered; a large coal barrier will be necessary to
sustain excessive forces on it. In cases where air seals
are going to be installed, the overburden should not allow
access of oxygen to the mine workings. A recent study concluded
that mines with thicker overburden are better suited for air4· .sealing ••

Mine Development

Mine development planning plays a very important role in
mine closure because the mine designs are determined at this
stage. Post-mine development· practices were usually planned
such as to remove ground water from the mine as easily and
cheaply as possible and to reduce safety hazards and production
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problems. The mining operation often used the geologic
conditions to an advantage to handle the drainage, and, as a
result, many mine openings were located in structural lows. The
openings were then developed up-dip in order to provide natural
drainage away from the working faces and towards the openings.
When mining down-dip, additional pumping costs may be incurred
during the operating life of the mine.

The advantage of down-dip mining to post-mine inundation
is that the entries are located at topographic highs and are
likely to be above the re-established water table. This gives
little or no chance of discharge because of the remote chance of
fracturing the· seal. In cases where there is a down-dip coal
barrier the subject of barrier integrity becomes extremely
important because the barrier will be subject to the hydrostatic
head caused by inundation. Care must be taken to leave enough
coal in the barrier pillar to withstand the anticipated
hydrostatic pressure. The coal pillar should be relatively
sound because no openings have been punched out, but fracturing
may have occurred during mining of the area close to the barrier
or during pillar extraction. In an EPA study to evaluate up-dip
versus down-dip mining, a water quality analysi s showed that
mining down-dip could be implemented as a pollution control
measure. 18 However, in the mine studied, part of the abandoned
workings lie above the level of discharge and are therefore not
inundated. In cases similar to this an acid discharge may still
be possible since total inundation is necessary to prohibit acid
genera tion.

Proximity of Active Mines

The nature of the eastern coal region is such that mines
are located in close proximity to one another. Since many mines
can be interconnected by a hydrologic network, the following
section describes some of the possible hazards.

An EPA study found that strip mining in close proximity
to the closure site resulted in lower pH values, increased
acidit? concentrations, and increased total iron concentra­
tions. Spoil piles contribute the most to these results. When
surface run-off comes in contact with spoil material; acid
could be formed and subsequently infiltrate down into abandoned
workings. In cases such as these, the attempts for pollution
abatement become somewhat futile since the water entering an
underground mine may be acid in nature and may therefore
contaminate relatively clean mine water.
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Another surface mining ef_fect is the deterioration of
outcrop barriers caused by blasting in close proximity to the
abandoned workings. This could cause increased leakage out of
the mine or even possibly a "blow-out" through the outcrop which
could pose a very serious· threat to the safety of persons or
property within the path of the released water.

When two mines are l6cated adjacent to orte another and
one mine is abandoned and partially inundated, a small head
will be maintained across the barrier pillar between the two
mines. Seepage from the up-dip mine into the down-dip mine may
therefore result regardless of the barrier size. Cases have
been recorded where several hundred feet of barrier exist and
water still seeps through. In such instances a down-dip mine
may be contaminated from acid water seeping through from the
up-dip mine.

One of the largest problems in the control of mine drainage
occurs in areas where multiple seam mining takes place. In
order to help prevent factures and subsidence from occurring
between two coal seams, it is recommended that barriers in
the upper seam be underlain by solid coal barriers in the
lower seam. Any passages for water between the two seams will
undermine the effectiveness of the barriers in the upper seam by
allowing only partial inundation of the mine. In a report by
the Maryland Geological Survey, four mines exhibit the loss of
water to lower workings by drainage through the intervening
rock strata. I? Another aspect of multiple seam mining is the
depreciation of the amount of water in storage to a greater
extent than single seam mining, especially when subsidence
fractures develop surrounding the mined-out seams. This will
prohibi t the restoration of the ground wa ter level .and enhance
acid production.

Current Guidelines For Estimating Barrier Widths

The current methods of estimating barrier widths came about
largely as a result of· experience wi th internal and property
barriers. From a safety standpoint, it was considered important
to leave a barrier to prevent water from a break-out from
endangering the lives of men working underground. The methods
described in the following evolved from the early 1900's and are
still used to a varying degree by mining companies and regula­
tory agencies throughout the Appalachian Region. Some r.1.ethods
are not discussed because they do not apply whe.n wat~r is
involved.

24



Mine Inspector's Formula or AShley's Method

The State of Pennsylvania organized a commission of seven
men to study the problem of barrier pillars betwen adjacent
mines and to determine recommendations for interior barrier
widths. The formula they derived was named after George H.
Ashley, the State Geologist at that time and one of the men on
the commission. After much discussion and deliberation, the
following formula was derived:

W = 20 + 4t + O.lD

where W = width of pillar; t = bed thickness; and D = thickness
of overburden, or, if water is involved, the height of the
hydrostatic head possible if it is greater than the vertical
thickness of the overburden. The units of all symbols are in
feet. The width, W, was to be divided equally on both sides of
the property boundary.

This requirement is still contained in the Pennsylvania
Regulations, but it is in reference to property boundaries and
approaches to abandoned mines. Although Ashley' sFormula was
not intended as a guide to determine the width of outcrop
barrier widths, it has also been used, to some degree, for this
purpose. However, it does not take into account many of the
factors which will affect the integrity of the outcrop barrier.

Rules of Thumb

The most commonly used method for computing an outcrop
barrier pillar's width is the so called rule of thumb expres­
sion:

W = 50 + H

where W = ~idth of pillar, and H = maximum hydrostatic head
possible against barrier. It is generally found acceptable in
the states of the Appalachian Region, however, the method is
based only on experience and does not take any factors into
account except for hydrostattc head.
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Current Mine Sealing Techniques

The effects of mine inundation have become more predominant
due to recent advances in hydraulic sealing techniques that
provide impermeable seals. A sUmmary of the techniques
presently being used is therefore provided to form a sound
background for the development of design principles for outcrop
barriers presented in a subsequent section of the report. Some
of the seals described are not watertight, but are mentioned
because they are still in use in some states.

Air Seals

Ai r sea 1 ing is one 0 f the fir st sea 1 ing techn iques based
on an theoretical approach to the abatement of acid formation.
The sealing technique is based on the theory that by prohibiting
the entrance of air into the mine at its portals and openings,
the oxygen con ten t wi th i n the mine wi 11 be red uced to a level
that will inhibit the oxidation of pyrite.

An air seal is the structure placed in a discharging
underground mine opening that allows mine water to flow out
of the mine without allowing the entrance ~f air. The air seal
consists of one or more dry masonry wall seals with a water trap
similar to traps in sinks and drains to prevent buildup of
water, but to allow water discharge without letting air in.
A typical air seal is shown in Figure 1.

The effectiveness of air seals in reducing pollution has
been questioned. The average reduction of acidity by air
seals constructed in mines with shallow overburden has been
about 50 percent. 4 There are indications that air sealing
could be more effective if implemented in small drift mines with
thicker overburden, however, the success of air sealing will
depend upon the ability to locate and seal all air passages to a
mine. 4 ,23 Underground mines have many air passages such as
boreholes, joints, fissures, and subsidence cracks. Even if all
passages are located and sealed, poro~s overburden and fractured
outcrops may allow the mine to "breathe" when a pressure
gradient develops as a result of changes in barometric pressure.

Since the advent of osM and the Surface Mining and Reclama­
tion Act of 1977, the outlook on air sealing efforts has
diminished rapidly. Since the air sealing technique does not
reduce flow there is a constraint on their implementation. If
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Concrete masonary air-trap seal
15,2cm, to 25.4cm, (6in, to lOin.! thick

Stone
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ELEVATION
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Loose field stone to be used as
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CLAY B ROCK WATER SEAL FOR CAVED PIT MOUTH

'( Adopted from ReI. 23)

FIGURE 1

TYPICAL AIR SEALS
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air seals are installed, the mInIng company will be responsible
for perpetual water treatment. On the other hand, the air seal
is generally more effective over a longer period· of time and
requi res less main·tenance, but there have been instances when
the water passage has become blocked causing a head to develop
in the mine. This will present a hazard since none of the seals
are designed to sustain a head.

Dry Seals

Dry seals were the first knownm e tho d 0 fm i n e sealing
designed for the purpose of pollution abatement. The
construction was sponsored by the Works Progress Administration
(WPA) in the 1930's.23 Dry seals have been used extensively
in conjunction with air programs to seal openings where no flow
occurred.

Dry sealing has been defined as the complete closure of
mine drifts, slopes, shafts, subsidence areas, fractures, and
other openings with impermeable material or structures at
locations where there will be very little or no hydrostatic
pressure. The seals may be constructed of masonry block, clay,
soil or other suitable materials. The function of dry seals is
to prevent the entrance of water and air into a mine. Figure 2
illustrates a typical dry seal construction.

The effectiveness of dry seals has never been determined
separate from an air sealirig system. Most often the problem of
air and water entry into sealed mines is du~ to cracks and
fissures in overburden and along the outcrop, not to leakage at
the dry sealed entries. In general, dry seals have only
limited usefulness in wa.ter pollution control. However, they
are useful for keeping the surface water out of a mine.

Hydraulic Seals

Hydraulic seals can be defined as the sealing of any mine
openings (that is entries, drifts, slopes, shafts, boreholes,
subsidence areas, etc.) where there will be hydrostatic
pressure in the area of the seal. Theoretically, hydraulic
seals improve water quality by reducing the generation -of acid
and by containing any pollutants that are formed. Thus, any
amount of seepage discharged into surface waters should be small
enough to be neutralized or diluted by na.tural means. The
success of a hydraulic sealing program does not depend solely
on the competence of the seal because when a mine becomes
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undated, the mine perimeter myst also be able to withstand
the water pressure and able . to reduce seepage rates out of the
mine. In addition, the success of the program will depend upon
the mine's location wi th respect· to local ground water levels
because total inundation is required to prohibit the generation
of acid.

When considering a hydraulic sealing program, an extensive
.survey must be conducted prior to construction to identify
hydraulically unsound areas and highly permeable zones. If
remedial measures such as curtain grouting. can improve these
areas, a seal design Can be started. If such remedial measures
become technolog ically impracti calor uneconomical, other
pollution abatement techniques will have to be considered.

I f a hydraul ic seal is j usti fi ed, many alternative de signs
are available. The most commonly used is the double-bulkhead
seal. This seal is constructed by placing two retaining
bulkheads in the mine entry and then placing an impermeable
seal in the space between the bulkheads. The front and rear
bulkheads provide a form for the center seal which is placed
by injecting concrete or grout. Quick setting cement and
grouted coarse aggregate may be used for the bulkheads. Curtain
grouting of the adjacent strata is normally done for additonal
strength and reduced permeability. Figure 3 illustrates a
double bulkhead hydraulic seal design.

A single bulkhead seal is an alternative to a double bulk­
head when less strength is required. The se~l is constructed by
placing coarse, dry aggregate in the mine entry or other
openings. The aggregate is then grouted with a quick setting
cement slurry to form a solid aggregate plug as shown in Figure
4. The effectiveness of single bulkhead seals is very dependent
on the ability to control seepage around and especially under
the seal. Curtain grouting usually supplements the seal.

Another alternate hydraulic seal is the gunite seal. This
type of seal is· constructed by placing layers of gunite, a
pneumatically placed low slump concrete, in a mine opening
until full. The roof, sides, and floor of the mine opening are
cut so that a tapered seal is formed. This type of seal must be
.'Jlaced in an accessible entry and in areas of sound adjacent
strata.

Clay seals have been used to some extent as hydraulic
seals for up to 30 feet of hydrostatic head. The mine entiy is
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first cleaned 'of all debris, .then the clay
inside the entry in layers and compacted.
earth backfi 11 mater ial is placed over the
hold it in place and prevent erosion.

material is placed
In most cases, an
seal and entry to

Hydraulic seals may be placed using two different approaches.
Firstly, the seal is placed in the mine openings directly, which
can be done only where entries are accessible. The advantage to
entry placement is that it provides for on-site inspections of
construction work and mine conditions. Entry placement has a
di sadvantage in that the working environment is more hazardous
due to the weakened condition of the roof near the outcrop.
Secondly, when entries are not accessible, placement is per­
formed remotely through boreholes~ The advantage with this
method is the ease of installation, hmvever, the disadvantage
wi th this metnod is that the conditions that actually exi st in
the entry cannot be determined and the quality of the seal can
therefore not be guaranteed to the same extent where access to
the mine entry is available.

There arc numerous problems associated with hydraulic
seals and the impoundment of water in a mine. One that has
been mentioned in the seal descriptions is the difficulty
encOuntered in anchoring the seal into the roof, ribs, and
floor. The greatest problem seems to be the seal-flooD
interface. Leaks which develop around the seal may cause
sufficient. lowering of the mine pool elevation to degrade water
quality. Another problem associated with hydraulic sealing is
that the local ground water table elevation may be raised. In
some instances, homes have become flooded as a result of an
elevated water table. The greatest cause for concern, however,
is th~ threat of an outcrop or perimeter failure and the ensuing
rUsh of mine water into the surrounding area. An EPA Study
found that with double bulkhead seals, a.s the water levels and
hydrOntatic pressures increased, the mine waters were in almost
all llf the studied cases diverted. S The diversions ranged
from other mine openings which were not sealed, to weak points
in th~ coal outcrop, to the surrounding strata, to the seal
itselr:. In most cases, the contact between the seal and the
mine floor was eroded first. In mines where only partial
floOdlng occurced, leakage was also attributed to an increased
seepa~e rate through the mine floor as a result of the elevated
hydrostatic pressure.

_':.. ,'". ConseqlJ'~ntl y, safety .measures such as emergency discharge
~oreholes or: mine pool drawdown systems, are recommended to be
~ncorpOrated ;IS part of the hydraulic seal design. An emergency
discharge bar'·hole, when drilled at the elevation of maximum
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sustainable head, will allow the free flow of water out of the
mine in any case where the head exceeds that level. The mine
pool drawdown system consists of a pipe through the lowest mine
entry that is equipped with a valve that can be opened to
release a dangerous accumulation of water.

Permeable Seals

Sealing of underground mines with permeable seals involves
the placement of permeable alkaline aggregate in mine openings
through which acid water may pass. As the acid water passes
through the alkaline ma2jrials, neutralization occurs and
precipitates are formed. Theoretically, the precipitates
continue to form and clog the pores in the aggregate until the
permeable seal actually becomes a solid single bulkhead seal of
aggregate and precipitate material and flooding of the mine
occurs. 26 Figure 5 illustrates a typical construction design.

The principle involved in designing a permeable seal of
alkaline aggregate is in-place treatment of acid mine drainage
as it passes through the plug. The aggregate must be so
graded that acid mine water flowing through the plug has
sufficient retention time to be partially or completely neutra­
lized .10 I f graded limestone is used as the aggregate, iron
hydroxide and possibly calcium sulfate are precipitated and
eventually the void spaces in the aggregate are filled.

Limestone agg=sga(e seals have been demonstrated by the
EPA in West Virginia. Various degre~s. of mine inundatton have
been attained at the demonstration sites, although the seals
still continue to leak through the aggregate indicating that
either the precipitates have not completely clogged the pores,
or the precipitates are unable to withstand the water pressure.
Increases in pH and alkalinity and decreases in acidity showed
the neutralizing ability of the seal. Another problem with
these seals has been slumping of the aggregate causing an
opening at the mine roof in ter face. 26 This problem could be
solved by grouting the operling. In practice, permeable seals
have not yet demonstrated their ability to form an, impermeable
seal at the mine opening and remain to be proven effective·.

Curtain Grouting

Al though curtain grouting in itself is not a mine seal ing
technique, it is used so widely as a supplementary technique
that it will be discussed further, here.
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Grouting is the process of __ injecting fluid materials into
permeable rock and/or soil formations>- to fill pore spaces and
reduce permeability. Curtain grouting is commonly performed
in conjunction with other types of mine seals to control
leakage around seals and other permeable zones. Grouting is
only applicable where void areas are small. The grout mixtures
are pressure injected through vertical boreholes. The injected
material sets to form a stiff gel or hardened cement-type
material that creates an impermeable barrier in the grouted
medium. 22 Grout is commonly used around, and extending
away, from mine seals. It tends to fill voids between a mine
seal and the mine entryway, and to decrease permeability in
adjacent rock. This will reduce seepage bypassing a seal
area. Grout curtains can also be placed in areas of permeable
or weak outcrop barriers during mine sealing. This serves to
decrease leakage rates and strengthens the outcrop barrier to
decrease failure possibilities.

The effectiveness of grout curtains depends upon the method
of injection, the grout material applied, and the type and
condition of the geological formation being treated. Grout
packers may be utilized to isolate portions of the grout hole
and allow grouting of individual zones. Changing the grout
mixture and viscosity will further improve the efficiency of
grout injection. A limited subsurface investigation should be
performed to obtain information on the character of the strata
to be grouted and assist in the estimate of grouting require­
ments. Grout holes must be properly spaced to ensure that
the total area between holes receives grout treatment.

Curtain grouting is a convenient and generally effective
method of reduc ing the flow of water through fissures, frac­
tures, and permeable strata. However, grouting operations are
expensive and require skilled personnel having knowledge of the
available grout materials, the equipment used, and the various
grouting techniques.

The sealing methods which have been presented are a brief
summary of their characteristics and applications, and are only
intended to provid~ background information for closure designs.
Further references and information are provided in the biblio­
graphy.

Current Methods of Treating Mine Drainage

The
nology

following br ief discuss ion of wa ter trea trnent tech­
is presented since it is likely to be part of the
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mining and post-mining operatigns. However,· wi th the impl e­
mentation of effective sealing techniques, treatment may
eventually be limited to the active mining stage.

Treatment techniques can be categorized into two basic
groups: Those based on chemical reaction processe s and those
based on physical processes. Mine drainage can also be treated
by combinations of various c;hemical and physical processes
to produce water of almost any desired quail ty. Most often,
mine drainage is treated to remove those chemical compounds
considered to be pollutant~ that will threaten the aquatic
life or restrict other uses of the receiving stream. In some
locations, mine drainage is being treated for use as public and
industrial water supplies where it is the only source of water
available.

The following methods are the basic treatment techniques
that are most commonly found in use.

Chemical Processes

Neutralization of acid is the principal chemical reaction
process used in the treatment of acid drainage. In the
neutralization process an alkali is mixed with acid mine w~ters

to neutralize the acid and to precipitate the contaminating
metal salts, which can then be separated by sedimentation
and/or filtration. The metal salts commonly found in acid mine
drainage can be separated because they become less soluble with
increasing pH.

Hydrated lime and limestone are the two primary sources of
alkaline mater ials used because they are readily available and
relatively inexpensive and require no pretreatment of the acid
polluted waters. The cost of hydrated lime is nearly twice that
for limestone and becomes an important consideration when plant
size becomes large. l

Neutralization with either hydrated lime or limestone
creates a sludge, requiring disposal in a manner that will
prohibit future water pollution. The amount of sludge is
dependent on quantities of pollutants for both processes,
however, the relative amounts of sludge produced by the two
processes differ. l
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The water quality resulting from neutralization with
hydrated lime or limestone will reflect a reduction in acidity,
a significant decrease in iron and other metals, and generally
some decrease in sulfates. However, the hardn~ss of the water
increases in proportion to the amount of lime added. This may
or may not be important depending upon the intended use of the
treated water. l

Many alkaline reagents are available in addition
stone such as soda ash, caustic soda, and anunonia.
will be based on cost, ease of handling, and the
composition of treated water.

to lime­
Selection
required

Other chemical processes have been developed and tested,
but most cannot compete with the economic advantages of neu­
tralization. Many publications have been devoted to their
descriptions and are readily available. 14

Physical Processes

The physical processes of treating acid mine drainage have
evolved from saltwater treatment technology. Reverse osmosis
is one of the techniques that has been successfUlly applied to
acid drainage treatment.

The reverse osmosis processs produces a high quality water
that is fairly independent of the input water quality. How­
ever, it also produces a pollutant concentrate which ranges
from 20 to 40 percent of the volume of treated water depending
on the initial acid concentration of the mine drainage.
Disposal of this concentrate presents a much greater problem
than sludge disposal in neutralization because the pollutants
have not been chemically altered and the concentrate requires
either further treatment or other disposal, such as by deep
well. Since the process· does not produce potable water,
consideration of the desired water use will have considerable
influence on this choice of treatment method.

Other physical processes have been developed on experi­
mental levels. These include flash distillation, ion exchange,
and electrodialysis. Developments and demonstrations have
not shown . economic feasibility comparable with reverse osmosis,
but water quality produced is in some instances better.

Many additional publications are available for further
details on treatment methods. Reference 14 provides sources for
additional information.
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FIELD RECONNAISSANCE OF EXISTING
OUTCROP BARRIERS

A field program was implemented to observe conditions
which actually exist in the Appalachian Region. A comparison
could then be made between the theoretical and actual conditions
which occur following a mine closure and inundation attempt.
Several Appalachian state agencies and MSHA district offices
were contacted to obtain suggestions for possible field sites.
In Pennsylvan ia, the DER a llowed Dames & Moo re to rev i ew the i r
min e clo su re inspec ti on and abandonment records. Th i s rev iew
provided Dames & Moore with a list of recent mine closures in
Pennsylvania. From the West Virginia Department of Natural.
Resources, some specific sites that had seepage problems were
obtained. The MSHA district offices were helpful in obtaining
information about blowout incidents.

After compiling a list of all the possible sites, they
were reviewed for their suitability to the study. Many sites
were eliminated because they did not have an exposed outcrop
while others were eliminated because they were not closed in a
manner that would induce flooding of the mine.

After all unsuitable sites were eliminated, the owners
of the remaining sites were contacted to request their
cooperation and approval of the inspection. Among those that
were approved, the final six sites were selected. The following
section describes the site selection considerations, field
inspection procedures, and also gives a brief case history of
the six sites that were inspected.

Site Selection Considerations

In designing the field program, various factors were
considered to have an important effect on outcrop barriers.
Among these parameters were barrier width, hydrostatic head
behind the barrier, overburden depth above the barrier,
disturbance of a coal barrier by an entry, adjacent active
mining, level of inundation, and the effect of multiple
coal seams. The following section discusses each of these
parameters, and describes how the selected sites exhibited
the qualities associated with them.
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TABLE J - Description Of Site Parameters

PARAMETERS SITE 1 SITE 2 SITE 3 I SITE 4 SITE 5 SITE 6
I

width of barrier a 50 ' - 300' 100' 100 • - 300 ' I 50' - 250 • 30' 100' 15 • -. 20'
-I

Hydrostatic head 15 I - 25' 5 ' - 15' 6 • -'10' I 10 • - 36' 20 ' - 30' approx. 50' at
I time of blowout
I

Overburden depth 0' - 250' 0' - 250' 0' - 150' I 0' - 150' 80' average O· - 300'
I

No. of en tries 3 2 I 5 2 0
I

Active Mining in No No outcrop was I No outcrop was Yes
proximity stripped I st ri pped

I
Level of inundation 100% 30% 40% w/ I 100% w/ 100% presently 15%

se asona 1 I seasonal
fl uctuation I fluctua tion

I
Multiple seams Yes Yes Yes .Yes Yes Yes

Sulfur Content 2.7\ 2.7% 2.8% 2.8% 1. 5% 1. 5%

Dip of Coa 1 Seam 30 JO 20 10 20 10

Coa 1 Seam Thickness 40· 40· 36" 36· 35· 30·
I

Slope of Overburden 3.3:1 1. 5: 1 I 4.5: 1 5:1 3.5:1 1. 5: 1
(f1:V) I

I
Years Since Mine 5 I 8 I 10 6 8 7

Closure I I
I I

Discharge Flow Rate b 9630 ft 3/dayl 7125 ft 3/dayl 2890 ft3/day 4632 ftJ/day 9630 ft 3/day unknown
(ave.) I I

I I
Approx Imate Length . 3000' I 1000' I 750 ' 1200' 1500 I 1500'

of Outcrop I I
I I

aThis width is that of the coal outcrop barrier.

bDischarges are measured from ineffective' portal seals.

Barrier Width

A range in barrier widths was sought in order to observe
differences in seepage rates. As shown in Table 3, the barrier
widths for the six selected sites varied from 15 feet to 400
feet. Variation in barrier widths was also observed within each
mine, particularly at Site 1 where the barrier width ranged
fro.m 50 to 300 feet. The barrier widths were determined from
mine maps. However, occasionally the outcrop was not clearly
defined, in which case the barr'ier widths were estimated based
on structure contour maps.

Hydrostatic Head

Sinc'e both seepage and outcrop stability are dependent
on the level of hydrostatic head, mine barri~rs exposed to
different hydrostatic heads were pursued. Table 3 shows the
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valueS for the six sites. __ Incases where seasonal fluctuations
have been reco rded, the range 0 f val ues are given. The level
of head at Site No.6 is an estimate based on the elevation
difference across the mine. A blow-out that occurred in 1975
d ra i ned much 0 f the mine but the prec i se level 0 f head is not
known. All other heads were determined from observation wells
which were installed to monitor such levels as those which
developed subsequent to closure.

Overburden Depth

Since the amount of overburden will affect barrier sta­
bility and design, a range of depths were sought. For the Six
sites, the amount of overburden present is shown on Table 3.
The depths ranged from zero at the outcrop to a maximum of
300 feet at Site 6. The overburden depths were determined.
by overlayjng USGS topography maps over the mine maps. Th~

maximum depths represent the greatest amount of overburden
found anywhere in the mine.

Barriers Disturbed by Entries

Sites w~r,;: selected that exhibited both undisturbed and
disturbed outcrop barriers. The number of entries in the coal
barriers for each site are given i~ Table 3. Mining at all
sites was updip, except Site 6. However, at this site a blow­
out had occurred through the overburden immediately above the
coal barrier. At sites 1 through 5 where entries were present,
seals had been installed to prohibit flow out of the mines.

Driving entries
to wea ken and, hence,
Disturbances such as
reinforcement would be

normally causes the surrounding
permits water to escape from the
this were studied to determine

necessary to prevent seepage.

coal
mine.
what

Active Mining Operations Nearby

The presence of active mining in close proximity to an
abandoned and sea led mine co uld expose the 0 utcrop ba r r i e r to
abnormal stresses. At Site 6, active underground mines were
operating adjacent to the site. At Sites 3 and 5, surface
min i ngopera t ion s we rea c. t i v e n earby. Tab 1 e 3 s how s t hat
sit e s 1, 2, and 4 were not i n flu e n c e d b Y act i·v e min i n g
operations.

41



Level of Inundation

Mines with various inundation levels were sought to
establish a relationship with water quality and to determine
the ease with which inundation could be achieved. Table 3
shows inundation levels as a percentage with 100 percent
meaning that the mine void is completely filled with water.
Based on recorded observations~ the level of inundation normally
fluctuates according to seasonal changes.

MUltiple Coal Seams

Multiple coals seams are present at all six sites as
shown on Table 3. Site 1, however, was the only site that
showed a noticeable influence. Another coal seam had been
mined 30 feet below it and contained an artesian aquifer which
was discharging at the surface 6f Site No.1.

Several other parameters are listed in Table 3
describe the sites but were not used to select sites.
of these and the six sites will be further described
section titled Case Histories.

Field Inspection Procedures

that
Each
in a

The procedures discussed in the following section were
used during the field inspections. In addition, permission from
surface owners was secured prior to scheduling field visits at
all sites. At the five sites in Pennsylvania, a representative
of the Department of Environmental Resources (DER) was present,
and an MSHA representative was present at the West Virginia site
inspection.

Investigate Outcrop

The first priority upon reaching a site was to locate
and ins p e c t the 0 u t c r 0 p for an y s i g n s 0 f se epa g e 0 r flo w•
In the case seepage was present, its location and elevation were
plotted on a USGS topographic quadrangle map. This information
was later used to determine levels of head existing at the
outcrop by comparison with a mine map. The mine map was also
used in the determination of the width of the outcrop barrier
pillar at the point of seepage.
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Water~uality Sampling

Water samples were obtained at seepage locations and
shipped to a laboratory for analysis. The samples were analyzed
for total iron, total manganese, suspended solids, sulfides,
and pH. Samples were collected at seepage locations and
mine discharges. In cases where water quality data were made
available from state agencies, samples were not taken. All of
the Pennsylvania sites had opservation wells installed, hence
in-mine water quality data were obtained. A summary of the
water quality data is presented in a later section describing
case histories.

Inspection of Seals

At mines where the entries had been sealed, additional
time was devoted to inspecting the seal and surrounding areas.
In most instances, the seals had been installed through
boreholes from a pad above the portal. The inspection of
these areas was to find seepage either coming through the seals
or around them. Details of the seal type and corresponding
construction methods were obtained for comparison with mine
maps so that excavated or backfilled areas could be identified.

Case Histories

The following case histories describe the six field sites
and the conditions that exist at each of them. The material
is presented with the. site background information, followed by
the present status as determined by the field inspection and
comments on the abandonment program~

Si te No. 1

Site No. 1 is located in Venango Township, Butler County,
Pennsylvania. The site consists of two drift mines, lA and lB,
on opposite sides of Seaton Creek (refer to Figure 6). The
two mines were producing at the turn of the century but were
abandoned shortly thereafter. The site was found to be one of
the leading contributors of acid mine drainage in the Slippery
Rock Creek Watershed when a survey was performed in 1969. At
that time the State of Pennsylvania was developing "Operation
Scarlift" to abate some of the acid mine drainage problems
within the state. 22 Site No.1 was determined to have a first·
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priority rating with respect to the urgency of abatement needs.
The survey in 1969 found an average of 639 pounds per day of
acid being produced by the two drift mines.

Before a sealing program could be designed, a site
description was prepared. The two mines at Site No.1 lie in
the Clarion or Brookville Seam where the average coal thickness
is 40 inches and the sulfur content averages 2.7 percent. The
overburden is 57 to 72 percent shale with 11.5 feet of sandstone
and 29.5 feet of coal and calcareous material for a total of 95
to 14~ feet. The local dip is approximately 3 0 SW. Since
abandonment, the entries had deterioated and become filled with
fallen rock and debris. Mine water was flowing out of portals
1 and 2 in Mine lA, and portal s 4 and 5 in Mine 18 (refer to
Figure 6). In general, the mines were either above, or very
near drainage.

It was determined by consultants to the DER that double­
bul khead hyd ra ul ic seal s wo uld be remote 1y insta 11 ed, and an
observation well would be drilled for periodic samples to be
taken. This was performed in Harch of 1975. After sealing, the
acid load in Seaton Creek increased 115 percent. This was
attributed to the initial flushing of the mine, leaks that
developed in the seals, and a nearby surface mine area that was
draining into the Seaton Creek. Both mines were evaluated to
determine what remedial measures were necessary.

At mine lA the flow was red uced by 44 percent. The mine
was successfully inundated as of December 1975. A measurement
in November 1975 recorded 65 pounds per day of acid in a flow of
50 gallons per minute. It was decided that no remedial work
would be pe r formed. No se epage 0 r d i scha rg e was obse rved from
anywhere other than the portals.

At mine IB, flow was reduced by 70 percent and acid load
was reduced to 324 pounds per day. The mine has been inundated
since March 1975, but the amount of flow still discharging from
the mine was reason for concern by state officials. After the
seals were installed, discharge was observed for the first time
from portal 3. An adjacent property owner reported acidic water
in a well.

To remedy the situation, new boreholes extending to 5 feet
below the coal seam were drilled in the seals. After resealing,
the entire area was inspected for any leakage at weak points in
the system.
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Discharges continued out of portals 3, 4, 5, and the
adjacent property owner's well even after resealing attempts.
Another investigation indicated that an artesian aquifer lies 30
to 40 feet below the mine and is the cause of the discharge.
At this elevation is also a mined-out portion .of the Mercer coal
seam which may contribute to the discharge through the sealed
portals above.

The present condition of Site No. 1 was determined during
a site investigation performed on March 11, 1980. The temper­
ature was near 40 0 F, and the ground was lightly covered wi th
snow. The first view of the site was a large swampy area accumu­
lating mine drainage as illustrated in Figure 7. Upon walking to
Mine IB, the discharge from portal 3 was encountered. Sample No.
1 was taken from this discharge flow. Officials from the Pennsyl­
vania DER, who were also at the site, made available their records
from samples collected at this location. Between portal 3 and
portalS, a pipe was encountered which_was discharging water out
of the artesian aquifer believed to be 30 feet below the mine
level. A large quantity of discharge was emanating from portal 5,
but no sample was taken since the DER also had records avai.lable
for this location. Above portalS was observation well lB.
Records of water elevations through this well are kept by the DER
and were_ made available

The outcrop area was further examined to locate any seepage
areas or weak points. The second sample was obtained from
a discharge point above the outcrop (see Figure 6). Two dis­
charges were noticed along highway 504 that the DER would make
records of water quality analyses available. No further dis­
charges were found at Mine lB.

Inspection of Mine lA on the opposite side of Seaton Creek,
indicated that the discharge from portal 1 is running along
highway 504. Figure 8 illustrates this discharge. Sample no. 3
was obtained from this flow. Observation well lA, which is
located behind the seal in portal 1 was also inspected. Water was
present in the hole the day of the visit. The last recorded DER
measurement indicated 16 feet of water in the observation well.
No other discharge or seepage was found at this mine.

The results of the water qualit~ analysis performed on
sa~ples 1, 2, and 3 are presented in Table 4 along with all
other samples collected. Figure 6 illustrates the location of
discharges, sample points, and observation holes.
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FIGURE 7 SITE NO.1 DRAINAGE
BASIN BETWEEN MINE 1A AND MINE 1B

FIGURE 8 DISCHARGE
FROM MINE 1A AT SITE NO.1
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TABLE 4 - Summary Of Water Sample Analyses

SAMPLE NUHBER TOTAL IRON MANGANESE SUSPENDED SOLID I SULFIDES pH
mg/l mg/l mg/l I mg/l @ 25 0 C

I
Site No. 1 I

Sample 1 42.0 2.78 22. I 0~01 3.49
Sample 2 11.0 0.47 764. I 0.06 5.55
Sarnpl e 3 14.0 2.47 5. I 0.05 3.20

I
Site No. 2 I

Sample 4 0.4 0.98 12. I 0.09 3.52
Sample 5 53.0 3.09 4. I 0;03 2.97
Sample 6 58.0 3.89 4. I 0.01 2.72

I
Site No. 3 I

Sample 7 16.0 4.77 2. I 0.06 3.13
I

Site No. 4 I
Sample 8 45.0 6.07 3. I 0.03 2.72
Sample 9 62.0 6.68 1- I 0.01 2.83r

Site No. 5 I
Sampl e 10 12.0 10.90 1- I 0.05 2.87
Sample 11 26.0 12.40 1- I 0.05 2.81
Sample 12 16.0 9.20 24. I 0.06 2.90

I
Site No. 6 I

Sample 13 6.6 0.69 8. I 0.02 3.25
Sample 14 18.0 1. 03 52. I <0.01 3.24
SalOpl e 15 5.9 0.73 28. I 0.02 3.36
Sample 16 3.8 0.61 14. I 0.02 3.41

The closure attempts for the two mines at Site No.1
were successful in inundating the mines, however, seeps and
leaks developed which have prohibi t~d heads from exceeding 25
feet. The structural low point of mine lB is where the seepage
was noted along highway 504. This seepage is passing through an
approximately 250 feet wide coal barrier pillar. Portal dis­
chdrges have also been occurring since the closing of the mines.
Th~ portal discharges average 63 and 95 gallons per minute for
mines lA and lB respectively. State inspectors believe the
sea Is were not sufficiently keyed into the floor. Also, these
se~ls were some.of the first to be in~talled and were not
con::tructed to the standards required at present.

A summary of the water quality data for Site No. 1 is
pre:~f2nted in Table 5. This information shows that the best
qua] J ty water is found in the mine pool. \fuen the pool ....,a ter
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leaves the mine either as seepag~, or a leak, the water quality
degrades evidently from contact with pyrites in the outcrop or
overburden. Seepage through the outcrop seams to have slightly
bet te r qua Ii ty than d i scha rges thro ugh the sealed po r ta Is and
associated gob. The artesian well discharge does not meet the
OSM maximum allowable effluent limitations of 7 mg/l for iron,
4 mg/l for manganese, 70 mg/l for suspended solids, and 6.0 to
9.0 fo r pH. There may be some fn f I uence from the Mer ce r coa 1
seam that lies 30 feet below the discharge level. Sample No.2
which was at an elevation above the mine does not meet OSM
effluent limitations either.

TABU S - Water OJallty Surrmary For Site ~kl"la

MINE: IA MINE 18

32.0 1!l3/l

8.2 "'l/l 30;0 "'l/1

SeE'pd(Jt! u:rough iAJtcrop

A,flt!s.an ~ll Dlscl'lo3rge

Port"!'l Discharg~s J.O

~~~oc'i;a~TA ,-->:.pI!'-+---'TO""'P,:.:ror",AL.:::....o.oIR",a<BO't"!OM'=<::---+ ro"'"P-,S""ULfo.:;Ac..::TES"--;;"EOTTO=M--+:J:pI!,,---;....1-'TO"",p":;Tcrr""AL=-,,IRO<C:::;8""'lJITOot=-+!-,TClI'~SU""Lf:.:,~~~
1--' I

JJ5.0 "'3/1 17S.0 "li1 1 6.7 1 6.S nqll 25.7 "li1 I S10 "li1 460 1D;l/1
1 1 I
I 1 I

330 1!l3/1 1 4.0 1 135 "'3/1 I 870 "'3/1
I I I
I 4.4 I 33.4 "li1 I 280 1!l3I1
I 1 I
I S.O 1 34.2 "'3/1 I '97 1!l3I1
I I I

CrolJ'\.d-watl!r Discharge I 5.55 I 11.0 Irq/I I not analyza:I
<.Ir.,\1~ min,-,-,-"l,,-,,ve~l_---,,------,- -,-- --,-I_---,-I -'-1 _

"Datdl !-'rt2sente<..l rel--(csen 5 an averaqe of ava11a,ble records.

tLcci:lltlon ot collection FDlntS 15 she..., in Figure 6.

Nine Pool via CIlservatlcn 7.0
""ell s

Si te No. 2

Site No.2 is located in northern Butler County, Penn­
sylvania. This site includes the largest deep mined area
in the Slippery Rock Creek Watershed (see Figure 9) • The site
consists of 5 large deep mines which had a total production of
over 4 million tons of coal from the Clarion seam. Discharges
from these mines flow into Slippery Rock Creek. During f969
these discharges had a combined average acid load of 469 pounds
per day.

This site was administered
as part of Operation Scarlift.
based on the characteristics of

by the State of Pennsylvania
The design of the seals was
the mine and the sur ro und i ng
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50



environment. The overburden at this site averages 145 feet.
Of this, 105 feet is shale, 13 feet is sandstone, and 26 feet
is calcareous rock and coal. The thickness of the Clarion seam
is approximately 40 inches and its-sulfur content averages
2.7 percent. With regard to the water table, most of the
mine is beneath the ground-water table, but some portals are
above. The dip of the coal seam in this area is approximately
30 SW.

The DER employed consultants to design the seals and manage
the installation operations. Remotely installed hydraulic seals.
were chosen as the best closure technique. Grout curtains
supplemented the seals to prevent leakage at weak spots. For
observation and sampling purposes, boreholes were drilled behind
five seals. Periodic' samples and measurements have been taken
since installation.

From January 1972 to January 1973, the water quality
information of the observation well samples indicated alkaline
water impounded in the mine. The mine discharges indicated a 70
percent ,reduction in flow and an 85 percent reduction in net
acidity.

During this period of time, the mine reached a fairly
stable level of inundation having obtained a hydraulic head
of about 20 feet. In January of 1973, a wooden mine drain
approximately 12 inches square buried in the underclay three and
one half feet below the mine seal broke loose from the debris
which had apparently.previously plugged it. The nature and
location of this water course was determined in March, 1973
by excavating near the discharge. As a result of this discharge
the mine pool elevation dropped 17 feet in only two months.
Despite the drop in elevation only the observation hole near the
discharge indicated acidic water in the mine pool. Four other
observation holes on the opposite side of the mine remained
fairly alkaline. Plans were approved and carried out in 1974 to
plug and seal this drainage course. No other remedial work has
been performed since then even though discharges remain.

The. present condition of Site No~ 2 was determined duiing
a site investigation performed on March lli 1980. The site was
lightly covered with snow that was beginning to melt. The
inspection only covered the area indicated on Figure 9. Upon
arriving at the site, the pad where the seals were installed was
inspected. An area directly above a seal was. accumulating
wa ter. Figure 10 presents a view behind the seal, and an area
where water is seeping out of the mine pool. This may be caused
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FIGURE 10 SEEPAGE
THROUGH OVERBURDEN BEHIND
HYDRAULIC SEAL AT SITE NO.2

FIGURE II DISCHARGE
THROUGH PORTAL AT SITE NO.2

·FIGURE 12 FLOW FROM SITE NO.2
PRIOR TO ENTERING SLIPPERY ROCK CREEK
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by surface runoff and lack of infiltration due to saturated
ground. However, based on the appearance of the vegetation, it
is felt that the origin is mine water. The elevation of the pad
at this point is approximately '1,260 feet, hence only 17 feet
of overburden exists at the seepage location.

Above the sealing, pad, an observation well is present
and has been monitored by the Pennsylvania DER periodically.
\'Jater was present in the observation hole at the time of
the site investigation. DER records provided the level of
inundation.

The abandoned portals could be seen below the sealing pad.
Figure 11 illustrates one of the discharging portals where
Sample 5 was obtained. The water quality analysis is given in
Table 4. ~fuat appeared to be two additional mine portals were
also discharging. Sample 6 was taken from one of these portals.
Mine maps reveal only two portals in this vicinity. State
officials assume that discharge is also coming through the
outcrop coal which was grouted with oniy a single line of grout
curtain. Sample 4 was obtained near one of the DER I S weirs at
the location of the third portal. This portal contains the
underdrain which caused the discharge in 1973 and the ensuing
drop in the mine pool level. Table 4 lists the water quality
analysis. .

Figure 12 illustrates the area where flow from the four
discharge areas accumulates before draining into Slippery
Rock Creek. The weir where sample 4 was collected is also
shown. The vegeta tion around these ou tflows is very poor as a
result of the water quality. A portion of the area had been
backfilled and graded. The vegetation on these areas is better
establ ished. Figure 13' illustrates the location of sampl ing
points, discharges and observation wells for Site No.2.

The closure attempt at Site No. 2 was also one of the
early mine sealing attempts. Inundation was achieved for a
short time prior to the blow-out of the underdrain. During that
time the head behind the barrier reached 20 ,feet. After
remedial work was performed to seal the drain, ,the water level
has fluctuated between 5 and 15 feet above the mine floor. At
present, the mine is only partially inundated.

Three portals at the structural low point of the mine
have continued to discharge after they were sealed. This
again, is thought to be from flow beneath the seal. The portal
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d ischa rges average 37 gallons per min ute. Di scha rge is al so
coming through the outcrop despite a single line of grout
curtain between two portal. seals. The DER now recommends at
least two rows of curtain grouting for better effectiveness.
Seepage is present behind the sealing pad where there is only 17
feet of overburden.

Determination of the width of outcrop barriers was
difficult at this site because the mine map does not agree with
the estimate obtained from the sealing construction drawings.
The mine map indicates a 200 to 300 foot outcrop barrier pillar,
while the seal construction drawings indicate only 75 to 100
feet of barrier.

A summary of the water quality data for Site No.2 is
presen~ed in Table 6. Here, as at Site No.1, the mine pool
water shows the best quality. Portal discharges show slightly
better quality than the discharge through the outcrop. The
quality of the water flowing through the overburden and outcrop
is not known, since the quality of flow was too small to sample.

TABLE 6 - Water Quality Summary For Site No. 2a

LOCATION OF DATA COLLECTIONb pH TOTAL IRON SULFATES

Mine Pool via Observation Well 6.45 0.4 ppm 2l. ppm

Po r ta 1 Di SC~! 2: rc;,r:?s 3.3 29. ppm 372 ppm

Seepage through Outcrop and 2.85 55.5 ppm not analyzed
Grout Curtain

aData presented represents an average of available records.

blocation of collection points is shown in Figure 13.

Si te No. 3

Site No.3 which is located in Brady Township, Butler
County, Pennsylvania, is a small" drift mine mined in the
early 1900's from the Middle Kittanning Coal Seam. Most of
the deep mines in this area were abando.ned by 1930. This
mine IS now part of Morraine State Park and borders Lake Arthur
(see Figure 14).
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Prior to creating the State Park, an extensive survey
was performed to determine what pollution abatement procedures
were necessary. Mine drainage data were collected over a period
of three years. The acid generated in the mine was 102 pounds
per day. Site No. 3 ranked second in acid generation of all the
deep mines in Morraine State Park.

The mine is located along the northern shore of Lake
Arthur. Mine sealing work began in February 1969, and was
completed in November of 1970, however, additional construction
was necessary to obtain satisfactory results. The initial
construction consisted of sealing four entries, an airshaft,
and installing several hundred feet of grout curtain.

Since sealing, a fairly steady discharge has produced
nearly 30 pounds per day of acid on the average compared to
102 pounds per day prior to sealing. The flow out of the mine
was reduced from 25 to 15 gallons per ~inute as a result of
sealing. Iron concentrations were reduced from 8 to 7 pounds
per day after sealing.

This mine is only partially inundated and shows seasonal
fluctuations. The mine pool water quality has shown variations
between acid and alkaline levels. The variations in levels of
inundation indicate a 6 to 10 foot range in hydrostatic head on
the outcrop.

The water quality of the mine pool determined from an
observation well gave results shown in Table 7 for the first two
years after sealing.

ThBLE 7 - Observation Well Data for Site No.3 Showing Seasonal Fluctuation

pH ALKALINITY ACIDITY TOTAL IRON MANGANESE
QUAR'l'ER ~IAT~R HEIGHT mq!l mg!l mg!l mq!l

2 3.9' 3.6 0 136 29.3 7.9

3 0'

4 5.5' 6.1 28 0 30.6 6.5

1 8.0' 4.1 0 124 76 1l.5
I

2 4.8' 6.9 134 0 I 5.1
I

4 4.2' 7.9 62 0 72 I 0

Source: Pennsylvania Department of Environmental Resources.
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The present condition of Site No. 3 was determined during
a field visit on March 11, 1980. The site had been backfilled
and regraded because 'some of the outcrop had been removed by
stripping operations. The only source of seepage that was
found is shown in Figure 15. Water sample 7 was obtained from
this discharge. The analysis is presented in Table 4.

Remedial work was still being performed. A slurry 'trench
system had been surveyed (note stakes on Figure 15) and con­
struction was scheduled for later in the spring of 1980.
Figure 14 illustrates the location of the discharge, sample
point, and observation well.

The closure of Site No. 3 did not result
in unda t i on 0 f the mine. Di scha rges resul ted
sufficient build-up of head within the mine.
that has been attained is 10 feet.

in the complete
which prevented

The max imum head

After underground mining ceased, the outcrop area around
Site No.3 was strip mined, and has since been backfilled and
graded. For this reason, it is impossible to determine how much
of an outcrop barrier exists between the backfilled material and
the mine void. The only mine map available indicates 100 to 300
feet of outcrop barrier.

Seepage is emanating from the backfill material at the
structural low point and drains into Lake Arthur. Additional
work is in the design stage to construct a slurry trench to
control this seepage. Table 8 summarizes the water quality
data for Site No.3. The mine pool again seems to have the
best wa t e r qua lit Y a 1 tho ugh no t as c lea r I y as inS i t e s 1
and 2. The seepage water has a lower pH, but not very high
concentrations of metals. None of the discharges meet OSM
effluent limitation standards.

TABLE 8 - Water Quality Summary for Site No. 3a

DATA COLLECTION b pH TOTAL IRON MANGANESE I AC IDIT'i
LOCATION OF mg/l mg/l I mg/l

I
Mine Pool via Observation Well 5.7 52 7.75 I 52

I
Mine Discharges 39 I, 166

I
Seepage through Backfill 3.13 16 4.77 I
aData presented represents an average of available records.

bLocation of data collection points is shown in Figure 14.
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FIGURE 15 SEEPAGE AT SITE NO. 3
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Site No. 4

Site No. 4 is located in Brady Township, Butler County,
Pennsylvania (see Figure 16). Mine drainage flows into Glade
Run and. Big Run. Nearby recreation areas are run by the
Pennsylvania Historical Society and the Western Pennsylvania
Conservancy.

In 1969, discharges from the site produced an average
of 640 pounds per day of acid. This site was sealed as part of
Operation Scarlift and was funded early as a "Quick Start"
Project. The abatement plan consisted of 10 deep mine hydraulic
seals, several hundred lineal feet of grout curtain, and 15,000
cubic yards of refuse pile removal.

Site No.4 lies in the Middle Kittanning Coal Seam.
The local dip is approximately 1 0 toward 249 0 determined
from Works Progress Administration (WPA) maps with structure
contours. The overburden thickness varies from 0 to 150 feet.
The composition of the overburden is predominantly shale with
small amounts of sandstone.

The sealing program consisted of installing double bulk­
head, hydraulic seals. Nine entries were sealed in 1974, and a
refuse pile was removed. A comparison of water quality data
prior to and after sealing shows an increase in flow, sulfates,
total iron and acidity. 'This data may be attributed to the
initial flushing of the mine. Discharges have continued since
sealing but no remedial measures were deemed necessary.

An observation well is Ideated behind the third entry
(see .Figure 16). Periodic sampling has been performed to
monitor the level of inundation in the mine and the water
quality of the mine pool.

The present status of Site No. 4 was determined during
a field investigation performed on March 12, 1980. Two drainage
paths oqcur near the pad above portal 2. One wa~ emanating
from the abandoned portal 2, and the other appeared to be
coming from portal 3 (see Figure 16). Figures 17 and 18 show
the discharges corning from portals 2 and 3, respectively.
Portal 3 was not as clearly visible as portal 2 where timbers
still remained. A water sample was obtained from both portal
discharges.
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FIGURE 17 DISCHARGE

FROM PORTAL 2 AT SITE NO.4

FIGURE 18 DISCHARGE
FROM PORTAL 3 AT SITE NO.4
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The discharge analysis_re~~lts are presented in Table 4 as
samples 8 and 9, respectivel~. The water samples may be diluted
to some extent due to melted water from ice still covering the
flow paths. Records pertaining to the observation well behind
po r tal 3 we reo b t a i ned fro m the DE R, but we rei n c om pIe t e
regarding the mine pool water quality.

No visible seepage from the outcrop was found at the site.
Figure 16 illustrates the location of discharges, sampling
points, and the observation well.

The mine sealing attempt at Site No.4 was alm~st suc­
cessful in inundating the mine. Observation well data shows
that the pool elevation fluctuates seasonally. During the
spring of 1979, the pool elevation reached a maximum of 36.5
feet above the mine floor. Two months later, however., it
returned to only 10 feet. The average pool elevation is 13 feet
above the mine floor.

Three of the ten mine
These three portals are at
as is the coal outcrop.
outcrop area.

portals still continue' to discharge.
the structural low point of the mine
Seepage was not observed along the

The outcrop barrier width is very difficult to determine
since a mine map could not be located. Construction drawings
from the DER give an approximate outline of the mining limits,
but these do not adequate 1y repr esent all the mine war ki ng s.
The barriers could be anywhere from 50 feet to 250 feet in
wid th.

A summary of' the
presented in Table 9.
mine pool water quality

water quality data for Site No.4 is
A compa rison cannot be mad e since the

could not be obtained.

TABLE 9 - Water Quality Summary for Site No. 4a

LOCATION OF DATA pH I TOTAL IRON I MANGANESE SULFIDE
COLLECTIONb I mg/l I mg/l mg/l

I I
Mine Pool - UIN A V A I A IB L E-

I I
Mine Discharges 2.8 I 53.9 I 6.4

I I
aOata presented represents an average of available

records.

bLocation of data collection points is shown in Figure 16.
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Site No.5

Si te No. 5 is located in Jefferson County, Pennsylvania
(see Figure 19). Mine water discharged into Rattlesnake Creek
Watershed prior to abatement measures. The site is a 0.3 square
mile drift mine that produced coal during the early "1900's and
was abandoned by 1936. SUbsequent strip mining operations
removed the outcrop coal and closely approached the deep mine
workings. The State of Pennsylvania undertook a drainage
abatement project at this site under the Operation Scarlift
Program .

Data collection programs were impLemented to determine
the characteristics of the site. The entire area was inspected
to locate seepage and water flO\v from the site. Preliminary
water quality sampling by the DER in 1972 indicated 430 gallons
per minute with an average pH of 3.4 discharging from the site.
A drilling program by the DER revealed that the underground
workings wer.e closely approached by the str ipping operations.
The overburden, which averages 80 feet in thickness, is pre­
dominantly shale with some calcareous material and another coal
seam also present.

The seal construction program involved two operations.
First, a continuous clay seal was placed to stop flow dis­
charging from the deep mine, and secondly a slurry trench
cutoff wall was dug to collect the discharge draining from the
highwall. Construction was completed by November 1974. Three
observation wells were installed to monitor water levels,
acidity, and flow. An evaluation of the abatement program
was made in December, 1974 after the first water quality data
after sealing had been obtained. The locations of sampling
points and the associated water quality data are shown in
Figure 20 and Table 10, respectively. A water monitoring
program was continued after constructiqn operations ceased.
The observation well records have also been presented in
Table 11. It is important to note the blowout which. occurr ed
on February 21, 1976. The blowout occurred at an elevation
20 feet above the mine with only 10 feet of head in the over­
burden above it. The blowout resulted in a 3.7 foot loss in
head in the deep mine. The head on the bottom of the coal seam
was 29.5 feet prior to bursting. By backfilling, the seepage
was able to be controlled, but only after a period of one year
of discharging water with a pH of 4.
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TABLE 10 - Stream Quality Data for Site No. Sa

I
SAWU~-

SITE I:1\'It: E'1..O'I N:IDITY 1ILK1\LINITY FERfOUS IIOl 'l'OTAL lOON SULFATES
NUMBER f!I CFS PPM I/DM PPM #@ PPM #IDAY PPM #ITWI. PPM 'fDM

~

5-19-72 6.6 18.85 3 305 8 813 0.10 10 0.30 30 21 2.134

1
7...()6-72 8.0 35.65 3 5n 14 2.691 0.12 23 0.59 113 32 6.1SO
4-24-74 5.5 22.15 6 717 12 1.433 0 0 0.30 36 200 23.884

"; 11-11-74 5.0 12.08 4 261 6 391 0 0 0 0 300 19,538
;
I

rwo

2
5-19-72 7.5 1.04 6 34 93 521 0.08 0 0.27 2 86 482
7-{)6-72 7.7 1.21 6 39 95 620 0.13 1 1.03 7 63 411

l 5-29-72 6.9 0.15 3 2 34 27 0.03 0 0.32 0 82 66,J 3 7-{)6-72 7.0 0.30 7 11 35 57 0.08 0 0.65 1 56 91

]
5-19-72 6.2 18.61 4 401 6 602 0.12 12 0.39 39 24 2.408

4
7-{)6-72 6.5 37.72 9 1,830 13 2.644 0.16 33 0.75 153 30 6.101
4-24-74 5.6 23.44 6 758 12 1.516 0 0 0.35 44 45 5.687

11-11-74 5.3 17.60 4 380 6 569 0 0 0 0 325 30.839

,] 5 5-19-72 7.4 20.83 3 337 29 3.257 0.20 22 0.44 49 140 15.722
7-06-72 6.7 48.46 13 3,396 32 8,360 0.13 34 1.18 308 170 44,415

6 5-19-72 7.1 28.36 4 612 40 6.116 0.02 3 0.45 69 176 26,910:

]
7-{)7-72 7.6 31.03 3 502 39 6,524 0.06 10 1.60 268 210 35.172

7
5-19-72 6.0 5.% 4 129 4 129 0.08 3 0.23 7 33 1.060:
7-{)7-72 6.3 16.24 9 788 8 700 0.13 11 0.55 48 63 5,516.

] 7A 4-24-74 5.5 15.40 2 166 8 664 O· 0 0.30 25 20 1,661
11-11-74 5.1 10.85 4 234 4 234 0 0 0 0 250 14,624

5-19-72 7.3 56.80 3 919 21 6.431 0.06 18 0.26 00 78 23,886

] 8
7-{)7-72 6.5 00.33 6 2,857 21 10,001 0.22 105 0.96 457 ·92 43,816
4-24-74 6.0 58.12 2 627 40 12,534 0 0 0.50 157 70 21,934

11-11-74 5.8 41.17 4 888 22 4,883 0 0 0.50 111 275 61.040

5-19-72 3.2 0.36 108 210 a 0 0.22 a 7.5 15 66 128

] 9 7-{)6-72 3.8 1.20 166 1,074 0 0 0.42 3 9.6 62 410 2,653
4-24-74 3.2 1.20 86 556 0 0 0 0 6.60 43 280 1 ,811~.

9A 11-11-74 3.0 O.l1b 244 145 0 0 7.84 5 8.1 5 950 563

] 10 7-07-72 6.3 r::F 137 24 43.2 67.7 200

aRefer to Figure 20 for Locations 'of Scmp1in;l Sites.

] bEstirrat.a:l flew frem drain outlet pipe.
CStagnant pool.
Source: Pennsylvania Departn'ent of Enviromental Resources.
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TABLE 11 - Observation Well Data for Site No.5

NO. 1
BAa< OF DRIFT
T.C. 1499.48

FEET TO H20
H,o EI..EJATION pH

NO. 2
BEIWEEN 'IWJ TRENCl!ES

T.C. 1494.9
FEEl' TO H-£J

H20 ELEVATION pH

NO. 3
cur BY TRflUi
T.C. 1482.2

FEET TO H-£J
Ht? ELEVATION pH

Mine b1a-.out on side of hill fran project - F1av approximately 400

Blowout flav approximately 300 gpm.

6.7 1,492.78 4.5 2.7 1,492.7 4.0 6.35

10/29/75

11/21/75

2/13/76

2/20/76

2/21/76

2/22/76

2/23/76

2/25/76

2/27/76

3/05/76

3/09/77

3/21/77

4/04/77

4/27/77

5/04/77

5/13/77

5/23/77

6/08/77

6/16/77

7/11/77

8/03/77

8/24/77

9/30/77

12/15/77

4/18/78

8.0

6.7

·5.0

3.0

8.0

9.0

10.1

9.8

8.5

2.7

10.05

9.6

8.75

8.15

8.3

8.7

9.5

9.8

9.5

9.7

3.65

1,491.48

1.492.78

1,494.48

1,496.48

1,491.48

1,490.48

1,489.38

4.0

4.5

4.5

4.5

4.5

4.5

4.0

4.0

4.0

4.0

4.5

4.0

4.0

4.0

4.0.

4.0

4.0

4.0

4.0

4.0

4.0

3.8

2.5

0.0

0.0

4.65

5.6

5.6

1.5

0.0

5.75

5.7

4.55

4.25

4.36

4.7

5.6

5.7

5.8

5.9

0.0

0.0

1,491.1

1,492.4

1,494.9

1,494.9

1,491.3

1,489.3

4.0

4.0

4.0

4.5

4.5

4.5

4.0

4.0

4.0

4.0

4.0

4.0

4.0

4.0

4.0

4.0

4.5

4.5

4.5

4.5

4.0

6.1

5.8

5.9

4.8

6.7

6.95

6.95

7.0

6.4

5.3

7.45

7.5

7.55

7.45

7.33

7.5

7.2

7.4

7.6

7.8

5.35

6.8

1,476.1 5.5

1,476.4 5.5

1.476.3 5.0 H2O fran #2 role
125 9FIIl

1,477.4 4.5 H2O fran #2 hole
175 gpn

gpm, elevation approximately 1,487.89 feet.

1,475.9 4.5 Blowout flow
approximately 250 gpn

1,475.5 Blowout flow
approximately 200 gpn

1,475.25 5.5 Blowout flav
approxirrately 300 gpn

1,475.25 5.5 B1a-.out flav
approxir.1ate1y 250 gpn

5.5 Bl=ut flav approxi.r.ately
300 gpn pH 4.0

5.5 B1a-.out flow approximately
200 gpn ph 4.0

5.5 Flow fran #2 = 50 gpm
Flow at b1a-.out = 250

5.0 N:l seep3ge at b10..0ut
90% backfillErl

6.0 No seepage at blowout
100% backfilled

6.0 N:l seepage at blowout
100% backfilled

5.5 N:l seep3ge at b10w0.Jt
100% backfillEd

6.0 N:l seep3ge at blOwOut
100~ backfilled

6.0 N:l seep3.ge at blowout
100% backfillErl

5.5 No seepage at blowout
lOO% backfillEd

6.0 No seepage at blowout
100% backfillErl

6.0 No seepage at blowout
100% backfilled

6.0 N:l seepage at b10-0ut
100% backfilled

4.5 Flow frO" *2 hole
al1JI-oxi-r.ately 40 cp;1

4.0 Flow frO" #2 hole

NOTE: Bottcr.1 =al elevation 1,467 (Drift), Seepage area elevation 1,473 ~

SL-132-2-l01.1
Source: Pennsylvania Departlrent of F:nvironnental Resources.

67



t

-
Ro1t1esno\<.e
Cree\<.

7A
~cEwen Run

FIGURE 20 LOCATION MAP OF
STREAM QUALITY SAMPLING POINT S

FOR SITE NO.5
(REFER TO TABLE 10 FOR ANALYSES)

FIGURE 21 FRENCH DRAIN
DISCHARGE INTO RATTLESNAKE

CREEK AT SITE NO.5

FIGURE 22 DEPRESSION
WITH SEEPAGE AT SITE NO.5
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FIGURE 23 SEEPAGE AREA IN FRONT
OF SEALED PORTAL AT SITE NO.5

VIEWED FROM ABOVE THE SEAL



The present status of S~te No.5 was determined during
a site investigation on March 13, 1980. The site was lightly
cover ed wi th snow and the tempe ra t ure was a pprox ima tel y 4 OOF.
The first ~ample was taken from a pipe discharging into the
creek. This is the discharge being collected by the French
Drain System. Figure 20 shows this discharge. Closer to
the highwall, a depression was encountered where water was
collecting (see Figure 21). A second sample was obtained
from this location. The third sample was obtained from the
seepage area in front of the sealed portal shown in Figure 22.
The three observation wells were located and water was present
in all three. Vegetation on the site was very limited, but due
to the season, it was difficult to determine the cause. The
location of sample points. is shown in Figure 23. Water quality
analyses for the three samples are shown in Table 4. The
samples taken indicate approximately the same quality of water
from all three locations, with the exception of suspended solids
in sample 12. This may· be misleading, however, since the flow
was so small that debris from the bottom may have been obtained
with the sample.

5 was successful
did 0 c cur in th e

The blowout was
returned to the

The mine closure attempt at Site No.
in inundating the mine, however, a blowout
overburden after a head of 30 feet developed.
c 10 sed by backf ill ing and the head ha s since
30 foot level.

Since much of the outcrop was removed by a stripping
operation after the underground mine was abandoned, the mine
map does not accurately depict the amount of outcrop barrier
rem a i n i ng (see Fig u r e 1 9) • Th e am eu n t 0 f bar ri e r be for est rip
mining appears to be approximately 100 feet according to the
underground mine map (Figure 19). There is only a slight dip
over the mine, but the structural low· ppint is at the sealed
portal and along the outcrop.

Seepage is still emanating from the underground workings
around the portal area but the flow is not high. The field
inspection revealed water only 3 feet below the surface at
observation hole 1 which indicates a head of 30 feet on the
outcrop barrier and portal seal (Figure 24).

A summary of the water quality data for Site No.5 is
shown in Table 12. Unf 0 rtuna tel y ,no t all samples were tested
fo r the same pa r amete r s. Acco rd ing to the pH val ues, the 1 east
acidic water is found in fror,t of the slurry trench. The site
does not exhibit an unusually high quality of water in the mine
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pool as the other sites studied. It is interesting to note that
the lowest pH is found in the depression that· is at the same
elevation as the bottom of the coal seam. High iron levels are
also found here. The only sulfate analysis available is for the
French Drain discharge. The dr.ain is not an abatement measure,
but rather a means of diverting surface water from the spoil
piles and drying the area so that vegetation could-- become
establish~d. 950 mg/l of sulfates are shown for this discharge
which averages 50 gallons per minute.

TABLE 12 - WATER QUALITY SUMMARY FOR SITE NO. Sa

LOCATION OF DATA TOTAL IRON SULFATES
COLLECTIONb pH mg/l mg/1

Mine Pool (determined 3.58 27.7
from Obs. 1)

Seepage from Portal 3.2 12.3

Depression Seepage (at 2.81 26.0
coal bottom elevation)

French Drain Discharge 3.0 8.1 950

Obs. 2 4.2
1--

Obs. 3 5.4 I ~

aData presented represents an ave age of available
records.

bLocation of Data Collection points is shown in Figure 24:

Site No.6

Site No.6 is located in Wyoming County, West Virginia
(Figure 25). The mine opened in 1969 in the Ben's Creek Coal
Sea m wh i c h has a 10 cal dip 0 flo tothewest. Min i n g was
developed for a distance of i,600 feet fro~ the entry followed
by partial and total pillar extraction. One section of the mine
on the downdip side, was driven all the way to the outcrop and
then pillared back. Abandonment took place on February 15, 1973
after which the entries were sealed. The seals were placed
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at an updip location and were not
Since there was no monitoring
installed, there was no way of
accumulation of water.

designed to sustairi any head.
system or observation well
predicting or warning of an

In March, 1975 a blowout occurred through the overburden
at the location where the workings were driven to the downdip
outcrop. A contributing factor to the blowout was probably
overburden fracturing due to the pillar extraction and roof
cave-in. An inspection by MSHA revealed that a 15 to 20 barrier
of coal had been left at the outcrop. The maximum amount of
head which was possible by the geometry of the mine is roughly
50 feet wi thin the mine workings alone. However, an ad j acent
mine is thought to have interconnected workings that may allow
drainage to flo\'1 into the Site No. 6 mine. According to the
MSHA report, the level of groundwater head probably exceeded the
50 foot level due to two months of unusually high precipitation.

\fuen the overburden washed free, the resulting outburst
of water fell from a vertical height of 200 feet down a hillside
sloping roughly 30 degrees from the horizontal. The force of
the water washed out a stream channel 12 feet down to the
bedrock.

The present status of Site No. 6 \V'as determined during a
field investigation on March 18, 1980. The site of the blowout
is now a large opening in the hillside as shown in Figure 26.
Since the original blowout, subsequent deterioration and
weathering of the exposed rock has caused additional rock falls.
From the opening, mine timbers are visible only 10 or 15 feet
from the surface. Figure 27 illustrates the mine pool.

Several water qual i ty sampl es were obtained. The fir st
was taken in the mine pool shown in Figure 27 . There is some
ground-water influence as shown by the drops of water falling
into the pool. The water analysi s from thi s location showed a
pH of 3.25, and 6.6 mg/l of total iron. Another sample was
taken at a location outside of the mine pool where the discharge
starts flowing down the hill· (see Figure 28 ) . The pH is
unchanged, however, total iron and suspended solids are
noticeably higher. Two additional samples were also obtained
along the drainage path as it proceeded down the hillside
(Figure 29). No significant change in pH was noted, however,
iron levels at this point are approaching the OSM effluent
limitations. Figure 25 illustrates the location of the blowout
and the sampling points for the site.
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FIGURE 26 LOCATION OF
BLOWOUT AT SITE NO.6

,0'

FIGURE 27 MINE POO( AT SITE NO.6
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FIGURE 28 LOCATION OF
SAMPL.f 14 AT SITE NO.6

FIGURE 29 LOCATION OF
SAMPLE 15 AT SITE NO.6

The closure attempt at Site No. 6 was not designed to
inundate the mine workings, but shows that this type of mine
may be a potential hazard. The structural low point of the mine
is along the west outcrop and was undisturbed by mine entries.
The hydrostatic head that resulted in a blowout cannot be
determined due to large quantities of precipitation prior to the
burst, however, it has been estimated that 50 feet of head was
likely. The barrier pillar remained stable with only a 15 to
20 feet width supporting the head. The overburden, however, was
so weakened by fracturing and rock falls, that a blowout
occurred through it.

A summary of the water quality data for Site No.6 is
presented in Table 13. Only slight differences are noted
bet ween the mine pool and the mine d i scha rge. Th i sis reason­
able since there is no barrier. Some contamination from
surface water may have affected the water quality at the time of
sampling, however.
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TABLE 13 - WATER QUALITY SUMMARY FOR SITE NO. 6 a

LOCATION OF DATA I TOTAL IRON MANGANESE SULFIDES
COLLECTIONb I mg/l mg/l rng/l

I
Mine pool I 3.25 6.6 0.02

I
Mine I 3.3 9.2 .016
Discharges I

I
I

aData presented represents an average of available.
records.

bLocation of data collection points is shown in
Figure 25.
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ANALYSIS OF DESIGN PARAMETERS

Based upon the results of the literature search and field
reconnaissance, engineering analyses were performed to generate
recommendations for designing outcrop barriers. Three types of
analyses were made; the first was a seepage analysis, the
second an overburden blowo ut ana I ys is, and the thi rd a wedg e
stability analysis. Where possible, actual field data are
presented for comparison with analytical results.

Seepage Analysis

In order to establish a general relationship between
barrier width and flow rates, a simplified analysis based
on Darcy's Law and a computer seepage analysis were performed.
The computer analysis generated flow lines, discharge
velocities, and phreatic surfaces that provided input into
the stability analysis as well.

The selection of the computer model was based on its
ability to satisfactorily represent a steady state condition in
which post-mining inundation and restoration of the water table
was achieved. A porous media model was chosen to represent the
steady state condition of the saturated rock mass.

The nature of the Eastern Bituminous Region is such that
flow in coal and rock are dominated by fractures. The pre­
mining conditions are described by primary fractures, while
the post-mining conditions include both primary and secondary
fracture systems. In order to account for fracture flow, the
permeability values utilized in the analyses reflect a range
consisting of primary permeability, secondary permeability, and
also including weathered rock permeability. Fourteen cases
were modeled to show the influence of various permeability
combinations and boundary conditions on the resulting flow
patterns.

Program Description and Applications

The steady-state seepage of ground water through a coal
seam and. surrounding host rock was calculated using the program
TARGET (Transient Analyser of Ground-water Flow and Effluent
Transport); _<:I finite difference code that can predict coupled

. ground-water flow in saturated porous media.
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A brief description of TARGET is presented here; however,
a more detailed version is -presented as Appendix J. A combi­
nation of the experimentally justified Darcy's law and the mass
balance of a small volume yields a partial differential equation
for 2-dimensional ground-water flow through porous media
(Appendix J). TARGET utilizes this equation in ~n implicit
fin i te-d i f ference scheme. to pred ic t head d ist r ibut ions in ti me
and space. The region being studied is divided into control
volumes .within which the hydraulic properties of permeability
and storage coefficient are assumed to be homogeneous and are
specified. The permeability can be different in the x and y
directions within each volume. The hydraulic properties' of the
materials together with the appropriate boundary conditions (in
the cases studied these are zero flux boundaries and fixed head
boundaries) define the ground water flow problem uniquely and
allow a numerical solution of the flow equation. The program
achieves this by solving a matrix set of equations each of which
describes mass balance within a zone for a particular small time
ste p. The mat r i x of he ads is then upda ted and the process is
repeated for subsequent time steps. In the cases considered,
only the steady-state conditions were required and the program
iterated until minimal changes in head occurred.

The finite difference grid consists of a system of ortho-
gonal intersecting lines. Figure 30 illustrates the two grids
used in this analysis. The two grids have the same mesh,
but with different dimensioni so that two overburden thicknesses
have been modeled. The spacing between grid lines (which
determine the size of the control volumes) , as well as the
small finit~ time steps themselves, influence the convergence of
the procedure and the accuracy of the resulting solutions.
However, the implicit nature of the scheme permits the grid to
be nearly unconditionally stable .for steady-state solutions.
The discretization permits the geometry of particular regions of
interest to be modelled more carefully (finer discretization)
and allows hydraulic properties to vary from place to place. To
correctly model composite materials, the properties across
boundaries of dissimilar materials are averaged geometrically.
Fine details in areas where the heads may be changing rapidly
are obtained by solving more local equations.

Generation of a Grid

The fin i ted iffere n ce g rid i s g e n era ted a c co r din g t 0

the conditions which define the modei. For this particular
analysis, the model consisted of 5 feet of coal covered by 2
different overburden depths at a sidehill slope of 45 0 • The
coal was assumed to have no dip. Figure 30 shows the resulting
grids. There are 102 cells in the coa.l seam each having a
thickness of 2.5 feet and 899 cells in the overburden each
having a thickness of either 10 feet or 5 feet. Around the
entire grid there is a dimensionless cell representing the
outer boundaries of the grid.
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Computer Model Assumptions

The following assumptions were made for the numerical
models considered:

• The hydraulic properties of the overburden and coal
are homogeneous within each material and remain constant
for all heads considered.

• The seepage is due onl y to i ncompress i ble Da rc i an flow
through the rock.

• The total head along the left-hand boundary of the grid
(Figure 30) remains constant and equals 105 feet or 205
feet depending on the case under consideration. (The
datum is taken to be the base of the coal seam).

• The total head in the mined-out region remains constant
and equals 10 5 feet 0 r20 5 feet depending on the case
under consideration.

• The clay seam underlying the coal seam is considered to
be an impervious boundary.

Input Requirements

A complete list of TARGET input requirements is presented
in Appendix K; the TARGET Input Guide. Since the program TARGET
is also capable of analysing heat transfer and mass transfer,
many of the variables were not utilized. The basic site
parameters which are needed to run the program are horizontal
and vertical permeabilities, storage coefficient, porosity, the
value of maximum hydraulIc head, and the geometry of the strata.

Since this analy/sis is based on data obtained in the
literature sea.rch rather than actual field data, the most
realistic and representative data was sought. The geometry of
the model is simplistic as shown in Figure 30. A 5 foot coal
seam thickness is assum.ed with a 45 0 sidehill slope. These
two factors remain constant in all fourteen analyses. In order
to find representative values of permeability and. porosity,
existing documentation was relied upon. A compilation of
recorded values in the Eastern Bituminous Region resulted in
the permeability ranges given in Table 14.

The values given in Table 14 are horizontal permeabilities.
The permeability contrast was, chosen to be 4:1 with the hori­
zontal permeability being four times the vertical permeability.
According to Brown and Parizek, 1971, core analyses of coal
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strata show that the horizoJ}talto vertical permeability
contrast is 4: 1 for intergtanular flow in all strata. Since
vertical permeabilities were not determined in the field, a
comparison could not be made between field and laboratory data.
Brown and Parizek did, however, note several orders of magni­
tude difference between the core analyses and the field pumping
data with the field tests giving the higher values. For the
purpose of this seepage analysis, a 4:1 horizontal to vertical
permeability contrast was chosen as a representative value.

TABLE 14. Range of Horizontal Permeabilities for
Seepage Analysis

Material Premining ------- ---) Post Mining
I

Coil! 1. 0 ft/daya 3.21 ft/dayb I 4.86 ft/dayc
Overburden 0.01 ft/dayd 0.74 ft/daye I 4.25 ft/dayf
Underclay 0.0005 ft/dayg ------- I .013 , ft/dayh

I

al ft/day is given as the average permeability of the Upper
Freeport Coal in Miller and Thompson, 1974. ,This also agrees
with Brown & Parizek, 1971 where 5 gpd/ft 2 or 0.67 ft/day
was used as an average coal permeability. This value was used
to describe relatively undisturbed coal and was derived from
field pressure injection tests.

b 3 .2l ft/day is given as the average permeability for the base
of the Upper Freeport Coal in Miller and Thompson, 1974. This
value was used to represent a more realistic value that took
into account some fracturing within the coal and was derived
from field pressure injection tests.

c4.86 ft/day is given as 2 darcy units in the SME Mining
Engineering Handbook for dense rock with high fracture perQea­
bility. This value was used when weathering was taken into
account as was' the case for most outcrop barriers. It also
corresponds to the limiting permeability value of 5 ft/day
obtained from the field data.

dO.Ol ft/day is given in Davis & Del'ieist" 1970 as the pemea­
b iIi t Y 0 fad 0 10m i tic san d s ton e 101 i t h s iIi c a and' car bonate
cement. This value was used to represent relatively undis­
turbed overburden.

eO.74 ft/day is given in Miller and Thompson, 1974 as the
average permeability of shale with sandstone over ,solid coal
and was derived from pressure injection tests.

f 4 • 25ft / day i s g i v en i n Mill era n d Tho mpson, 1 974 a s the
average permeability of shale with sandstone bridged through a
height of 44 feet over a Lower Kittanning mine void._ This
value was used most commonly to represent fractured overburden
above a mine void and was derived from field pressure injection
tests.

'g&hThe underclay permeability values were obtained from Brown
and Parizek, 1971. The premining value represents granular
interstitial permeability, and the post mining represer,ts
the fractured permeability.
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The porosity values for tJle various materials were deter­
mined by using representative moisture content and specific
gravities from the Keystone Coal Industry Manual, 1980. For
coal, a moisture content of 5% and a specific gravity of 1.3
were used to arrive at a porosity of 6.1%. For the overburden,
a moisture content of 1.2% and a, specific gravity of 2.6 were
used to arrive at a porosity of 3.0%. Values for underclay
were not determined because it was decided to model the floor
material as an impermeable boundary. This again, is a conser­
vative estimate and will increase the amount of flow through
the coal and overburden. The storage coefficients were given
the same value as the porosity. Since the model was an
unconfined aquifer the porosity represents an upper limit
for the storage coefficient.

Seepage Analysis Models

Fourteen cases were studied using the TARGET computer
program. The various permeabilities, porosities, hydraulic
heads, and widths of outcrop barriers are presented in Table
15. Note that four different outcrop barrier widths and two
1 eve Is 0 f hyd ro sta tic head wer e anal ysed. These val ues were
chosen as a conservative estimate of what might be expected in
the Eastern Bituminous Region.

TABLE 15. - Conditions Analyzed with Target

WIDTH OF HEAD IN MINE I
OVERBURDEN COAL OUTCROP & ALONG LEFT- OVERBURDEN I COAL

CASE PERMEABILITY· PERMEABILITY· BARRIER HAND BOUNDARY POROSITY I POROSITY
I

1 O. 01 ft/day 1.0 ft/day 100 ft. 205 ft. 0.03 I 0.06
2 0.74 4.86 100 205 0.03 0.06
3 0.74 4.86 200 205 0.03 0.06
4 4.25 4.86 100 _ 205 0.03 0.06
5 4.25 4.86 200 205 0.03 0.06
6 0.74 4.86 100 105 0.03 0.06
7 0.74 4.86 150 105 0.03 0.06
8 4.25 4.86 100 105 0.03 0.06
9 4.25 4.86 150 105 0.03 0.06
10 4.25 3.21 50 205 0.03 0.06
11 O. 01 1.0 150 105 0.03 0.06
12 4.25 I 3.21 100 205 0.03 0.06
13 4.25 I 3.21 200 205 0.03 0.06
14 4.25 I 3.21 150 105 0.03 0.06

I
·Values shown are horizontal permeabi ides. For all cases, the vertical permeability
equals 0.25 times the horizontal permeability (Brown '" Parizek., 1971) .

Prog ram Output

were
For t he fir s t ten case s
prod uced consi sting of

ana 1 yzed, th ree
one printout and
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printout consists of: 1) .a· IJsting' of the total hydrostatic
head for each celi, 2) a listing' of the total horizontal
discharge from each cell's left face and 3) a listing of the
total vert.ical discharge from each cell's bottom face. Table
16 summarizes the resulting discharges for each case. The plots
co ns i st 0 f one showing the equ i potent ia 1 1 ines and the 0 the r
showing the Darcy velocities for each cell. Figures 31 through
40 illustrate the results of the two plots for analyses 1
through 10. Cases 11, 12, 13, and 14 were performed to obtain
additional data points for correcting the barrier widths and
have only printouts as output.

Q1V61. Cc.:aht..i£Jn1i1
o.recbucdot=n ~flI'lBability (ft/day)
CDdl Pern'&ibilit.y (ft/da)'l
wi.Jth of o..rt.crop Bat"rltlr I ttl
Hydrost.dtic l-k=ad (ft)

O.l~har~ Resul t.a (~.r fCDt of
OULcropll

'mBlZ 16. - seepaige Anal)"Bill Ci9d"larqe Resul t8

i 2 I 3 I 4 I 5 , 7 I B , 9 10 11 I 12 j 13 14
i I i I I

I I I I
0.01 0.74 0.74 4.25 4.25 0.74 0.74 I 4.25 I 4.25 4.25 0,01 I 4.25 I 4·25 4.25
1.0 4.136 4.136 4.66- 4.86 4.86 4.86 4.86 I 4.86 3.21 1.0 I 3.21 I 3.21 3.21
100 100 200 100 200 100 ISO 100 I ISO ,SO ISO I 100 I 200 ISO
20S 205 205 205 205 lOS 105 105 lOS 20S lOS I 20S I 205 105

I 1
1 I I
1 I I
I , I I
I ft3/day O.OS 0.23 0.13 0.22 0.16 I 0.14 0.11 0.16 0.14 0.30 :OlB I .1461 .13 .10
I I I I
I 1 i 1
I gpn 10.03 44.68 I 25.73 42.30 31. 25 I 26.23 20.23 30.1B 26.90 I 58.00 3.48 28.20 I 25.30 IB.82
I I I I I
i I I I 1 I I I
I ft3/day 0.01 I 0.48 1 0.27 I 2.691 1.491 0.13 0.07 0.121 0.47 1 2.751 .001 2.531 1.451 .46
I I I I I 1 I I I I I
1 i 1 I i I I I I I I
I gp" 1.29 I 92.14 "51.20 I 517.211 261.361 24.50 13.68 139.121 90.04 I 529.001 .144 487.0 I 279.5 1 88.31
I I I I I 1 I I 1 I I
I I I I I i I I I 1 1 I
1 ft 3/wy I 0.06 I 0.711 0.40 I 2.911 1.651 0.27 O.IB 0.881 0.611 3.0510.19 2.676 I 1.581 .56
I I I I I I I I I I I I
I i I I I I I I I I I 1
i g~ I 1l..:l2 I 1.~.821 7G.9) 1559.511 :nU.611 so.n 33.91 169.301 116.941 587.001 3.624 515.2 , 303.B 1107.13
I 1 1 I 1 I I I I I I I

The location of the phreatic surface shown on Figures 31
through 40 was determined by an iteration process. An initial
estimate was made and the input data was structured so this
'boundary was treated as a zero-flux boundary, that is, 'as a
streamline. Then, when the steady state condition was cal­
culated, a check was made on the values of head along the
phreatic surface. If the total head was equal to the elevation
head along the boundary, then the phreatic surface was located
correctly. The finest overburden finite difference cells used
were 5 feet high, hence the greatest accuracy along the phreatic
surface that could be achieved was within +2.5 feet of the
correct value. If the calculated heads we~e within 1 cell
height, the phreatic surface location was considered to be
acceptable.
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Seep~ga .Interpretation

A simplified two-dimensional a~alysis was performed to
determine if it could approximate the results of the computer
seepage analysis. The simplified analysis considered only the
flow of impounded water through a coal outcrop barrier. The
formula, - .

Q = K x P/W x t

where:

Q = flow of water through the coal barrier per foot of
outcrop;

K = permeability of coal;

P = hydrostatic head existing above the coal seam in
feet;

w = width of coal barrier; and

t = thickness of coal seam

was used to compute flows. The assumptions .for this analysis
are that both the overburden and underclay are impermeable and
that all flow passes through the outcrop barrier pillar. The
results of this simplified analysis are presented graphically in
Figure 41. Also shown on these graphs are the data points which
re presen t the res ul ts 0 f the compute r se epag e ana 1 ys is. The
data po i nts are ind ica ted ac cord ing to the rat io be tween the
coal and overburden permeability and are labeled by their
respective case numbers. It is evident that there is some
deviation between the two methods.

From Figure 41 it is evident that the ratio of permeability
between coal and the overburden is a factor causing a deviation
between the computer analyses and the simplified model which has
a permeability ratio approaching infinity since the overburden
is assumed impermeable. In cases 2, 3, 6, and 7 where the
per mea b iIi t Y rat i 0 i s 6 • 5 : l, a s 1 i g h t d e v i. a t ion fro m the
computer analysis is seen. In cases 4, 5, 8, and 9 where the
permeability ratio is 1:1, a larger deviation from the computer
analysis is noted. A correction factor has been derived from
the difference so that the simplified analysis can be used in
the design of outcrop barriers.

The nine curves presented in Figure 41 have been summarized
in Figure 42 as one curve representing a unit flow rate through
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RESULTS OF COMPUTER SEEPAGE ANALYSIS, '

o PERMEA81LITY RATIO = 100:1
10. PERMEABILITY RATIO = .75:1
4~,PERMEABILITY RATIO = 1:1
2~ PERMEABILITY RATIO = 6.5:1

NOTE: ALL FLOW PASSES THROUGH THE COAL
BARRIER.
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the coal outcrop. The relationship of the unit flow rate to
the total flow rate thr-ough the barrier is indicated by the
equation,

Qu = QT : (PKt)

where:

Qu = the unit flow rate through the outcrop; and

QT = the total flow rate through the outcrop.

The designer can compare the value of QT derived from Figure 42
with the maximum flow rate that will be tolerable for the local
conditions. QU is a function of the barrier width,Ws , obtained
from the stability anslyses presented next. Ws corresponds to a
unit flow rate and was derived under the assumption that all
flow passes through the coal barrier. A correction factor has
been derived to account for flow through the overburden and is
presented graphically as Figure 43 •. Notice that several coal to
overburden permeability ratios are presented ranging from 100:1
to 0.75:1. Permeability ratios between these values must
be interpolated. Also notice that the axes of the graph in
Figure 43 are(QU x head)-l. It is interesting that the coal
to overburden permeability ratio of 100:1 is a line oriented
45 0 from the origin and indicates that beyond this ratio there
is no longer any correlation for flow through the overburden.
The corrected unit flow rate Qc' obtained from Figure 43 may
be used to calculate the discharge rate, QT as defined on
Figure 42.

To summarize, the interpretation of the computer seepage
analysis and the simplified analysis resulted in the curves
presented in Figures 42 and 43, respectively, which make it
po s sib 1 e toe s timate the tot a 1 see p age rat e cor res pond i n g
to the given conditions of hydrostatic head, H, and a stable
outcrop barrier width, Ws • It is generally observed from the
computer plots in Figures 31 through 40 that the flow path
through the outcrop barrier is essentially horizontal and. only
s rna 11 am 0 un t s 0 f flo w r i s e i n tot h e 0 v e r bur den • This i s
reassuring from a water quality standpoint since water polluted
by the coal will not interfere with ground water quality in the
overburden. Another general o.bservation that will be utilized
in stability analyses is that the point where the barrier begins
in the mine is the point beyond which the slope is completely
saturated. That is, if a vertical line is drawn from the origin
of the outcrop barrier to the surface, the slope face and the
phreatic surface coincide for the remainder of the slope.

A comparison with actual field data has been attempted and
is presented in Figure 42 .as data points representing field
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NOTE: '.Ie MUST BE SUBJECT TO STAB III TY
ANALYSES, ALSO.

° PERMEABILITY RATIO = 100,1
• PERMEABILITY RATIO = 6.5:1
6. PERMEABILITY RATIO = 1:1
~ PERMEABILITY RATIO = .75:1
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sites 1 through 5. In order to plot data points, the value of
Qu had to be ca lcula ted fo reach site us ing the fo rmul a;

Qu =
P x K x t

Table 3 provides all of the n~cessaryinformation except for K,
the p~rmeability of coal. The measured discharge flows are
known to be originating at ineffective mine portal seals and
can provide a limiting permeability value that the coal barrier
can not exceed. Based on this assumption and the documented
site conditions from Table 3, the permeability of coal is
limited to less than 5 ft/day per foot of outcrop. Since this
agrees with the values shown in Table 14, the value used to
compute QU was 4.86 ft/day per foot of outcrop which is the
highest effective permeability value given for rock in the SME
Mining Engineering Handbook (see Table 14). The locations of
these data points indicate that site~ 2 and 3 have higher flows
than would be anticipated while sites 1,4, and 5 have lower
flows. However, since the coa 1 pe rmeab iIi ty wa s no t ac tually
measured, these discrepancies could easily be accounted to a
slight difference in the permeability.

The .flow rates determined as a result of the seepage
analysis should be used as a quide in estimating the flow that
will be expected from a stable barrier. Barriers may easily be
lengthened if estimated flow rates are excessive, however, they
must not be decreased in size due to the stability requirement.
At present there are no established relationships between water
quality and barrier width due to the numerous contributing
factors. The following section describes the stability analyses
and presents the resulting stable barrier widths.

Stability Analysis

The data obtained in the field investigation indicated
that two possible modes of failure should be considered.
Therefore, an overburden blow-out analysis was performed,
followed by a wedge stability analysis. The overburden
blow-outs that occurred at Sites 5 and 6 provided ,input into
the relatively simple analysis. The design of the wedge
stability analysis followed the assumptions made in the seepage
analysis and used the computer output to define the hydrologic
cond it ions. The method s and res ul ts 0 f these two anal yses are
presented in the following sections.
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Overburden Blow-Out Analysis

At field sites 5 and 6, blow-outs occurred through the
overburden which focused attention on the limiting effect the
overburden height will have on the sustainable hydrostatic head.
The following analysis was performed to define the limits more
clearly.

The investigation of Site No. 6 helped provide input into
this analysis. By referring to Figures 26 and 28 in the case
history of Site No.6, the size of particles that blew out can
be inferred. Since the particles are not massive, but rather on
the order of inches, a unit weight of 130 pounds per cubic foot
was used to account for joint filling and fractures that
are likely to be the material that would be displaced in an
overburden blow-out.

The overburden blowout analysis is simply to determine the
point beyond which the bouyant forces exceed the weight of the
overburden. Using a factor of safety of L5, a value of head
which is 72% in excess of the height of overburden is calculated
to be the maximum allowable. The results of this analysis are
presented graphically as Figure 44. The minimum barrier
requirement, Wa, varies depending. upon the slope of the over­
burden. Figure 44 also shows six data points representing
the conditions at the six field investigation sites. The two
sites where blow-outs did occur would have been predicted as
unstable according to this analysis. There is one case where
the site has a 5:1 slope and is stable in the field, but would
be predicted as unstable according to the analysis. At this
site, however, an accurate mine map was not available and may
actually have wider barrier pillars than assumed, which would
move the data point toward a stable location. According to this
comparison, the field data supports the overburden blow-out
analysis. The final analysis, described next, will account for
the possibility of a wedge-type failure.

Wedge Stability Analysis

A wedge stability analysis was performed to determine
whether the slopes and barriers modeled could sustain the
hydrostatic forces as determined by the seepage analysis. The
potential failure surface was approximated by a vertical line
through the overburden and a horizontal line at the coal­
underclay interface. A description of the procedures and
res ul ts follows. The pa ramete r s tha t were va r i ed incl uded the
coal seam thickness, the hydrostatic head, the topography, and
the angle of internal friction of the coal.
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,Method of Analysis

The hydraulic conditions for the stability analysis
model were based largely on the results of the seepage analysis
where it was generally found that the point where the outcrop
barrier originates in the mine is the point beyond which the
slope is completely saturated. This observation led to the
derivation of the free body diagram shown in Figure 45. The
wedge consists of a thin coal seam of thickness, T, overlain by
a sloping overburden of thicknes~, H. The analysis assumed that
the driving force was Ul, and that the resisting force was
(W-U2)tan m. Initially, twenty cases were analyzed for a
variety of different conditions., Table 17 presents the cases
and the given conditions for each.

Assumptions

In order to keep the model basically the same as the
seepage analysis, only two material types were assumed, that is,
coal and overburden. A wide range of physical and engineering
properties exist in the Eastern Bituminous Region. The values
chosen are representative of what may actually be found in some
locations, and adhere to the assumptions made in the seepage
analysis. Specific gravities of 1.3 and 2.6 were assumed in the
seepage analysis for coal and overburden respectively which
provide values of 80 and 162.5 pounds per cubic foot, for their
densities. '

The slope of the face input in the seepage analysis was
45 0 ; however, three slopes were analyzed for the wedge stability
analysis. The slope (S) was' defined as the horizontal change
for one unit of vertical change (see Figure 45). Three values
of S were analyzed representing a slope from 45 0 to 26 0 •

The failure surface was assumed to be a vertical line
through the overburden and coal, and a horizontal line at
the coal-underclay interface. Based on the case history of Site
No.6 where a vertical failure did occur, the assumption seems
reasonable, however, the major fracture orientation will
ultimately determine the failure surface and has orily been
assumed as vertical for the purpose of this analysis. Several
analyses were performed to determine the influence' of the
failure plane's orientation and it was decided that a sloping
failure surface was too penalizing. Overall, the stability
analysis is sufficiently conservative especially with assump­
tions on cohesion and pore pressure distribution taken into
account. The steady state pore pressure distri,bution along the
failure surface was assumed to be linear which'is conservative
when compared to the distributions resulting from the seepage
analysis.
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Values for cohesion and the angle of internal friction, ~,

were chosen based on documented cases. The cohesion of the
coal, underclay, and overburden was set equal to zero which
assumes the existance of open fractures. The val.ues for the
angle of internal friction chosen for coal, underclay, and
overburden are peak values rather than residual values.
This assumes that the rock mass is still intact and has not
experienced any major deformation. Since a failure of this
type did not occur at any of the field investigation sites, a
comparis6n with actual data cannot be made. However, for a coal
outcrop not disturbed by mine portals, it was assumed that
weathering would not cause enough degradation to prescribe the
use of residual strength values. The ..~ value for coal was
assumed to be 35 0 , which is slightly less than values cited in
the literature.(l5,28) Values of 30 0 and 40 0 for alcoal were
used in a sensitivity analysis in cases 15 through 20; however,
~overburde was chosen as 50 0 based on sample analyses of
roof rock. (9) aloverburden was only required when non-vertical
failure surfaces were analyzed.. The value of ~underclay was
assigned based on a documented residual strength value of
29 0 • (8) It was assumed that the peak value would closely
approximate the 35 0 value that was used for ~coal.

Results of Analysis

For cases 1 through 20, the factors of safety were computed
and are presented in Table 17. Upon completion of the first
twenty cases, it was decided to alter the height of the phreatic
surface to a level of 2/3(H)+T to determine what effect the
restoration of the ground water table would have on stability.
Figure ~6 illustrates the free body diagram for cases 21 through
40. This analysis may be more realistic in terms of actual
post-mining restoration of the ground water level. The results
of the stability analysis for cases 21 through 40 are also
presented in Table 17. The obvious result is that stability is
greatly enhanced.

Stability Interpretation

The results of cases 1 through 14, shown in Table 17,
have safety factors varying from 0.84 to 2.15. In order to
derive barrier widths that consistently represent an assigned
safety factor of 1.5, the cases were reanalyzed under a constant
hydrostatic head. Under this condition, the safety factor
varies directly with the outcrop barrier width. Rather than
solving for the factor of safety as in the first analysis, a
value of 1.5 was assigned as the factor of safety, enabling
the outcrop barrier width to be established. Figure 47
summar i zes the resul ts 0 f the second· anal ys i s and presents the
recommended outcrop barrier widths for various overburden
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slopes. Two additional lines are also presented on Figure 47
and represent the formulas presently used to some extent by
regulatory agencies in the Appalachian Region. The rule of
thumb, W = 50 + H, is in general agreement with the results
of this analysis for steeper slopes. The other formula,
W = 20 + 4t + O.IH, was derived as an interior barrier guideline
and indicates there is no application to outcrop barrier design.

The data points representing the six field investigation
sites are also shown on Figure 47. In this analysis, there are
two sites that would be predicted as unstable; yet in the field,
they have shown no signs of failure. The two failures indicated
are overburden blow-outs and not wedge failures. A wedge
failure was not observed at any of the field sites.

TABLE 17. - Given Conditions and Results of Stability Analyses for Cases 1 throuch 40

GIVEN CONDITIONS

I
2.5 ft 100 ft I 2.0

I
. 5. a 100 I 2. a

5.89

5.37

5.70

5.89

4.82

5.37

3.61

2.94

2.85

4.42

2.41

4.28

4.03

4.86

4.70

6.83

4.43

6.44

,2.68

'7·96

RESULTI~"

FACTOR OF
SAFETY

30

40

35

35

35

40

35

35

30

35

35

35

30

40

35

I ifld
I
I 35 0

I
I 35
I
I 35
I
I' 35
I
I 35
I

5.0 17, 2.0

5.0 35 2.0

I
2 • 5 ft I 67ft 2. a

I
5.0 67 2.0

GIVEN CONDITIONS

5.0 134 2.0

5.0 17 1.5

5.0 134 1.5

5.0 67 1.5

5.0 17 1.0

5.0 35 1.5

5.0 35 1.0

5.0 134 1.0

5.0 67 1.0

2.5 67 2.0

2.5 67 2.0

5.0 67 2.0

5.0 67 2.0

10.0 67 2.0

10.0 67 2.0

10.0 67 2.0

25

22

24

23

26

21

27

28

29

33

30

32

31

35

34

36

37

38

40

39

CASE
NO.

I
2.15 I

I
2.07 I

I
1.92 I

2.15

1.68

1. 26

1.92

1.55

1.44

1.77

2.58

I
1.61 I

I
0.84 I

I
0.96 II

II
1. 03 II

II
1. 08 II

1. 70

2.48

2.30

1. 58

RESULTING II
FACTOR OF I

SAFETY I

35

35

35

35

35

35

35

35

35

35

35

35

35

30

30

40

40

30

40

2.0

2.0

2.0

2.0

1.5

1.5

1.5

1.5

1.0

2.0

2.0

1.0

1.0

2.0

2.0

2.0

. 1. 0

25

50

25

25

50

50

200

100

200

100

200

100

100

100

100

100

100

100

5.0

10.0

I 5.0
I
I 5.0
I
I 5.0
I
I 5.0
I
I 5.0
I
I 5.0
I
I 5.0
I
I 5.0
I
I 5.0
I
I 5.0
I
I 2.5
I
I 2.5
I
I 5.0
I
I 5.0
I
I 10.0
I
I 10.0
I

10

9

4

1

2

3

8

6

7

5

11

12

13

14

15

16

17

18

19

20

CASE
NO.

aThickness of coal seam.

bMaximum thickness of overburden.

cHorizonta1 change for 1 unit of vertical change along seepage face.

dpeak Value for internal angle of friction for coal.
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RECOMMENDED DESIGN PROCEDURES

Based upon the backg ro und in fo rma tion and da ta anal ys is
presen ted, recommenda t ions intended to guide mine pI anner sand
designers in the initial development of mine barriers are
presented. The recommendations begin with a pre-mining
investigation program to determine a few basic site parameters,
followed by a method for determining the recommended barrier
width and, finally, some supplementary alternatives for
increased strength and decreased seepage. The recommendations
that follow are based on the assumption that post-mining
inundation will occur and that the coal outcrop is not disturbed
by a mine entry or portal. Cases involving disturbed outcrops
will be discussed separately.

Determination of Site Conditions

In order to design an outcrop barrier, the site conditions
will have to be evaluated. The determination of the following
site parameters is recommended in ord.er to utilize the results
of the seepage, overburden blow-out, and wedge stability
analyses presented herein.

In order to utilize the seepage analysis, five parameters
must be established:

1. The level of hydrostatic head that will become
established after closure of the mine;

2. The perm~ability of the coal barrier;

.3. The permeability of the overburden;

4. The thickness of the coal seam; and

,5. The stable outcrop barrier width.

Knowing these five parameters will provide the input to
estimate the discharge from a stable outcrop bar·rier. A
conservative estimate of the level of head that will become
established after mine closure will be provided by the hydrol­
ogic network that exists prior to mining. A potentiometric
surface map should be developed by mapping the locations and
elevations of all s£=,rings and seeps,· water levels in test
borings and wells above the area to be mined, and any oil
and gas wells that may be on the property. If boreholes
are available for pumping tests, in-situ measurements for
permeability can be performed. The coal barrier's permeability
will depend heavily on the cleat orientation. The overburden
permeability is important for determining flow rates that will
induce inundation.
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For the overburden blow-out analysis, particular attention
should be devoted to establ ishing the properties of fractures
and joints. In the analysis presented earlier,· a density of
130 pounds per cubic foot was assumed for the fracture filling.
Any large discrepancy from this assumption will require a closer
exam ina t i on 0 f the over burden blow-:-o ut anal ys is to mod i fy the
assumption. The local jointing patterns should be measured and
plotted to make their location and direction clear.

For the wedge stability analysis, three additional
parameters should be established: the location of geologic
discontinuities in the overburden and coal; the slope of the
overburden at the surface; and the ffi value at the coal-underclay
interface. Geologic discontinuities, along with fractures and
joints, will determine the likely failure surface for a wedge
failure. Any appreciable deviation from the vertical plane,
which was assumed in the analysis presented earl ier, should be
considered more closely. The overburden slope can easily be
determined from topography maps, and as shown on Figures 44 and
47, barrier widths are prescribed for a variety of slopes
ranging from 1:1 to 5:1. The ffi value at the coal-underclay
interfac~ is a very important aspect of the wedge stability
analysis. A value of 35 0 was used to recommend barrier widths;
however, any appreciable deviation from 35 0 may warrant· a
modification to the recommendations.

In addition to the parameters required for specific
analyses, there are other basic properties that will provide
useful information for the overall design. It is recommended
that a basic knowledge of the coal and overburden mineralogy be
obtained to provide a reasonable indication of effluent quality.
Theoretically, if the mine pool becomes part of the post-mining
ground water flow system, it would be discharged at a rate the
surface water could assimilate. If this is the case, mine
water will seep out through normal ground water discharge areas.
Once the mine water becomes part of the surface water flow
system, the e ff I uen t becomes d i I uted and al so ha sIess chance
for chemical reactions. According to a recent study,(17) the
travel time for water in vertical ground water flow in the
fractured strata over an abandoned mine is five to six orders of
magnitude longer than travel time in a surface· water stream over
a compar abl e d i sta nee. Consequen tl y, the time ava il ab Ie fo r
chemical reactions between mine drainage as ground water and
minerals in the fractured strata compared to time for reaction
between mine drainage as stream flow and minerals in the
streambed is correspondingly five to six orders of magnitude
greater.
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Estimating Outcrop Barrier Widths

The seepage, overburden blow-out, and wedge stability
analyses resulted in the derivation of-curves to predict seepage
rates and stable slopes for a given hydrostatic head (refer to
Figures 43, 44, and 47, respectively) •. If the assumptions are
in general agreement with the site conditions, the curves
pr esented on Fig ur es 44 and 47 are stra igh tfo rwa rd and requi re
only hydrostatic head and overburden slope as known var iables.
The recommended barrier widths, WB and WS' can easily be
obtained from these figures. The seepage analysis, however,
requires more judgment by the designer. As shown by the graph
on Figure 42, the quantity Qu never reaches zerd; hence, seepage
can be minimized but is not likely to be eliminated. It is up
to the designer to determine a satisfactory amount of discharge,
QT' depending upon the flow rate required to induce inundation
and upon consideration of the probable effluent quality. With
only six field investigation sites covered in this study, it is
impossible to draw conclusions regarding effluent quality and
its relationship to site conditions. However, a study discussed
earlier in this report did such an analysis with 86 sites in the
Appalachian Region.(5) It was shown that there is a direct
correlation between mine effluent quality and the composition of
the coal and overburden. (5) The obvious relationships are
that high sulfur contents lead to increased acidity and that
calcareous material acts as a neutralizing agent. (5) Having
a basic knowledge of the coal and overburden mineralogy allows
a reasonable estimate of the effluent quality to be deduced.
There have not been any studies relating water quality to
barrier widths. The recommended procedure, therefore, is
to provide a post-mining closure plan that will induce the
restoration of ground water to its normal configuration. In
order to induce ground water restoration, the seepage rate must
be less than the recharge rate, which is likely to be very small
due to the presence of aquitards in the overburden of deep mines
in the Eastern Bituminous Region. Once the ground \'later level
is restored, seepage through normal discharge areas should
be allowed if it is at a rate that the surface waters can
assimilate.

Supplementary Support Alternatives

Several alternatives are available for supplementary
support of the outcrop barrier. The alternatives discussed will

. either decrease seepage or increase the stability of the slope.
It is not within the scope of this project to make economic
evaluations; therefore, alternatives will be discussed in terms
of advantages and disadvantages to post-mining inundation
attempts.
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Curtain Grouting

Curtain grouting has been used as a remedial measure for
abandoned mine reclamation in Pennsylvania and other Eastern

- Coal Region states. Based upon these installations, some
concl us ions can be drawn. When a single line of grout is
installed, it has been ineffective in preventing the passage of
water. A double line of grout curtain should be installed to
reduce seepage. The proper installation of grout curtains is
very time consuming but essential to their effectiveness.
At present there are only a few trained personnel who are
experienced in the installation of grout curtains. If a grout
curtain is installed and is effective in preventing seepage, an
increased overburden thickness will be required. to safely
maintain the additional head.

All of the disadvantages listed above must be weighed
against the advantage of extracting more coal by leaving a
smaller outcrop barrier.

Compartmentalized Barrier Systems

A new concept in reducing the hydrostatic pressure on the
outcrop barrier is to design an interior barrier that can be
sealed after that portion of the mine is completed. By leaving
a barrier in the coal mine, the mine is basically divided into
two· compartments, each of which should be sealed individually
and would be expcsed to a redu~ed nead.

Since this concept is new, it is difficult to draw
conclusions; however, some general comments can be made. The
degree to which heads are reduced across internal mine barriers
will depend on the amount of fracturing that develops in the
overburden as a result of mining. If vertical groundwater flow
is enhanced by fracturing, there may be no noticeable reduction
in head across the barrier; however, there may be a difference
in the circulation pattern of the ground water once equilibrium
is established.

Relief Wells

A procedure that is highly recommended to prevent an excess
accumulation of mine water or a build-up of hydrostatic head
beyond the designed level is to drill relief wells from the
surface into the mine void so that there is a direct passage for
mine water to the surface. The surface elevation of the relief
wells should be at or lower than the level of hydrostatic head
for which the barrier was designed. According to the mine pool
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water quality obtained from the six field sites, there is less
reason to be concerned about mine pool water being discharged at
the surface than there is for mine water seeping through the
outcrop.· Wells such as this will also allow for periodic
sampling of the mine pool and observation of the level of
hydrostatic head on the outcrop barrier. In mines sealed by the
Pennsylvania DER, these wells have been utilized successfully
and provide information in addition to relief from excessive
head. The DER has not had a problem with maintenance of the
wells; however, most holes are not in excess of 50 feet in
depth.

Dewatering Wells in Overburden

Another concept to relieve some of the hydrostatic head on
the outcrop barrier is to drill angled boreholes into the
hillside at a point in the overburden that would allow the
gravity drainage of ground water to the surface. Depending upon
the elevation at which the boreholes were drilled, any amount of
head could be drained off the slope and thus relieved from
the outcrop barrier. The disdavantages of this concept are that
the drain holes would require perpetual maintenance to prevent
clogging, and that the effect on water quality using this
procedure is not known. This technique may also be impractical
if it disrupts the water supply to local communities and
residents.

Backfilling Over Outcrop

An option available to increase the stability of the slope
is to backfill over the outcrop and a portion of the overburden.
If material is available for deposition such as coal refuse or
mine waste, it may be a viable alternative. One area of concern
will be to assure that the material is deposited properly to
avoid additional slope stability problems. Due to the presence
of a seepage face along the original slope, it may be difficult
to maintain the stability of. the backfill material. In addition
to slope stability, changes in the configuration of the ground
water flow will also occur depending upon the nature of the
backfill material.

Consideration of Special Cases

Several cases have been mentioned throughout this report
that do not agree with the basic assumption that the outcrop is
undisturbed. Therefore, cases when the outcrop has been
removed by strip mining and when portals have been driven
through the outcrop will be discussed with regard to mine
closure.
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Outcrop Is Removed by Strip Mining

When str ip mining has removed the outcrop coal, the
design of a coal barrier becomes somewhat of a cross between
an interior barrier and an outcrop barrier. The legal require­
ments in this case are not clear. Since the barrier does not
actually contain the coal outcrop, an internal barrier would be
prescribed. However, due to the effects of blasting from
the strip mine, regulators prefer to prescribe outcrop barrier
requirements.

In order to perform the analysis, the site conditions must
be determined. The permeability of· the coal will be less
influenced by weathering, yet more fractured due to blasting
associated with the strip mine. It is very difficult to assign
a permeability value to such a variable quantity. Nevertheless,
a case was examined for seepage and stability using a coal
permeability value of 3.21 feet per day. The computer plot
resulting from the seepage analysis is shown on Figure 40. The
model has a 200-foot highwall on the right. As shown on the
figure, a 50-foot barrier of coal results in a seepage face that
intersects the highwall at a height of approximately 100 feet.
According to the data presented in Table 16, the total outflow
from the" seepage face is 3.05 gallons per minute per foot of
outcrop.

A stability analysis was performed using material with a
density of 125.0 pounds per cubic feet. as the backfill for the
strip mined area. It was assumed that the backfill material was
lying on underclay with an intern~l angle of friction of 15 0 .(8)
This is a residual val ue for underclay, since there has been
severe disturbance due to stripping operations. Figure 48
illustrates the free body diagram for the stability analysis.
The factor of safety for this case is 2.74.

This brief analysis indicates that with a 50-foot barrier
the safety factor is satisfactory~ however, the seepage" rate is
higher than any of the other cases studied so far. This is
largely due to the narrow width of the barrier. Again, the
effluent quality and the local ground water recharge rates
will determine how important it is to restrict the flow. In
this situation, it may be possible to induce inundation by
restricting flow in the backfill material rather than to leave a
larger coal barrier.

Outcrop Is Disturbed by Portals

When an outcrop is disturbed by mine portals, the success
of the mine closure will depend largely on the ability of the
portals to be effectively sealed. To perform an analysis, it
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must be assumed that portal seal s would be installed properly
and that supplemental curtain grouting would be effective in
reinforcing the weakened rock along the portal. Under these
assumptions, the outcrop barrier should be designed following
the guidelines established for an undisturbed barrier.
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.CONCLUSIONS

It has been demonstrated that with a minimal amount of
pre-mine planning and investigation, an outcrop barrier may be
designed that will provid~ stability of the slope and minimize
seepage. In addition, several alternatives have been presented
that provide supplemental support to the outcrop barrier by
either reducing the seepage rate or increasing the slope's
stability. In contrast to the "rule of thumb," which requires a
minimum of 50 feet of outcrop barrier plus an additional foot
for every foot of hydrostatic head, the recommended barrier
widths must satisfy three separate criteria:

1. That the slope is stable;

2. That a sufficient amount of overburden is present to
prevent a blow-out; and

3. That seepage flow is acceptable.

In general, the existing outcrop barrier r~gulatio~s do not
adequately address post-mining inundation or methods to assure
its stability. The "rule of thumb" is too conservative in some
cases, yet becomes inadequate as the overburden slope decreases
(see Figure 47). Throughout the Appalachian Region, outcrop
barrier guidelines are very inconsistent, as is the philosophy
of regulatory agencies.

Most of the applicable technology that has been utilized in
the design of outcrop barriers was derived from abandoned mine
reclamation programs. Mine closure techniques have been
demonstrated at many sites throughout the Appalachian Region,
and water-tight seals have been an integral part of the
tee h n 0 log y d eve lopmen t • Un for tun a t el y , m0 s tea s e s wher e
documentation is possible have outcrops that are disturbed by
entries or portals, and the greatest problem has been to seal
the portals. Existing sources provided limited input to
the physical properties of coal measure strata, especially
permeability values. This is one area where further work will
be required in order to establish a seepage rate that will
induce inundation. The permeability values for overburden are
likely to be very small due to ·the presence of aquitards and,
hence, the steady-state conditions modeled in the seepage
analysis may take an extended period of time to achieve.

The stability analyses results are generally supported by
the field investigation data. The sites where overburden
blow-outs occurred are clearly indicated as being below the
minimum barrier requirement (see Figure 44). There are two
cases that are stable in the field, yet do not meet the
minimum barrier requirements according to the wedge stability
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analysis (see Figure 48). Hence, there is a certain degree of
conservatism in the model. This c~ns~rvatism is justified,
since the outcrop barrier must remain stable for as long as
water is impounded. In addition to the design recommendations
presented on Figures 43, 44, and 47, it is strongly recommended
that a minimum of 50 feet of outcrop barrier be maintained at
all times and that a reI ief system be constructed to prevent
the development of hydrostatic head in excess of the design
assumption.

From a water quality standpoint, successful inundation
attempts have shown generally good water quality in the mine
pool but degraded water quality as it seeps out of the mine. At
present, there has been no explanation of this phenomenon;
however, in the recommended relief well system there is a direct
passage for mine pool water to the surface without passing
through any outcrop coal, with the expectation that this will
minimize degradation of water quality.

The guidelines that have been set forth are intended to
provide a safe outcrop barrier pillar based on assumptions
regarding material properties that are typical of the
Appalachian Region. Differences from the assumed properties
should be considered with respect to their effect on seepage
or strength. Through the use of supplementary support
alternatives, mine opetators have the option to control the
level of hydrostatic head, which thereby allows leaving the
minimum amount of coal in the ground.
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PENNSYLVANIA BITUMINOUS COAL MINING LAWS

MINING IN SAFETY ZONES

Act No. 729, approved December 22, 1959 (P.L. 1994)

AN ACT

Prohiting mining in certain areas without prior approval
by the Department of Mines and Mineral Industires; establishing
standards for the approval. of plans for mining in such areas;
imposing powers and duties on the mine foremen and the Depart­
ment of Mines and Mineral Industries; and providing penalties.

The General Assembly of the Commonwealth of Pennsylvania
hereby enacts as follows:

Section 1. Establishment of Safety Zones. -- A safety
zone is .hereby established beneath and adjacent to every
stream, river and natural or artificial body of water in
the Commonwealth that is sufficiently large to constitute a
hazard to mining in the opinion and in the discretion of the
department. Such safety zone shall, in the case of such streams
and rivers, extend horizontally two hundred feet from the high
water mark of each bank. In the case of any other body of water
sufficiently large to constitute a hazard to mining in the
opinion and in the discretion of the department, it shall extend
horizontally two hundred feet from the known perimeter. In
any case, the zone shall extend downward to the limit of the
workable beds.

Section 2. Wri tten Authorization Needed to Mine Within
Safety Zone. (a) No mining or removal of minerals whatsoever
shall be permitted within the safety zone unless authorization
is specifically granted in advance and in writing by the Depart~

ment of Mines and Mineral Industries.

(b) Such authorization shall only be granted upon applica­
tion of the operator and/or the lessor. Such application shall
be accompanied by four copies of a plan of the proposed mining
operation. The plan shall indicate the thickness of the
unconsolidated strata, the thickness of the rock strata and coal
beds over lying the bed to be mined, the thickness of the bed,
the"widths of the openings to be made and the width of the
pillars to be left, and any other special features that may be
deemed necessary as affecting the contemplated first mining.

(c) The Department' of r1ines and Mineral Industries shall
make periodic examinations to determine the accuracy of all
plans, maps and drawings submitted to them under the provisions
of this act.
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section 3. Requirement§ for Plan Approval. In no
instance will any plan be approved if there is less tha:c
thirty-five feet of rock cover. Factors considered in plan
approval shall include thickness of bed, width of mine openings,
width of pillars and such other facts as are deemed applicable
by the Department of Mines and Mineral Industries.

Section 4. Pillar Recovery. No pillar recovery shall
be undertaken until such time as the plans are approved by· the
Department of Mines and Mineral Industries. Application for
pillar recovery shall be accompanied by four copies of the plan
which shall include such information as shall be determined by
the department. The approval or disapproval shall be based on
the factors of depth, the thickness of the bed, the percentage
of pillars proposed to be extracted and to be left, the effect
on pillars remaining in overlying beds, and any other special
features that may be deemed necessary by the department.

Section 5. Proof of Rock Cover. (a) Proof of the
existence of thirty-five feet of rock cover shall accompany
any plans submitted.

(b) Said proof of rock cover is to be ascertained by
test holes drilled on intersecting lines forming rectangles
or squares where the cover thickness is less than fi fty feet .

. These holes shall be drilled on spacing of not more than
thirty-five feet centers.

section 6. Copies of Plans and Proof of Rock Cover to be
signed. -- All copies of the aforementioned plans and proof of
rock cover must indicate the location of the test holes and
the depth of the rock cover; and they must be signed before
submission to the Department of Mines and Mineral Industries by
a Registered Mining Engineer representing the operator and a
Registered Mining Engineer of the lessor and/or owner.

Section 7. Approval of Disapproval of Plans. -- (a) After
examination and approval of the plans by a Registered Mining
Enaineer for the Department of Mines and Mineral Industries and
th~ secretary of the department, they shall sign all copies.
The original shall be retained in the department, one copy shall
be forwarded to the State mine inspector for the area in which
the mining is to be carried on, one copy is to be forwarded
to the Registered Mining Engineer representing the operator
and/or the lessor or owner, and one copy is to forwarded to the
operator.

(b) If the plan is disapproved, the-Registered Mining
Engin~er for the Department of Mines and Mineral Industries
and the:> secretary of the department shall note their reasons
and at t;;.ch a copy of each set of plans. One copy of the plan
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shall then be returned tothe,_operator, one to the State mine
inspector for the area, one to the Registered Mining Engineer
for the operator and/or owner or lessor and one shall be
retained by the department.

Section 8. Notice to Miners Working Within the Saf~ty
Zone. After approval of' the plan by the Department of
Mines and Mineral Industires, no mining or removal of minerals
may begin within the safety zone until the mine foreman has
conspicuously posted a notice on the outside of the mine and has
ora lly notified each miner affected that he is working in the
safety zone.

Section 9. 'Penalties. -- Any agent of the mine operator
or any of its officiers or supervisory employes, or any agent
of the owner or any of the owner's officers or supervisory
employes, if said owner engages in active supervision and
control over the operator, or any min,e inspector who by acts
of commission or omission, wilfully and knowingly violates
any provis ions of this act, and the act of commiss ion or
omission is the contributory cause of an incident which results
in death or serious bodily harm or anyone lawfully in the mine,
shall be guilty of a felony, and, upon conviction, be sentenced
to pay a fine of not more than five thousand dollars ($ 5, OOO)
and undergo imprisonment for a period not exceeding three years,
or both.
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THE CLEAN STREAMS LAW OF PENNSYLVANIA

SECTION 315. OPERATION OF MINES

(a) No person or municipality shall operate a mine
or allow a discharge from a mine into the waters of the
Commonwealth unless such operation or discharge is authorized
by the rules and regulations of the board or such person or
municipal i ty has first obtained a permit from the department.
Operation of the mine shall include preparatory work in
connection with the opening or reopening of a mine, backfilling,
sealing, and other closing procedures, and any other work done
on land or water in connection with the mine. A discharge from
a'mine shall include a discharge which occurs after mining
operations have ceased, provided that the mining operations were
conducted subsequent to January 1, 1966, under circumstances
requiring a permit from the Sanitary Water Board under the
provisions of section 315(b) of this act as it exited under the
amendatory act of August 23, 1965 (P.L. 372). The operation of
any mine or the allowing of any discharge without a permit or
contrary to the terms or conditions of a permit or contrary
to the rules and regulations of the board, is hereby declared to
be a nuisance. Whenever a permit is requested to be issued
pursuant to this subsection, and such permit is requested for
permission to operate any mining operations, the city, borough,
incorporated town or township in which the operation is to be
conducted shall be notified by registered mail of the request,
at least ten days before the issuance of the permit or before
a hearing on the issuance, whichever is first.

(b) The department may require an applicant for a permit
to operate a mine, or a permittee holding a permit to operate a
mine under the provis ions of this section, to post a bond or
bonds in.favor of the Commonwealth of Pennsylvania and with good
and sufficient sureties acceptable to the department to insure
that there will be compliance with the law, the rules and
regulations of the board, and the provisions and conditions of
s~ch permit including conditions pertaining to restoration
measures or other provisions insuring that there will be no
polluting discharge after mining operations' have ceased. The
department shall establish the amount of the bond required for
each operation and may, from time to time, increase or decrease
such amount. Liabili ty under each bond shall continue until
such time as the department determines that there is no further
significant risk of a pollutional discharge. The failure to
post a bond required by the department shall be sufficient cause
for withholding the issurance of a permit or for the revocation
of an existing permit.

123



APPENDIX C

PENNSYLVANIA BUREAU OF WATER QUALITY MANAGEMENT
POLICY AND PROCEDURE

124



PENNSYLVANIA BUREAU_9!,__ WATER QUALITY MANAGE~1ENT

POLICY AND PROCEDURE

January 24, 1977

SEALING OF UNDERGROUND MINES

POLICY

A. Sealing of underground mine openings is an essential
element of mining that must be achieved to prevent
pollution from mining upon the cessation of an
operation. To insure that the mine seals are
effective, the design, location and installation
must be reviewed and monitored.

PROCEDURE

B.

C.

Upon learning that a mine is inactive -or that
mining has been completed, either the BWQM field
inspector or the Deep Mine Safety inspector shall
arrange a joint, on-site inspection. The purpose
shall be to determine the conditions of the
openings, the type of seal the operator proposes
to install, the specific details of the seal
design and the location of the proposed seals.

Upon learning that a mine is inactive or that
mining has been completed, the BWQM Regional
Office will request from the mine operator two
copies of the most recent mine map, one copy
of which will be sent to Central Files through
the Division of Industrial Wastes and Erosion
Regulation. Nothing here should be construed as
relieving the operator of the obligation to submit
a final mine map as required by the Pennsylvania
Bituminous Coal Mine Act.

The joint, on-site inspection should normally
fo~low receipt and review of the mine map by the
Office of Deep Mine Safety and the Division of
Industrial Wastes and Erosion Regulation.

The on-site inspection for the BWQM should be made
by the Division geologist and the Regional geologist
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together. However, if one geologist is unable to
participate, the other geologist will represent
the BWQM.

F. At the time of the joint, on-site inspection the
Deep Mine Safety inspector and the BWQM geologist(s)
will complete and sign. the Mine Closure Report
form recommending approval of the proposed sealing
plans or refusal because natural or. operating
conditions have changed since the permit was
issued. The deficiencies of the proposed sealing
plan should be noted on the Mine Closure Report
form. The joint inspection may result in recommen­
dations for a further evaluation of the conditions
or for additional inspections. The Deep Mine
Safety inspector must accompany all subsurface
inspections.

G. The following wi 11 receive one copy of the signed
Mine Closure Report form and the letter of Verifica­
tion of Sealing: 1) the mine operator, 2) the
Deep Mine Safety inspector, 3) the Commissioner of
the Office of Deep Mine Safety, 4) the BWQM Regional
Office, and 5) the Division of Industrial Wastes and
Erosion Regulation.

H. I f the mine closure plan is approved, the operator
may proceed to seal the openin?s in accordance
wi th the permi t. I f the - proposed -seal des ign
is refused, the operator must submit revised
plans based on the findings of the joint , on-site
inspection and formally -apply _ for a permit amend­
ment through the appropriate BVJQM Regional Office.
Copies will be distributed by the BWQM Regional
Office to the Division of Industrial Wastes and
Erosion Regulation and the Office of Deep Mine
Safety for review. If the revised plans are
approved, the operator may proceed to seal the
openings in accordance with the amended permit.

I. If the field inspectors disagree on the plan of
closure, they will note their differences on the
Mine Closure Report form. Copies of the form
will be forwarded to the Commis s ioner, Off ice
of Deep Mine Safety, and the Chief, Division of
Industrial Wastes and Erosion Regulation, for
resolution. I f the differences cannot be resolved
by the Commissioner, Office of Deep Mine Safety,
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and the Chief, Division of Industrial Wastes
and Erosion Regulation, the Secretary of the
Department of Environmental Resources. will resolve
the difference. The Chief, Division of Industrial
Waste and Erosion Regulation, shall notify the
BWQM Regional Office of the results of. the
resolution. The procedure shall follow as outlined
in paragraph H.

J. The Deep Mine Safety inspector will notify the
BWQM Regional Office of the time for completion of
the sealing operation and will arrange with the
BvJQM geologist for a final joint inspection of the
completed seal. A letter of Verificaiton of
Sealing wi 11 be signed by the Deep Mine Safety
inspector and the BWQM geologist at or after the
final inspection. Copies of the signed letter
will be distributed as outlined in paragraph
G.

K. Inspections of sealed mines should be made every
six months for a period of three years and
biannually for a period of four succeeding years.
Inspections will be the responsibility of the BWQM
Regional Office and will be performed by the
Regional Geologist or an Environmental Protection
Specialist experienced in mine drainage. In case of
leakage, rupture, fracture or any other sign
indicating a loss of soundness of the seals or
surrounding bedrock during the above period of time,
the company should be notified that corrective work
is necessary. Failure of the company to respond
to the notification should result in appropriate
enforcement action.

VOLUME III
200-23
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WEST VIRGINIA ADMINISTRATIVE REGULATIONS
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WEST VIRGINIA ADMINISTRATIVE REGULATIONS

STATE WATER RESOURCES BOARD

Chapter 20-5 and 20-5A
Series 1

( 1965)

SUbje~t: REQUIREMENTS GOVERNING THE DISCHARGE OR DEPOSIT
OF SEWAGE, INDUSTRIAL WASTES AND OTHER WASTES
INTO THE WATERS OF THE STATE.

The State Water Resources Board and the Chief of the
Division of Water Resources in the State Department of Natural
Resources, under Chapter 20, Article SA, Code of West Virginia,
have the power and authority to determine whether any person,
firm, municipality or corporation is polluting any of the waters
of the State and to prevent, control, eliminate or reduce such
pollution. In making such determination, due consideration
shall be given in accordance with the pUblic polic~ of the
State of West Virginia, to the use of available and reasonably
practicable methods to control and reduce pollution. In so
doing, recognition shall be given to the fact that each stream
in the State may represent a separate problem and further,
that the use of a watercourse for assimilation of wastes is
proper so long as the net results do not cause or contribute
to conditions hereinafter not allowed.

* * * * *
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Section 5. ACID MINEI?RAINAGE CONTROL MEASURES

5.01 Certain acid mine drainage control measures were
adopted by the Ohio River Valley Water Sanitation Commission
and promulgated as Resolution No. 5-60, as amended January
10, 1963. The State of West Virginia is a member of the
Ohio River Valley Water Sanitation Compact and as such has
agreed to carry out the control measures so established.
Waters of the State of West Virginia are being polluted by
acid discharges from coal mining and related operations,
hereinafter referred to as "acid mine drainage," contrary
to the language and intent of the State Water Pollution
Control Law.

5.02 It has been demonstrated that the conscientious
application of certain principles and practices will, under
certain conditions, alleviate the pollution from acid mine
drainage. Therefore, in furtherance of the policy and pro­
cedures of the State \vater Resources Board, the following
measures are hereby adopted by the Water Resources Board
for the control of acid mine drainage pollution in the State
of West Virginia:

(a) 1. Surface waters and ground waters shall be diverted
where practicable to prevent the entry or reduce
the flow of waters into and through workings.

2. Hater that does gain entry to the workings shall
be handled in a manner which will minimize the
formation and discharge of acid mine drainage to
streams.

(b) Refuse from the mining and processing of coal shall
be handled and disposed of in a manner which
will minimize discharge of acid mine drainage
therefrom to streams. Where acid-producing
materials are encountered in the overburden in
stripping operations, these materials shall be
handled so as to prevent or minimize the production
of acid mine drainage, taking into consideration
the need for stream pollution prevention and all
economic factors involved.

(c) Discharge of acid mine drainage to streams shall
be regulated insofar as practicable to equalize the
flow of daily accumulations throughout a 24-hour
period.
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(d) Upon discontinuance of operations of any mine, all
practicable mine-closing measures, consistent with
safety requirements, shall be employed to minimize
the formation and discharge of acid mine drainage.

(e) Under appropriate circumstances, consideration
shall be given to the treatment of acid mine
drainage by chemical or other means in order
to mitigate its pollution properties.
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THE MARYLAND REGISTER
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THE MARYLAND REGISTER

TITLE 08, SUBTITLE 13, SECTION 02

08. 13.02. 11 Mine Opening Sealing.

A. Mine opening seals shall be designed and constructed,
using proven techniques and materials, in such manner
as to prevent seepage or transfer of surface and
ground water through the opening, to eliminate health
and safety hazards, and to protect the integrity of
the seal against roof falls, subsidence, hydrostatic
pressure,and other destructive forces.

B. All mine opening seals shall be certified by a
registered professional engineer as having been
constructed according to the approved design.

08. 13.02. 12 Barriers.

A. Barriers shall be of sufficient width to withstand
the weight of supported overburden without squeezing,
crushing, or punching into the floor or roof of the
mine, and shall be capable of withstanding anticipated
hydrostatic pressure and deterioration over time
without seepage or failure.

B. Barriers shall be a minimum of 50 feet in width or
greater as determined by the Formula

W = 20 + 4T + O.lD,

where:

w = width. of the barrier,
T = thickness of the coal seam, and
D = depth of overburden.

Perimeter barriers shall have a minimum of 50 feet of
overburden.

C. Barriers surrounding gas, oil, or water wells shall be
a minimum of 300 feet in diameter unless written
consent of the owner and prior approval of the Bureau
is obtained. '

D. Where mu1i tp1e
seams shall be

seam mining occurs, barriers
supported by solid barriers
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seams, the width of lower barriers shall be determined
by the Formula

Wl = Wu + O.6T,

where

Wl
Wu
T

= width of lower barrier,
= width of upper barrier, and
= the thickness of the strata

between the two coal seams.

E. Barriers with hydrostatic head shall. be at least 1
foot wide for each foot of hydrostatic head.
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APPENDIX F

REGULATIONS OF THE STATE OF TENNESSEE DEPARTMENT OF LABOR
TITLE 58-1012
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REGULATIONS OF THE STATE .QF TENNESSEE DEPARTMENT OF LABOR

58-1012. ABANDONED WORKINGS. (a) The entrances to
abandoned workings shall be posted to warn unauthorized persons
against entering the territory.

(c) Where abandoned workings are sealed, the sealing
shall be done in a substantial manner with' incombustible
material. In every sealed area, one or more of the seals
shall be fitted· with a pipe and cap or valve to permit the
gases behind the seals to be sampled and also to provide a
means of determing any existing hydrostatic pressure.
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APPENDIX G

CODE OF FEDERAL REGULATIONS TITLE 30
SECTION 75:1711
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CODE OF FEDERAL REGULATIONS

TITLE 30

Sec. 75.1711. SEALING OF MINES.

(Statutory Provisions)

On or after March 30, 1970, the opening of any coal mine
that is declared inactive by the Operator, or is permanently
closed, or abandoned for more than 90 days, shall be sealed by
the operator in a manner prescribed by the Secretary. Openings
of all other mines shall be adequately protected in a manner
prescribed by the Secretary to prevent entrance by unauthorized
persons.

Sec. 75.1711-2. SEALING OF SLOPE OR DRIFT OPENINGS

Slope or drift openings required to be sealed under
Sec. 75.1711 shall be sealed with solid, substantial, incom­
bustible material, such as concrete blocks, bricks or tile, or
shall be completely filled with incombustible material for a
distance of at least 25 feet into such openings.
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APPENDIX H

CODE OF FEDERAL REGULATIONS TITLE 30
SECTIONS 817.15 and 817.50
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CODE OF FEDERAL REGULATIONS TITLE 30

Sec. 817.15.

CASING AND SEALING OF UNDERGROUND OPENINGS:
PERl-1ANENT

When no longer needed for monitoring or other use approved
by the regulatory authority upon a finding of no adverse
environmental or health and safety effects, or unless approved
for transfer as a water well under Section 817.53, each shaft,
drift, adit, tunnel, exploratory hole, entryway or other opening
to the surface from underground shall be capped, sealed,
backfilled, or otherwise properly managed, as required by
the regulatory authority in accordance with Sections 817.13
and 817.50 and consistent with 30 CFR 75.1711. Permanent
closure measures shall be designed to prevent access to the mine
workings by people, liv~stock, fish and wildlife, machinery and
to keep acid or other toxic drainage from entering ground or
surface waters.

Sec. 817.50.

HYDROLOGIC BALANCE:
UNDERGROUND MINE ENTRY AND ACCESS DISCHARGES

(a) Surface entries and accesses to underground
workings, including adits and slopes, shall be located,
designed, constructed, and utilized to prevent or
control gravity discharge of water from the mine.

(b) Gravity discharge of water from an under­
ground mine, other than a drift mine subject to
Paragraph (c) of this Section, may be allowed by the
regula tory author i ty, if it is demonstrated that --

(1) (i) The discharge, without treatment, satis­
fies the water effluent limitations of 30 CFR 817.42
and all applicable State and Federal water ~uality

standards: and

(ii) That discharge will result in changes in
the prevailing hydrologic balance that are minimal and
approved postmining land uses will not be adversely
affected: or,

(2) (i) The discharge is conveyed to a treatment
facility in the permit area in accordance with Section
817.42(a) :
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(ii) All water from the underground mine dis­
charged f~om the treatment facility meets the effluent
limitations of Section 817.42 and all other applicable
State and Federal statutes and regulations; and

(iii) Consistent maintenance of the treatment
facility will occur throughout the anticipated period
of gravity discharge.

(c) Notwithstanding anything to the contrary in
Paragraphs (a) and (b) of this Section,. for a drift
mine first used after the implementation of a State,
Federal, or Federal lands program and located in
acid-producing or iron-producing coal seams, surface
entries and accesses shall be located in such a manner
as to prevent any gravity discharge from the mine.
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APPENDIX J

A COMPREHENSIVE MATHEMATICAL MODEL SUITABLE FOR THE PREDICTION
OF COUPLED. HYDRODYNAMICS, HEAT TRANSFER AND CHEMICAL-SPECIES
TRANSPORT IN SATURATED POROUS MEDIA.

142



_____ INTRODUCTION

In this appendix, prior to the description of the present ~athemati~

cal model recent published literature concerning prediction procedures

for flows in porous 1lledia coupled with heat and/or mass transfers, is

first revie·....ed. Underground porous media are the primary subjects of

concern, and the review is intended to provide an overvie~ of the state­

of-the-art. For this reason, it is necessarily brief.

The pr:=diction procedures considered here include both analytical

solution techniques for simplified governing equations and :nathematical

models based upon numerical solution techniques for sets of coupled and

uncoupled governing differential equations. Attempts have not been made

to prepare here a detailed classification of these procedures based upon

T"igorous mathematical criteria. The intention rather is to present a

coherent summary which highlights the salient features and recent

advances.

It is recognized that in preparing this review complete attention

may not have been paid to the degree of validation, in respect of reli­

able field and laboratory data, that each available procedure may have

been subjected to. The degree of sophistication and flexibility built

into the procedures which per:ni.t them to accept such data in some con­

venient form, will be considered sufficient for purposes of revie~. This

is largely due to the paucity of data, in sufficient quantity and of

suitable quality, available for purposes of validation.

In the following sub-sections, reviews are separately presented

for hydrodynamic aspects, aspects of chemical-species transport, and

heat- transfer, aspects respectively. This loose sub-division is :Iain­

tained purely for reasons of convenience in presentation.

RYDRODYNAL'1I CS

Analy1:':'cal techniques for solving simplified equations of ground-

'.;ater :nass balance have been employed now for a number of years. Ite
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techniques involve basic assum~tions about the geometric configuration of

the flow domain and the uni£o~ty of ~aterial properties. The em~loy­

~ent of these techniques usually results in closed-form expressions for

hydraulic head as a function of space and time. The velocity fields are

then extracted by the approximate use of Darcy's law.

The deployment of such techniques for the flow distribution in

multiple inter-connected aquifers has been reported by Bredehoeft' and

Pinder (1970). A recent and elegant treatment of leakage flow bet"..een

a~uifers is presented by Dever and Cleary (1979). A principal assumption

involved in the above procedures is that the flow field is entir'ely

saturated. The analysis of the more difficult problem of unsaturatad

flows has received relatively little quantitative attention. Braester et

a1. (1971) have pre~ared a com~rehensive survey of governing equations

for unsaturated flows. Gambolati (1973) has presented a discussion of

vertical unsaturated flow analysis. It may be concluded, however, that

versatile analytical procedures for saturated-u'nsaturated f low predic­

tions do not, in general, exist. A simple one-dimensional procedure for

predicting ?urely unsaturated flows has, however, recently been reported

by McWhorter and Nelson (1979) who appli~d it t~ the prediction of

seepage beneath tailings ponds.

Recent years have seen the proliferation of mathematical models

based upon numerical schemes for solving the non-linear form of the

mass-cons erVa tion equation. ~arasi!!lhan and r";itherspoon (1977) revieT....

much of the current literature on the sub ject and indicate that both

finite-difference and finite-element techniques have been employed with

varjing degrees of success. The premier ones of the fo~er variety are

those developed by Bredehoeft and Pinder (1970), Prickett and Lounquist

(1971), Cooley (1974), Trescott et a1. (1976), and Shar::la (1979). Of the

latter variety, the works by ~arasimhan et ale (1976), Neuman (1973) and

Pinder (1973) represent the principal ones. Trescott and Larson (1977)

compare the efficacy of iterative methods used to solve sets of algebraic

equations resulting from any fo~ of numerical discretization.
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Numerical procedures particularly suited to the prediction of

saturated/unsaturated :10ws have also been developed (s ee for example

Freeze, 19i1; Narasimhan et a1., 1977; Sharma and Hamilton, 1978; etc).

T~e numerical formulation of leakage interactions between elements of a

multiple aquifer system .are extensively discussed by Frind (1979). The

si~lation of individual wells as well as ~he interactions amongst them

have been reported by Prickett and Lounquist (1971) and Akbar et al.

(1974) .

An assessment of t~ese and other si~ilar procedures, in :ormulation

and especially in implementation, has been prepared recently by Weston

(1978). In agreement with this assessment, it is agrued here that

numerical procedures, of sufficient degrees of comprehensiveness are

presently available for application to the range of problems cur::-ent:1.y

encountered. The major area of TN'eakness in this is the prediction of

flows in porous ~edia with superposed fracture distributions. T~e

state-of-the-prediction art for such flows has been thoroughly revie~ed

recently by Gringarten (1979).

MSS TRAJ.'ISFER

The use of the term mass transfer here is intended to signi=y

the transport of reacting chemical species within porous media by tt:e

complex interaction of several physical and chemical mechanisms. The set

of such mechanisms considered here as a basis for review is:

• convection;

• diffusion and dispersion;

5 buffering of pH;

• chemical precipitation by reactions with the solid matrix as well

as the interstitial water;

• hydrolysis and precipitation;

• oxidation-reduction reactions;

• radioactive decay;

• volatilization;

• ~echanical filtration;
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• biological degradation; and,

• cation-exchange reactions.

I t must be emphasized that specialized knowledge of the in-situ

effects of individual mechanisms are understood only to a limited extent.

The set of sophisticated measurements necessary to quantify these in­

fluences are currently being made in a variety at contexts. It is thus

reasonable to suppose that soon the data obtained from these measurements

TNill be available for purposes of refining the available mathematical

models.

Analytical solutions to the convective dispe~sion equation have been

developed by a number of authors, each of whom has been interested in

specific geometric configurations and specific chemical species. The

deployment of these solutions has been gove~ed to a large extent by the

requirements of the technical disci?line encompassing each problem. For

instance, a one-dimensional solution including adsor;Jtion effects has

been developed by Gupta and Greenkorn (1973) as a tool in soil-chemistry.

The work by Aikens et al. (1979) presents a variety of useful analytical

solutions which take radioactive decay into account. Such solutions are

indeed simple to use, and provide order-of-magnitude results in respect

of concentration distributions with a modicum of effort. However, as

geometries,. material properties or the reactive mechanisms themselves

become more complex, it is more convenient to employ mathematical ~odels

based upon numerical solution techniques.

One-dimensional models of this t7pe abound in the literature. An

interesting work bY' Seli;ll et a1. (1977) is concerned with fi:J.ite­

difference simulations of reactive solute transport through multilayered

soils. Davidson et a1. (1978) report the extension of this work to the

finite-difference treatment of coupled adsor?tion, convective dispersion

as "ell as biological degradation. :~is '.Jork represents an excellent:

study of the effects of pesticides in soils. The recent publication ~y

~onikow and 3redehoeft (1978) desc=i~es a comprehensive finite-d:££erence

procedure for solVing the coupled £2.ow and chemical-species transport
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equations. A similar procedure, employing a sophisticated hybrid dif­

ferencing scheme, has also been developed by Shar~a (1979). These

procedures are typical of economical schemes being currently reported,

and to be entirely valid must be supplied with reliable physical and

chemical data.

In like fashion, finite-element based numerical methods have been

developed by researchers for predicting chemical-species transport in

porous media. Rubin and James (1973) present one such met~od which uses

the Galerkin approach. Gray and Pinder (1976) discuss the efficacy of

this and other finite-element approaches, and in addition compare their

relative accuracies. The application of one such approach -by Pinder

(1973) to groundwater contamination in Long Island is a meticulously­

documented study augmented by field measurements. The application of

finite-element methods to other types of problems involving transport of

chemical species has also been achieved. One such application by Kealy

et a1. (1974) involves the analysis of seepage from tailings po'nds. In

this connection the work by Duguid and Reeves (1975) is well known.

T,.j'eston (1978) presents a comprehensive revie'N' of major models of the

above types and commends some for routine application. In short, a wide

range of models covering a range of applicability is presently available

for use i:1 predicting the transport of reacting chemical species. Tl1e

data requirements for these models are not available in the same level of

quali ty.

REAT TRANSFER

The analysis of heat transfer coupled T.oi"ith fluid flow in porous

media, has also been conducted using both analytical and numerical

techniques. The analytical solutions have, depending on specific

boundary conditions I have much in common 'N'ith those for transpor-: or

chemical s?ecies. HO'N'ever I the range of application of both analytical·

and numerical solutions for heat transfer is limited when compared with

transport of chemical species.
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The work by Harlan (1973) on t~e prediction of freezing in soils

is an excellent early example of the use of a ~umerical procedure for the

analysis of freezing fronts in porous media. Likewise, HolSt and Aziz

(1972) as well as Rubin and Roth (1979) examine aspects of thennally­

induced convection in porous media and the stability of such floW's.

Special attention has been paid by Runchal et a1. (1978) to the

problem of heat- transfer effects, resul ting f rom the disposal of high­

level radioactive waste, upon groundW'ater motion. All such procedures

depend, of course, on the supply of adequate field data, of sufficient

q'lantities and of sufficient quality for purposes of input and valida­

tion. Such data, in respect of heat transfer, is extremely sparse,

and hence most heat transfer models must be considered to be in a st,ate

of development. A recent example of field measurements of temperature

effects in porous-media floW's is that by ~olz et al (1978). These

measurements were specifically made in connection with thennal energy

storage in aquifers. The problems involved in such storage have been

disc~ssed by Werner and Kley (1977). Theoretical studies of this prob­

lem, using both finite-difference and finite-element methods have been

reported. Amongst the fonner is the '.Jork by DlTERCOMP (1976); examples

of the latter are: ~ercer et al (1975); and, Papadopulos and Larson

(1978).

MATHEMATICAL FOUNDATIONS

PREA..'1BLE

In W'hat follows, a mathematical description is provided of a math­

ematically general vers ion of the :llo.del. T-..o-dimen'sional version,s,,'of

the model have been sucessfully employ'ed in a variety of engineering

applications. A simple three-dimensional version of the :llodel has been

developed, tested and applied recently by Dames & Moore (Sharna, 1979;

and Hamilton and Shar~a, 1979). It is economical of computational

effort, whilst retaining the sophistry of physical and chemical fOnlU­

lations embedded other models meationed above.
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j GOVERJ.·n~G EQUATIONS·~._ .. _

The symbols in the following equations are desc=ibed in the ~omen­

clature list.

a. Piezometric head, h :

It can be shown (Narasimhan, 1975) that the partial dif~erential

equation governing the dist=tbu~ion of piezometric head is:

5212at = +

+ 1-! r: h Ell}Oz Z GZ

b. Fluid velocity components, U, V, W :

. (f)

The well known Darcy Hypothesis is used to relate the velocity

components to the distribution of piezometric head thus:

u

v

w

=

=

=
II'- rz

+

+

(2)

c. Concentration of chemical species i) C;,:

It has been shown (Sharma, 1979) chat the convective transport

equation for the concentration of species is:

d. (dC.)
ot J

+ + LfdVC.)aU I j
..I

+

= +
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d. Thermal energy, T:
The equation governing the conservation of thermal energy may be

eX1'ressed as follows.

+ + ~ (VCp T) + fz (W~: T)

a ( i OT)- r _
3:c ':tax

+ (4)

I~ITL~ AND BOUNDARY CONDITIONS

Initial and boundary conditions, respectively 'Ni thin and on the

boundary 'of the solution domain, for each of the dependent variables

must be supplied in order to complete the mathematical specification of

the oroblem.

Initial conditions designate the distribution of h J Cj and T, over

the entire solution domain of interest, at the commencement of the

solution. Such conditions may be oDtained from the results of a field-

measurement program , as for example would be the ~egional piezo-

metric head distribution. Alternatively, they may be obtained f~om

laborato~7-scale experiments, as for example the ambient concentration of

chemical species in ground water. They may also be supplied from the.

results of previous calculations of a similar nature.

Boundary conditions represent variations of the dependent variables,

their fluxes or combinations thereof, at the boundaries of the solution

domain. Such conditions may also be obtained from the results of a

field-measurement program, as would be the case with recharge bound-

aries. It is important to note that boundary conditions may vary

with time, and as a result, influence the accuracy of results obtai:led

with computational solution procedures.

In addition to the above it must be noted that certain mzn-~ade as

'Nell as :1atural influences affect the dist~ibution 'Jf h, Ci and T
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withi!l the solucion domain. Such influences include discharging (and.

recharging) wells; artifical and natural barriers occ:..lring locally to

flow (and, heat and ~ss transfer) within the domain.

NUMERICAL SOLUTION P~OCEDURE

GENERAL

The numerical procedure adopted in the present model is of th.e

integrated finite-difference (IFD) variety ',Jith origins in an earlier

work on computational fluid mechanics and heat transfer (Shar.na, 1974).

Details of the present procedure are available in Sha~ (1979). A brief

description is provided in this section.

NUMERICAL GRID ~~ VARIABLE LOCATIONS

An illustration of the numerical grid adopted in the X-'j plane is

illustrated in Figure J-t. In this figure the faces of control volumes,

used in deriving the discretised equations, are indicated as dashed

lines. The intersections of grid lines, ter.ned grid nodes, are chosen to

lie in the geometric center of the associated control volumes. An

excepcion is made at the boundaries of the domain wehre the ,odes lie on

the boundaries themselves.

All problem variables, with the exception of the velocity components

U V and W, are presumed to be located at grid nodes. The.Z' -direction,
velocity comnonents U are presumed to lie on the intersections of the

control-volume faces in the y-z plane with the Z direction grid lines.

Like,.. ise, the Y-direction velocity components V are presumed to lie on

the intersections of the cont!'ol-volume faces in the X -2 planes '.Jith

Y-direction' grid lines. In general, with the possibility of using vari­

able grid spacings in any gi'len direction, it is impon:ant to note that

veloci ty components in any given direction do not lie exactly :nid'Wa:'

between grid nodea in that direction.
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, THE DISCRETISED ~QUATIONS

Discretised for:ns of the partial-differential equations (1), (3),

and (4) are obtained by integrating them over the above-mentioned cont~ol

volumes. It is presumed for purposes of integration that the dependent

variables vary linearly between successive grid nodes. Furthermore, one

such discretised algebraic equation per dependent variable, may be

derived thus for each control volume within the solution domain.

Such an algebraic equation represents, in finite-difference fOr::l, che

conservation of mass or of chemical species. The preservation of these

conservation principles in the sioultaneous solution of the algebraic

equations per:nits an exact accounting of mass and momentum to be made.

It is of great importance to note that such precise accounting of chem­

ical species is vital in problems concerning the limited disposal of

~aste at a given site. Many, otherwise praiseworthy mathematical

models, do not ensure that this is the case.

The discretised equations, at an arbitrary grid node

following forms:

a. piezometric head:

, have the

{~
h SNh}h L

h h. SOh
A = A. +

p p Z 1. p
.(5).p Z .:

e, W, N } S, F,'B, 0

b. S!'eC1es concentration:

(L c- C) L
c' c'

A :J 5/'1 'J c· = A~ CJ. + SO;)
p "Jp l Z P

. (6)
P z =

Ei'lN S ;8/0
, J I /- I
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c. Temperature:

{L
p

T
A SNp

T
f ~ L T 7

= A. T i" SOp . (7)
L l

~ ::

=, W, NISI':' 8,0

In the above, A 's denote coefficients computed from known (or

sometimes presumed known temporarily) values of hydraulic conductivity,

dispersion coefficients etc.; and.so, SN are components of a line-.
arised source term; l denote respectively the neighbouring grid nodes in

space; 0 denotes the coefficient associated with the ?revious-cime value

of the appropriate dependent variable; and F, 3 denote the fot"'",ard or

backward application of the block correction procedure. Various forms

which the source terms may take are shown in Table J-1 presented overleaf.

TRE SOLUTION ALGORITHM

The sets of simultaneous algebraic equations noted above are solved

by the efficient application of an alternating-direction, heavily­

implicit, line-by-line solution algorithm coupled to a plane-by-plane

block correction proecedure. Details are provided by Sharma (1979).

This algorithm applied iteratively leads to relatively monotonic solu­

tions for most problems with commonly-encountered boundary conditions.

COMPUTER-PROGRAM DETAILS

The algorithm mentioned above has bee!1 incorporated into a se.c of

computer programs written for one-, two- and three- dimensional problems.

These progr~s, called TARGET (for !=ansient ina1yser of ~eacti~g ~round

Water !ffluent !ransport), are written in standard FORT1AN-IV . The;' ar.e

thus capable of being run on most available computers. On a CDC-6600

machine a typical computer run for an unsteady t'",o-dimensional ?roblem

requires approximately 60 seconds of central processor time.
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--' _. SOME PREDIC1'ED RESULTS

For pur?oses of testing the computer program TARGET and to demon­

strate the accuracy of results predicted thereby, a few test runs were

made of a selected problem. The problem posed is :h3t of unsteady

convective dispersion in one space dimension.

Grid-dependency tests were first conducted to determine the effect

of grid-size upon numerical accuracy. It ',;'as observed in that suffic­

iently accurate results may be obtained .... ith a reasonable number of grid

nodes. Further tests investigating t~e dependence of accuracy upon the

chosen time-step were conducted. These are illustrated in FiguresJ-2

and J-3 r..hich indicate that for accuracy a sufficiently small timestep

must be chosen. Subsequently predictions of a moving soluJ:e iront were

made. For a given set of parameters, the predicted results for this case

may be observed in FigureJ-3to compare very favourably with the corres­

ponding analytical solutions.

L.3..RGET has undergone numerous other tests, not reported here> to

ensure that the program is essentially correct and that the results

predicted with it are both plausible and valid. The valida~ion tests are

being continued in parallel efforts.

154



REFERE~CES

Akbar, A.~., ~.E. Arnold and O.H. RanTey (1974) "~umerical simulation of
individual wells in a field simulation model" Soc. Pet. Eng. J., pp
315-320.

Braester, C., G. Dagan, S. NeTNman and D. Zaslavsky (1971) ~A survey of
the equations and solutions of unsaturated flow in porous :nedia."
Ann. Rep. 1, Proj. A 10-SWC-77, Israel Institute of Technology,
Haifa, 176 p.

Bredehoeft, J.D. and G.F. Pinder (1970) "Digital analysis of areal flow
in multi-aquifer ground watar systems: a quasi three-dimensional
:nodel" Water Resources. Res., !' (30), pp 883-888.

Cooley, R.L. (1974)
"Fini te-element solutions for the
Des. Res. Inst., Univ. of Nevada,
18, 134p.

equations
Tech Rep.

of ground r,Jater flow"
Series H-1.o1, Pub. No.

Davidson, J.~., L-T au, and P.S.C. Rao (1978) "Adsorption, :novement
and biological degradation of high concentrations of selected
pesticides in soils.~ Proc. 4th Annual Res. Symp. on Land Disposal
of Hazardous Wastes, pp. 233-244.

Dever, R.J. and R.W. Cleary (1979) "Unsteady-staLe, c-..o-dimensional
response of leaky aquifers to st~eam stage fluctuations" Adv. Water
~esource. ~, (1), pp 13-18.

!)uquid, J. a. and ~. Reaves (1976) ~Xaterial transport through porous
:nedia: A finite-element Galerkin model." Oak Ridge National
Laboratory a~~-4928.

Freeze, R.A. (1971) "Three-dimensional,
rated flow in a ground water system."
pp 347-366.

transient, saturated-unsatu­
Water Resources Res., !...., (2),

F r i n d , E. O. (l 979 ) "E x act a q ui tar d res po n s e fun c t ion s for :n u 1 tip 1e
aquifer mechanics" Adv. Water Resource., 1, (2), pp 77-82.

Gambolati, G. (1973) "Equation for
ground water: 1, the rigorous
2., (4), pp 1022-1028.

one-di~ensional vertical flow of
theory" Water Resources Res.,

Gray, W.G. and G.F. Pinder (1976) ~An analysis of the numerical solution
of t~e transport equation.~ ·Water Resources Res., g(3), pp.
54i-555.

Gringarten, A. C•. and J. P. Sauty (1975) ~A theoretical study of heat
extraction from aquifers '..i:h uni£or::J. regional :.low.~ J. Gcophys.
Res., ~ (35), pp. 4956-4962.

155



1
I
I

1..

J

1
•

,
J

1•
1
oJ

1•
,
j

\

Gupta, S.P. and R.A. Greenkorn (1973) "Dispersion during flow in porous
::ledia with bilinear adsorption." Water Resources Res., .2.(5), 1'p.
1357-1368.

H.amilton J.L. and D. Sharma, 1979. Applications of a comprehensive
ma thema tical mode 1 (TARGET) capable of predict ing f low and
chemical-species transport in porous media. Dames & Moore Advanced
Technology ~roup report under preparation.

Harlan, R.L. (1973) "Analysis of coupled heat-fluid transport in par-
tially frozen soiL" Water Resources Res., 9(5), pp. 131~-1323.

Holst, P.li. and Aziz, K.. (1972) "Transient three-dimensional natura,j"
convection in confined porous media." Int. J. Heat Mass Transfer,

,12., pp 73-88.

INTERCOMP Resources Development and Engineering, Inc. (1976) "A model
for calculating effects of liquid waste disposal in deep saline
aquifers." U.S. Geol. Surv. Water Res. Invest., pp. 76-61.

Kealy, C.D., R.A. Busch and M.M. McDonald (1976) "Seepage - environ­
mental analysis of the slime zone of a tailings pond." U.S. Bureau
of Mines, Rep. 7939, 89p.

Konikow, L.F. and J.D. Bredehoeft (.L918) "Computer model of t'Wo­
dimensional solute transport'and dispersion in ground water
U.S.G.S., Techniques of Water Resource Investigations, book 7, ch.
c2.

McWhorter, D.B. and J.D. ~elson (1979) "Unsaturated flow beneath tailings
impoundments." Paper ubmi tted to ASCE Journal of Geotechnical
Engineering Development, 32p.

Mercer, J. W., G. F. Pinder, and I. G. Donaldson (1975 ) "A Galerkin
finite element analysis fo hydrothermal system at Wairakei, New
Zealand," J. Geophys. Res., ~, pp. 2608-2621.

Molz, F. J., J. C. Warman and T. E. Jones (1978) "Aquifer storage of
heated water: Part I - A field experiment." Ground Water, ~, pp.
234-241.

Narasimhan, T.N., 1975. A unified numerical model for saturated-
unsaturated ground water flow. Ph. D. dissertation, Univ. of
California, Berkeley, California.

Narasimhan, T.N. and P.A. Witherspoon, 1977. Recent developments in
modelling ground water systems. Rep. LEL-5209, Lavrence Berkeley
Laboratory, University of California, Berkeley, California.

156



1
I

II.

Pa?ado?ulos, S. S., and S. P. Larson (1978) "Aquifer storage of heated
wacer: Pat II - ~umerical s1:nulation of field results." Ground
Wacer ~, pp. 242-248.

Pinder. G.F., (1973) "A Galerkin - finite element simulation of ground
water contamination on Long Island, ~ew York." 'NateI' Resources
Res., 9(6), pp. 1657-1669.

Prickett, T .A. and e.G. Lonnquist (1971) "Selected digital computer
techniques for ground water resource evaluation". Illinois State
Water Survey, Bull. 55, 62 p.

P.ub1n, R. and C. Roth (1979) "On the growth of instabilities in ground
water due to cemperature and salinity gradients" Adv. Water
Resources, ~, (2), pp 69-76.

Rubin J. andR.V. James (1973) "Dispersion-affected transport of reacting
solutes in saturated porous media: Galerkin method applied to
equilibrium-controlled exchange in uni-directional steady water
flow." Waqter Resources Res., !(5), pp. 1332-1256.

Runchal, A.K., J. Treger and G.S. Segal (1978) "Two-dimensional coupled
thermal and fluid-flow analysis in porous media" Dames & Moor.e,
Advanced Tech. Group Rep. TN-LA-34.

Sharma, D. (1974). Turbulent convective phenomena in straight
rectangular-sectioned diffusers. Ph.D. Thesis, Imperial College,
London, U.K.

Sharma, D.
model
media.
DN-14.

and J.L. Hamilton (1978). A comprehensive mathematical
for the prediction of saturated-unsaturated flow in porous

Dames & Moore Advanced Technology Group Report No.TN-LN-
"',

Aikens, A.E., Jr., R.E.
"Generic methodology
water migration of
burial trenches."

Berlin, J.)Clancy, and 0.1. Oztunali (1979)
for assessment of radiation does f=om ground­

radionucl1des in Lw"R wastes in shallow land

Selim, H.M., J.M. Davidson and P.S.C. Rao
solutes through multi-layered soils."
~(1), pp. 3-10.

(1977) "Transpor~ of reac~ive

Soil. Sci. Soc. of Amer. J.,

Sharma, D. (1979) "A comprehensive :nathematical model capable of pre­
dicting flow, heat transfer as well as chemical-species transport
in porous media. Dames & Moore, Advanced Tech. Group Rep. TN-DN-42.

Trescott, P.C., G.F. Pinder and S.P. Larson (1976) "Finite-difference
model for aquifer si:nulations in tvo dimensions with results of
numerical experiments" U.S.G.S., Tech. of ~ater Resource Investiga­
tions, Book 7, Ch. c1.

157



Trescott P. C. and S .P. Larson (l9i7) "Com~arison of iterative
of solving t-..o-di:nensional ground",ater flow equations."
Resource Res., g(1), pp. 125-135.

met:"oas
',.;'ater

Werner, 0., and W. Kley (1977) "Problems of heat storage in aquifers.
J. Hydrol., 34, pp. 37-43.

Weston, R. F. (1978) "Pollution prediction techniques for waste disposal
siting: a state-of-the-art assessment." Rep. prepared tOI:' office
of solid waste hazardous waste management division, U.S.E.P.A.

158



rp
A·z

Cj

C'd:J,

Cp

Cp,d

S,
h

NOMENCLATURE

coefficients representing hydraulic conductivity or dispersion
coefficients etc., for variable 0 at position i;·

chemical species concentration of species j;

concentration, of species j, of discharge;

average specific heat capacity at constant pressure;

specific heat capacity at constant pressure of discharge;

average specific heac capacity at constant volume;

hydraulic head;

vertical hydraulic permeability;

flo" rate;

storage coefficient;

source term for variable 0;

component of linearized source term for variable 0 at noae p;

SNp component of linearized source ter:n for variable 0 at node p;

T temperature;

7d

t
u
v
w

temperdatue of discharge;

time;

x-direction velocity;

y-direction velocity;

z-direction velocity;

horizontal cartesian coordinate direction;

horizontal cartesian coordinate direction;

vertical cartesian coordinate direction;

effective hydraulic conductivity or dispersion coefficient
for variable. in direction x; .

densit.,·- ,

reference density.
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Source Term Description

Piezometric heat dist~ibution

Injection or ex~raction flow rate

3ucyancy

Temperature distribution

Injection or extraction .rate

Algebraic For:n

• /11

~ ~

2-!k [1- P] 1
oz z fo /

I
I

i
I,
!
i
i
I
I

I
J

I
i
!

I

Concentration distribution

Injection or extraction rate

TABLE J-1

DESCRIPTION OF SOURCE TE~~S
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APPENDIX K

TARGET INPUT GUIDE
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TARGET INPUT GUIDE

Name Dimension Format Description

ITEST 1 2014 =1 print-out obtained before and after
solution procedure

=0 ordinar rint-out rocedure

integer asso~iated with y-direction
"conductivity"

by the next card input ... if 1 to 3 are
solved and are of interest, then set
NNVP=3, etc.,

temperature

x-direction

chemical concentration
hydraulic head

X-direction velocity
y direction velocity

with

with
with
with

with

with thickness of variables
with saturated thickness

with

with storage coefficient

No. of variables to be printed. Variables
are solved and printed in the order determined

to be

integer associated
inteaer associated

inteaer associated

integer associated

integer associated
"conductivitv"

inteaer associated

integer associated
inte er associated

integer associated

final iteration no.

initial step no.

No. of variables to be calculated set-3,
ISOLVE will determine which variables are
solved for.)2014

2014

2014

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1
1

NGX

NVU

NST

ISTEP

NGY

lITER

NVH
NMJ

NITERS

NVT

NVV

NSC

NSTEPS

NNVC

NFT

I index of reference node
J index of reference node

-1: steady-state run
=2: unsteady run

to 5)
no. of I-direction nodes
no. of J-direction nodes

"\'/rite to" ta e no.
no. of la er in roblem

cell-widths in x-direction
cell-widths in -direction

"Read from" tape no.

2014

2014

2014

2014

10FB.0

1
1

1
1
1

1

1

1

NI x NJ
NI x NJ

ISTUN

NI

DY

JREF

NJ

NLAYER

IREF

ox

IWTAPE
IRTAPE

X~lIN 1 minimum distance in x-direction
XMAX
YM1N
YMAX
TI~lE

THIAX
DT
DTMAX
TIMREF

1
1
1
1
1
1
1
1

10FB.0

10FB.0

maximum distance in x-direction
minimum distance in y-direction
maximum distance in y-direction
initial time
maximum time
initial timestep
maximum timestep
reference time

EX
DELT

1
1

ratio by which to increase timestep

ISOLVE 3 2014

in the same order as NVH, NMJ, NVT are
numbered, set 1SOLVE
=0 do not solve for variable
=1 solve for variable

NSHP 3 2014 no of solution sweeps made during the
sOlving of each variable
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TARGET INPUT GUIDE (continued)

Description

index indicating I or J direct~on sweep 1st
relaxation factor

index to determine positive or negative
I-direction sweep 1st

criterion by which no. of iterations is
automaticall chosen

coefficients for the follow~ng equation
D(V) = A + Blvl C

A=ADIS; B=BDIS, C=CDIS, D=dispersion
coefficient

I index of "typical" node

number of pumps

fixed hydraulic head value at nodes
with GFLAG = -1

h draulic conductivit in x-direction

thermal conductivit in x-direction

hydraulic conduct~vit in -direct1on

not used at present

storage coefficient

thermal conductivit in y-d~rection

ste intervals at Wh1Ch rint out is reau1red

times at which pr~nt-out is required (these
are also used to specify ,pumping periods
when wells are specified ie., 5 pumping

eriods for each of u to 20 wells)

retardation coefficient

fixed temperature value at nodes w~th GFLAG--l
in1tial pump1ng schedule number

J index of "typical" node

pumping rate at 1st urn node

temperature inject~on rate at 1st pump node

I ~ndex of 1st pump

fixed concentrat~on value at nodes w~th

GFLAG = -1

init~al temperature, array

concentrat~on ~njection rate at 1st urn node

in~tial concentrat~on arra
1n~tial h draulic head array

J ~ndex of 1st urn

property flag
set = 1

geometry flag
=0 ordinary node
=1 constant flux (fixed grad~ent boundary)
=-1 zero flux (fixed value boundary etc .. )

THE LAST 4 CARDS ARE REPEATED NPUMP TIMES

2014

2014

2014

2014

*

2014

10F8.0

integer which spec~fies whether or not the
variable is to printed (in the same order as
NVH. NMJ etc.,)
=1 print
=0 no print

6A6

2014

10F8.0
10F8.0

10F8.0

10F8.0

10F8.0

10F8.0

10F8.0

10F8.0

lOF8.0
lOF8.0

10F8.0

10F8.0

lOF8.0

lOF8.0

10F8.0

1
1
1
1
50

5
5
5
5
5
5
5
1
1
1

1

1

1
1
1
1
1
5
5
5
*

NI x NJ
NI x NJ
NI x' NJ

NI x NJ

NI x NJ

6 x 16

Dimension Format

1

1 2014

1
3 10F8.0
1 10F8.0

16 2014

AMJFIX

ADIS

STC

RTC

NPUMPS

HCY

POR

HFIX

HCX

CDIS

TCY

BDIS

TCX

PTIME

IPRINT

JTYP

NPJUMP
ITYP

*

Name

IPJUMP

ISWP

RELAX

JSWP

IXY

CRIT

AJPUMP

PTHIE

IP

TFIX

H
AMJ

PUMP

T

TPUMP

JP

PGLAG

GFLAG

TITLE
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